
Characteristics of Strong Ground

Motions and Fragility Curves of

Buildings during the 2011 off the

Pacific coast of Tohoku Earthquake

by

Hao Wu

A thesis submitted in partial fulfillment of the requirements

for the degree of

Doctor of Engineering

in the

Aichi Institute of Technology

September, 2013





Abstract

The 2011 off the Pacific coast of Tohoku Earthquake was an Mw9.0 mega thrust inter-

plate earthquake. It was the largest earthquake in Japan and the fifth largest one in

the world since seismology records began in 1900. The coastal area, especially in the

Iwate and Miyagi Prefecture, was subjected to great damage by huge tsunami. Many

villages and towns including the buildings and people were entirely flushed away. Ex-

cept the damage caused by tsunami, the ground shaking during this earthquake also

brought about the damage to buildings over the east Tohoku and Kanto regions. It is

essential to investigate the relationships between building damage ratios and ground

motion characteristics, i.e., fragility curves, during this earthquake, which will be useful

for disaster mitigation and damage assessment in future disastrous earthquakes.

First, the relationships between building damage ratios in administrative districts,

such as city, town and village (shi, cho, mura in Japanese), and observed ground

motions during the 2011 Tohoku Earthquake are investigated. Three different damage

ratios, i.e., total collapse ratio (TCR), collapse ratio (CR) and damage ratio (DR),

are related to four ground motions indices, i.e., peak ground acceleration (PGA), peak

ground velocity (PGV), JMA instrumental seismic intensity (IJMA) and spectral ratio

(SI), respectively.

However, the ground motions are sensitive to geological conditions in administrative

districts, it suggests that the ground motions should be estimated within a smaller

administrative unit, e.g., subdistrict (subdivision of an administrative unit), to be

related to the damage ratios. Therefore, in this study, the method of estimating ground

motions during the mainshock is proposed and verified. This method indicates that

the ground motions at the sites where no strong motion stations were installed can

be estimated with the underground velocity structures identified from the microtremor

H/V spectral ratios and the ground motions at the bedrock during the mainshock

calculated by use of the short-period source model.

The underground velocity structures at damaged sites are identified from microtremor

H/V spectral ratios. By applying the proposed method, the ground motions in subdis-

tricts are estimated with the identified underground velocity structures and the bedrock

motions during the mainshock. Fragility curves based on the damage ratios and esti-

mated ground motions in the subdistricts of Osaki and Kurihara cities, and Wakuya

town, Miyagi prefecture during the mainshock are then investigated.
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Chapter 1

Introduction

1.1 Background

On March 11, 2011, an Mw 9.0 mega thrust interplate earthquake, named as “the 2011

off the Pacific coast of Tohoku Earthquake” by Japan Meteorological Agency (JMA)

occurred. It was the largest in Japan and the fifth largest in the world since seismology

records began in 1900. The hypocenter was situated in the depth of approximately

30 km. The epicenter was approximately 70 km east of the Oshika Peninsula of To-

hoku. Fault region was very wide that the length was as long as 400 km extending

from Sanriku-Oki to Boso peninsula, and the width was about 200 km. The highest ac-

celeration and maximum instrumental seismic intensity observed at Tsukidate station

in the Kurihara city were 2933 gal and 7 (largest scale issued by JMA) respectively.

Powerful tsunami triggered by this earthquake flushed away considerable villages and

towns in some coastal cities along the east coast of Japan. Plenty of buildings, in-

frastructures and lifelines were subjected to heavy damage. In addition, the leakage

of radioactive from the Fukushima Daiichi Nuclear Power Station operated by Tokyo

Electric Power Company in the Fukushima Prefecture which was caused by tsunami

indirectly intensified the tragedy of the aftermath. Oil tanks in some petrochemical

industrial complex (Nishi, 2012) fell down due to the strong motion and caused fire or

explosion.

According to the Fire and Disaster Management Agency (FDMA, 2012) as of March

11, 2012, as many as 16,278 people lost their lives, and 2,994 people were missed, as

well as 6,179 people injured. Meanwhile, 129,198 residential buildings were totally

collapsed, 254,238 residential buildings were partially collapsed ( or half-collapsed ),

and 715,192 residential buildings were partially damaged.
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1.Introduction

On the other hand, more than 1200 strong motion stations, e.g., K-NET (Kinoshita,

1998) and KiK-net (Aoi, 2000) stations which have been installed since 1995 Kobe

earthquake and were operated by National Research Institute for Earth Science and

Disaster Prevention (NIED, 2012) recorded the ground motions during this earthquake.

Therefore, it is urgent and necessary to clarify the relationship between buildings dam-

age ratios and characteristics of ground motions, i.e., fragility curve, which can be used

to investigate the damage assessment in the future for the same scale of earthquake.

1.2 Review of previous studies about fragility curves

since the Hyogo-ken Nanbu Earthquake in 1995

Fragility curves describe the probability of exceeding a specific damage level as a func-

tion of a ground motion index. They can be used to assess the damage risk of buildings

from potential earthquakes and predict the economic loss for the future earthquakes.

In Japan, extensive studies on fragility curves were implemented during the Hyogo-

ken Nanbu Earthquake (the 1995 Kobe earthquake hereafter) in 1995. Instant and

comprehensive on-site investigation about the buildings damage data were conducted

by many organizations (e.g. AIJ, 1996, BRI, 1996, Kinki brach of AIJ, 1995) shortly

after that destructive earthquake. These damage data were also classfied by structural

type and construction age and were arranged into digital disk (BRI, 1996). These

plentiful damage data greatly facilitated the studies on fragility curves and were helpful

for estimation of ground motions.

Hayashi, Miyakoshi and Tamura (1997), Hayashi, Miyakoshi, Tamura and Kawase

(1997) examined the relationship between damage ratio and peak ground velocities es-

timated with a two dimensional finite element method, for residential buildings. They

then applied the fragility curves to estimate the distribution of peak ground velocities

where the damage data were known. Finally they constructed the fragility curves in

consideration of different stories and utilities of buildings. Miyakoshi et al. (1997) cal-

culated the damage ratios based on the statistical damage data conducted by different

organizations and constructed the fragility curves with estimated peak ground veloci-

ties by Hayashi, Miyakoshi, Tamura and Kawase (1997). They revealed the difference

of fragility curves due to different damage data source and proved that the building

damage ratio is influenced by construction age and structural type. Hasegawa (1998)

suggested the damage prediction should not be confined to independent administration

unit but implemented as one unified unit in the perspective of a wide area. He pro-

posed one method to estimate the number of buildings classified by construction age

2



1.Introduction

on the basis of statistical data in meshes, then calculated the damage ratio in studied

area, and finally obtained the fragility curves by relating the damage ratio with peak

ground velocities. Yamaguchi and Yamazaki (1999) constructed the fragility curves

with observed strong motion data, but the damage data were not classified by struc-

tural type or construction age. They further applied the constructed fragility curves

to estimate the distribution of ground motion in the Hanshin area. Murao (1999) used

the similar method to estimate the ground motions in Nada Ward, Kobe City and

then constructed the fragility curves in consideration of different construction age and

structural type. Yamaguchi and Yamazaki (2000) investigated the fragility curves with

the damage data collected by Nishinomiya City and estimated ground motions.

Except Kobe earthquake in Japan, Tong et al. (1994) collected the number of

damaged households in five earthquakes from 1978 Miyagi-Oki earthquake to 1993

Hokkaido-Nansei-Oki earthquake. They studied the relationship between damage ra-

tio and spectral intensity (SI), peak ground acceleration (PGA). They pointed out

that PGA may not be a good ground motion index to be related with damage ra-

tio. Midorikawa et al. (2011) examined the fragility curves with damage data of seven

earthquakes from 2003 Northern Miyagi Earthquake to 2008 Iwate-hokubu Earthquake.

They suggested that the instrumental seismic intensity by JMA (IJMA) and PGV have

a better correlation with damage ratio than PGA.

The fragility curves are also studied during other destructive earthquakes occurred

around the circum-Pacific seismic belt except in Japan. During the Chi-Chi Earth-

quake, Taiwan in 1999, Miyakoshi and Hayashi (2000) constructed the fragility curves,

and then compared the difference with 1995 Kobe Earthquake. They concluded that

seismic performance of reinforced concrete buildings in Taiwan was lower than that in

Kobe. Wu, Yih-Min et al. (2002) constructed the fragility curves with PGA and PGV.

They suggested PGV was a better index for seismic damage assessment and developed

the rapid reporting system based on the relationship between damage ratio and PGV.

For the Wenchuan Earthquake in 2008, Sichuan Province in China, Wang et al. (2011)

constructed the fragility curves based on ten strong motion records and collapse ratios

in the stricken districts near the source fault zone.

1.3 Outline of this thesis

Shortly after the 2011 Tohoku Earthquake, Fire and Disaster Management Agency

published the damage data classified by three damage levels, i.e., totally collapsed,

partially collapsed (or half-collapsed) and partially damaged, in each administrative

3



1.Introduction

district every few months with the proceeding of survey. These damage data, although

were not classified by structural type and construction age, can be used to calculate the

damage ratio, provided the total number of sound buildings in each district is known.

The calculated damage ratios can then be related with the characteristics of ground

motions in those districts where strong motion stations are installed. In general, only

a couple of stations are installed in each district. The uncertainties of ground motions

with the geological condition suggests that it is preferable to discuss the relationship in

a smaller administrative unit. Supposing that the damage data in some subdistricts can

be obtained, it is necessary to investigate the method to estimate the ground motions

at the damaged sites where the strong-motion stations were not installed during the

mainshock. Therefore, the thesis is composed of the following chapters.

Chapter 1 is an introduction about the damage during the mainshock and reviewed

the previous studies about fragility curves.

Chapter 2 examines the relationships between building damage ratios in adminstra-

tive districts, such as city, town and village (shi, cho, mura in Japanese) and the

characteristics of observed ground motions during this earthquake. Damage data clas-

sified by three damage levels, i.e., totally collapsed, partially collapsed and partially

damaged will be used to calculate the damage ratios, i.e., total collapse ratio, collapse

ratio and damage ratio.

Chapter 3 presents a method to estimate ground motions at those sites where no

strong motion data were observed during the mainshock by taking the short-period

source model and underground velocity structures identified from microtremor H/V

spectral ratios into account. First, the effectiveness of identifying underground velocity

structures from microtremor H/V spectral ratio will be investigated by comparing

the transfer functions estimated with the underground velocity structures identified

from microtremor H/V spectral ratio and earthquake H/V spectral ratio. Then this

method will be examined by comparing the ground motions estimated from the bedrock

motions considering the short-period source model and identified underground velocity

structures with the observed ones at some strong-motion stations.

Chapter 4, the proposed method will be applied at the damaged sites of subdistricts

in the Osaki and Kurihara cities, and in the Wakuya town, Miyagi prefecture where the

building damage data classified by three damage levels in subdistricts can be obtained

from the local government. The estimated ground motions during the mainshock will

be used to construct the fragility curves based on damage ratios in the subdistricts.

Chapter 5 is the conclusions of this thesis.

4



Chapter 2

Relationships between damage

ratios and observed ground motions

in administrative districts of east

Tohoku and Kanto regions

For the same level of ground motions within a certain administrative district, e.g., a

city, town or village (shi, cho or mura in Japanese), the buildings may subject to dif-

ferent kinds of damage, such as no damage, partial damage, partial collapse and total

collapse etc.. Therefore, we can investigate the relationships of certain damage ratio

with different levels of ground motions in all the damaged administrative districts. Dur-

ing the mainshock, the damage data in the administrative districts classified by three

damage levels, i.e., totally collapsed, partially collapsed and partially damaged were

published by the FDMA. Ground motion data can be obtained from the NIED. This

chapter will clarify the relationships between three different damage ratios, i.e., total

collapse ratios (TCRs), collapse ratios (CRs) and damage ratios (DRs) and character-

istics of ground motions quantified by four kinds of indices, peak ground acceleration

(PGA), peak ground velocity (PGV), JMA instrumental seismic intensity (IJMA) and

spectral intensity (SI).

2.1 Data Source used in this study

2.1.1 Building damage data

During this earthquake, buildings in coastal districts were mainly damaged by tsunami

over the Tohoku and Kanto areas. At the same time, in the inland districts, numerous
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buildings were damaged by ground shaking. The building damage statistics, i.e., the

numbers of totally collapsed, partially collapsed, and partially damaged buildings in

the stricken districts, are obtained from the FDMA (2012). The total numbers of

buildings in stricken districts are obtained from the Statistics Bureau and Director-

General for Policy Planning of Japan (STAT, 2012). The administrative unit of the

stricken districts is city, town, or village (shi, cho, or mura in Japanese). According to

the FDMA, total collapse denotes buildings whose basic functions have been lost for

the residents, i.e., the buildings are totally collapsed, washed away, or buried, or the

damage to the buildings cannot be recovered through repair. Partial collapse denotes

buildings whose basic functions for residents have been partly lost for the residents, i.e.,

the buildings can be recovered through repair. Partial damage means that the damage

to buildings is not heavier than total and partial collapse, but that the buildings need

repair. Slight damage such as cracks on several panes of glass is not classified as

partial damage. On the other hand, because our objective is to elucidate damage

by ground shaking, districts damaged by tsunami were excluded from the inundation

maps provided by the Geospatial Information Authority of Japan (GSI, 2012). At

the same time, according to a liquefaction survey report from the Ministry of Land,

Infrastructure, Transport and Tourism and the Japanese Geotechnical Society (2011),

buildings in districts such as Urayasu city, Chiba city and Katori city are significantly

damaged by liquefaction. They are also excluded. On the other hand, some stricken

districts in which strong-motion stations have not been installed are included if they

satisfy the following two conditions:

• The geology of the stricken districts is similar to that of adjacent stricken districts

in which strong-motion stations were installed

• The distance between the building-concentrated street in the stricken district and

the strong-motion station in the adjacent stricken district is less than 10 km.

Fig. 2.1 shows all the stricken districts in the six prefectures along the east Pacific

coast. The districts in yellow are the stricken ones in which a couple of strong-motion

stations were installed. The districts in green are those satisfying the aforementioned

two conditions. The districts in gray are excluded as the buildings inside them are

thought to be mainly damaged by tsunami. The districts in red are also excluded

as the buildings inside them are thought to be mainly affected by liquefaction. The

shadowed districts with slashes are those lacking damage statistics.
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Fig. 2.1 Damaged districts used to calculate TCR, CR and DR in six prefectures.
Districts shown with slashes are those in which damage data have not been published
by FDMA; districts in yellow are those in which strong-motion stations were installed;
districts in green are those in which ground motion data in their adjacent districts are
used ; districts in gray are those in which buildings are mainly damaged by tsunami;
districts in red are those in which buildings are affected by liquefaction; blank districts
are those in which there are no representative ground motion data; cyan areas are
lakes; solid triangles and circles denote the positions of K-NET stations and KiK-net
stations, respectively. This figure is plotted by KenMap (2011)
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2.1.2 Ground motion data

The strong-motion records at the K-NET and KiK-net stations were open to the public

soon after this earthquake. In this study, the observation records in K-NET stations and

KiK-net stations are used to analyze ground motion characteristics. The locations of

the K-NET or KiK-net stations in the stricken districts are shown in Fig. 2.1. The solid

triangles represent K-NET stations and the solid circles represent KiK-net stations. For

those districts in which there is more than one strong-motion station, the arithmetic

average of observed ground motion data at all of the strong-motion stations are taken as

the ground motion characteristics for the entire district. In addition, the ground motion

record at the Tsukidate station in Kurihara city is not included in the following analysis,

as it is reported that the extremely large motion may be caused by partial uplifting of

the instrumental foundation (Motosaka and Tsamba, 2011). On the other hand, the

stations that were installed on rock and far from densely building-concentrated streets

are also excluded regarding the representativeness of ground motions. The location of

these stations are confirmed through Google earth.

2.2 Fragility curve based on damage ratios in stricken

districts

2.2.1 Definitions of three building damage ratios

Three different building damage ratios, i.e., total collapse ratio (TCR), collapse ratio

(CR), and damage ratio (DR) are studied. Each of them is defined as the ratio of num-

ber of damaged buildings to total number of buildings in damaged districts. Detailed

definitions are given as follows:

TCR = A/D × 100% (2.1)

CR = (A+B)/D × 100% (2.2)

DR = (A+B + C)/D × 100% (2.3)

where

A– the number of totally collapsed buildings in an administrative district;

B– the number of partially collapsed buildings in an administrative district;

C– the number of partially damaged buildings in an administrative district;
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D– the total number of buildings regardless of damage and non-damage in an ad-

ministrative district.

The unit of A, B, C and D may be the number of either households or buildings for

a certain administrative district. In the previous studies, the number of households

was adopted as the unit of damage data to calculate damage ratios. It might be

explained by two reasons. First, the magnitudes of previous earthquake were not so

large that the damaged areas were confined to several administrative districts. The

number of buildings may be too limited to clarify the relationship between damage

ratios and characteristics of ground motions. Second, the total numbers of households

were well arranged in each local government and can be easily accessed. However, to the

contrast, it may be reasonable to adopt the number of buildings as the unit of damage

data, as it reflects the real numbers of damaged buildings due to ground shaking.

The number of households is quite different from that of buildings for some those

administrative districts with a large amount of apartments or mansions. During the

2011 Tohoku earthquake, the damaged area is so wide that the numbers of households

may not reliable at present as the accuracy are affected by the credit of applicants whose

buildings suffered damage. The accurate numbers might not be obtained in a couple

of years until all of them are confirmed by local government staffs. Fortunately, the

FDMA publishes the damage data by the number of buildings in each administrative

district. Therefore, the number of buildings is adopted as the unit of damage data in

this study. The total number of buildings can be obtained from the Statistics Bureau

and Director-General for Policy Planning of Japan.

In addition, the total numbers of buildings in some small districts cannot be obtained

from the Statistics Bureau, but the total numbers of households in such districts can be

easily found from the homepages of local governments. Fig. 2.2 shows the relationship

between the total numbers of buildings and the total numbers of households in the

stricken districts where both kinds of data are available. It can be seen that the total

number of households has a good linear correlation with the total number of buildings

for each district, and the former is almost the same as the latter. This indicates that

the total numbers of buildings can be approximately replaced with the total numbers

of households in those small districts inside which the total number of households is

fewer than 10,000.
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Fig. 2.2 Relationship between number of buildings and number of households

2.2.2 Representativeness of ground motions in stricken dis-

tricts

As there are only a couple of strong-motion stations installed in an administrative dis-

trict, it is advisable that the median of the ground motions is used as the representative

ground motions for the entire district, if the distribution of ground motions within one

district is known. In Japan, J-SHIS (2013) provides the distribution of amplification

factors (Fujimoto and Midorikawa, 2006) for the peak ground velocity (PGV) from the

layer equivalent to the engineering bedrock (400 m/s shear wave velocity) to ground

surface based on the geomorphologic classification (Wakamatsu et al., 2004) all over the

Japan. It suggests that we can evaluate the median of PGV by the following equation

under the assumption that the PGV on the engineering bedrock of the entire district

is the same.

(PGV )m = (PGV )b400 × (ARV )m =
(PGV )o
(ARV )o

× (ARV )m (2.4)

where

(PGV )m is the median PGV for the entire district;

(PGV )b400 is the PGV on the engineering bedrock (400 m/s shear wave velocity);

(PGV )o is the PGV at the observation station;

(ARV )m is the median amplification factor (ARV) for the entire district;
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(ARV )o is the ARV at the observation station.

We attempt to revise the PGVs at the strong-motion stations to the median PGV

for each entire district by Eq. (2.4). Fig. 2.3 shows an example in the Fukushima

city including FKSH16 and FKS003 strong-motion stations and Date city including

FKS002 strong-motion station northern Fukushima prefecture. It can be seen that

the amplification factors (ARVs) in the Fukushima city do not vary significantly, while

ARVs take a obvious contrast near the FKS002 station in the Date city. It means that

the median of PGV for Fukushima city is approximately the same as the arithmetic

average of PGVs at two strong-motion stations, while the median of PGV for Date

city will be lower than PGV at FKS002 station which is situated at the edge of large

ARV area. Table 2.1 shows the median PGV by applying Eq. (2.4). The result is

almost consistent with the our analysis that the median PGV of Date city is about

one third of the observed PGV at FKS002. We should not have adopted the same

method to obtain the median PGV of each stricken district until we found a big pitfall

of this method. We realized that it was more suitable to take the median PGV of

the areas within one stricken district where buildings are densely distributed as the

representative PGV for the entire stricken district. However, it is difficult to grasp the

exact distribution of buildings within a district at present. Generally, many buildings

are concentrated in basins, or the warm-colored areas as shown in Fig. 2.3 with high

amplification factors, and there are few buildings in hills, or the cold colored areas with

low amplification factors. Therefore, the representative ground motions for an entire

district might be underestimated if it is revised with the aforementioned method, just

as Date city. Eventually, the observed ground motions are assumed to be representative

for an entire stricken district, as long as the strong-motion stations are not located on

the rock.

Table 2.1 Median of PGV in Fukushima and Date cities, Fukushima prefecture

District Station (PGV )o (ARV )o (ARV )m (PGV )m

Fukushima FKS003 24.5 1.189283
FKSH16 25.3 1.107937 0.812485 17.6

Date FKS002 30.9 1.996663 0.668866 10.3
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Fig. 2.3 Distribution of amplification factors (ARVs) in Fukushima (left) and Date
(right) cities, Fukushima prefecture. Triangles denote the strong-motion stations

2.2.3 Construction of fragility curves based on the damage

ratios and observed ground motions in the stricken dis-

tricts

Fragility curves are constructed to examine the relationship between three kinds of

building damage ratios and the ground motion characteristics, which are peak ground

acceleration (PGA), peak ground velocity (PGV), Japan Meteorological Agency in-

strumental seismic intensity (IJMA), and spectral intensity (SI). The damage ratios

and the ground motion indices in all the studied administrative districts are listed in

the Appendix A.1. The cumulative probability of building damage, P (x), is assumed

to be the normal cumulative distribution function, according to Okada and Kagami

(1991).

P (x) = Φ((x− µ)/σ) (2.5)

where

Φ is the standard normal cumulative distribution function;

x is a variable with respect to ground motion indices, such as IJMA, natural logarithm

of PGA, natural logarithm of PGV, or natural logarithm of SI;

µ and σ – the mean and standard deviation of x, they are determined through

geometric mean regression method with the normal probability plot method. Fig. 2.4
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shows the regression between DR and PGV in order to determine the parameters

used to plot the fragility curve. σ is obtained from the reciprocal of slope of the

regression equation and µ is obtained from the absolute ratio of intercept and slope of

the regression equation.

-6 

-4 

-2 

0 

2 

4 

2.0  3.0  4.0  5.0  

Φ
-1

(D
R

) 

lnPGV 

y=2.304x-9.2384 
R2=0.425 

Fig. 2.4 Geometric mean regression between lnPGV and Φ−1(DR)

PGA, PGV, and SI are adopted to be the larger value between the NS and EW

components. SI is the integral of the pseudo-velocity response spectrum with a damping

ratio averaged over the period range from 0.1 s to 2.5 s, as is shown in Eq. (2.6). IJMA

is calculated based on the manual issued by the Japan Meteorological Agency (JMA,

1996).

SI(h, T ) =
1

2.5− 0.1

∫ 0.5

0.1

Spv(h, T )dT (2.6)

where

Spv(h, T ) is the pseudo-velocity response spectrum for damping ratio h;

h is the damping ratio, h is set to be 0.20, according to Housner (1952);

T is the natural period of buildings.

Fig. 2.5 ∼ Fig. 2.7 show the fragility curves between three kinds of building damage

ratios, i.e., TCR, CR, and DR, as well as the ground motion indices, i.e., PGA, PGV,

IJMA, and SI. The coefficients of µ and σ, and the determination coefficient R2 (also
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referred to the square of correlation coefficient defined as Eq. (2.7)) used to assess the

goodness of fit, are given in Table 2.2. Generally, the damage ratios increase with the

ground motion indices, which suggests that they have a certain correlation. It can be

seen from Table 2.2 that standard deviation between the DRs and any one of the ground

motion indices is the smallest, and that corresponding determination coefficient R2 is

the largest among the three kinds of building damage ratios. This suggests that the

correlation of ground motion indices with the DRs is the best. Therefore, the focus is

put on the relationship between the DRs and the ground motion indices in the following

analysis. From the values of R2, it can be seen that the correlation of IJMA with DR is

best among four ground motion indices. Also, the correlation of SI with any kind of the

damage ratios is similar to PGV. It can be explained by the well correlation between

these two values, as shown in Fig. 2.8, the ratio between SI and PGV is approximately

0.983 which is smaller than 1.18 pointed by Tong et al. (1994). On the other hand,

although the correlation of PGA with DR is well, the relatively large standard deviation

coefficient and less correlation with TCR and CR suggests that PGA may not a good

indicator to be related with damage ratios, which is in agreement with the conclusion

of Midorikawa et al. (2011). This can be attributed to the sensitivity of PGAs to the

short predominant period characteristics of ground motions. Fig. 2.9 shows the damage

data categorized by predominant period determined from the pseudo-velocity response

spectra (pSv). It can be seen that damage data with a short predominant period of

less than 0.4 s are mostly distributed beneath the fragility curve. That is to say large

PGAs with a short predominant period of less than 0.4 s will not cause much damage

to buildings. In contrast, the PGVs seem to be insensitive to short periods of less than

0.4 s. Furthermore, both the PGAs and PGVs are not sensitive to longer periods of

over 2.0 s which will not cause much damage to buildings.As a result, we conclude that

IJMA , SI, PGV have a better correlation with damage ratios than PGA.

R2 =

(
N∑
i=1

(yi − ȳ)(fi − f̄)

)2

N∑
i=1

(yi − ȳ)2
N∑
i=1

(fi − f̄)2
(2.7)

where

yi and fi are called the observed and predicted values respectively;

ȳ and f̄ are the mean value of all observed and predicted values respectively.

However, uncertainty exists for DR versus any one of the four ground motion indices.

One of the reasons for this is that the damage data are not classified by the building
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Fig. 2.5 Fragility curve for TCRs in 94 stricken districts

Table 2.2 Parameters about fragility curves of administrative districts

PGA PGV IJMA SI
µ σ R2 µ σ R2 µ σ R2 µ σ R2

TCR 8.703 0.853 0.148 5.637 0.684 0.351 7.520 0.660 0.282 5.843 0.766 0.308
CR 7.720 0.687 0.273 4.679 0.468 0.364 6.668 0.492 0.386 4.783 0.533 0.365
DR 6.738 0.639 0.481 4.009 0.434 0.425 5.971 0.465 0.546 4.030 0.503 0.435

construction date and structural type in each stricken district which are thought to be

different from district to district. The different number of the building construction

date or structural type in each stricken district can contribute to this uncertainty.

Furthermore, the damage data in some districts may include the numbers of damaged

buildings not directly caused by ground shaking, such as landslide. However, the

uncertainty caused by these factors cannot be resolved unless comprehensive damage

data can be obtained. Another reason may be that the representativeness of the ground

motions, i.e., the ground motions at the strong-motion station, may not be appropriate

for representing the ground motions for an entire stricken district. Take Yabuki town

and Sukagawa city in Fukushima prefecture for example. The damage data of these
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Fig. 2.6 Fragility curve for CRs in 94 stricken districts

two districts are shown with red and blue circles respectively in the Fig. 2.5 ∼ Fig. 2.7.

It can be seen that both of these two districts have a relatively low level of ground

motions, but the damage ratios are relatively large. According to the field survey by

Muraibo et al. (2011), the DR of Ippongi subdistrict where the strong-motion station

was installed was lowest among all the subdistricts in the Yabuki town as shown in

Table 2.3. It means that the ground motions used at the strong-motion station may

underestimate the overall level of ground motions for the entire Yabuki town. In other

words, the ground motions at the strong-motion station are not representative for the

Yabuki town. During the mainshock, the ground motions at one of the heavy damaged

subdistricts, e.g., Yamatouchi subdistrict were estimated by Wu, Hao et al. (2012).The

larger estimated ground motions agrees with the above supposition. Another example

is Sukagawa city of Fukushima prefecture. We conducted the field survey centered the

strong-motion station with a radius of about 500 m. The damage ratio of about 21.6%

was also rather lower than the overall damage ratio–71.3%. It might also be explained

by the representativeness of ground motions.

To the contrary, high level of ground motions can not account for the low damage
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Fig. 2.7 Fragility curve for DRs in 94 stricken districts

Table 2.3 Number of damaged buildings and damage ratios in the subdistricts of
Yabuki town, Fukushima prefecture

Subdistrict Sound Slight Minor Moderate Heavy Collapse Unknown DR(%)
Tatesaza 22 16 12 0 4 0 0 59.3
Ohmachi 40 38 20 3 3 0 1 61.0

Motomachi 101 73 27 16 14 2 9 54.5
Nakamachi 100 142 58 56 40 4 17 71.9
Shimachi 96 86 17 6 6 3 1 54.9

Yamatouchi 21 15 16 4 14 1 0 70.4
Ippongi 37 32 1 0 0 0 0 47.1

ratios, for instance, Osaki city in Miyagi prefecture. It can be explained from the

distribution of amplification factors in Osaki city as shown in Fig. 2.10 that the observed

ground motions at high amplification factors area may overestimated the level of ground

motions for the entire district. It implies that the representative ground motions should

be confined to a smaller administrative unit, such as subdistrict (i.e., subdivision of an

administrative unit) shown in Fig. 2.11, which will be examined in chapter 4.
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Fig. 2.8 Relationship between SI and PGV for the stricken districts
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Fig. 2.9 Fragility curves for DR versus PGA and DR versus PGV. Damage data are
classified by predominant period of pseudo-velocity response spectrum
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Fig. 2.10 Distribution of amplification factors in the Osaki city, Miyagi prefecture.
Two triangles denote the location of strong-motion stations.

Fig. 2.11 Conception about districts (Left) and subdistricts (Right) in the Osaki
and Kurihara cities, Miyagi prefecture
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In addition, the period characteristics of ground motions for stricken districts are

shown in Fig. 2.12. In this figure, PGA and PGV are the maximum values of vector

summation in three components. The straight solid line is plotted according to the

different equivalent predominant period, Teq, which is defined as Teq = 2πPGV/PGA.

DR is divided into four levels, i.e., 0% 6 DR < 20%, 20% 6 DR < 40%, 40% 6 DR <

60%, and 60% 6 DR. Three heavy damaged sites, i.e., JR-Takatori (DR=95.3%),

JMA Kobe (DR=71.0%), and Fukiai (DR=48.7%) during the 1995 Kobe earthquake

are also included. Kawase (1998) pointed out that heavy damage will occur for the

ground motions with PGA greater than 800 gal, PGV greater than 100 m/s, and

equivalent predominant period is around 1.0 s. It well accounts for the three heavy

damaged sites during the 1995 Kobe earthquake. During the mainshock of the 2011

Tohoku Earthquake, it can be seen that PGAs in many stricken districts are larger

than 800 gal, but there are almost no records over 100 cm/s, which result in the short

equivalent predominant period of about 0.5 s. This can be partly used to explain the

lower damage ratios compared with the heavy damaged sites during the 1995 Kobe

earthquake. Fig. 2.13 shows the pseudo-velocity response spectra (pSv) of the ground

motions used in the stricken districts. It can be seen that most of the amplitude is

smaller than 200 cm/s, which may not cause much damage to buildings. The ground

motions with large amplitude of pSv are predominant at about 0.5 s, which also will

not cause much damage to buildings. The amplitude of pSv between 1.0 s and 2.0 s

which is thought to be closely related with building damage is not large compared with

that of pSv at JR-Takatori during the 1995 Kobe earthquake. It also accounts for the

relatively low damage ratios during the 2011 Tohoku Earthquake.
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Fig. 2.12 Distribution of equivalent predominant periods of ground motions in the
stricken districts. The straight lines correspond to 0.2 s, 0.5 s, 1.0 s, 2.0 s for Teq
(Teq = 2πPGV/PGA) respectively. The broken line shows the threshold value for
heavy damage after Kawase (1998). Three damaged sites, i.e., JR-Takatori, Fukiai
and JMA-Kobe, in which the buildings were subjected to heavy damage during the
1995 Kobe Earthquake are also included.
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Fig. 2.13 Pseudo-velocity response spectra for ground motions analyzed in the
stricken districts. Black curves are the pseudo-velocity response spectra during the
2011 Tohoku Earthquake; red curve is the pseudo-velocity response spectrum at JR-
Takatori station during the 1995 Kobe Earthquake.
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2.3 Summary

The relationships between three kinds of damage ratios, i.e., TCR, CR, and DR, and

four ground motion indices based on observed records at strong-motion stations (i.e.,

K-NET or KiK-net stations) in the stricken districts, i.e., PGA, PGV, IJMA and SI are

investigated in this chapter. The following conclusions can be obtained.

Damage ratios calculated from damage data in administrative districts have a cer-

tain correlation with the observed ground motions. The relationship may be used for

damage assessment over a wide damaged ares.

DR is the best index to be related with ground motion indices among three damage

ratios. IJMA, PGV and SI have a better correlation with damage ratios than PGA,

which can be explained by the sensitivity of PGA to ground motions with short pre-

dominant period characteristics. SI and PGV have a good correlation relationship, they

are similar to each other from the viewpoint of value. Because of this, the correlation

for SI versus damage ratios and PGV versus damage ratios is similar.

The short equivalent predominant period characteristics of ground motions or short

predominant period of pseudo-velocity response spectra can be used to explain the

relatively low damage ratios during the mainshock.

The ground motions in some stricken districts are not representative. It is one of

the reasons for low level of ground motions versus large DRs or high level of ground

motions versus low DRs in some districts.
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Chapter 3

Verification of identifying velocity

structures by use of microtremor

H/V spectral ratio and estimating

ground motions at target sites

during the mainshock

As ground motions varies with geological condition, the ground motions determined

by averaging a couple of ground motion data at strong-motion stations within each

administrative district may not always represent the overall level for each administra-

tive district, just as pointed out in chapter 2. Therefore, it is necessary to examine

the relationships between the damage ratios evaluated in areas smaller than the ad-

ministrative districts, such as subdistricts, subdivisions of the administrative districts,

and the ground motion indices there. We can obtain damage data such as totally

collapsed, partially collapsed and partially damaged buildings in subdistricts of the

administrative districts from the local governments. However, there were no strong-

motion stations in most of the subdistricts during the mainshock. Therefore, it is

essential to find a method to properly estimate the ground motions in the subdistricts

where strong-motion stations were not installed. This chapter aims at developing one

effective method to properly estimate ground motions during the mainshock by use of

underground velocity structures and short-period source model. The proposed method

will be verified by the following three steps.

First, we compare the difference of identified underground velocity structures between

H/V spectral ratios of observed earthquake motions and those of measured microtremor

25



3. Verification of identifying velocity structures by use of microtremor H/V spectral
ratio and estimating ground motions at target sites during the mainshock

data. Then we examine the difference of transfer functions evaluated from the identified

velocity structures.

Second, we confirm whether the underground velocity structures identified from mi-

crotremor H/V spectral ratios can be used to estimate surface motions for small earth-

quakes. The bedrock motions are estimated from the surface observed motions at

one of the strong-motion stations with the underground velocity structures identified

from microtremor H/V spectral ratio. Then the surface motions are estimated from

the bedrock motions with the identified underground velocity structures at one of the

other strong-motion stations. If the estimated surface motions coincide with the ob-

served surface motions, it indicates the effectiveness of underground velocity structures

identified from microtremor H/V spectral ratios.

Third, we verify whether the estimation method on ground motions is applicable for

the mainshock by considering the short-period (0.1 s ∼ 10.0 s) source model (Kurahashi

and Ikikura, 2013) and underground velocity structures. The surface motions at one

strong-motion station are estimated with the underground velocity structures identified

from microtremor H/V spectral ratios from the synthesized bedrock motions during the

mainshock. Then we examine whether the estimated surface motions coincide with the

observed surface motions for the mainshock.

3.1 Methodology on estimating ground motions with

underground velocity structures and source model

Generally, the surface motions O(ω) can be expressed as the product of bedrock

motions B(ω) and transfer function TF (ω) which is defined as the surface response

with respect to incident motions, as shown in Eq. (3.1). Then the bedrock motions

B(ω) can be expressed as the ratio of observed surface motionsO(ω) to transfer function

TF (ω), as shown in Eq. (3.2).

O(ω) = B(ω)× TF (ω) (3.1)

B(ω) = O(ω)/TF (ω) (3.2)

Considering that there are a strong-motion station X where surface motions are

observed and a target site Y where the surface motions are unknown, as shown in

Fig. 3.1, Y is located near X. By assuming the bedrock motions under both sites to be

the same, the surface motions EY (ω) at the target site Y can be estimated from the

bedrock motions at X and transfer functions TFY (ω) at the target site Y, as shown in
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Fig. 3.1 Illustration about verification of estimating ground motions for small earth-
quakes

Eq. (3.3). The assumption about common bedrock motions may be reasonable if the

distance between X and Y is much shorter than the hypocenter distance.

EY (ω) = BY (ω)× TFY (ω) = BX(ω)× TFY (ω) = EX(ω)/TFX(ω)× TFY (ω) (3.3)

However, for the 2011 Tohoku Earthquake, the soft soil at some sites may behave

nonlinear near the surface which suggests the bedrock motions may not be directly

estimated by Eq. (3.2). In order to avoid the potential nonlinear effect on the surface

motions, we firstly estimate the bedrock motions under the strong-motion station dur-

ing a small earthquake as shown in Fig. 3.2, then synthesize them into the ones for

the mainshock with “modified empirical Green’s function method” by use of the source

model. Then the ground motions for the mainshock on the surface at the target sites

can be estimated just as shown in Eq. (3.3) if the nonlinear effect is limited.

Attention should be paid to the difference between “modified empirical Green’s func-

tion method” and empirical Green’s function method. The formulation for empirical

Green’s function method can be expressed as Eq. (3.4) according to Irikura (1986).

U(t) =
N∑
i=1

N∑
j=1

r

rij
F (t− tij) ∗ {c · u(t)} (3.4)
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Fig. 3.2 Illustration about estimating ground motions during the mainshock

where

U(t) is the simulated waveform for mainshock;

r is the distance between small fault and the strong-motion station;

rij is the distance between small fault and the strong-motion station;

F (t − tij) is the correction function used to adjust for the difference in the slip ve-

locity time functions between the large and small events.

u(t) is the observed waveform during a small earthquake.

From this equation, we can see that the observed waveform is the crucial element

for this method. However, in order to avoid the nonlinear effect near the surface, the

estimated bedrock waveform is taken as the Green’s function, then it is synthesized

into the one during the mainshock. We call it as “modified empirical Green’s function

method” to distinguish it from the conventional one.

For the estimation of ground motions during the mainshock, three elements are

needed, i.e., the source model and underground velocity structures under the strong-

motion stations and target sites. Because many researchers, such as Kurahashi and

Irikura (2011),Asano and Iwata (2012),Kawabe et al. (2012),Kurahashi and Ikikura

(2013) have presented the short-period source model for the mainshock, what is left

is how to evaluate the transfer functions which depend on the underground velocity
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structures. Next section will focus on how to obtain the reliable underground velocity

structures.

3.2 Verification of identifying underground veloc-

ity structures from microtremor H/V spectral

ratio

Underground velocity structures can be determined by reflection method, refraction

method, inversion method from surface-wave dispersion data, inversion method from

H/V spectral ratio of microtremor or earthquake ground motions and so on. Either

the reflection or refraction method needs artificial sources usually imposed by vibrator

or impactor on the surface. On the other hand, inversion method from surface wave

dispersive curve needs array observation of microtremors at the same time at several

fixed sites. Identification of underground velocity structures from H/V spectral ratio

is considered to be the most convenient and efficient methods as it just needs ob-

servation with three components sensors at a single station. It has been suggested by

many researchers that the underground velocity structures can be identified from either

earthquake H/V spectral ratio or microtremor H/V spectral ratio. However, hitherto

not so many studies have been done on how the different of the two underground ve-

locity structures identified from these two kinds of H/V spectral ratios at the same

site. Therefore, we attempt to identify the underground velocity structures from H/V

spectral ratios of earthquake motions and microtremors respectively at the same site.

Then we can investigate not only the difference of underground velocity structures but

also the effect of this difference on the transfer functions of ground motions between

bedrock and ground surface.

3.2.1 Identification of underground velocity structures from

earthquake H/V spectral ratio

3.2.1.1 Theoretical calculation of earthquake H/V spectral ratio

Earthquake motions can be observed at permanent strong-motion stations. The char-

acteristics of earthquake ground motions are affected by magnitude, depth of source,

propagation path, soil condition near the surface and so on. The spectral ratio of

horizontal to vertical component, i.e., H/V, can eliminate the effect from source and

propagation path effectively. Therefore, H/V can be regarded as the intrinsic property
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of velocity structure under the site, which implies that it can be used to identify the

underground velocity structures. Phinney (1964) determined the crustal structure us-

ing spectral ratio of the radial component to vertical component of teleseismic P waves.

Lermo and Chávez-Garćıa (1993) explored the Nakamura technique (Nakamura, 1989)

which was originally proposed for microtremor to evaluate the empirical transfer func-

tion response from earthquake H/V spectral ratio. Satoh et al. (2001) investigated the

differences of site characteristics obtained from S-waves, P-waves and codas, as well

as microtremors. However, the theoretical basis was not clarified until Kawase et al.

(2011) applied the diffuse theory to express the earthquake H/V spectral ratio shown in

Eq. (3.5) as the amplitude ratio between transfer functions for the horizontally polar-

ized S-wave incidence and the vertically polarized P-wave incidence, both calculated at

the observation point with a coefficient depending on the bedrock property. Ducellier

et al. (2012, 2013) proved the validation of identifying underground velocity structures

from the earthquake H/V spectral ratio proposed by Kawase et al. (2011).

H

V
(ω) =

√
2V H

P

V H
S

∣∣∣∣TFS(ω)

TFP (ω)

∣∣∣∣ (3.5)

where

V denotes the body wave velocity;

TF denotes transfer function which is defined as the surface response with respect

to incident wave from the half-space;

superscript H denotes the half-space;

subscripts P and S denotes P-wave and S-wave respectively.

3.2.1.2 Data processing of observed earthquake H/V spectral ratio

The earthquake H/V spectral ratios are different at the specified site depending on the

direction of propagation from the source if the underground velocity structures are not

approximated to be a one-dimension (1D) model. It is reasonable to take an average

over many earthquake records. On the other hand, the H/V spectral ratio of small

earthquakes is different from that of large earthquakes due to the nonlinear effect. As

a result, the underground velocity structures should be identified from the H/V spectral

ratio averaged over many small earthquakes records. Here, we choose the records of

small earthquakes with magnitude ranging from 4.0 to 6.5, PGA smaller than 100 gal,

and the epicenter distance of less than 200 km. In addition, earthquake H/V spectral

ratios are different depending on the portion of waveforms used. As Kawase et al.

(2011) suggested that H/V spectral ratio of earthquake motions is stable whichever the
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part of record is used except P-wave portion, we adopt the records with a duration of

40.96 s from S-wave onset time to calculate the H/V spectral ratio. The S-wave onset

time is determined by eye judgement for sake of simplicity, approximately the time

after which the amplitude of acceleration waveforms reaches the largest as shown in

Fig. 3.3. After obtaining H/V spectral ratio of three components record at each site,

smoothing is imposed in the logarithmic scale proposed by Konno and Ohmachi (1998).

Finally, the H/V spectral ratio at the strong-motion station is obtained by averaging

all the smoothed H/V spectral ratios over the total number of records.
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Fig. 3.3 An example waveform during an earthquake. The solid line under the
waveforms show the wave portion used to calculate earthquake H/V spectral ratio

Now we show an example to calculate the earthquake H/V spectral ratio at a strong-

motion station, MYG006, in the Furukawa city of Miyagi prefecture. Fig. 3.4 shows the

distribution of epicenters of seven small earthquakes. The source information about

the small earthquakes used in this study is listed in Table 3.1. The duration of these

records ranges from 60 s ∼ 120 s. Fig. 3.5 shows the H/V spectral ratios of the records

from the seven earthquakes with thin black line and the average of them with red. It is

reasonable to adopt the average H/V spectral ratio at the target site for identification

of underground velocity structures, because the variation of H/V spectral ratios exists

for the seven small earthquakes.
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Fig. 3.4 Distribution of epicenters for small earthquakes around MYG006

Table 3.1 Small earthquake information used in the analysis for MYG006

Order Date-time Latitude Longitude Depth MJMA
∗ PGA Ts∗∗

(◦E) (◦N) (km) (gal) (s)

01 2011/10/26-02:08 36.962 141.147 30 5.0 5.2 19.0

02 2011/09/13-23:14 38.935 142.413 35 4.7 6.0 13.0

03 2011/08/17-12:14 38.468 142.193 28 4.5 9.5 29.0

04 2011/08/11-22:31 38.448 142.230 30 5.3 14.2 28.5

05 2011/06/14-23:56 39.490 142.528 28 5.3 15.5 16.0

06 2011/04/21-17:18 38.320 142.232 31 5.2 20.7 15.0

07 2011/04/15-23:34 39.167 142.422 31 5.0 11.6 15.0

∗ MJMA is a magnitude determined by Japan Meteorological Angency
∗∗ TS is the onset time of S-wave determined by eye judgement.
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3.2.1.3 Identification of velocity structures from earthquake H/V spectral

ratio

Simulated annealing algorithm is used to identify the velocity structures in this study.

Compared with other search schemes, such as genetic algorithm, simulated annealing

algorithm is good at searching the global minimum among many local minima for

the objective function. The simulated annealing algorithm used in this study refer to

the one developed by Ingber (1989), Saguchi et al. (2009), Satoh (2006). The optimal

underground velocity structures are determined by minimizing the misfit function which

is expressed in Eq. (3.6). Additionally, it is necessary to specify the temperature

reduction function expressed as Eq. (3.7).

Em =

fmax∑
fmin

∣∣∣ (H/V )cal−(H/V )obs

fi

∣∣∣√
fmax∑
fmin

(H/V )cal

fi

fmax∑
fmin

(H/V )obs

fi

(3.6)

where

fi denotes frequency;

fmin and fmax are set to be 0.33 Hz and 20.0 Hz respectively;

(H/V )cal and (H/V )obs denote the theoretical and observed H/V spectral ratios

respectively.

Tk = T0 · exp(−ckα) (3.7)
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where

Tk is the temperature for the kth time;

T0, c and α are the constant which are set to be 1.0, 0.6 and 1.0, respectively.

In order to trigger the identification procedure, initial velocity structure model is

needed. In Japan, these data can be obtained for the strong-motion stations (i.e., K-

NET and KiK-net) operated by NIED in the shallow layers, while the initial velocity

structure model in the deep layers can refer to the J-SHIS website. The optimal velocity

structures model is obtained by a search range centered the initial model with simulated

annealing algorithm. As a case study, we implement the identification at one strong-

motion station, MYG006.

Table 3.2 shows the initial velocity structure model generated by use of PS-logging

data from NIED and those published by J-SHIS. As the identified velocity structures

may be different from the identification schemes, three kinds of schemes are applied

to obtain the optimal one. (a) Only identifying the parameters about S-wave, such as

S-wave velocity (VS), QS0 and n (QS is assumed to be QS = QS0 × fn) in each layer

from surface to bedrock (VS=3.1 km/s); (b) identifying the parameters about S-wave

in shallow layers (about -100 m in the depth, depending on the soil condition), and

identifying the thicknesses of deep layers; (c) identifying the parameters about S-wave

and thickness in each layer from surface to bedrock. The optimal velocity structures

are selected from these three schemes. The search range with respect to the initial

model should be as large as possible, it is set to be 80% for each parameter in this

study. In addition, in order to improve the efficiency of identification, the parameters

about P-wave, such as P-wave velocity (VP ) and QP are determined from empirical

relationships with S-wave, according to Eq. (3.8) by Kitsunezaki et al. (1990) and

Eq. (3.9) by Yoshida and Kobayashi (2002), as well as the fixed thickness and density

in each layer. It may not have a significant effect on the final results, as the objective

function, i.e., H/V is insensitive to these parameters just as the suggestions from Arai

and Tokimatsu (2004), Satoh (2006).

Vp = 1.11× Vs + 1290.0 (unit : m/s) (3.8)

QP = QS/2.0 (3.9)

Fig. 3.6 and Table 3.3 shows the identified velocity structures at MYG006. The

H/V spectral ratios calculated with the identified model are in a good agreement with

the observed one in a period range less than 0.3 s as shown in left upper panel of
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Table 3.2 Initial underground velocity structures at MYG006

ρ(ton/m3) Vs(m/s) Vp(m/s) Qs n H(m) Depth(m)

1.42 70 350 10 0.5 1.0 2.0
1.75 130 1420 10 0.5 2.5 17.0
1.75 130 1420 10 0.5 2.5 17.0
1.75 130 1420 10 0.5 10.0 17.0
1.85 400 1880 20 0.5 3.0 20.0
1.90 600 2000 100 0.5 12.0 68.0
2.00 700 2100 100 0.5 12.0 68.0
2.00 800 2200 100 0.5 12.0 68.0
2.10 950 2400 100 0.5 12.0 68.0
2.15 1200 2600 100 0.5 200.0 300.0
2.25 1400 3000 100 0.5 200.0 500.0
2.30 1600 3400 100 0.5 236.0 704.0
2.35 1900 3750 150 0.5 649.0 1353.0
2.40 2100 4000 150 0.5 520.0 1873.0
2.50 2700 4600 150 0.5 1170.0 3043.0
2.50 3100 5500 200 0.5 0.0 0.0

Fig. 3.6. Concerning the period range less than 0.3 s, even peak periods of the H/V

spectral ratios with the initial model is almost consistent with those of the observed

one, although amplitudes are different from each other. It comes from the similarity

of Vs structures less than 100 m between the initial model and the identified model as

shown in right lower panel of Fig. 3.6. Meanwhile, the amplitudes of the H/V spectral

ratios with the initial model are larger than those of observed ones, which come from

the QS values in the identified model smaller than those in the initial model shown

in Table 3.3. The period range in this analysis is limited to less than 3.0 s, therefore

the Vs structures in deep layers related to longer period than 3.0 s are not reliable.

The transfer functions for S- and P-wave velocity structures are also shown in the right

upper panel of Fig. 3.6. It can be seen that the S-wave transfer function is larger than

4.0 from 0.15 s to 2.0 s, while the P-wave transfer function is rather small.
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quake H/V spectral ratio (target period range is 0.05 s ∼ 3.0 s)
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Table 3.3 Identified underground velocity structures from earthquake H/V spectral
ratio at MYG006

ρ(ton/m3) Vs(m/s) Vp(m/s) Qs n H(m) Depth(m)

1.42 20.2 1312.4 1.4 0.68 1.0 2.0
1.75 115.0 1417.7 11.7 0.99 2.5 4.5
1.75 102.0 1403.2 11.7 1.00 2.5 7.0
1.75 100.0 1401.0 3.1 1.00 10.0 17.0
1.85 265.7 1584.9 10.9 1.00 3.0 20.0
1.90 723.6 2093.2 26.8 1.00 12.0 32.0
2.00 572.8 1925.8 20.0 1.00 12.0 44.0
2.00 1246.7 2673.8 8.0 0.76 12.0 56.0
2.10 1058.5 2465.0 9.5 0.00 12.0 68.0
2.15 1330.6 2767.0 75.7 0.00 200.0 268.0
2.25 1635.8 3105.7 126.0 0.00 200.0 468.0
2.30 2509.1 4365.9 143.9 1.00 236.0 704.0
2.35 3100.0 5394.0 19.0 0.00 649.0 1353.0
2.40 2931.5 5100.7 21.0 0.00 520.0 1873.0
2.50 3087.3 5372.0 27.0 1.00 1170.0 3043.0
2.50 3100.0 5500.0 31.1 0.00 0.0 0.0

3.2.2 Identification of underground velocity structures from

microtremor H/V spectral ratio

3.2.2.1 Theoretical calculation of microtremor H/V spectral ratio

Compared with earthquake H/V spectral ratio, microtremor H/V spectral ratio is

widely applied to identify the underground velocity structures as the microtremors

generated by human activies or even natural phenomena (such as sea, wind) can be

observed conveniently. Nakamura (1989, 2000) asserted that microtremor H/V spectral

ratio can be explained by vertical incident SH waves. That is, the predominant period

was consistent with that of SH waves, and the amplitude was almost the same as the

amplification factor due to multiple reflected SH waves. On the other hand, Tokimatsu

and Miyadera (1992), Lachet and Bard (1994), Konno and Ohmachi (1998), Fäh et al.

(2001) suggested that the predominant period of microtremor H/V spectral ratio can

be explained by that of fundamental mode of Rayleigh wave, i.e., ellipticity, and implied

that the amplitude of microtremor H/V spectral ratio was affected by higher modes of

Rayleigh waves. Arai and Tokimatsu (2000, 2004) pointed out that the predominant

period of microtremor H/V spectral ratio was mainly controlled by higher modes of

Rayleigh waves, and the amplitude of H/V spectral ratio was controlled by Love waves.

They expressed the microtremor H/V spectral ratio shown in Eq. (3.10) as the square

root of the summation of power spectra for Rayleigh and Love waves in the horizontal
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component to the power spectrum of Rayleigh waves in the vertical component. They

further proved that the observed microtremor H/V spectral ratio can be used to identify

underground velocity structures in the shallow layers by fitting the theoretical one

incorporating higher modes of both Rayleigh and Love waves. Recently, Sánchez-

Sesma et al. (2011) succeeded in explaining the microtremor H/V spectral ratio by

use of diffuse filed theory which included all the contributions of Rayleigh, Love and

body waves. They expressed the microtremor H/V spectral ratio shown in Eq. (3.11)

as the square root of the ratio of the corresponding imaginary parts of Green’s tensor

components. Tobita et al. (2012) applied their theoretical H/V spectral ratio to identify

the underground velocity structures in the Osaka basin of Japan.

H

V
(ω) =

√
PHR(ω) + PHL(ω)

PV R(ω)
(3.10)

where

PHR(ω) and PHL(ω) are the power spectra in the horizontal component for Rayleigh

waves and Love waves respectively;

PV R(ω) is the power spectrum in the vertical component for Rayleigh waves.

(
H

V
)(ω) =

√
ImG11(ω) + ImG22(ω)

ImG33(ω)
(3.11)

where ImGii is the imaginary part of Green function when source and receiver are the

same.

In this study, we decide to identify the underground velocity structures using the

theoretical microtremor H/V spectral ratio proposed by Arai and Tokimatsu (2004),

because the calculation of theoretical microtremor H/V spectral ratio proposed by

Sánchez-Sesma et al. (2011) needs the analytic Green function which is a time con-

suming process, it is not suitable for identifying velocity structures with simulated

annealing algorithm, although it may be possible for genetic algorithm or grid search

(Tobita et al., 2012). Then, we will explain the variables of Eq. (3.10) in detail. Consid-

ering higher modes of Rayleigh and Love waves, PHR(ω) and PHL(ω) can be expressed

as follows:
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m

]
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where

κ is a function with respect to attenuation coefficient, it will be cancelled as it comes

out both in numerator and denominator;

LV is the point force randomly distributed on the free surface;

M is the maximum number of higher modes considered;

A is the medium response;

k is the wavenumber;

α is the H/V ratio of the microtremor loading sources, LH/LV , which is assumed to

be constant in the area considered;

u/w is the ellipticity or the H/V ratio of Rayleigh waves on the free surface.

From the above equations, we can see the coefficient κL2 can be cancelled out for

Eq. (3.10), which means that the scattering damping ratio has no effects on the H/V

spectral ratio and therefore can not be identified by fitting the observed H/V spectral

ratio. What’s more, α is the only unknown in order to evaluate the H/V spectral ratio,

provided the velocity structures are given. Arai and Tokimatsu (2000) suggested to

determine this parameter by assuming (R/L)(ω) to be 0.7. (R/L)(ω) is defined as the

Rayleigh-to-Love-wave amplitude ratio for horizontal motions at a certain frequency ω.

(R
L

)
(ω) =

√
PHR(ω)

PHL(ω)
(3.15)

By substituting the expressions in Eq. 3.12 into Eq. 3.15, we can express the α as

follows:

α =

√√√√√√√
2 ·

M∑
m=0

(ARm/kRm)2(u/w)2m

[R(ω)/L(ω)]2
M∑
m=0

(ALm/kLm)2 −
M∑
m=0

(ARm/kRm)2(u/w)4m

(3.16)
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It should be noticed that the denominator may become negative at some frequencies

because of a constant (R/L), although α should be a real. In that case, the values of

H/V are set to be zero, as there is no physical meaning at those frequencies.

3.2.2.2 Data processing of observed microtremor H/V spectral ratio

Except the information about the soil condition, microtremors include many noises

caused by human activies, climate condition and so on. Averaging is considered to

be one of the most effective methods to reduce these noises, as microtremor can be

regarded as a stochastic process. However, for microtremor H/V spectral ratio, there

are three kinds of averaging schemes which result in different H/V spectral ratio. We

call them conventional H/V (calculating the H/V spectral ratio in each window, then

averaging them over the total number of time windows), Arai’s H/V (averaging the

horizontal spectra and vertical spectra over the total number of time windows, then

calculating the H/V spectral ratio, just as Eq. (3.17)) and Sánchez’s H/V (averaging

the normalized horizontal and vertical spectra with respect to spectral summation for

three components over the total number of time window, then calculating the H/V

spectral ratio as suggested by Sánchez-Sesma et al. (2011)). Before comparing their

difference, the initial processing about microtremor data should be presented.

H

V
(ω) =

√
PNS(ω) + PEW (ω)

PUD(ω)
(3.17)

where P (ω) denotes the power spectrum in one of the three components, i.e., NS, EW

and UD.

Fig. 3.7 shows a microtremor observation in time domain with a duration of one

hour. As usual, noises with extraordinary large amplitude, e.g., the wave portion

around 2800 s in Fig. 3.7, will be excluded from the original microtremor records in

three components firstly, e.g. north-to-south (NS), east-to-west (EW), up-to-down

(UD). Next the observed data in three components are continuously divided into many

segments with the same length of duration (time window), e.g., 40.96 s in this study.

Power (or Fourier) spectra in three components are then obtained after offsetting and

tapering. The horizontal spectrum is the square root of the summation of power spectra

(or squares of Fourier spectra) in the NS and EW components. Finally, smoothing is

implemented in the logarithmic scale just as that for the earthquake H/V spectral ratio.

Then, we will discuss the differences of microtremor H/V spectral ratios dependent on

the three different average schemes.
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Fig. 3.7 An example waveform of microtremor observed near the MYGH05 strong-
motion station from 12:00 to 13:00 on Nov. 23, 2012

Without loss of generality, we compare these three different H/V spectral ratios at

four sites near the strong-motion stations (AICH04, GIFH09, MYGH05 and MYGH06)

as shown in Fig. 3.8. We can find that the conventional calculation method for H/V

spectral ratio is generally larger than the other two H/V spectral ratios, while the

Arai’s H/V is similar to Sánchez’s H/V. It can be explained that the amplitude of

signal involved in microtremor for the vertical component is too weak, which leads to

the larger amplitude of microtremor H/V spectral ratio. We can also obtain the similar

conclusion for earthquake H/V spectral ratios. It seems that the Sánchez’s H/V is

most reliable because it suggests that the resulting illumination is totally or partially

equipartitioned. But because the difference between Arai’s H/V and Sánchez’s H/V is

trivial, and Arai’s assumption about R/L is based on his H/V calculation method, we

finally adopt the Arai’s H/V method to obtain the microtremor H/V spectral ratio.

Another important thing about microtremor is the stability or temporal variabilities.

As microtremors are affected by many factors, they exhibit difference depending on the

strength of the surrounding human activity, temperature, atmosphere etc. Although
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Fig. 3.8 Difference of microtremor H/V spectral ratio due to different calculation
method

the temporal variation has been studied by several researchers, Nakamura (1989) and

Okada and Suto (2003), we still think it is necessary to examine the characteristics of

microtremor for temporal variability. Fig. 3.9 ∼ Fig. 3.12 show the temporal varia-

tion of microtremor H/V spectral ratios in the vicinity of four strong-motion stations

(GIGH09, AICH04, MYGH05 and MYG009). The total observation duration is one

week at GIFH09, three days at AICH04, one day (24 hrs) at MYGH05 and 3 hrs at

MYG009. It can be seen that the power spectrum of each component significantly

varies with the time, but the H/V spectral ratios are relatively stable. It seems that

the variations of H/V spectral ratios are not obvious for short observation duration,

e.g. 3 hours near MYG009 station. Also this variation do not necessarily increase with

the time but depend on the noises in the neighbourhood of observation site instead. For

instance, the variation of the H/V spectral ratios for 72 hrs near AICH04 station which

locates at a relatively silent rice paddy is smaller than that for 24 hrs near MGYH05

station which locates at the intersection of roads. Therefore, it is difficult to determine

the observation duration during which the microtremor H/V spectral ratios are stable.

It should depend on the noise environment around the observation sites, but it is true

that the longer the better.
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Fig. 3.9 Temporal variation of microtremor H/V spectral ratio for each hour at
GIFH09 from 11:00 on Oct. 16 to 11:00 on Oct. 23, 2012
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Fig. 3.10 Temporal variation of microtremor H/V spectral ratio for each hour at
AICH04 from 19:00 on Oct. 22 to 19:00 on Oct. 25, 2012
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Fig. 3.11 Temporal variation of microtremor H/V spectral ratio for each hour at
MYGH05 from 10:00 on Nov. 23 to 10:00 on Nov. 24, 2012
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Fig. 3.12 Temporal variation of microtremor H/V spectral ratio for half an hour at
MYG009 from 11:15 on Nov. 23 to 14:15 on Nov. 23, 2012
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3.2.2.3 Identification of velocity structures from microtremor H/V spec-

tral ratio

Simulated annealing algorithm is also applied to identify underground velocity struc-

tures from microtremor H/V spectral ratio. The misfit function and reduce temperature

function are the same as those introduced in the subsection 3.2.1.3, except that the

theoretical microtremor H/V spectral ratio is calculated through Eq. (3.10), Eq. (3.12)

∼ Eq. (3.16). In order to incorporate the effect of the higher modes of surface waves

(Rayleigh waves and Love waves), the number of modes should be as large as possible,

but the amplitudes are actually determined by the first few modes. Arai and Tokimatsu

(2000) suggested that fourth mode at least should be calculated. We adopt to calcu-

late third mode because the lower amplitudes of higher modes over 3 may have a very

limited effect on the short period range, e.g., shorter than 0.2 s. As the Q value related

to the attenuation can not be identified from the microtremor H/V spectral ratio, the

following three identification schemes are conducted to determine the optimal velocity

structures. That is (a) only identifying the Vs from surface to bedrock, (b) identifying

the Vs in the shallow layers and thicknesses in the deep layers, (c) identifying the Vs

and thickness of each layer from surface to bedrock. The other parameters are fixed to

be the same as the initial values.

We again identify the velocity structures at MYG006, not from earthquake H/V

spectral ratio but from microtremor H/V spectral. The target period range is still set

to be from 0.05 s to 2.0 s. Fig. 3.13 shows the fitting between theoretical and observed

H/V spectral ratios, and the dispersive curves and response functions for each mode of

surface waves. It can be seen that the theoretical H/V spectral ratio match well with

the observed one, which suggests that the identified velocity structures are reasonable.

Besides, the amplitude of theoretical H/V spectral ratio incorporating higher modes of

surface waves obviously decrease compared with that of fundamental mode. Also the

response functions for higher modes over 2 are quite smaller than that of fundamental

and first mode, which suggests that it is reasonable to only incorporate the first 3 modes.

Fig. 3.14 shows the identified underground velocity structures. It can be seen that the

predominant period of the theoretical H/V spectral ratio for initial model is shorter

than the observed one. Therefore, smaller velocity in the shallow layers of the identified

velocity structures leads to the right shift of predominant period of H/V spectral ratio,

which again suggests the identified velocity structures are reasonable. In addition, the

transfer functions for S- and P-wave are also calculated with the identified velocity

structures listed in Table 3.4 and the assumed Q value (QS = VS/20 and QP = QS/2).
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It can be found that the transfer function for S-wave is quite large from about 0.2 s to

2.0 s.

Table 3.4 Identified underground velocity structures from microtremor H/V spectral
ratio at MYG006

ρ(ton/m3) VS(m/s) VP (m/s) H(m) Depth(m)

1.42 126.0 1429.8 0.8 0.8
1.42 84.8 1384.1 1.6 2.4
1.75 110.1 1412.2 3.7 6.1
1.75 136.0 1441.0 4.1 10.1
1.75 169.8 1478.5 7.2 17.3
1.85 226.1 1541.0 3.9 21.2
1.90 261.8 1580.6 14.2 35.4
2.00 363.9 1693.9 14.2 49.6
2.00 466.6 1807.9 9.0 58.6
2.10 422.1 1758.5 17.4 76.0
2.15 1243.7 2670.5 151.3 227.4
2.25 1084.8 2494.1 156.9 384.3
2.30 1104.4 2515.9 237.3 621.6
2.35 1423.7 2870.3 734.2 1355.8
2.40 2557.0 4449.2 735.9 2091.7
2.50 2828.2 4921.1 1822.8 3914.5
2.50 3100.0 5500.0 0.0 3914.5
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Fig. 3.13 The dispersive curves and response functions of surface waves calculated
with the identified underground velocity structures at MYG006
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Fig. 3.14 Identification of underground velocity structures at MYG006 from mi-
crotremor H/V spectral ratio
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3.2.3 Comparison of underground velocity structures identi-

fied from H/V spectral ratios of earthquake motions and

microtremors

We have obtained two sets of the velocity structures identified from two kinds of H/V

spectral ratio at the same site, MYG006, so we compare them in Fig. 3.15. It can be

seen that these two sets of identified underground velocity structures are almost the

same in shallow layers (about 20 m in the depth), although the velocity structures in

deep layers are quite different. Moreover, the transfer functions for S-wave calculated

with the identified underground velocity structures are almost the same as each other in

the target period range (0.05 s∼3.0 s). It can be explained that the transfer functions in

the target period range are mainly determined by the underground velocity structures

in the shallow layers. In addition, the bedrock motions estimated with these two

underground velocity structures from the same observed surface motions by Eq. (3.2)

are also compared, as shown in Fig. 3.16. The consistency for the waveforms and Fourier

spectra indicates that the underground velocity structures can be identified from any

one of the H/V spectral ratios, either earthquake or microtremor. It also implies

that the ground motions may be estimated with the underground velocity structures

identified from microtremor H/V spectral ratios at those sites where strong-motion

stations were not installed.

Without the loss of generality, the underground velocity structures identified from

both earthquake and microtremor H/V spectral ratios are compared at other four sites,

as well as the transfer functions. We can conclude from the results that the transfer

functions calculated with identified velocity structures from microtremor H/V spectral

ratios are in agreement with those calculated with identified velocity structures from

earthquake H/V spectral ratios, although the identified velocity structures are different

in deep layers.
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Fig. 3.15 Comparison of underground velocity structures and transfer functions at
MYG006
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Fig. 3.16 Comparison of the acceleration waveforms and Fourier spectra on the
bedrock of MYG006. Black and red ones correspond to the estimated motions by
use of identified velocity structures from H/V spectral ratio of earthquake motions
and microtremor respectively. The surface motions are observed during the 2005
Miyaki-Oki earthquake
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Fig. 3.17 Comparison of underground velocity structures and transfer functions at
MYG004
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Fig. 3.18 Comparison of underground velocity structures and transfer functions at
MYGH05

53



3. Verification of identifying velocity structures by use of microtremor H/V spectral
ratio and estimating ground motions at target sites during the mainshock

100

101

T
ra

ns
fe

r 
fu

nc
tio

n

0.01 0.1 1

Period(sec)

MYGH06, S−wave

100

101

T
ra

ns
fe

r 
fu

nc
tio

n

0.01 0.1 1

Period(sec)

MYGH06, P−wave

0

500

1000

1500

2000

2500

3000

D
ep

th
(m

)

0 1000 2000 3000 4000 5000 6000

Velocity(m/s)

0 1000 2000 3000 4000 5000 6000

Velocity(m/s)

Velo. struc.

0

20

40

60

80

100

D
ep

th
(m

)

0 1000 2000 3000

Velocity(m/s)

0 1000 2000 3000

Velocity(m/s)

Velo. struc.

EQ−TRF  
MT−TRF  

EQ−TRF  
MT−TRF  

  2013 Sep 07 05:41:32     VsPKthesis.sh

Vs_initial  
EQ:Vs_identified  
MT:Vs_identified  
Vp_initial  
EQ:Vp_estimated  
MT:Vp_estimated  

Fig. 3.19 Comparison of underground velocity structures and transfer functions at
MYGH06
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Fig. 3.20 Comparison of underground velocity structures and transfer functions at
MYG009
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3.3 Verification of estimating ground motions at

strong-motion stations

We have verified that the underground velocity structures identified from microtremor

H/V spectral ratio are reliable, but it is necessary to verify whether the underground ve-

locity structures at two adjacent sites can be used to estimate the ground motions. Just

as shown in Fig. 3.1, we can estimate the bedrock motions at one strong-motion station

and then estimate the surface motions at the other strong-motion station with the esti-

mated bedrock motions. The transfer functions at these two strong-motion stations will

be evaluated with the underground velocity structures both identified from microtremor

H/V spectral ratio. Then we can confirm whether the identified underground velocity

structures is suitable for estimating ground motions through comparing the estimated

ground motions with the observed ones on the surface of the strong-motion station. On

the other hand, for the mainshock, we need to verify whether both the underground

velocity structures and source model is applicable for estimating ground motions.

3.3.1 Verification of estimating ground motions for small earth-

quakes

We will verify the estimation method with the underground velocity structures identi-

fied from microtremor H/V spectral ratios at several strong-motion stations shown in

Fig. 3.21 during small earthquakes in this subsection. First, we estimate the bedrock

motions at MYG006 shown in Fig. 3.22 with the identified underground velocity struc-

tures from the surface motions during a small earthquake which was an MJMA6.3 event

occurred in the depth of 46 km at 3:51 on July 25, 2011. We use this kind of small

earthquake because the epicenter is far away any of the strong-motion stations to sat-

isfy the common bedrock assumption. Then we estimate the surface motions at the

surrounding strong-motion stations, e.g., MYGH05 shown in Fig. 3.23 and MYG004

shown in Fig. 3.24. It can be seen that not only the acceleration waveforms but also

the Fourier spectra in three components of the estimated ground motions are consis-

tent with those of the observed ones, which indicates that the underground velocity

structures identified from microtremor H/V spectral ratios are reliable and also the

proposed estimation method is effective for small earthquakes.
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Fig. 3.22 Bedrock motions at MYG006 during a small earthquake occurring at 3:51
on July 25, 2013
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Fig. 3.23 Surface motions estimated at MYGH05 during a small earthquake occur-
ring at 3:51 on July 25, 2013
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Fig. 3.24 Surface motions estimated at MYG004 during a small earthquake occur-
ring at 3:51 on July 25, 2013
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3.3.2 Verification of estimating ground motions during the

mainshock

During the mainshock, the soft soil near the surface at some sites may behave nonlin-

ear, so it is not advisable to directly estimate the bedrock motions from the surface

motions of mainshock. We propose that the bedrock motions are estimated from the

surface motions during the specified small earthquake, then they are synthesized into

the bedrock motions for the mainshock with the underground velocity structures and

source model. The ground motions during the mainshock can be estimated from the

synthesized bedrock motions at those sites under the common basement assumption.

In order to demonstrate the effectiveness of the proposed method, we apply this method

among several strong-motion stations as shown in Fig. 3.21. As for the source model,

we adopt the short-period (0.1 s ∼ 10.0 s) one developed by Kurahashi and Ikikura

(2013) which is regarded as one of the most suitable models for the mainshock. From

the Fig. 3.25, we can see the source model is composed of five strong motion generation

areas (SMGAs) during the mainshock.

As the MYG006 strong-motion station where the bedrock motions will be synthesized

is close to the SMGA1 ∼ SMGA3, the other two SMGAs may have little effect on the

final result, we finally decide to synthesize the bedrock motions for the mainshock

only using SMGA1, SMGA2 and SMGA3. The bedrock motions during the small

earthquake, i.e., the 2005 Miyagi-Oki earthquake occurring at 11:46 on August 16,

have been estimated as shown in Fig. 3.16. Then they are used to synthesize the

bedrock motions for the mainshock. The left panels in Fig. 3.25 show the synthesized

waveforms corresponding to the three SMGAs, we can see the onset time of the first

wave packet comes first from the SMGA1 which is closest to MYG006, the onset time

for the other two wave packets are almost the same as the distance between SMGA2

and MYG006 is almost the same as that between SMGA3 and MYG006. The bedrock

motions for the mainshock are the superposition of these three synthesized motions in

each component, as shown in Fig. 3.26. It can be seen that the bedrock motions for

mainshock are significantly amplified compared with those of small earthquake. Then

the synthesized bedrock motions are used to estimate the surface motions of MYGH05

and MYG009 stations shown in Fig. 3.27 and Fig. 3.28. It can be seen that both the

acceleration waveforms and Fourier spectra are in good agreement with the observed

ones in the NS and EW components, and the accuracy for estimated ground motions

in the UD component both at MYGH05 and MYG009 is not so satisfactory. For the

small earthquake, the estimated ground motions in the UD component at MYGH05

are almost the same as the observed ones as shown in Fig. 3.23, which indicates that
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the identified underground velocity structures at MYGH05 are reliable. The reason for

the larger estimated ground motions in the UD components during the mainshock may

caused by the less accuracy of source model in the UD component.

MYG006 

Fig. 3.25 Estimated incident motions in the NS component at the bedrock of
MYG006 during the mainshock with the short-period source model (Kurahashi and
Ikikura, 2013)
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Fig. 3.26 Estimated of bedrock motions in three components at MYG006 during
the mainshock. The Fourier spectra are smoothed with the parzen window of 0.1 Hz
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Fig. 3.27 Comparisons of estimated surface motions with observed surface motions
at MYGH05 during the mainshock. The Fourier spectra are smoothed with the
parzen window of 0.1 Hz
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Fig. 3.28 Comparisons of estimated surface motions with observed surface motions
on the surface at MYG009 during the mainshock. The Fourier spectra are smoothed
with the parzen window of 0.1 Hz
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In addition, during the mainshock, nonlinear behaviour inevitably occurs at those

sites with soft layers near the surface. Fig. 3.29 shows a comparison of earthquake

H/V spectral ratios between the small earthquakes and mainshock. It can be seen that

the right shift of the predominant period in the short period range for the earthquake

H/V spectral ratio during the mainshock occurs compared with that for average small

earthquakes H/V spectral ratio, which suggests the soil near the surface behaves non-

linear during the mainshock. On the other hand, the nonlinear behaviour at MYG006

is more obvious than that at MYGH05, which suggests that the estimation method we

have verified should not neglect the nonlinear effect at those soft sites like MYG006.

Fig. 3.30 shows the estimated surface motions of MYG006 during the mainshock with

the synthesized bedrock motions at MYG006. We can find that the Fourier spectra

between 0.1 s and 0.5 s is overestimated under the linear assumption compared with

those of observed ones. However, the estimated ground motions at other sites, such

as MYG009 and MYGH05, do not show obvious difference with the observed ones,

which suggests that the estimation method is generally applicable for mainshock. The

nonlinear effect which should not be neglected at soft sites is expected to be solved

afterwards.
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Fig. 3.29 Comparison of earthquake H/V spectral ratios between small earthquakes
and mainshock
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Fig. 3.30 Comparison of estimated surface motions with observed surface motions at
MYG006 during the mainshock. The Fourier spectra are smoothed with the parzen
window of 0.1 Hz
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3.4 Summary

In this chapter, we first presented a method to estimate ground motions at the sites

where the microtremors were observed. Next we applied the method to estimate ground

motions for small earthquakes with the underground velocity structures identified from

the microtremor H/V spectral ratios. Then we applied the method to estimate the

ground motions during the mainshock with the identified underground velocity struc-

tures and short-period source model. As a result, the following conclusions can be

obtained.

The transfer function calculated with underground velocity structures identified from

microtremor H/V spectral ratio is almost the same as that calculated with underground

velocity structures identified from earthquake H/V spectral ratio, although the iden-

tified velocity structures are not always consistent with each other. It suggests that

the underground velocity structures can be identified directly from microtremor H/V

spectral ratios at any sites, as long as the microtremors are observed.

The underground velocity structures identified from microtremor H/V spectral ratio

can be used to estimate ground motions during small earthquakes by confirming the

consistency between estimated and observed surface motions.

By use of the short-period source model and the identified underground velocity

structures, the bedrock motions estimated from surface ground motions during a speci-

fied small earthquake are synthesized to the bedrock motions during the mainshock by

the modified empirical Green’s function method. The consistency between estimated

and observed motions suggests that the method is applicable for the mainshock.

The method of estimating ground motions during the mainshock generally work well

at those hard sites. For some sites with soft layers near the surface, the ground motions

may be overestimated without concerning the nonlinear effect for the mainshock. The

nonlinear calculation is expected to be involved afterwards.
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Chapter 4

Fragility curves of buildings based

on damage ratios and estimated

ground motions in subdistricts of

Osaki, Kurihara and surrounding

cities near the source fault area

during the mainshock

As has been pointed in the chapter 2, the ground motions at the strong-motion stations

are not representative at some administrative districts, such as Yabuki town and Osaki

city, which affected the accuracy of fragility curves. It is advisable to construct the

fragility curves based on the damage ratios and ground motion characteristics in a

smaller administrative unit, e.g., subdistricts shown in Fig. 2.11. In this chapter, we

aims at obtaining the fragility curves in the stricken subdistricts near the source fault

area of mainshock. As there are only a couple of strong-motion stations in the studied

area, the ground motions in each subdistrict where strong-motion stations were not

installed will be estimated with the proposed method in chapter 3. We anticipate the

accuracy of the constructed fragility curves is better than those in chapter 2.

4.1 Microtremor measurement

In order to estimate the ground motions in the subdistricts, we need to know the un-

derground velocity structures at each site. As has been verified in chapter 3, it can be
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(a) Sentor: VSE-15D-6

(b) Data logger A: SAMTAC-802H

(c) Data logger B: HKS-9550

Fig. 4.1 Photos about measurement instruments including one sensor and two kinds
of data loggers

identified from microtremor H/V spectral ratios, so we conducted the microtremor mea-

surement at one site in each subdistrict. Totally, we have conducted the microtremor

measurement at 17 sites, including 9 subdistricts in Kurihara city and 6 subdistricts in

Osaki city, as well as one site in Wakuya town whose area is approximately equivalent

to any of the above subdistricts. The instruments for microtremor measurement are

composed of two device, i.e., sensor and data logger. The sensor shown in Fig. 4.1(a)

are VSE-15D-6 produced by Tokyo Sokushin CO. LTD. in Japan. It has a high reso-

lution of approximately 2 × 10−8m/s2. The frequency range is from 0.1 Hz to 70 Hz

and the maximum measuring range is ± 0.1 m/s. The data logger we used have two

types, one is SAMTAC-802H with 6 channels produced by Tokyo Sokushin CO., LTD.

in Japan as shown in Fig. 4.1(b), the other is HKS-9550 with 3 channels produced by

Keisokugiken Corporation in Japan as shown in Fig. 4.1(c). Both of them have a high

resolution of 24bit. Fig. 4.2 is the photos during the measurement at target sites. The

duration of each measurement is 30 mins.
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(a) Measurement with the sensors in three components and data logger A

(b) Measurement with the sensors in three components and data logger B

Fig. 4.2 Photos of the microtremor measurement at the target site
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In general, we select the streets around which the buildings are concentrated and

subjected to damage to some extent due to ground shaking as the target sites. The

locations of all the sites are shown in Fig. 4.3 with solid circles and the corresponding

geographical information are listed in Table 4.1. It can be seen that the sites where

the microtremor measurement was conducted is situated not only at the warm-color

area with high amplification factors but also at the cold-color area with relatively low

amplification factors. It implies that the ground motions at the sites of warm-color

area may different from those at the sites of cold-color area, while the ground motions

at the adjacent sites of either warm-color or cold-color areas may be similar to one

another. Fig. 4.4 shows the distribution of predominant period from microtremor H/V

spectral ratios at damaged sites. It can be seen that the locations of the sites with a

predominant period of about 1.0 s are almost consistent with the locations of warm-

color areas, such as the sites in the Wakuya town, Kashimadai, Furukawa and Tajiri.

It again implies that the ground motions at the sites may be larger than those at other

sites.

Fig. 4.3 Distribution of amplification factors in the subdistricts of Osaki city, Kuri-
hara city and in the Wakuya town
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Fig. 4.4 Distribution of predominant period for the observed microtremor H/V
spectral ratios in the subdistricts. Triangles and squares denote the strong-motion
stations; solid circles denote the sites at which microtremor measurements were con-
ducted; predominant period is obtained through the microtremor H/V spectral ratios
from 0.05 s to 3.0 s
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Table 4.1 Geographical information and the measurement duration of the damaged
sites

Districts No. Subdistricts Latitude(◦N) Longitude(◦E) Duration (min)

01 Kannari 38.8008 141.0661 30
02 Korikura 38.8317 140.9908 30
03 Uguisuzawa 38.8074 140.9476 30

Kurihara 04 Ichihasama 38.7385 140.9534 30
city 05 Tsukidate 38.7294 141.0208 30

06 Shiwahime 38.7550 141.0676 30
07 Wakayanagi 38.7688 141.1300 30
08 Semine 38.6580 141.0719 30
09 Takashimizu 38.6574 141.0103 30

10 Furukawa 38.5743 140.9597 30
11 Tajiri 38.6000 141.0556 30

Osaki 12 Iwadeyama 38.6531 140.8702 30
city 13 Matsuyama 38.5114 141.0515 30

14 Sanbongi 38.5253 140.9468 30
15 Kashimadai 38.4818 141.1007 90

Wakuya 16 Wakuya 38.5394 141.1274 150
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4.2 Estimation of ground motions at damaged sites

during the mainshock

We will apply the estimation method proposed in chapter 3 at the damaged sites

where we have conducted the microtremor measurement. We still take the synthesized

bedrock motions at MYG006 as the incident motions on the bedrock of all the damaged

sites under the common basement assumption which might be suitable if the distance

between strong-motion station and any of the damaged sites is sufficiently short com-

pared with that between strong-motion station and the epicenter just as shown in

Fig. 4.5. Therefore, the transfer functions at damaged sites are the only unknowns

at present, yet they can be obtained from the velocity structures identified from the

microtremor H/V spectral ratios.

140˚00' 140˚30' 141˚00' 141˚30' 142˚00' 142˚30' 143˚00'

37˚00'
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Source  
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Fig. 4.5 Locations between microtremor observation station and epicenter of main-
shock
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The identification process is almost the same as that introduced in chapter 3, except

the generation of initial velocity structure model. As we do not collect any geological

information about the damaged sites, the geological data at adjacent strong-motion

stations are used as the initial values in the shallow layers, while for deep layers they

can be obtained from the website of J-SHIS. The search range with respect to the initial

velocity structure model for the simulated annealing algorithm is still set to be ±80%.

Fig. 4.6 shows the fitting of the theoretical microtremor H/V spectral ratios calculated

with the identified velocity structures at the damaged sites in the subdistricts. The

good consistency between theoretical and observed microtremor H/V spectral ratios

suggests that the identified velocity structures are reliable. The identified velocity

structures are then used to calculate the transfer functions at the damaged sites in

the subdistricts as shown in Fig. 4.7. Appendix B.16 shows the dispersive curves and

response functions of surface waves (i.e., Raileigh waves and Love waves) calculated

with the identified velocity structures. Finally, we estimate the surface motions from

the synthesized bedrock motions at MYG06 during the mainshock by use of the transfer

functions at the damaged sites in the subdistricts. The estimated ground motion indices

are listed in Table 4.2.
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Fig. 4.6 Fitting of H/V theoretical microtremor spectral ratios and identified velocity
structures
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Fig. 4.7 Transfer functions calculated with the identified velocity structures in the
subdistricts (QS = VS/20; QP = QS/2)
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4.3 Fragility curves based on damage ratios and es-

timated ground motions in the subdistricts

In order to fragility curves, we not only need the ground motion indices but also the

damage data of buildings in each subdistrict which are not published by the FDMA.

We obtain these damage data classified into total collapse, partial collapse and partial

damage, together with the total number of buildings from the city halls, i.e., Kurihara

and Osaki cities, except the Wakuya town in which the total number of buildings are

published by STAT. The total number of buildings, in fact, is generally the summation

of three kinds of numbers, i.e., the number of exclusive residential buildings, the number

of combined residential buildings and the number of farm residential buildings for each

subdistrict. The total number of buildings and three damage ratios in each subdistrict

as well as the Wakuya town are listed in Table 4.2.

Table 4.2 Estimated ground motion indices and damage ratios in the subdistricts
of Osaki and Kurihara cities and Wakuya town

District Subdistricts PGA PGV IJMA SI TCR CR DR Total1

(gal) (cm/s) (cm/s) (%) (%) (%) number

Kannari 647.2 80.7 6.2 93.9 0.30 3.23 30.36 2635
Kurikoma 951.5 53.0 6.0 59.5 0.10 0.86 14.32 3932
Uguiszawa 771.5 64.0 6.0 67.5 0.00 0.23 8.45 852
Ichihasama 597.2 47.9 5.8 53.5 0.07 0.38 9.27 2922

Kurihara Tsukidate 736.0 68.7 6.0 72.6 0.08 1.17 21.55 3944
city Shiwahime 605.1 61.6 6.0 67.5 0.31 2.09 21.50 2246

Wakayanagi 705.1 67.3 6.1 77.4 0.60 2.87 22.28 4489
Semine 671.7 56.8 5.9 69.4 0.15 1.98 24.51 1314

Takashimizu 709.9 73.2 6.0 84.8 0.50 4.95 58.02 1010
Naruko2 254.3 39.2 5.1 32.6 0.02 0.41 3.84 4377

Iwadeyama 664.8 69.9 6.0 81.3 0.17 1.40 9.74 5923
Furukawa 644.8 78.0 6.1 95.4 1.14 4.98 21.13 28538

Osaki Tajiri 609.0 93.7 6.2 101.7 1.58 9.70 28.65 5578
city Kashimadai 643.4 92.3 6.2 104.9 1.70 10.28 46.41 4710

Matsuyama 558.5 57.0 6.0 62.6 1.80 10.09 29.64 2993
Sanbongi 578.1 57.4 5.9 61.1 1.01 4.91 21.76 2872

Wakuya town 523.1 85.0 6.2 99.6 2.47 15.06 32.73 5830

Based on the ground motion indices and building damage ratios, the fragility curves

shown in Fig. 4.8 ∼ Fig. 4.10 in this area are constructed through the geometric mean

regression method. Table 4.3 lists all the necessary parameters for plotting fragility

curves, together with the determination coefficients. It can be seen that the estimated

ground motions are generally related with the damage ratios. The PGAs do not exhibit

1It means the total number of buildings in each subdistrict
2No microtremor measurement was conducted, the ground motion indices are obtained from the

record at the strong-motion station (MYG005) in Naruko
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much variation in the studied area, while PGVs and SIs obviously vary from site to site.

Damage ratios increase quickly as the PGA approaches to 500 gal, PGV 60 cm/s, IJMA

6.0 and SI 60 cm/s. These values can be used as the threshold for damage assessment

and aseismic design of buildings.

Fig. 4.8 Fragility curves for TCR in the subdistricts (thick curves) of Osaki and
Kurihara cities and the Wakuya town, and the stricken districts (thin curves)
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Fig. 4.9 Fragility curves for CR in the subdistricts (thick curves) of Osaki and
Kurihara cities and the Wakuya town, and the stricken districts (thin curves)

Fig. 4.10 Fragility curves for DR in the subdistricts (thick curves) of Osaki and
Kurihara cities and the Wakuya town, and the stricken districts (thin curves)
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Table 4.3 Coefficients about fragility curves in subdistricts

PGA(gal) PGV(cm/s) IJMA SI(cm/s)

µ σ R2 µ σ R2 µ σ R2 µ σ R2

TCR 7.947 0.577 0.033 5.548 0.514 0.502 7.469 0.562 0.477 5.993 0.641 0.495
CR 7.393 0.501 0.0001 5.023 0.436 0.462 6.898 0.477 0.332 5.337 0.545 0.446
DR 6.871 0.557 0.116 4.568 0.485 0.469 6.400 0.530 0.428 4.767 0.607 0.509

Compared with the determination of coefficient-R2 for the fragility curves con-

structed in districts, chapter 2, the correlation between any of the damage ratios and

ground motion indices (PGV, SI and IJMA) gets better, especially the correlation for

TCR and ground motion indices is remarkably improved, and the uncertainties for the

damage ratios and ground motion indices become smaller. It may be explained by the

fact that the number of damage data we used is limited. The other might be that

not only the estimated ground motions but also the damage ratios are representative

for the studied subdistricts. PGV, SI and IJMA have a better correlation with dam-

age ratios than PGA. Especially, the correlation between PGV and damage ratios is

almost identical with that between SI and damage ratios. Again, it is caused by the

well consistency between PGV and SI just as shown in Fig. 4.12. The relationship

between PGV and SI is also compared with that constructed in chapter 2. We can

see SI equals to 1.1282 times PGV, which is closer to 1.18 presented by Tong et al.

(1994). The correlation between PGA and damage ratios is not so satisfactory, it can

be partly explained from the sensitivity to short period. Just as chapter 2, we again

sort the damage data by the predominant period of pseudo-velocity response spectra

(pSv) shown in Fig. 4.15. It can be seen that the predominant periods of the pSv in

the subdistricts are all longer than 0.5 s. For instance, the PGA in the Kurikoma sub-

district of Kurihara city approaches to 960 gal. But its predominant period of pSv is

longer than 5.0 s which almost will not cause damage to buildings. The period charac-

teristics of estimated ground motions is also examined through Fig. 4.13. It can be seen

that the equivalent predominant periods of the estimated ground motions are densely

distributed from 0.5 s and 1.0 s, and there is no subdistrict with PGV greater than

100 cm/s and PGA greater than 800 gal, which can be used to explain the relatively low

damage ratios. In addition, pseudo-velocity response spectra are also investigated as

shown in Fig. 4.14. We can see that many of the response spectra have low amplitude

smaller than 200 cm/s, some are predominant at a short period, e.g., 0.5 s. The large

amplitude around 1.0 s in the Kashimadai, Furukawa, Tajiri, Kannari subdistricts and

Wakuya town can account for the large damage ratios well. It also implies that the

estimated ground motions are reliable. The pSv in Kashimadai subdistricts has a sharp

peak at about 1.0 s, its amplitude is the largest, comparable to that in JR-Takatori
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Fig. 4.11 Comparison of R2 for damage ratios versus ground motion indices in
subdistricts with those in districts

during the 1995 Kobe earthquake, but the damage ratio in Kashimadai is not compa-

rable, quite lower than that in JR-Takatori, which suggests that the estimated ground

motions may be overestimated due to neglecting the nonlinear effect.
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Fig. 4.12 Relationship between SI and PGV based on the estimated ground motions
in the subdistricts (red) and districts (black)

Fig. 4.13 Equivalent predominant period (Teq = 2πPGV/PGA) of estimated ground
motions in the subdistricts. PGA and PGV in this figure denote the maximum for
the vector summation in three components. Three heavy damaged sites, JR-Takatori,
Fukiai and JMA-Kobe in the 1995 Kobe earthquake are included.
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Fig. 4.14 Pseudo-velocity response spectra of estimated ground motions in stricken
subdistricts. Red curve is the pseudo-velocity spectrum of the observed ground
motions at JR-Takatori in the 1995 Kobe earthquake; others are the pseudo-velocity
spectra of estimated ground motions during the mainshock
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4. Fragility curves of buildings based on damage ratios and estimated ground motions
in subdistricts of Osaki, Kurihara and surrounding cities near the source fault area

during the mainshock

Fig. 4.15 Sensitivity of PGA or PGV to predominant period of pseudo-velocity
response spectra for the estimated ground motions during the mainshock
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4. Fragility curves of buildings based on damage ratios and estimated ground motions
in subdistricts of Osaki, Kurihara and surrounding cities near the source fault area
during the mainshock

4.4 Summary

Microtremor measurement was performed at the damaged sites in the subdistricts of the

Osaki and Kurihara cities, and Wakuya town, near the source fault area of mainshock.

The underground velocity structures are identified from the observed microtremor H/V

spectral ratios, followed by the calculation of the transfer functions for S- and P-wave

in the subdistricts. We then apply the estimation method to estimate the ground

motions in the subdistricts during the mainshock by use of the synthesized bedrock

motions at MYG006. Finally we construct the fragility curves based on the estimated

ground motions and damage ratios in the studied subdistricts and compare them with

the ones constructed in chapter 2.

We find that the estimated ground motions correlates with the damage ratios. It

may imply that the estimated ground motions are reliable.

PGAs at the damaged sites do not vary significantly in the studied subdistricts, while

PGV and SI vary in a wide range.

Compared to chapter 2, IJMA, PGV and SI have a better correlation with damage

ratios. Especially the correlation between TCR and ground motion indices gets remark-

ably improved. It suggest that TCRs are more accurate than those in administrative

districts and also estimated ground motions are more representative for subdistricts.

SI has a good correlation with PGV for the estimated ground motions. It may

suggest that the fragility curves for SI and PGV is equivalent to each other.

The less correlation for PGA versus damage ratios can be partly explained by the

sensitivity of PGA to short predominant period of pseudo-velocity response spectra.

The short equivalent predominant period and low PGV, PGA can be used to account

for the relatively small damage ratios, compared with the heavy damaged sites in the

1995 Kobe earthquake.

Damage ratios increase quickly as PGA approaches 500 gal, PGV approaches 60 cm/s,

SI approaches 60 cm/s and IJMA approaches to 6.0. These values are expected to be

used as the threshold for damage assessment and aseismic design of buildings.
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Chapter 5

Conclusions

During the 2011 Tohoku Earthquake, a large amount of buildings in inland of east

Tohoku and Kanto regions were damaged due to ground shaking. In order to facili-

tate damage assessment and disaster mitigation for future disastrous earthquakes, it is

necessary to clarify the relationships between the damage ratios and characteristics of

ground motion during this earthquake. Three kinds of damage ratios, i.e., TCR, CR,

and DR, calculated from the damage data in administrative districts (shi, cho, mura

in Japanese), are related with four ground motion indices, i.e., PGA, PGV, IJMA and

SI. Then one method of estimating ground motions at damaged sites in subdistricts is

proposed and verified. After applying the proposed method at damaged sites of sub-

districts, the fragility curves based on damage ratios and estimated ground motions in

subdistricts in Osaki, Kurihara and surrounding cities are constructed.

1. We found that the transfer function calculated with the identified underground

velocity structures from microtremor H/V spectral ratio is almost the same as

that calculated with the identified underground velocity structures from earth-

quake H/V spectral ratio, although the identified underground velocity structures

are not always the same as each other. It suggests that the underground velocity

structures can be identified from either earthquake or microtremor H/V spectral

ratios.

2. We confirmed that the underground velocity structures identified from microtremor

H/V spectral ratios can be used to estimate ground motions during small earth-

quakes.

3. We verified that the ground motions during the mainshock can be estimated by

use of short-period source model and the underground velocity structures.

89



5. Conclusions

4. The uncertainties for fragility curves constructed based on estimated ground mo-

tions and damage ratios in subdistricts are smaller than that constructed based on

observed ground motions and damage ratios in districts. The correlation about

damage ratios and ground motion indices (except PGA) for fragility curves in

subdistricts is improved, especially for TCR, compared with that for fragility

curves in districts. It can be explained by the representativeness of both ground

motions and TCR for the subdistricts.

5. IJMA, PGV and SI have a better correlation with any damage ratios than PGA.

The less correlation for PGA can be attributed to sensitivity of PGA to short

predominant period of pseudo-velocity response spectra.

6. The correlation for PGV versus damage ratios is almost the same as that for SI

versus damage ratios, it can be attributed to the linear relationship between SI

and PGV.

7. The equivalent predominant periods of the observed ground motions in stricken

districts are around 0.5 s, while they varies from 0.5 s to 1.0 s for the estimated

ground motions in the subdistricts. The short predominant period characteristics

can be regarded as one of the reasons for relatively low damage ratios. On the

other hand, the short predominant period of pseudo-velocity response spectra

and low amplitude of pseudo-velocity response spectra (pSv) over 1.0 s ∼ 2.0 s

can also account for the relatively low damage ratios compared with that of pSv

in the heavy damaged sites during the 1995 Kobe earthquake.

8. Damage ratios increase quickly as PGA approaches 500 gal, PGV approaches

60 cm/s, SI approaches 60 cm/s and IJMA approaches to 6.0. These values are

expected to be used as the threshold for damage assessment and aseismic design

of buildings.

At last, we anticipate the fragility curves can be improved further by collecting the

damage data classified by construction age, structural type and so on. Uncertainty of

ground motions in each subdistrict should also be discussed. The estimation of ground

motions involving the nonlinear effect are expected to be applied at the sites with soft

layers near the surface during the mainshock afterwards.
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Appendix A

Damage data and ground motion

indices in stricken districts

Table A.1 Damage data and ground motion indices in stricken districts

District1 PGA PGV IJMA SI Total2 TCR CR DR

(gal) (cm/s) (cm/s) Number (%) (%) (%)

Kitakami-shi 493.4 35.3 5.7 38.2 27,400 0.113 1.675 4.620

Ichinoseki-shi 783.8 34.0 5.7 32.4 39,010 0.136 1.615 9.228

Oshu-shi 342.0 26.5 5.2 27.1 40,040 0.095 0.367 1.928

Shiroishi-shi 364.6 40.1 5.5 43.9 12,630 0.309 4.703 21.639

Kakuda-shi 349.3 48.1 5.8 54.4 9,680 0.134 1.767 12.056

Tome-shi 650.9 44.0 5.8 42.4 23,740 0.834 7.624 21.491

Osaki-shi 417.4 72.5 5.8 75.9 41,200 1.417 7.184 28.876

Taiwa-cho 548.0 39.0 5.5 41.5 5,820 0.704 5.206 51.753

Kami-machi 487.7 36.5 5.4 39.1 7,380 0.108 0.583 10.732

Fukushima-shi 326.6 24.9 5.1 24.2 85,410 0.215 4.215 9.994

Aizuwakamatsu-shi 450.8 41.5 5.8 43.4 39,270 0.010 0.155 11.446

Koriyama-shi 1069.3 52.8 5.9 49.7 88,490 2.600 23.995 60.377

Shirakawa-shi 1295.1 57.0 6.1 49.1 18,510 1.275 10.627 44.603

Sukagawa-shi 672.5 56.3 6.0 55.5 20,960 5.315 21.861 71.302

Nihonmatsu-shi 403.5 28.0 5.5 23.5 17,060 0.059 2.298 30.539

Tamura-shi 1011.8 38.1 5.7 29.7 12,250 0.114 1.437 24.212

Date-shi 556.9 31.0 5.4 24.7 20,150 0.124 1.191 41.226

Kawamata-machi 288.7 21.6 5.2 17.8 4,920 0.569 1.016 16.911

Inawashiro-machi 275.6 45.1 5.5 53.5 5,350 0.336 1.514 13.963

Continued on next page. . .
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AppendixA

Table A.1 – Continued

District PGA PGV IJMA SI Total TCR CR DR

(gal) (cm/s) (cm/s) Number (%) (%) (%)

Nishigo-mura 1062.4 36.1 6.0 34.1 5,120 1.797 7.617 42.109

Yabuki-machi 492.3 51.5 5.8 55.7 5,000 5.760 36.060 69.380

Tanagura-machi 275.2 16.8 4.9 17.0 4,270 0.023 0.585 14.496

Miharu-machi 577.6 44.2 6.0 34.7 6,200 0.484 2.952 19.855

Tsuchiura-shi 496.2 33.4 5.6 38.9 42,490 0.014 0.614 12.026

Koga-shi 199.7 21.7 4.8 19.3 43,740 0.018 0.055 6.802

Ishioka-shi 302.4 37.9 5.5 42.0 24,630 0.085 0.666 14.076

Shimotsuma-shi 408.3 35.5 5.5 30.3 13,230 0.333 2.404 22.562

Kasama-shi 967.4 57.6 6.1 56.6 26,190 0.065 0.588 26.197

Toride-shi 516.7 25.5 5.5 24.7 29,670 0.084 1.041 12.093

Tsukuba-shi 342.9 41.8 5.6 48.2 46,070 0.017 0.571 7.526

Hitachiomiya-shi 1031.9 35.4 5.8 31.1 15,100 0.073 0.609 29.649

Chikusei-shi 290.3 33.5 5.3 33.4 33,320 0.015 0.471 16.579

Bando-shi 321.1 30.2 5.3 24.4 15,870 0.025 0.158 15.104

Inashiki-shi 304.2 43.4 5.3 37.5 15,850 0.826 3.502 25.823

Utsunomiya-shi 254.3 18.1 4.9 20.1 138,720 0.006 0.180 12.918

Moka-shi 422.2 35.1 5.7 42.6 18,500 0.065 0.697 77.654

Ohtawara-shi 600.3 47.0 5.7 45.1 21,700 0.028 0.562 11.756

Yaita-shi 290.4 29.5 5.2 25.9 10,780 0.473 1.308 25.325

Nasushiobara-shi 411.6 38.5 5.5 45.0 38,530 0.031 0.127 2.938

Haga-machi 1196.7 76.9 6.5 78.5 4,590 0.349 3.159 54.532

Nakagawa-machi 608.5 71.6 6.0 64.1 6,080 0.115 1.217 53.224

Ichikawa-shi 201.7 25.5 5.0 21.4 87,900 0.010 0.052 0.594

Matsudo-shi 284.0 22.6 5.0 19.7 101,520 0.008 0.138 1.647

Narita-shi 243.1 23.7 5.1 20.1 27,500 0.015 0.240 3.858

Sakura-shi* 1036.2 35.4 5.5 28.4 50,220 0.064 0.392 3.204

Togane-shi 214.7 24.9 5.1 23.5 20,250 0.020 0.094 0.775

Morioka-shi 248.7 12.6 4.8 8.9 76,660 0.001 0.013 0.678

Tono-shi 438.4 30.4 5.4 22.5 9,990 0.000 0.040 5.295

Ninohe-shi 161.4 12.5 4.6 12.6 10,820 0.028 0.028 0.102

Shizukuishi-cho 154.8 19.0 4.8 20.3 5,520 0.000 0.000 0.036

Kanegasaki-cho 188.0 27.2 4.9 25.5 4,290 0.000 0.000 0.000

Continued on next page. . .
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Table A.1 – Continued

District PGA PGV IJMA SI Total TCR CR DR

(gal) (cm/s) (cm/s) Number (%) (%) (%)

Yamatsuri-machi 227.0 23.2 5.0 21.8 2,078 0.000 2.936 14.244

Hirata-mura 417.8 32.7 5.6 27.7 1,992 0.050 0.602 20.733

Furudono-machi 353.4 26.1 5.3 22.5 1806 0.000 1.550 38.649

Ono-shi 793.2 44.3 5.5 35.8 3,502 0.114 1.314 39.235

Kawauchi-mura 451.5 32.2 5.5 33.0 976 0.205 24.385 33.094

Katsurao-mura 525.4 42.8 5.9 38.9 469 0.000 0.213 8.955

Iitate-mura 568.4 22.0 5.4 16.8 1,709 0.000 0.000 0.000

Daigo-machi 399.6 31.6 5.6 31.4 7,750 0.013 0.026 9.006

Kanuma-shi 310.7 25.1 5.2 18.4 31,800 0.000 0.028 4.044

Oyama-shi 419.6 31.3 5.4 33.3 46,830 0.000 0.002 4.544

Motegi-machi 801.9 43.1 5.7 41.2 4,740 0.000 0.253 42.595

Nikko-shi 539.1 24.6 5.2 19.7 31,720 0.000 0.022 1.718

Shiroi-shi 472.7 30.5 5.6 31.6 11,350 0.000 0.000 3.718

Noda-shi 374.1 26.2 5.3 24.9 48,260 0.002 0.015 3.657

Ichihara-shi 129.6 26.8 4.8 22.3 78,280 0.000 0.001 0.089

Mobara-shi 80.3 23.2 4.5 20.0 32,060 0.000 0.003 0.131

Minamiaizu-machi 70.4 8.2 3.7 5.4 6,770 0.000 0.000 0.000

Aizumisato-machi 177.2 14.3 4.8 15.2 6,980 0.000 0.029 4.198

Joso-shi 295.4 34.5 5.5 38.1 18,060 0.000 0.349 44.103

Sakuragawa-shi 827.0 56.9 6.2 54.3 13,270 0.264 4.484 9.955

Kasumigaura-shi 472.2 26.7 5.3 25.0 12,900 0.054 0.202 9.814

Katsuura-shi 39.9 16.1 3.7 7.5 9,510 0.000 0.000 0.000

Kisarazu-shi 142.4 31.4 5.1 32.7 41,210 0.000 0.000 0.000

Futtsu-shi 93.9 20.8 4.4 14.2 17,320 0.000 0.000 0.046

Isumi-shi 98.3 23.6 4.8 24.0 16,860 0.000 0.006 0.231

Kimitsu-shi 108.5 25.6 4.5 15.2 26,370 0.000 0.000 0.034

Sakura-shi 466.2 43.8 5.5 48.9 12,520 0.016 0.224 15.375

Shiwa-cho 239.3 18.2 5.1 19.7 9,920 0.000 0.000 0.806

Wakuya-cho 263.4 48.7 5.4 41.6 5,830 2.453 14.923 31.509

Misato-machi 571.5 96.4 6.1 110.2 7,330 1.760 10.259 52.988

Shikama-cho 487.7 36.5 5.4 39.1 1,981 0.000 0.707 11.307

Ohira-mura 548.0 39.0 5.5 41.5 1,700 0.000 1.000 45.941

Continued on next page. . .
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Table A.1 – Continued

District PGA PGV IJMA SI Total TCR CR DR

(gal) (cm/s) (cm/s) Number (%) (%) (%)

Tomiya-machi 548.0 39.0 5.5 41.5 12,990 0.123 4.149 44.065

Kagamiishi-machi 582.4 53.9 5.9 55.6 4,143 4.152 22.399 61.332

Ichikai-machi 1196.7 76.9 6.5 78.5 4,105 0.390 2.071 45.457

Iwafune-machi 158.8 9.2 4.4 6.2 5,760 0.000 0.000 2.639

Kamagaya-shi 244.4 25.9 4.9 18.2 28,020 0.000 0.032 4.083

Sodegaura-shi 129.6 26.8 4.8 22.3 17,690 0.000 0.006 0.085

Shioya-machi 290.4 29.5 5.2 25.9 4,036 0.000 0.000 5.971

Tomisato-shi 241.7 20.1 5.0 19.0 20,854 0.053 0.086 2.829

Abiko-shi 516.7 25.5 5.5 24.7 32,960 0.407 0.707 8.917

Shisui-machi 1036.2 35.4 5.5 28.4 5,970 0.017 0.034 4.087

Hiraizumi-cho 997.8 42.5 5.9 47.4 2609 0.000 0.000 0.000

1The administrative unit shi in Japanese is approximately equivalent to a city, cho and machi in
Japanese is approximately equivalent to a town, and mura in Japanese village

2Generally, it denotes the total number of buildings in a district, but in some small districts, we
use the numbers of households instead as the total number of buildings are not available
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Appendix B

The dispersive curves and response

functions of surface waves at the

damaged sites of the subdistricts in

Osaki and Kurihara cities, as well

as Wakuya town
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Fig. B.1 The dispersive curves and response functions of surface waves
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Fig. B.16 The dispersive curves and response functions of surface waves
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