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SUMMARY

This dissertation is devoted to development of compréhensive earthquake
motion prediction models, related methodology for earthquake microzonation,
and response characteristic of buried pipelines for urban seismic risk

assessment .

The significance of earthquake motion prediction on rock surface level
is demonstrated for earthquake engineering. For this objectives the modified
strong motion dataset on rock surface is arranged using soil surface ground
motion records. In this procedure the simplified technique for separating
body and surface wave motion in strong motion accelerograms is used to
eliminate the contribution of the surface wave motion. On the basis of the
modified rock surface strong motion dataset, two prediction models for
nonstationary earthquake motion on rock surface are proposed: one is the
EMP-1B model for a given earthquake magnitude and epicentral distance, and
the other is the EMP-I1IB model for a given fault geometry including fault
size, seismic moment, rupture velocity, and rupture pattern. For engineering
use, the estimation formulas for peak ground motion, acceleration response
spectra, and ground motion duration on rock surface are also proposed on the

basis of the simulated rock surface motion by the EMP-IB model.

For use for earthquake microzonation, the simple conversion factor f3
between earthquake motion on rock surface and soil surface is proposed with
consideration for the nonlinear amplification effect of soil layers over
bedrock. The conversion factor, f, defined for peak acceleration, peak
velocity, acceleration response spectra, and evolutionary power spectra, is
modeled as a function of the simple soil parameters S,, d,, and the ground

motion intensity at the rock surface level.

In this thesis the earthquake response analysis of joint-connected
buried pipelines are discussed focusing on the response behavior of typical
pipe formations generally used in actual systems. Two representative models
are selected for response analysis bésed upon a detailed survey of the
structural characteristics of buried pipelines in the Kyoto City water supply
system. From the results of response analysis the simplified formulas are
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proposed for estimating joint displacement, axial strain of pipes, and
bending strain of pipes at concrete-embedded sections, as a function of input
ground strain amplitude and apparent wave length in the longitudinal
direction of pipes.
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1 INTRODUCTION

1.1 General Remarks

It is one of the fundamental and significant subjects in earthquake
engineering to estimate the severity of ground motion for the hypothetical
earthquakes. For this objectives the great effort was directed toward
developing the empirical relationship between peak acceleration of ground
motion and earthquake magnitude and source-to-site distance from
1960 s(Ref.13). These works were improved with increse in valuable strong
motion records obtained from major earthquakes occured after 1940°s. Since a
peak acceleration is not enough information for earthquake registant design
of structures, specially for longer period structures, the empirical
estimation formulas for acceleration response spectra have been proposed on
the basis of the strong motion records after 1970°'s(Refs.14,18,24). These
works give the significant information to the on-going earthquake registant
design procedures in which the acceleration response spectra are used as the
seismic load to the structures. The extended work for evaluation of inelastic
structural response has been done by Milutinovic and Kameda(Ref.15) in which
the equivalent peak acceleration difined by a peak acceleration and strong
motion duration was related to the inelastic structual response of bi-linear

systems.

On the other hand the dynamic response analysis of structures is one of
the important methodology for design of significant structures. For this
objectives the input ground motion time history is indespensable. In this
point of view it is an essential subject to develop a prediction model for
earthquake motion time history for given earthquake magnitude and
source-to-site distance. Since the structural responses, specially nonlinear
responses, are affected not only by a peak acceleration but by a ground
motion duration and  nonstationarity of spectral characteristic, the

prediction model should include these information on ground motion precisely.

For the development of a prediction model for ground motion time
history, the following two significant steps may be completed.

-1-



[1] development of a comprehensive simulation model which can simulate the

significant engineering characteristic of recorded ground motion.

(2] development of a prediction model on the basis of the statistical
regression analysis of the model parameters, which are obtained from the
simulation of each ground motion records, on earthquake magnitude and

source-to-site distance.

In the past 15 years many works have been done for the first step
(Refs.1,2,4,6,7,10,20,22,23). However, the work which is extended to the
second step have been scarcely performed (Refs.8,12). Considering from such a
viewpoint, this study has been done for development of comprehensive
earthquake motion prediction model.

It can be observed in the past earthquake damage data that the ground
motion intensity depends strongly on the local site conditions. Therefore,
the evaluation of effect of local site conditions on ground motion is a
significant subject in earthquake engineering. This is generally called as
the microzonation technique for earthquake motion, and is effective tool for
estimation of distribution of ground motion intensity for some wide areas
such as urban regions. This study deals with the comprehensive method for

earthquake microzonation.

The lifeline earthquake engineering has been characterized as one of the
major fields in earthquake engineering after the middle of 1970's. In this
field, because of its speciality in structural forms, the great effort was
directed to evaluation of response characteristic of buried pipes during
earthquakes as well as the development of a methodology for system
reliability. Some of the results from these works have been characterized in
the design code (Ref.9), however, there still remain the problems to be
solved for earthquake resistant design of systems, since a system generally
consists of variable structural forms. These typical structural
characteristic should be analysed one by one for development of a

comprehensive seismic risk assessment of systems.

1.2 Review of Previous Studies on Earthquake Motion Prediction and Response

-2~



Analysis of Buried Pipelines

1.2.1 Simulation of Acceleration Time History and Its Application

Since the pioneer work was done by Housner (Ref.6), the simulation model
for ground motion properties have been improved with increase in the strong
motion records as well as the great advance of computer technology. The
simulation models are classified into the following three groups according to

the engineering characteristic of the simulated motion.

(1) the stationary model [Housner (1955)]

(2) the stationary model with time-varying envelope functions [Tajimi(1960),
Shinozuka(1967), Toki(1968), Amin & Ang(1968), Kameda(1977)]

(8) the nonstationary model with varying frequency characteristic
[Beaudet (1970), Saragoni & Hart(1974), Goto & Kitaura(1975),
Kameda (1977), Hoshiya & Isoyama(1978)]

As for the nonstationary model, which represent actual ground motion
most clearly, Beaudet(Ref.2) proposed the simulation technique in which the
nonstationary analog filter was used to represent the nonstationarity of
ground motion caused by underground explosions. Saragoni and Hart (Ref.20)
and Goto and Kitaura (Ref.4) evaluated the power spectrum for each interval
of ground motion time history and modeled them as the time dependent power
spectrum density. Hoshiya and Isoyama (Ref.7) treated the model for the
multi-dimensional earthquake motion by using the typical spectrum parameters
for the modeling of spectral characteristic in frequency domain. These
simulation models have some common aspect :@ the spectral characteristic is
modeled by using some functions. On the other hand, Kameda(Ref.10) suggested
that the spectral characteristic should not be modeled by using such simple
functions because the structural response are affected strongly by spectral
intensities. From this point-of view, the simulation model, which deals with
the modeling of evolutionary power spectrum only on time axis, has been
proposed(Ref.10), where the simulated motion was compared with corresponding

recorded motion as for the inelastic response of structures as well as peak



acceleration and acceleration total power.

In regard to the works extended to the second step, Kameda, Sugito and
Asamura(Ref.12) have developed the nonstationary earthquake motion prediction
model by using the Japanese soil surface strong motion records, in which the
typical three model parameters to control the evolutionary power spectrum
were scaled for magnitude and epicentral distance. Izutani(Ref.8) also
proposed a statistical model for given dynamic fault parameters such as
average value of stress drop and root mean-square of stress drop, by which
the characteristic frequency for acceleration spectral density of ground
motion is controlled.

These prediction models give significant information on ground motion
time history for hypothetical earthquakes. However, for a prediction of
ground motion for severe earthquakes, such as large magnitude and short
distance, it is very important to incorporate nonlinear soil amplification
effect into ground motion time history, as well as the effect of rupture
direction and successive faulting. In this point of view, this study has been
done for development of the comprehensive earthquake motion prediction
models, which can incorporate the nonlinear soil amplification effect of
surface layers over bedrocks as well as the effect of fault geometry and
successive faulting.

1.2.2 Response Analysis and Damage Estimation for Buried Pipelines

The major subjects of the earthquake engineering are generally consist
of the following three steps.

[1] the assessment of the earthquakes which will occur and bring some
damages on lifelines systems during their life time, and the estimation
for distribution of ground motion intensity over the area where the
systems are established.

(2] the estimation of damages of pipes and other related structures from the

ground motion intensity for each section.



[3] the assessment of the system reliability based on the results in [2].

The works on earthquake engineering started with the field observation
“for pipe behavior during earthquakes (Ref.19). In the comparison between
works for this field in Japan and in U.S.A., the great effort has been
directed toward development of analytical and experimental ;tudy on
earthquake response of buried pipes in Japan. On the other hand, relatively a
lot of works have been done for development of the methodology for assessment
of system reliability and serviceability in U.S.A. These historical review is

discussed in Chapter 6.

As for the response characteristic of buried pipes both the experimental
and analytical study have been done extensively from 1970's (Refs.3,7,17) and
the results from these studies have been used effectively in the seismic
design code of pipes (Ref.9). However, in the actual systems, there exist a
lot of complicated structural formations which are not treated in the design
code., For example, in the case of the joint-connected buried pipes which are
usually used for water supply systems, the concrete-fixed form 1is generally
used where the pipelines change its directions. These typical forms should be

analysed individually for evaluation of response behaviors.
1.3 Layout of Present Thesis

In the view of the problems stated previously, this thesis deals with
(1) the comprehensive methodology for earthquake motion prediction and
microzonation and, (2) the response characteristic of joint-connected buried
pipelines, the type of which have been used in the actual water supply

systems.

In Chapter 2, the rock surface strong motion dataset termed MSMD-R
(Modified Strong Motion Dataset on Rock Surface) is arranged for development
of earthquake motion prediction models. The numerical database termed SERM-II
(Seismic Risk and Microzonation-II) is briefly introduced and, the MSMD-R
dataset is obtained by using the strong motion records and soil profile data
for observation stations stored in SERM-II database. The MSMD-R dataset is

consists of the three types of acceleration time histories : (a) rock surface



ground motion estimated from the accelerograms recorded on alluvial and
diluvial sites, (b) rock surface ground motion modified from bedrock ground
motion, and (c) ground motion recorded on rock surface. In the procedure of
the conversion from soil surface to rock surface motion, the earthquake
surface wave motion is eliminated from the soil surface motion by using the
separation technique proposed in Chapter 3.

In Chapter 3, a simplified separation technique of body and surface
waves 1in strong motion accelerograms is proposed. The evolutionary power
spectrum (Ref.11) is used to identify the dispersion characteristic of
surface wave components. The three separation parameters in frequency and
time domain are characterized to be used for separation of body and surface
waves by using FFT technique. The significance of the separation technique is
demonstrated in the comparison of evaluation of ground strain caused by

surface wave propagation.

In Chapter 4, the nonstationary earthquake motion prediction models on
rock surface are proposed. Herein the two typical models are demonstrated
one, the prediction model for given earthquake magnitude and epicentral
distance (EMP-IB), and the other, the model for given fault geometry
including fault size, seismic moment, rupture velocity, and rupture pattern
(EMP-IIB). The second model EMP-IIB is developed for the case that the fault
parameters are available and the specific site is located near the
hypothetical fault where the ground motion are affected strongly by the
direction of fault rupture and rupture velocity in successive faulting. For
the engineering use, the estimation formulas for peak ground motion,
acceleration response spectra, and ground motion duration on rock surface are
also proposed on the basis of the simulated rock surface motion by FMP-IB
model .

In Chapter 5, for use of earthquake microzonation, the conversion factor
between earthquake motion on rock surface and soil surface is proposed with
consideration on nonlinear soil amplification effect of soils overlaid
bedrocks. The conversion factor [, defined for peak acceleration, peak
velocity, acceleration response spectra, and evolutionary power spectra is

modeled as the function of the simple soil parameters S,,d, and the ground



motion intensity on rock surface level.

In Chapter 6, the earthquake response analysis of joint-connected buried
pipelines are carried out. The two representative models, which have been
used in the actual water supply systems, are analysed :@ the model I for a
straight part of pipelines and, the model II for a straight part with
concrete-fixed section which is used in actual systems where the route of
pipelines changes its direction or crosses with other lines. On the basis of
the results of response analysis, the simplified estimation formulas are
proposed for joint displacement, axial strain of pipes , and bending strain
of pipes at concrete-fixed section, as the function of input ground strain
amplitude in longitudinal and transverse direction and the apparent wave

length in longitudinal direction.

Finally, in Chapter 7, the summary of the thesis is mentioned, and the

significance of this study and the further recommendation are given.
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2. SELECTION AND MODIFICATION OF ROCK SURFAE EARTHQUAKE MOTION FOR
DEVELOPMENT OF STATISTICAL PREDICTION MODELS

2.1 General Remarks

In the field of earthquake engineering the storng motion accelerograms
obtained from earthquakes are indispensable data. They have provided
increased understanding about the characteristic of strong ground motion and
structural responses. Many works concerning the statistical prediction models
of earthquake motion have been done by using various types of strong motion
datasets. For engineering purposes the data should be examined and be
selected regarding the objectives of the analysis, since the statistical
characteristic of ground motion depends considerably on a dataset(see
Appendix A).

In the development of the statistical prediction models for strong
ground motion, consistency of data used for the analysis is of special
importance. Not only for this purpose but for related analysis such as
seismic risk analysis, the numerical database on strong motion, earthquake
occurences, and other corresponding information have been investigated
(Ref.15) .

In this Chapter, the outline of the numerical database on earthquake
engineering is introduced, and on this basis a set of modified rock surface
earthquake motion is obtained, which is used for the development of
earthquake motion prediétion models proposed in Chapter 4. In the following
Chapter 2.2 the numerical database termed SERM-II(Seismic Risk and
Microzonation-II) developed by Tsunekawa, Kameda,.Sugito, and Goto(Ref.15) is
introduced focussing on the earthquake motion records and soil profile data
for strong motion observation stations. In Chapter 2.3 a dataset of modified
rock surface earthquake motion 1is developed on the basis of the data in
SERM-I1 database.

2.2 Strong Motion and Soil Profile Data in SERM-II Database

2.2.1 Significance of Numerical Database in Earthquake Engineering

~10-



A large amount of numerical data on the earthquake occurences, the
strong ground motion, and the structural damages, etc. have been accumulated
and they have contributed to the study in the various fields such as the
seismic hazard analysis, earthquake motion prediction, .response analysis of
structures, and evaluation of seismic load "in earthquake-resistant design,
etc. In use of these data for analysis, the completeness of the data
arrangement is significant, therefore the development of the numerical

database is of special importance.

The Design Seismic Load Research Group(SLG)* have made much effort for
the development of the numerical database termed SERM-II, which include the
data on the earthquake occurences in Japan, the major Japanese and U.S.
strong ground motion, the soil profile data for observation stations, the map
data for Japanese urban areas and the entire country, and other corresponding
information. The outline of the strong motion and soil profile data in
SERM-II Database System are as follows.

2.2.2 Strong Motion Data in SERM-II Database System

The four-hundred of Japanese strong motion accelerograms have been
included in the SFRM-II Database. Most of them are the data published by the
Port and Harbor Research Institute, Minstry of Transport(Ref.10), and by the
jPublic, Works Research Institute, Ministry of Construction(Ref.11). These
accelerograms have been corrected for baseline and instrument
characteristic(Ref.2). The frequency range of the correction filter is fixed
for the whole data as between f)=0.15Hz and f,=10.0Hz. These data can be
accessed from user’'s programs in a simple way as shown in Fig.2.1. The
example for the formation of each component of accelerograms is shown in
Fig.2.2.

As shown in Fig.2.2 'TITLE’ gives corresponding information for the data

such as the original data classification number, title of earthquake,

+

+Staffs in the Laboratory of Structural Problem for Transportation
Facilities, School of Civil Engineering, Kyoto University.
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DIMENSION A(6000),V(6000),D(6000)
DIMENSION IC(50),FC(50)
CHARACTER TITLE(400)*4

CALL EQOPEN(NEQ,TITLE,IC,FC,A,V,D)

NEQ ; record number of strong motion

TITLE ; title and corresponding information for a component of
strong motion

; integer parameters in TITLE

; floating pt. parameters in TITLE

; acceleration time history

; velocity time history

; displacement time history

>

Fig.2.1 Access Procedure for Strong Motion Time History in Users' 2
Program underSERM-II Database System.

-12-



TITLE(heading data)

CORRECTED ACCELEROGRAM §-1567 COMP  EAST SER. NO. 83-0324
AKITA-S
1983 NIHONKAI CHUBU

EPICENTER 40 21 ON 139 4 4BE MAGNITUDE=7.70

INSTR PERIOD= 0.1400 SEC DAMPING=1.000

SOIL CONDITION = 2

UNITS ARE SEC AND CMS/SEC/SEC

BASELINE- AND INSTRUMENT CORRECTED BETWEEN 0.150 AND 10.000 H2Z
6025 INSTRUMENT AND BASELINE CORRECTED DATA

AT EQUALLY-SPACED INTERVALS OF 0.02 SEC,

PEAK ACCELERATION -226.448 CMS/SEC/SEC AT 21.300 SEC

PEAK VELOCITY = 26.467 CMS/SEC AT 24.300 SEC

PEAX DISPLACEMENT = 7.983 CHMS AT 24.680 SEC

PEAX ACCELERATION OF UNAJUSTED ACCELEROGRAM = 203.197 CMS/SEC/SEC
INITIAL VELOCITY = 0.674 CMS/SEC INITIAL DISP = 0.067 CMS

IC(integer parameters)

6025 6025 6025 39 45 0 140 9 0

40 21 0 139 4 48 324 21007 0

1983 H 26 12 2 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 [ 0 0

FC(floating pt. parameters)

0.140 1.000 7.700 14.000 107.000 0.020 0.020 0.020 0.100

10.000 14,000 0.674 0.067 -226.448 21.300 26.467 24,300 7.983
203.197 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Fig.2.2 Example for Heading Data and Relevant Constants of

Strong Motion Data
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occurence date, and peak ground motion, etc. The corresponding numerals
appearing in _'TITLE' are stored in 'IC’ and 'FC’. The formation for the
corrected accelerograms shown in Fig.2.2 has been proposed refering the
strong motion data arrangement developed by Earthquake Engineering Research
Rabolatory, California Institute of Technology(Ref.3).

Fig.2.3 shows an example of graphic information for a component of
corrected accelerograms. In Fig.2.3 the typical parameters for a component of
accelerogram are listed in the left top of the figure. The corrected
accelerograms, velocity, and displacement time series are shown in the left.
The acceleration Fourier spectrum and response spectrum for a component are
shown in the right. The numerical parameters in Fig.2.3 and other
corresponding parameters such as station number, soil data number, earthquake
number, etc. are stored in the SERM-II Database System. The users can refer

the strong motion data by using these parameters.
2.2.3 Soil Profile Data in SERM-I1I Database

The two types of soil profile data have been included in the SERM-II
Database. One 1is the data for strong mdtion observation stations, and the
other for several sets of the SPT blow count data distributed over Japanese
urban areas.

Table 2.1 shows examples for the soil profiles for strong motion
observation stations, which have been used in the development of the rock
surface strong motion dataset(SMD-R) in Chapter 2.3. They have been published
by the Port and Harbor Research Institute, Ministry of Transport(Ref.14), and
the Public Works Research Institute, Ministry of Construction. The deeper
part for Hachinohe-S, Aomori-S, and Kushiro-S have been obtained on the basis
of other research works(Ref.1,9). '

In Table 2.1 the estimated value for the shear wave velocity is given by
use of the empirical formulas(Ref.13) listed in Table 2.2. The estimated
value for the density(weight per unit volume) in Table 2.2 is fixed as p=1.5
for clay, 1.4 for silt, 1.8 for sand, 1.9 for gravel, and 2.2 for rock,
respectively(Ref.5). These data can be accessed in users’ programs as shown

-14-
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Fig.2.3 Graphic Output of Strong Motion Data
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Table 2.1 Site Structure Models for Japanese Strong Motjon Observation
Stations(Refs.1,9,14).

(a) Muroran-S

(b) Hachinohe-S

shear sail shear soil
layer thick- blow- ware clasifi- [ densitysz2 . layer thick- blow- wave clasifi~ | density*sx
number | ness count velocity:s | cation t nusber | ness count velocitys* | cation
o) Vs(n/s) (g/cm’) ] Vs(a/s) (g/em®)
1 3.0 2.0 135.9 3 1.8 1 2.0 8.0 | 100.0 3 1.8
2 2.4 33.0 182.2 3 1.8 2 2.0 18.5 160.0 3 1.8
3 1.8 2.5 280.9 4 1.8 3 5.0 18.0 200.0 4 1.9
4 2.0 17.5 235.3 1 1.5 4 21.0 50.0 275.0 3 1.7
5 5.5 45.0 303.8 4 1.9 5 30.0 50.0 320.0 3 1.7
6 100.0 50.0 700.0 5 2.2 6 15.0 50.0 340.0 3 1.8
* : 1 ;clay 2 ;s-iH. 3 ;sand 4 ;gravel 5 ; rock 7 105.0 50.0 378.0 4 1.8
33 . estimated value
s#xx : estipated value 8 180.0 50.0 690.0 S 2.0
9 20.0 50.0 1100.0 5 2.1
10 100.0 50.0 2800.0 5 2.5
b3 1l ;clay 2;silt 3 ;sand 4 ;gravel 5 rock
(c) Hososhima—§ (d) Aomori—S
i shear soil shear soil
layer thick- blow- wave clasifi- | densityssz layer thick- blow- wave clasiti- | densityzsx
number | ness count velocityss | cation number | ness count velocitys* | cation *
(a) Vs(a/s) (g/cm’) (o) Vs(n/s) (g/em”)
1 12.0 18.7 12004 1 1.5 1 8.6 10.0 144.0 3 1.8
2 7.5 8.0 174.4 2 1.4 2 4.9 10.2 173.0 3 1.7
3 3.1 27.5 241.4 3 1.8 3 7.75 5.5 152.0 2 1.8
4 5.4 10.5 243.0 1 1.5 4 2.55 14.5 205.0 3 1.6
5 4.3 26.0 359.8 1 1.5 5 2.70 10.0 205.0 4 1.8
6 5.7 22.0 348.7 1 1.5 6 10.95 50.0 260.0 4 1.7
7 10.0 10.0 291.4 1 1.5 7 3.55 55.0 320.0 4 1.8
8 3.0 48.0 566.9 1 1.5 8 2.20 25.0 320.0 2 1.9
9 100.0 70.0 800.0 5 2.2 9 71.85 50.0 320.0 3 1.9
¥ :liclay 2:silt 3 ;sand 4 ;gravel 5 rock 10 100.0 50.0 800.0 5 2.2
tx : estimated vaiue
sxx : estipated value T :1iclay 2;silt 3;sand 4 ;gravel S ; rock
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Table 2.1 Site Structure Models for Japanese Strong Motion Observation

Stations(continued).

(e) Shinagawva—S (f) Itajima Bridge
shear soil shear soit
layer thick- blow- |wave clasifi- | densityss? layer thick- blow- vave clasifi- [ densitysas
number | ness count velocityrr | cation 2 nusber | ness count velocity*s | cation *
(n) Vs(w/s) (g/cm’) (n) Vs(w/s) (g/cm")
1 5.9 0.25 101.8 2 14 1 3.0 3.0 107.0 1 1.5
2 5.4 1.8 132.2 1 1.5 2 1.0 3.0 107.0 3 1.5
3 3.4 10.0 189.5 3 1.8 3 (W] 4.5 125.0 3 1.7
4 1.8 10.3 215.2 1 1.5 4 5.0 10.2 145.0 2 1.8
5 5.95 50.0 317.¢ 4 1.9 5 3.5 6.8 125.0 1 1.8
6 4.8 50.0 2781 3 1.8 6 100.0 50.0 180.0 5 2.2
7 1.65 50.0 330.8 4 1.9 % : 1 ;clay 2;silt 3 ;sand 4 ;gravel 5 ; rock
8 100.0 50.0 600.0 5 2.2
2 : 1 :clay 2;silt 3;sand 4 ;gravel 5 ;rock
3 estinated value
txs : estimated value
(g) Shiogamakoujou—S (h) Opahama-ji-S
shear soil shear soil
layer thick- blow- wave clasili- | densityss? layer thick- blou- wave clasifi- | density#s®
nupber | ness count velocityts | cation * number | ness count velocity*t | cation *
(=) Vs(a/s) (g/cm’) (s) Vs(w/'s) (g/cm’)
1 [ 7.0 1.5 3 1.8 1. 0. 4.0 162.0 3 1.8
2 6.3 0.5 113.3 2 1.4 2 3.2 15.0 162.0 3 1.8
3 4.1 3.0 178.2 3 1.8 3 t.85 38.0 250.0 3 1.8
4 2.25 50.0 246.6 5 2.2 4 0.9 35.0 448.0 3 1.8
5 100.0 50.0 800.0 5 2.2 5 1.8 16.0 448.0 4 1.9
* :1;clay 2;silt 3:sand 4 ;gravel 5 ; rock 6 100.0 50.0 784.0 5 2.2
1 estimated value
try : estimated value * : 1 ;clay 2;silt 3;:sand 4 ;gravel 5 ; rock
223 : estimated value
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Table 2.1 Site Structure Models for Japanese Strong Motion Observation
Stations(continued).

(i) VYapashita-hen-S (j) KNiyako—S
shear soil shear soil
layer thick- blow- vave clasifi- | densityxxz layer thick- blow- vave clasifi- | densityxzs
number | ness count velocitysx | cation number | ness count velocitysx | cation 2
(a) Vs(n/s) (g/cm”) (s) Vs(n/s) (g/cm’)
1 3.4 11.0 145.8 3 1.8 1 2.2 5.0 184.0 3 1.8
2 5.85 3.5 135.0 2 1.4 2 7.55 30.0 308.0 4 1.9
3 2.55 4.0 174.8 3 1.8 3 1.85 12.0 164.0 1 1.5
4 6.9 19.5 202.1 3 1.8 4 100.0 50.0 800.0 S 2.2
5 2.2 34.5 306.4 4 1.9 L : 1l sclay 2;silt 3 ;sand 4 ;gravel 5 ;rock
i estimated value
6 14.1 21.25 360.3 2 1.4 3 estipated value
7 100.0 50.0 800.0 5 2.2
3 1 ;clay 2;silt 3 :sand 4 ;gravel 5 ;rock
33 estipated value
3x% estimated value
(k) Tokachi-M (1) VYasashita-dai 6-S
. shear soil . shear s0il
layer thick- blow- vave clasifi- [ densitysss layer thick- blow- wave clasifi- [ densityxzz
number | ness count relocity*s | cation number | ness count velocity** { cation *
[ Vs(a/s) (g/cm’) L Vs(w/s) (g/em’)
1 2.0 4.9 125.8 t 1.5 1 5.5 8.0 142.8 3 1.8
2 4.2 10.0 152.7 3 1.8 2 1.0 35.0 290.3 4 1.9
3 10.0 50.0 Jo4.6 4 1.9 3 1.36 8.0 168.3 3 1.8
4 100.0 50.0 800.0 5 2.2 4 1.0 35.0 293.3 4 1.9
x : 1l iclay 2;silt 3 ;sand 4 ;gravel 5 ; rock 5 6.8 38.0 415.8 2 1.4
L2 estisated value
(31 estioated value 6 3.2 50.0 316.4 4 1.9
7 1.38 38.0 439.1 2 1.4
8 100.0 50.0 800.0 5 2.2
* :liclay 2;:silt 3 ;sand 4 ;gravel 5 rock
3 estimated value
xz estimated value
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Table 2.1 Site Structure Models for Japanese Strong Motion Observation
Stations(continued).

(m) Sendai~-MB (n) Kamaishi-MB
shear soil shear soil
layer thick- blow- | wave clasifi- | densityrsx layer thick- biow- | wave clasifi- | densitysss
number | ness count velocityst | cation ¢ nusber | ness count velocityx* | cation 2
(m) Vs(w/s) (g/em’) (m) Vs(w/s) (g/em”)
1 0.6 7.0 130.0 3 1.7% 1 2.7 250.0 4 1.9
2 3.1 18.0 130.0 3 1.75 2 1.6 700.0 4 1.9
3 2.6 27.0 180.0 3 1.85 3 2.5 1100.0 4 1.9
4 2.0 50.0 820.0 5 2.40 4 1.2 1100.0 5 2.2
5 100.0 50.0 820.0 5 2.40 5 2.3 2450.0 5 2.2
6 100.0 2450.0 5 2.2
* 1 sclay 2:silt 3 ;sand 4 ;gravel 5 rock

(o) Kaihoku Bridge

) shear soil
layer thick- blow- [ wave clasifi- | density»xt
nusber | ness count velocity** | cation *
(n) Vs(a/s) (g/cm’)
1 5.0 5.0 100.0 3 1.8
2 (.0 50.0 850.0 5 2.2
3 100.0 50.0 1300.0 5 2.2
¥ : 1 ;clay 2;:silt 3 ;sand 4 ;gravel 5 ; rock

12 : estimated value
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Table 2.2 Estimation Formulas for Shear Wave Velocity(Ref.13).

s0i 1 estimation formula for

shear wave velocity (m/sec)
clay Vg = 100.36 + 6.37 N + 3.35D
silt v = 99.86 + 7.77 N + 2.33 D
sand vg = 133.68 + 1.11 N + 3.96 D
gravel Vg = 252.31 + 0.89 N + 1.25D

N:blow-count, D:depth in meters

DIMENSION SD(4,30),1S(30)
CHARACTER NS*24

CALL SODM(1D,NL,ISC,NS,SD,IS)

IC ; soil data number for a specific site
NL ; number of soil layers
ISC ; information level on soil profile data
ISC=1 : blow-count and thickness are given
ISC=2 : blow-count, thickness, and shear wave velocity
are given
ISC=3 : blow-count, thickness, shear wave velocity, and
density are given
NS ; site name
SD ; soil profile data
SD(1,3) : blow-count
SD(2,j) : thickness in meters
SD(3,j) : shear wave velocity in m/sec
SD(4,j) : density in ton/m
IS ; classification number of soil
IS{j)=1 : clay
IS(j)=2 : silt
1S(j)=3 : sand
IS(j)=4 : gravel
IS(j)=5 : rock

Fig.2.4 Access Procedure for Soil Profile Data for Strong Motion
Observation Stations.
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in Fig.2.4.

Table.2.3 gives the total number of the SPT blow-count data distributed
over several Japanese urban areas. They have been stored in the SERM-II
Database System. Since the ground motion intensities are effected strongly by
local soil conditions near surface, these blow-count data can be used
efficiently for earthquake microzonations for urban areas. Fig.2.5 shows the
distribution of the soil parameter S, (Ref.8) obtained from the dataset of SPT
blow-count for Kyoto and Sendai City. As discussed in Chapter 5, the soil
parameter S, represents the softness of sites within 15 ~ 20 m from the
ground surface. The distribution of S, in Fig.2.5 gives significant
information on distribution of ground motion intensities.

2.3 Selection and Modification of Accelerograms for Development of Earthquake
Motion Prediction Model on Rock Surface

2.3.1 Significance of Rock Surface Strong Motion Data

It is well known that the shear modulus and the damping factor of soils
depend on its strain level and they change remarkably in case of the large
strain level such as €>107 . For the estimation of strong motion on soil
surface, therefore, the nonlinear amplification characteristic of soils
overlying bedrocks shoud be considered, especially in the cases of severe
earthquakes. For this purpose the earthquake motion prediction model based on
the rock surface strong motion data is -efficient because 'the soil surface
motion can be estimated from the rock surface motion considering the
nonlinear amplification effect of soils overlying bedrock. Further the
earthquake motion prediction on rock surface level is of special importance
for the earthquake registant design for significant structures including
nuclear power plants which are usually built on rock sites.

In this engineering point of view, the development of rock surface
strong motion dataset is quite important. The ninety-one components of

modified rock surface strong motion are explained in the following section.

2.3.2 Development of Rock Surface Earthquake Motion Dataset
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(1) Definition of Rock Surface

For engineering purposes rock surface with the shear velocity vs= 700
m/sec has been dealt with by Hisada, Ohsaki, Watabe, and Ohta(Ref.6), in
which the design spectra for significant structures including nuclear power
plants have been proposed. In the present study nearly the same level of rock
formations as used in Ref.6 has been dealt with. Fig.2.6 shows a schematic
illustration for free rock surface and other related site conditions. Point A
represents an imaginal case where overlying deposites are removed, and Point
A’ is an actual case for free rock surface. For other cases ground motion can
be obtained after some appropriate modifications such as response analysis of
soil  layers(E), of irregular ground(C), and of soil structure
interactions(B,D).

(2) Strong Motion Dataset on Free Rock Surface

Strong motion data used in this paper consist of 91 components of
accelerograms which have been recorded at 17 stations during 26 Japanese
earthquakes. These accelerograms have been corrected for baseline and
instrument characteristic(Ref.2). Table 2.4 shows the items of the data which
are classified into 3 groups. The data from the group A and B have been
modified into rock surface ground motion using soil profile data for strong
motion observation stations listed in Table 2.1. The procedure of
modifications for each group of the data are as follows.

Elimination of surface wave motion and response analysis of soil-overlying
ground (Group A)

The data for group A consists of 77 components of accelerograms recorded
on 12 alluvial and diluvial sites. Evolutionary spectra(Ref.7) for these data
have been examined as for participation of surface wave motion. In 16 motion
of the data in group A, surface wave motion were removed by a simple
technique for separation of body and surface waves explained in Chapter 3.
The parameters ty and fy; used for the separation are listed in Table 2.5.
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Table 2.3 SPT Blow-count Data for Japanese Urban Areas.

city No.of data mesh size

(Ky0§g°§$ef ) 672 500x500 m

Sendai ' 500x500 m
(Miyagi Pref.) 330

(Akiggsgigg ) 138 250x250 m

Table 2.4 Classification of Strong Motion Dataset.

No. of record|No. of

Contents components | sites
A; records on the surface of grounds
; 77 12
overlying bed rocks
B; records at underground bed rocks 8 3

C; records on rock surface
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Table 2.5 Rock Surface Strong Motion Dataset.
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Earthquake motion on bed rock level were calculated using the soil
profile data for the stations. Multi-reflection technique and equivalent
linear model have been used for the response analysis. It is similar to the
SHAKE program developed by Schnabel, Lysmer, and Seed(Ref.12). However, the
effect of ground motion duration on the effective shear strain 7. has been

incorporated in the following formula.

¥e=0.6(Ta/Ta)? Yacee @.1)

where Ypar =maximum shear strain, Tg=ground motion duration defined by
Vanmarke and Lai (Ref.16) (YH=7.7P¢/A§ , Pt= acceleration total power and Ap=
peak acceleration), and T.,= mean value of Ty for the data (herein T4=6.9
sec). The effective strain y, takes 0.5 ~ 0.7yn: depending on the duration
T4 of the strong motion data. The numerals in Eq.(2.1) have been fixed on the
basis of the results(Ref.12) where several ground motion records of different

duration were analyzed.

For the relation between shear modulus, damping, and strain level, the
experimantal formulas proposed by Hardin and Drnevich(Ref.4) have been
applied. The shear modulus G and damping h for given shear strain level y are

given as follows.

G 1 h _ Y/
G~ TF V7 - 2.2)

hear 1+v/7r

where Gpo.= shear modulus for initial condition, hue,= maximum damping factor
fixed as Nng..=30%, and y,= reference strain which is the function of of the
effective mean principal stress. Fig.2.7 shows the values of y, for the three

types of soils.

After several times of iterative calculation (within 5% error for the
maximum shear strain), input motion on rock level were obtained.. Then,
corresponding rock surface ground motion are given from the input motion by
multiplying them by two. The nonlinear amplification characteristic of soil
layers are shown in Fig.2.8. In Fig.2.8 the relation between the peak

acceleration on rock surface level and the amplification ratio of peak
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acceleration between soil surface and rock surface are shown. In the case of
. the sites which have deep soil deposite or soft surface layers, it is clear
that the amplification ratio decreases with increase in the peak acceleration
on rock surface level (Aomori-S, Muroran-S sites). On the other hand the
nonlinearity of soil amplification is not notable for harder ground and the
variation of the amplification ratio is relatively remarkable (Miyako-S,

Onahama-ji-S sites).

Response analysis of soil lavers for the data recorded at underground bed
rock (Group B)

8 components of the data in Group B have been obtained by underground
accelerographs at 3 sites during 4 earthquakes. The input amplitudes of bed
rock ground motion have been calculated by using the same response analysis
procedure as described above. Then corresponding free rock surface motion

have been obtained.

Records on rock surface (Group C)

6 components of the data in Group C have been obtained at 2 rock sites
during 3 earthquakes. They have been included in the dataset without any

modification.

The strong motion dataset on rock surface arranged as described above,
are listed in Table 2.5. The scattergram of magnitude and epicentral distance
are shown in Fig.2.9. The dashed line in Fig.2.9 shows the boundary of
epicentral regions(Ref.7) where the ground motion intensities can be regarded
not to depend on the epicentral distance. Fig.2.10 shows the histogram of

peak acceleration for the dataset.
2.4 Conclusions

In this chapter, significance of the numerical database in the field of
earthquake engineering has been demonstrated. The corrected strong motion

accelerograms and soil profile data for strong motion observation stations

have been stored in the SFRM-II Database System, and they were breifly
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introduced.

On this basis the modified acceleration dataset of rock surface motion
has been developed, which is used for the development of earthquake motion
prediction models in Chapter 4. This dataset is termed Strong Motion Dataset
on Rock Surface(SMD-R), and consists of 91 components which are classified
into three types : (1) rock surface ground motion estimated from the
accelerograms recorded on alluvial and diluvial sites, (2) rock surface
ground motion modified from bedrock ground motion, and (3) ground motion
recorded on rock surface. In Chapter 4, the dataset SMD-R is used for the
development of earthquake motion prediction model on rock surface ground,
which include the models for nonstationary earthquake motion as well as the
models for the peak ground motion, the ground motion duration, and the

response spectra.
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3. SIMPLIFIED SEPARATION TECHNIQUE OF BODY AND SURFACE WAVES IN STRONG MOTION
ACCELEROGRAMS

3.1 General Remarks

It is a significant subject in earthquake engineering to evaluate ground
strain caused by earthquake motion. For estimation of ground strain the
multi-reflection theory for shear waves has been often applied for ground
motion records. Haskell’'s model(Ref.3) for surface wave analysis has been
also used(Ref.5) for estimation of ground strain caused by surface wave
propagation. The strong motion data used for calculation of ground strain
should be confirmed whether it consists of body waves or of surface waves.
Most of strong motion data, however, consist of body and surface waves, and
it is impossible to separate exactly these two types of waves in the data
recorded at a single independent site. Dence observation networks for strong
ground motion have been recently set up by many research groups(Ref.7) to
observe relative ground motion caused by surface and body waves. The arrey
data from these network stations have been accumulated little by little,

however, the data from strong earthquakes have been scarecely obtained.

In this view of the problem, a simplified separation technique of body
and surface waves in strong motion accelerograms is dealt with in this
chapter. The evolutionary power spectrum(Ref.4) of strong motion
accelerograms have been obtained to specify dispersion characteristic of
surface waves. Difference of strain level of surface waves calculated from
original data and separated surface waves has been discussed regarding to a

relative distance in which relative ground motion are considered.
3.2 Separation of Body and Surface Waves in Strong Motion Accelerograms

Surface waves which propagate in multi-layered media have dispersion
characteristic. Evolutionary power spectrum(Ref.4) can make it possible to
‘recognize dispersive wave energy of surface waves in strong motion time
histrories(Ref.6). In this study Rayleigh wave, one of the major surface
waves, is dealt with as an example of surface wave components. Therefore the

evolutionry power spectra for the ground motion in the direction to the
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epicenter are examined in the following calculations.

Fig.3.1 shows an example of evolutionary power spectra of strong motion
records at Hachinohe-S site from the 1968 Tokachi-oki Earthquake(Ref.9). The
filter damping pBo(Ref.4) has been fixed as fy= 0.05 in calculation of
evolutionary spectra. In Fig.3.1, the acceleration time history, which has
been corrected(Ref.1) for baseline and instrument, represents ground motion

in the direction to the epicenter.

Generally, surface waves can be recognized sometime after the principle
motion 1in recorded accelerograms which contain surface wave components, and
surface waves are dominant in relatively low frequency range. Therefore, the
peak time t,(f), which gives a time when the evolutionary spectrum gets its
maximum value, can be modeled as shown in Fig.3.2. The point A in Fig.3.2
represents the predominant frequency of surface waves and the energy of waves
are concentrated at around this frequency. From these characterictic of
surface waves, the ground motion in the shadowed area in Fig.3.2 can be
regarded to consists mainly of surface wave components. As shown in Fig.3.2,
the lower and upper separation frequencies fq,,f4, can be determined at the
point By and B;. the dispersion characteristic cannot be found outside
between By and Bp. The separation parameter ty can be also defined to
separate body and surface waves in time domain. The parameter ly is defined
as the time when the evolutionary spectra of low frequency range, in which

dispersive wave energy can be observed, start to increase.

Fig.3.3 shows other two typical examples of evolutionary spectra.
Fig.3.3(a) shows the example that a depth of fault df is quite shallow(less
than 10 km), and the dispersive wave energy are recognized clearly. The
separation parameters can be determined as Ja,= 0.45 Hz, f4,= 0.15 Hz, and
t4= 11.6 second. On the other hand, the dispersive wave energy cannot be
found in the case of Fig.3.3(b), a fault depth d; of which is 40 km.

After obtaining the separation parameters fa, »fa, and tg from the

evolutionary power spectra of the accelerograms, the separated body wave

1 (t) and surface wave x:(l) can be represented as follows.
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(a) O=t=ty

n(t) = [P,

xs(t) = 0 (3.1)
b tg<t

n(t) = [ Fo(peitas,

o) = [Fpeitd 3.2)
in which,

Fyv(£)=0, Fs(H)=F(f) (fa=f=1q,)

Fo(N=F(f), Fs(N=0 ("sf< fa» fa<f=fu)

vhere F(f)= Fourier Transform for accelerogram x(t), and f;, f,= lower and
upper boundary frequency, respectively. These boundary frequencies are fixed
as f1=0.15 Hz and f,=10.0 Hz, according to the correction filter(Ref.1) for

the accelerograms used in this study.

Fig.3.4 shows examples of separated body and surface waves with its
original time histories. The separation parameters for this accelerograms
have been given as 14=10.0 sec and fq,=0.48,f4,=0.25 Hz in Fig.3.1. It can be
observed that body wave mainly contributes to acceleration of original data
and surface wave mainly contributes to displacement in these cases. It may be
concluded that the separation procedure descrimbed above can be used for
separation of body and surface waves as an approximate estimation in the case
that the dispersive wave components are predominant in its evolutionary power

spectra.
3.3 Ground Strain Caused by Body and Surface Waves
CGround strain caused by body and surface waves have been discussed using

the separated waves and its original data. As a typical example the soil
profile data(Ref.8) shown in Table 3.1 and the corrected accelerograms dealt
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Table 3.1 Velocity Model for Hachinohe-S Site(Ref.8).

layer thickness Vg Vp density
number (m) (m/sec) (m/sec) [(gr./cm?)
1 2.0 100,0 332.0 1.8
2 2.0 160.0 531.0 1.8
3 5.0 200.0 664 .0 1.9
4 21.0 275.0 912.0 1.7
5 30.0 320.0 1061.0 1.7
6 15.0 340.0 1128.0 1.8
7 105.0 379.0 1257.0 1.9
8 180.0 690.0 2284.0 2.0
9 20.0 1100.0 3641.0 2.1
10 - 2800.0 5240.0 2.5
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in the previous chapter have been used. The P-wave velocity v, in Table 3.1

is given by use of’;

Up=Us * g‘l%l (3.3)

where v,= shear wave velocity and Poisson’s ratio v is given as v=0.45 for

sand and gravel, v=0.46 for clay and silt(Ref.2) , and v=0.3 for rock.
1) Ground Strain Caused by Body Waves

Ground strain caused by body waves have been examined for separated body
waves and its original data using the multi-reflection theory for shear
vaves. The equi-linearized method for shear rigidity and damping has been
used for numerical calculations. Table 3.2 shows peak ground strain at the

top of each layer of Hachinohe site.

In Table 3.2 peak ground strains for original data and separated body
wvaves do not differ very much specially in the layers near surface ground.
The difference of the shear strain between these cases is larger for deeper
layers, since the shear strain in the deeper layers is mainly caused by
seismic waves of relatively longer period. This result supports the idea that
the original data can be used for the approximate estimation of ground strain

for body waves for upper soil layers.
2) Ground Strain Caused by Surface Waves

Ground strain caused by surface waves have been examined for original
data and separated surface waves. Relative ground motion at two points of
relative distance D(Ref.10) along the ground have been dealt with for

evaluation of ground strain caused by surface wave motion.

Mean ground strain e(D,!) between two points of relative distance D can

be represented as

«39-~



Table 3.2 Maximum Shear Strain at Top of Each Layers obtained
from Separated Body Wave and Original Time History
(S-252 Hachinohe, 1968 Tokachi-oki Earthquake).

(unit xl()'l‘)

layer original { separatcd
number | wave body wave
1 0. 0.
2 3.73 3.70
3 3.31 3,34
4 3.21 2.98
5 4.43 4,01
6 6.27 5.70
7 4.62 1.30
R |24y 0.65
T I N N
10 | 0.15 010 |
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Fig.3.5 Phase and Group Velocity of Principal Mode of Rayleigh
Wave for Hachinohe-S Site.
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e(D,t)ﬁ/vkg(f)iksin(kD/Z)(kD/Z)eZ“f'df (3.4)

where Fq(f) = Fourier Transform for displacement d(i), k = wave number given
as k=f/c, and c = phase velocity of surface waves. Ground strain £(t) for D=0

is given as

e(t)=de(f) ikeZriftafs (3.5)

Fig.3.5 shows phase and group velocities of principal mode of Rayleigh
wave for Hachinohe site. The frequency range where dispersive characteristic
are predominant is approximately 0.25 ~ 0.45 Hz, and the resonant frequency

is around 0.35 ~ 0.4 Hz. These values coincide with those in Fig.3.1.

Assuming that the Rayleigh waves are eminent in the direction to the
epicenter, mean ground strain caused by Rayleigh waves have been examined.
Fig.3.6 shows examples of mean ground strain obtained from separated surface
wave and original data. In case of original data shown in Fig.3.6(b), ground
strain strongly depends on relative distance D. The reason for the large
value of ground strain for a case of small relative distance is that high
frequency componebts of body waves have been regarded as surface waves: these
high frequency components, which are regarded to have short wave length,
amplify the surface wave strain strongly. Fig.3.7 shows relation between peak
values of mean ground strain and relative distance. It can be seen that the
peak value of mean ground strain obtained from original data approach that

from separated surface waves with increase of relative distance.
From the above numerical results it can be concluded that the separation
of surface waves from original data is important specially for a case of

‘estimation of local ground strain.

3.4 Statistical Characteristic of Earthquake Surface Waves Contained in

Strong Motion Records

The statistical characteristic of earthquake surface waves contained in
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strong motion records have been examined using 367 components of corrected
accelerograms stored in the SFRM-II Database System. The earthquake surface
wave motion have been recognized in 68 components of accelerograms, and the
separation parameters for these components have been obtained. The separation
parameters and other relevant parameters for these records are listed in
Table 3.3.

Table 3.4 shows the occurence ratio of surface wave motion for each
ear thquakes. Table 3.4(a) shows the 1list of earthquakes for remarkable
occurence of surface wave motion, and Table 3.4(b) for unremarkable occurence
of surface wave motion. In the other hand the occurence ratio for each
observation sites are shown in Table 3.5(a) and (b). The mean value for the
occurence ratio of surface wave motion is 0.18(=68/367). The number of sites,
the occurence ratio of which are less than 0.18, is larger than that of
earthquakes with the ratio lower than 0.18. It can be supposed that the
occurence ratio depends strongly on site condition rather than on earthquake
characteristic. In the other words the surface wave motion in the frequency

range dealt herein is mainly caused and amplified by local soil condition.

In the following the factor analysis on the occurence of surface wave
motion is examined as for several seismic parameters. The strong motion data

dealt herein are classified into the following 6 categories.

A : Surface wave motion is clearly recognized and the separation parameters
can be obtained(68 comp.)

B : The posibility for containing surface wave motion may be high, and the
component for the other direction belongs to the category A(17 comp.)

B, : The posibility for containing surface wave motion may be high, hovever
the component for the other direction does not belong to the category
A(45 comp.)

Ci : the several peaks are recognized in the evolutionary power spectra of
lower frequency range. Namely, there is some posibility for containing
surface wave motion. The component for the other direction belongs to
the category A(13 comp.)

¢ : The same condition as the category C; however the component for the

other direction dose not belong to the category A(46 comp.)
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Table 3.3 Surface Wave-Containing Earthquake Motion Data.

44 -

. RE{: sile earthquake (ste‘c) (ﬁ’z) (é‘;) (I?z) M (k-r]n) (;{1{,‘;‘) comp.
1 | Shimizukejyo-s | Swizuoka 1 415.010.6 | 0.850.72 | 6.1135.0 | 40.0 | N-S
2 | Shimizukojyo-s | Shizuokd 11391 0.6 |0.85]0.72 | 6.1135.0 | 40.0 | E-W
4 | Kashima-$ ;}}j;i‘]g're 13.0{0.37 | 0.8 |0.59 | 6.0| 72.2 E-W
11 | Aomori-S 1968 Tokachi-oki| 47.0 [ 0.2 [ 0.45 | 0.33 | 7.9/247.0 | 20.0 | N-S
12 | Aomori-S 1968 Tokcchi-okil 57.0 { 0.2 | 0.45 | 0.33 | 7.91247.0 | 20.0 | E-W
18 | Hachinohe-S  |1968 Tokachi-oki| 39.5 | 0.29 | 0,48 | 0.39 | 7.9[235.0 | 20.0 | N-S
19 | Hachinohe-S  [1968 Tokachi-okil 32.0 | 0.29 | 0.48 | 0.39 | 7.9/235.0 | 20.0 | E-W
21 | Aomori-S 1968 Tokachi-oki| 68.0 | 0.33 ] 0.6 |0.47 | 7.4/193.0 | 20.0 | N-S
22 | Aomori-S (Aftershock) 44.510.33 (0.6 |0.47 | 7.4]193.0{20.0 { E-W
23 | Wakayama-ji-s | Wakeyama, -\, 51072 1.2 |0.96 5.0 6.0 N-S
25 | Wakayama-ji-S 1.5/0.9 {1.4 | 115 N-S
26 | Wakayama-ji-S 1.5 1.5 {25 [2.00 -W
38 | Hososhima-$ Miyazakl, | 12.0 [0.85 | 1.2 |1.03 | 6.7| 53.2 | 10.0 | N-S
45 | Kinuura-s Aichi, off-shore| 10,0 | 0.41 ' 0.6 | 0.51 | 6.1} 54.2 | 40.0 | U-D
64 | OchiailB) Matsushiro 4.5]0.35]|0.63|0.49|5.1 80| 43|LG
65 | Ochiai(B) Matsushiro 4.5[0.35]0.63|0.49 5.1 80/ 4.3]TR
66 | Ochiaila) Matsushiro 5.50.34 | 0.65 | 0.50 | 5.1 4.3|LG
67 | Ochiaila) Matsushiro 3.0{0.41|0.65(0.53 |5.1 4.3|u-D
68 | Ochiaila) Matsushiro 4.5|0.38|0.61|2.50]5.1 4.3 | TR
72 | Ochiailc) Matsushiro 5.8 1.4 | 2.5 | 1.95|4.7 5.6 | E-W
75 | Ochiai(B) Matsushiro 1.6 |0.73 | 1.2 [0.97 |55 TR
88 | OchiailB} Matsushiro 3.5(0.7211.3 | 1.01|4.6 50 (LG
90 | Ochiai(B) Matsushiro 3.5(10.7211.3 |1.01 4.6 5.0 ] TR
107 | lajima Bridge | yLhim& | 216/ 1.1 |21 |1.60 [5.318.3 | 40.0 [ TR
112 | Ochiai(B) Matsushiro 4.200.45|1.2 |0.83]4.5 24.1| 0.0|U-D
114 | OchiailB) Matsushiro 1.8(1.6 |23 [1o5!4as8151] 0.0|EwW
131 | Toyohama Bridge| Aichi, off-shore] 8.19| 1.1 [ 1.7 |1.40| 6.1 42.3 | 40.0 | U-D
161 | Omigawa Bridge | Chiba, off-shore| 11,0 1.3 | 2.5 [1.90 6.1/ 58.2 ] 60.0 | U-D
172 | Tonegawa 9.510.6 {1.8 |1.20 TR
183 | Chiba-S Miyanieen-oki | 75-0 | 0.32 | 0.6 | 0.46 | 7.4340.9 | 40.0 |SOUTH
184 | Niigata-ji-S ’ 56.0 | 0.32 | 0.6 | 0.46 | 7.41272.7 | 40.0 | EAST
189 | Aomori-S " 67.0 ] 0.38 | 0.72 { 0.55 | 7.41324.2 | 40.0 | EAST
200 | Koshima-zokan-S " 87.0 0.2 |0.41]0.31|7.4281.0140.0 | DOWN
207 | Ofunado-bochi-S " 32.0|0.5 | 0.8 |0.65]74]103.0 | 40.0 | DOWN
208 | Hachinohe-S " 27.010.36 | 0.65 | 0.51 | 7.4'273.0 | 40,0 {SOUTH
210 | Hachinohe-S " 27.0|0.36 | 0.65 | 0.51 | 7.4273.0 | 40.0 | wEST
216 | Shimizu-miho-S 1978 26.0]0.21 [ 0.53|0.37 [ 7.0] 71.4 | 0.0 | EAST
Izu-oshima-
218 | Shimizu-miho-S kinkai 17.0 | 0.15 | 0.3 | 0.23 | 7.0/ 71.4| 0.0 |SOUTH




Table 3.3 Surface Wave-Containing Earthquake Motion Data(Continued).

" . ¥2
No. lelf(')' site earlhquake (sgc) (lf{"z) (-}ff;) (l-j{;z) M (k‘rjn) (lfrln) comp.
39 | 220 [ Oxkitsu-S 1978 27.0}0.21]0.36 | 0.28 [ 7.0[ 76.0 | 0.0 |DOWN
Jzu-oshima-
40 | 228 | Shimizu-kojyo-S kinkai 43.00.230.45]0.34 | 7.0/ 76.0 | 0.0 | SO6E
41 | 235 | Tagonoura-S " (Altershock) 60.010.41[0.53(0.47 | 5.8/ 38.0{20.0 | WISN
42 | 238 | Shimizu-miho-S | "(Aftershock) | 26.0 | 0.26 | 0.53 | 0.39 | 5.8 41.0 | 20.0 [ EAST
43 | 239 | Shimizu-miho-S | "(Aftershock) | 36.0 | 0.26 | 0.53 | 0.39 | 5.8] 41.0 | 20.0 | DOWN
44 | 240 | Shimizu-miho-S | "(Aftershock) | 24.0 | 0.26 | 0.53 | 0.39 | 5.8 41.0 | 20.0 [ SOUTH
45 | 241 | Shimizu-kojyo-S [ "(Aflershock) 14.0 |1 0.28 | 0.53 | 0.41 | 5.4] 35.0 | 10.0 | SOGE
46 | 257 | Wakayama-S Wakayama 2.75 1.4|2.2 |1.80(3.8 6.0| 0.0]SI2w
47 | 265 | Onahama-ji-S Kashimanada 5.64{ 0,15 0.38 | 0.27 | 5.5/ 57.0 | 60.0 | DOWN
48268 | Tomakomai-s | 1982 Urakawa, 143 10 53 | 0.44 | 0.34 | 7.1}102.0 | 40.0 | E08N
49 | 289 | Kashima-zokan-S|  MUaragh = 450 | o g; | 0-420.32|7.0118.0 ) 30.0 | DOWN
50 | 331 | Aomori-S 1983 1410 0.2110.38 | 0.30 | 7.7156.0 | 14.0 | EAST
51 | 332 | Aomori-S chubu | 60.0 | 0.21 | 0.38 | 0.30 | 7.7[156.0 | 14.0 |SOUTH
52 | 336 | Akita-S »(Aftershock) | 22.5|0.330.72 ] 0.53 | 6.1[113.0 | 23.0 |NORTH
53 | 337 | Akila-S "(Afltershock) |22.5(0.310.94]0.63]6.1/113.0 | 23.0 | DOWN
54 | 338 | Akita-S »(Aftershock) | 15.0 | 0.25 | 0.50 | 0.38 | 6.1{113.0 { 23.0 | EAST
55 [ 339 | Akita-S "(Aftershock) | 23.0 | 0.41 | 0.72 | 0.57 | 6.0[115.0 | 14.0 [NORTH
56 | 340 | Akita-S "(Aftershock) | 17.0 | 0.38{0.65{0.52 | 6.0[115.0 | 14.0 | DOWN
57 | 341 | Akila-S "(Aftershock) | 19.0 | 0.41|0.95 | 0.68 | 6.0]115.0 | 14.0 | EAST
58 | 342 | Aomori-S "(Aftershock) |56.0|0.20|0.33|0.27|7.1160.0 | 6.0 | EAST
59 | 344 | Aomori-S "(Aftershock) | 55.0 | 0,22 | 0.41 | 0.32 | 7.1{160.0 | 6.0 |SOUTH
60 | 345 | Muroran-S "(Aftershock) |35.0 | 0.22 | 0.41 [ 0.32 [ 7.1j201.0 { 6.0 | WEST
61 | 354 | Hakodate-M 1982 Urakawa, | 99 0 1 0.20 | 0.31 | 0.26 | 7.1)158.0 | 40.0 [NORTH
62 | 364 | Tokachi-M orakawa, 6 670,59 | 1.10 | 0.85 | 5.2 59.0 | 30.0 | EAST
63 | 389 | Sendai-M Fukushima, 1 13.0{0.15 | 0.41 | 0.28 | 5.3] 77.0 | 80.0 [NORTH
64 | 395 | takodate-M 1983 52.0 | 0.32 | 0.70 | 0.51 { 7.7[211.0 | 14.0 | NoswW
Nihonkai
65 | 307 | Hakodate-M chudu 63.0 | 0.21 | 0.54 | 0.38 | 7.7[211.0 | 14.0 | E08N
66 | 308 | Hakodate-M "(Aftershock) |52.0 |0.20 | 0.45 [ 0.33 | 7.1[155.0 | 6.0 | No8W
67 | 399 | Hakodate-M "(Aftershock) |75.010.33|0.54 | 0.44 | 7.1155.0 | 6.0 | UP
68 | 400 | Hakodate-M " (Aftershock) | 50.0 | 0.20 [ 0.45 [ 0.33 | 7.1[155.0 | 6.0 | EosN
*1 reference dala number arranged in the SERM-II database system(Ref.1)

*2  depth of fault
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Table 3.4 Occurence Ratio of Surface Wave Motion for Major Japanese

Earthquakes.

(a) earthquakes for remarkable occurence of surface wave motion

earthquake

1983 Nihonkaicliubu (Aftershock)
1983 Nihonkaichubu (Aftershock)
1983 Nihonkaichubu (Aftershock)
Matsushiro

Matsushiro

Shizuoka, off-shore

Ibaragi, off-shore

Wakayama, off-shore

Ehime, west coast

Miyazaki, off-shore
[zu-oshima-kinkai, (Aftershock)
Izu-oshma-kinkai, (Aftershock)
1983 Nihonkaichubu

Matsushiro

Malsushiro

Wakayama, off-shore

Urakawa, off-shore 2

1968 Tokachi-oki

surface-wave-
contained

3

W e = DN e O = B = e e s NN DD W

total number

R 00 DN BN N AW 0w W

—
w o W~

14

occurence ralio |

1.0
1.0
0.750
0.714 i
0. 667
0. 500
0.500
0.500
0. 500
0. 500
0. 500
0. 500
0.500
0.333
-0.333
0.333
0.333
0.286

M

.
1

N> e
—_ O =

.U'|

N WARENOTSIOODSOD
O U N AR NTWO D~ O

(b) earthquakes for unremarkable occurence of surface wave motion

earthquake

Miyagi, off-shore-2
Izu-oshima-kinkai-2
1968 llyuganada
Matsushiro

Chiba, olf-shore
Ibaragi, off-shore-2
1982 Urakawa, off-shore

surface-wave-
contained

total number

N - O oo

18
12

19
15

46~

0.133

occurence ratio M

0.0 6.1
0.0 5.7
0.0 7.5
0.0 4.3
0.0 6.1
0.053 7.0

7.1



¥pble 3.5 Occurence Ratio of Surface Wave Motion for Strong Motion
% Observation Stations. = ‘

5
*
£

(a) sites for remarkable occurence of surface wave motion

site sug)a:&-i::(‘i/e- total number occurence ratio

Ochiai(a} 3 3 i.0

Shimizu-miho-S 5 6 0.833
Aomori-S 9 13 0.692
Wakayama-ji-S 1 2 0. 500
Akita-S 6 12 0. 500
Hakodate-M 6 12 0. 500
Shimizu-kojyo-S 4 9 0. 444
Hachinohe-S 4 12 0.333
Kinuura-S 1 3 0.333
Niigata-ji-S 1 3 0.333
Okitsu-S 1 3 0.333
Tagonoura-S 1 3 0.333
Wakayama-S 1 3 0.333

(b) sites for unremarkable occurence of surface wave motion

site suz{)anc&—i::;e— total number occurence ratio

Miyako-S 0 13 0.0

Horoman Bridgi 0 6 : .0.0

Keihin-ji-S 0 6 0.0 .

Yamashita-hen-S 0 0.0 *

Shiogama-kojyo-S 0 0.0 '

Kawasaki-doi5-ko-M 0 10 0.0

Onahama-ji-S 1 15 0.067 %
. Muroran-S 1 12 0.089 £
~ Hososhima-$ 1 9 0.111- 4
; Ochiai(C) 2 12 0.167 )

Itajima Bridge 1 6 0.167 §

Omigawa Bridge 1 6 0.167 ¥
. Chiba-S 1 6 0. 167 2

SRR
'Y
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D : Judging from the evolutionary power spectra the posibility for

"

containing surface wave motion is very low(159 comp.) %
j Table 3.6 shows the relation between the occurence ratio of surface wave
sotion and the seismic parameters, such as earthquake magnitude M, epicentral
distance A, fault depth dy, and apparent incident angle 0 of earthquake
@otion defined as tan0=dsj/A. The numerals in parenthesis represent the rate
in each level of seismic parameters.

As shown 1in Table 3.6(a) the earthquake magnitude does not have strong
correlation on the occurence of surface wave motion. In the other ' hand the
épicentral distance and the fault depth have some correlation on the
occurence ratio ; the longer the distance is, the higher the occurence ratio

.increases, and also, the shallower the fault depth 1is, the higher it
increases. The higher correlation can be recognized in Table 3.6(d) in which
tﬁe correlation between the apparent incident angle 6 and occurence ratio is

shown.

From the above investigation on occurence of earthquake surface waves,

the following conclusions may be derived.

{l] The earthquake surface wave motion in the frequency range dealt herein
x is mainly caused and amplified by local site condition. In other words,
<+  surface wave motion are caused easily at some sites and, it is not

2 caused easily at some sites.
At the sites where earthquake surface wave motion is caused easily, the
apparent incident angle 6 effects strongly on the occurence of surface

wave motion.

Conclusions

Major results derived from this study may be summarized as follows.

[1] A simplified separation technique of body and surface waves in strong

motion accelerograms has been proposed. In this technique the
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Table 3.6 Relation between Occurence Ratio of Surface Wave Motion and
Seismic Parameters.

(a) magnitude and occurence ratio

T category
T A 13, B, Ci oft D
magnitude T S
~5.0 7 2 5 2 6 17
(0.179) | (0.051) 0.128) | (0.051) | (0 154) | (0.436)
5.0~5.5 11 1 6 1 0 26
0.245) | (0.022) 0.133) | (0.022) 0 0) (0.579)
5.5~6.0 8 2 6 0 2 18
©0.222) | 0.056) | (0.167) | (0.0) (0 056) | (0.500)
6.6~6.5 8 0 6 1 1 37
0.151) | (0.0) (0.113) 0019) | (0.019) | (0.698)
6.5~7.0 6 4 12 2 5 20
0.122) | (0.082) | (0.245) | (0.041) | (0.102) | (0.408)
7.0~7.5 18 7 7 5 20 38
0.190) | (0.074) (0.074) | (0.053) (0 211) (0. 400)
7.5~ 10 1 3 2 12 3
0.323) | (0.032) (0. 097) (0. 065) (0.097) (0.097)

(b) epicentral distance and occurence ratio

-~ calegory
. : A B B. Cy C: D
distance J(km) ~~|

~ 20 8 0 8 2 3 10
(0. 258) 0.0) .(0. 258) (0. 065) 0.097) (0.323)
20~ 50 7 3 3 0 0 31
(0.159) (0.068) (0. 068) 0.0) 0.0) (0. 706)
50~ 80 11 4 13 2 3 57
0.111) (0. 044) 0.144) 0.022) (0.033) (0. 633)
80~110 2 3 3 1 1 17
(0.074) (0.111) (0.111) (0.037) (0.037) (0. 630)
110~150 7 0 6 2 1 14
(0.234) 0.0) (0 200) (0.067) (0 033) (0 467)
150~200 10 1 4 4 10 9
(0. 263) 0 0) (0. 105) (0. 105) (0. 263) (0.237)
200~-250 7 1 2 2 5 9
(0. 269) (0.038) 0.077) 0.077) (0.192) (0. 346)
250~ 6 4 3 3 16 9
(0. 146) (0.098) (0.073) 0.073) (0. 390) (0.220)
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Table 3.6 Relation between Occurence Ratic of Surface Wave Motion and
Seismic Parameters{Continued).

(c) fault depth and occurence ratio

B __ category
) Tl A B B. Cr Ce D
fault depth d,(km) | SR U S D
0~10 21 5 11 3 1 12
0.397) | (0.094) (0. 208) (0.057) (0.019) (0.226)
10~20 11 2 4 1 11 6
(0.315) (0. 057) 0.114) 0.029) 0.314) 171
20~30 13 3 4 1 4 12
(0.351) (0.081) | (0.103) | (0.027) | (0.108) (0,32
30~40 2 0 7 2 5 21
(0.05H 0.0) 0.189) (0. 054) (0. 135) (0.568)
40~-50 15 7 12 4 21 . 63
0.123) 0.057) (0. 098) (0.033) (0.172) (0.516)
50~ 3 0 6 2 0 32
* (0.070) 0.0) (0. 140) (0.047) 0.0) (0.749)
(d) apparent incident angle o and occurence ratio
category] :
PR A B, B: Ci C: D
tan # i
0.0 7 3 9 2 1 8
(0.233) (0. 100) (0. 300) (0.067) (0.033) (0. 267)
0.0~0.1 15 1 1 3 8 8
0.417) (0. 028) (0.028) (0.083) (0.222) (0.222)
0.1~0.2 14 4 13 3 21 13
(0.203) (0.058) (0.188) (0.043) (0. 304) (0. 203)
0.2~0.3 6 2 3 3 6 14
(0. 176) (0. 059) (0. 088) (0.083) 0. 176) (0.412)
0.3~0.5 9 2 6 0 1 28
0. 119) (0.048) (0.143) 0.0) 0.024) (0. 669)
0.5~0.7 3 2 1 0 1 28
(0. 086) (0.057) (0. 029) 0.0) (0.029) (0. 300)
0.7~ 8 10 2 4 0 44
(0.118) 0.147) (0.029) (0.059) 0.0) (0.647)
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evolutionary power spectrum has been used to confirm the dispersion
characteristic of surface waves contained in strong motion data. The
separation parameters tq and f4,,fq,,» in time and frequency domain,

respectively, have been proposed.

[?Z] Ground strains caused by body and surface waves have been analyzed for
original data and its separated body and surface waves. It has been
pointed out that separation of body and surface waves is important for

estimation of local ground strain caused by surface wave propagation.

(3] The statistical characteristic of earthquake surface motion contained in
strong motion records have been examined using 367 components of
corrected accelerograms. From 68 components of accelerograms the surface
wave motion have been separated and the factor analysis has been done as
for the occurence of surface wave motion. The significanct

characteristic on the occurence of surface wave motion has been derived.

It is an essential subject for earthquake resistant design for buried
pipes to evaluate earthquake surface motion rationally. The separation
procedure which has been dealt here is anyhov a simplified technique,
however, this method can be effective for evaluation of surface wave motion
contained in recorded accelerograms, specially under the circumstances that
surface wave motion from strong earthquakes have been scarecely recorded

independently.
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4 STATISTICAL PREDICITION MODELS FOR STRONG EARTHQUAKE MOTION ON ROCK SURFACE

4.1 General Remarks

Prediction of earthquake motion at specific sites for given earthquake
scale and source-to site distance is a significant subject in earthquake
engineering. Theoretical calculation procedure by dynamic faulting
model (Ref .2) can simulate ground motion which corresponds to ground motion in
relatively low frequency range, such as f< 0.1 Hz. However, it is still very
hard to simulate theoretical ground motion in high frequency range such as f>
0.1 Hz, because it needs detailed information about local soil structures as

well as local fault dynamic process.

In the fields of engineering researches where the verification of the
model against the real data is indispensable, many statistical models for
ground motion have been proposed by using various kinds of strong motion
datasets. They 'mainly dealt with peak acceleration(Ref.12), peak
velocity(Ref.12), and acceleration response spectra(Refs.5,11,13), as a
function of earthquake magnitude M, and epicentral distance A (or hypocentral
distance R). Further the earthquake motion prediction models have been also
proposed(Refs.3,8,19,21) in which ground motion characteristic such as
spectral intensity, duration, nonstationarity, etc. were scaled for magnitude

and distance.

In use of these prediction models the following problems may be staying.
First, a large statistical uncertainty remains in the models because the
strong motion data, which consist of relatively high frequency components as
>0.1 Hz, were strongly affected by the characteristic of 1local soil
conditions. Second, these statistical estimation formulas are mainly based on
relatively weak ground motion data recorded on soil overlying sites.
Therefore, it is not valid to apply these models for the case of large ground
motion, in which the nonlinear response characteristic of overlying soils
strongly affect ground motion intensities. As for the former problem, the
individual estimation formulas for 4 types of soil conditions prescribed in
the design code for bridges(Ref.4) have been proposed to eliminate the local

soil effects. The continuous soil parameter S,(Ref.10) given from SPT
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blow-count profiles has been also used in estimation of ground motion
intensities to account for the effect of local site conditions on ground
motion intensities. However, nonlinear characteristic of soils during great
earthquakes, which correspond to the latter problem, can not be solved by
using only the relatively weak ground motion data recorded on soil overlying

sites.

In this view of the problem, the nonstationary earthquake motion
prediction models have been proposed by using rock surface-ground motion
dataset (SMD R) developed in Chapter 2. Significance of the prediction model
for rock surface is as follows. (1) The model is useful for earthquake motion
prediction for soil overlying ground by regarding the given rock surface
motion as the input to the bed rock, where the amplification effect and
nonlinear characteristic of overlying soils can be considered. (2) The model
can be applied for earthquake resistant design of significant structures

including nuclear power plants that are built on rock ground.

In the following Chapter 2.2, the prediction model (EMP-IB) for
nonstationary earthquake motion on rock surface for given magnitude and
distance has been developed. On this basis the near-source earthquake motion
prediction model (EMP-I1IB) for given fault geometly and typical dynamic fault
parameters including rupture velocity and direction of fault rupture has been
proposed in Chapter 2.3. In Chapter 2.4, on the basis of the simulated rock
surface motion for various combinations of magnitude and distance generated
by the EMP-IB model, the estimation formulas have been proposed for peak

acceleration, peak velocity, response spectra and strong motion duration.

4.2 Prediction Model for Nonstationary Earthquake Motion on Rock Surface for
Given Magnitude and Distance (EMP-IB Model)

4.2.1 Simulation of Nonstationary Earthquake Motion by Evolutionary Process
Model

Earthquake acceleration with nonstationary frequency content can be

represented by

54~



2(t) = 3 /26 (1, w)Bo - cos (uk - t+or) (4.1)
k=1

in which G, (t,w) = evolutionary power spectrum of x(t) for time t and
anguler frequency @, «x = 21+ (k-1)Aw, Aw = 2r(fy-f1)/(m-1), ¢r = independent
phase angle distributed randomly over O ~ 2r . The upper and lower boundary
frequencies f, and f; are fixed as f,=10.03 Hz, and f;=0.13 Hz regarding to
the frequency range of the accelerograms used in this study. The number of
superposition m is taken as m=166. The following time-varying function!' as

illustrated in Fig.4.1 is adopted for the model of G,(t,w).

0 ;O t<t

t—ts(f) t_ts(f) .
e exp {1 L) } b=t

4.2)

vQﬁ(t,w)=~«L(t,2nf):{
o (f)

in which t(f) and t,(f), a function of frequency f, are the starting time
parameter and the duration parameter of G;(t,w), respectively. o (f) is the
peak value of ,/G.(l,0), and is also a function of f.

The parameters t,(f), to(f), and o, (f) are determined in the following
manner so that the model spectrum maintain the basic properties of the
evolutionary power spectrum of the recorded accelerogram. The starting time
ts(f) is defined as the time at which the evolutionary spectrum G,(l,w) of
the corresponding recorded accelergram y(t) exceeds 0.1 times its peak value
for the first time. In determining t,(f) and a,(f), equate the areas under
{G;(t,w)}'“z, and [(&(t,w)}'ﬂz, and also equate their first moment about the

time origin; i.e.,

[{Gx(t,w)}"/zdt = ap(f) = j:{Gy(t,w)}"/zdt (4.3)

[{th(t,w)}"/zdt =q (f) = [{tGy(t,m)}"/zdt (4.4)

in which n is an arbitrary constant that controls the similarity between
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Fig.4.1 Time Varying Function for Modeling of Evolutionary Power

Spectrum.
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Fig.4.2 Recorded and Simulated Evolutionary Spectra
(S-235 Aomori, 1968 Tokachi-oki Earthquake)
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G.(t,0) and G,(t,w). In this study n is fixed as n=4 with reference to the
previous study(Ref.7) Applying Eq.(4.2) to (4.3) and (4.4), and solving for
to(f) and on(f) gives the following expressions:

_ n, f(2) . Ao (f) 1/n
0= Rty W AD LG “®
to(f) = i) (A1) /A0 (£t (D) (4.6)

Typical example of recorded and simulated evolutionary specta are shown
in Fig.4.2. Using these parameters simulated accelerogram is obtained from
Eq.(4.1). In Fig.4.3 examples of recorded and simulated accelerograms are
shown. It may be observed that the simulated accelerogram reproduces fairy
vell the nonstationary frequency trend of the corresponding recorded

accelerogram,

The following parameters may be used as a measure of error in this

simulation model.

ra:1n<As/Ar) rpzln(Ps/Pr) rd:ln(Ds/Dr) re=1n(E/E,) 4.7

in which A and A, are the peak acceleration of simulated and recorded
accelerograms, P, and P, are their total powers. The yield deformation and
the hysteretic energy of elastoplastic systems with 2% viscous damping
corresponding to various values of the ductility factor p for the simulated
and the recorded accelerograms are denoted, respectively by Ds, D,, E;, and
E,. Fig.4.4 shows the sample deformation spectrum and the hysteretic energy
of elasto-plastic systems for recorded and simulated motion. In Fig.4.4(a)
the ordinate represents the yield displacement Y4 multiplied by the undamped
natural circular frequency op, and in Fig.4.4(b) the total hysteretic energy
per unit weight of the system multiplied by oy. As shown in Fig.4.4 the
simulated motion include the engineering characteristic of the recorded

motion fairly well. Fig.4.5 shows the mean simulation error T4 and its
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(a) recorded

acceleration

(b) simulated

acceleration
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Fig.4.3 Recorded and Simulated Earthquake Motion(S-1204 Sounth, Miyako-S
Site, 1978 Miyagiken-oki Earthquake).

2

ND O
—t —
. P
—~ ] g 2
D o E
st E 9]
£ O O
U : S ——
] T
o o O
(=] - 3 -—
3 O X E
X s = 3
- = o 3
S < o]
] Yo
— b ':‘ E
L -
O -
— - ~

_|| 1 llllllr 0' 1 1711111 1 _,l T lllll'l o T T LILBLBLELA 1

10 10 10 10 10

frequency (Hz)

frequency (Hz)

Fig.4.4 Yield Deformation and Hysteretic Energy Spectra(S-1204 South,
Miyako-S Site, 1978 Miyagiken-oki Earthquake).



2.0| 1.6{
©
- L -
- o
| wd
=" .o} s "
Y 5
s S
>
= o g8l
% ©
o
1))
£ - 5 B
he
-1.0F S 0.4
3o
| — m -
-2.0 1 el 1 [ e 0.0 1 s 11441” ' 1 o1
0.1 1.0 10.0 0.1 1.0
frequency (Hz) frequency (Hz)

Fig.4.5 Mean of Simulation Error and Standard Deviation of Deformation
Spectra.

-
=2l
T

2.0

e

-
(=1
T
-
N

1
-
o
T

mean value re
e
[~]
standard deviation o
o
(=]
T T

Qo
L

-2.0 a1l N R 0.0 L Lt el T R

0.1 1.0 10.0 0.1 1.0 10.0
frequency (Hz) frequency (Hz)

Fig.4.6 Mean of Simulation Error and Standard Deviation of Hysteretic
Energy Spectra.

~59~

10.0



standard deviation o,,, and also Fig.4.6 shows T. and o,, for 91 components

of acceleration time histoties.

It is noticed that the mean simulation error 14, r. do not depend very
much on the ductility factor u, and that they are fairy close to zero along
the frequency axis; this demonstrate the validity of the simulation model
proposed herein. The standard deviations o,,, 0,, also do not depend very much
on the ductility factor, and they are nearly constant along the frequency

axis.

Mean simulation errors r,, r, and their standard deviations o,,, 0,, are
as follows:

ra = 0.063, rp, = 0.018, o,, = 0.333, o,, =0.247

Note that they are also small enough to verify the usefulness of the proposed

simulation model.

4.2.2 Scaling of Model Parameters for Magnitude and Distance, and Modificatin

and Modeling of Regression Formulas

Scaling_of Model Parameters

In order to develop an earthquake motion prediction model for given
magnitude and distance using the simulation model proposed above, the model
parameters have been scaled for magnitude M and epicentral distance A(in kn)
on the basis of the multiple regression analysis. The dataset SMD-R

introduced in Chapter 2 has been used for this purpose.
The model parameters t.(f), {,(f), and o (f) have been obtained in the
simulation of rock surface earthquake motion including in the SMD-R dataset.

The following regression formulas have been used for the estimation of model

parameters.

logt (f) = Bo(f) + Bi(f) M — Bz(f) - log(A+c) (4.8)
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logh,(f) = Po(f) + Pi(f) M — Pa(f) - log(A+c) (4.9)

L () = So(f) + Si(f) - A (4.10)

The formulas of Eqgs.(4.8) and (4.9 have been commonly used for the
estimation of ground motion intensities such as the peak acceleration and the
peak velocity. The constant term ¢ in Eqs(4.8) and (4.9) is necessary because
the absolute value of logarythmic operation gets quite large when the
distance A is quite short and the constant term is not incorporated. Herein
the constant term c is fixed at ¢=30 km. In Eq.(4.10), t.(f)=ts(f)-ta , where
ta is the average of ts(f) over the frequency range considered herein.
Consideration of t, is necessary since the recorded accelerograms used for
the statistical analysis have been obtained only on relative reference times.
Fig.4.7 shows the results of regression analysis for the three model
parameters.

Modification and Modeling of Regression Formulas

A number of free rock surface motion were generated for several
combinations of M and A by using Egs.(4.1), (4.2) and (4.8) ~ (4.10). They
were converted to soil surface ground motion for a number of sites dealt in
this study. The peak ground motion (4,=peak acceleration, Vo=peak velocity)
of them were compared with the estimation formulas (see Appendix A,
Eqs.A.-11,12,14,15) which have been obtained using strong motion data
recorded on soil siteé. Since there were some disagreement specially for the
case of the epicentral region(Ref.10), the coefficient By(f)~B2(f) in
Eq.(4.8), have been modified so that the peak values A, and V, of ground
motion converted from rock surface motion agree with those given from the
estimation formulas for the soil surface motion. These modification procedure
are discussed in detail in the Appendix B. The modified coefficients are
shown in Fig.4.7(a) by slender broken line (By(f).Bi(f),B2(f) ).

Since the coefficients for the model parameters have some typical

inclination on the frequency axis, they were modeled as a function of the
frequency f under the following procedures.
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[1] Intensity Parameter o, (f)

As shown in Fig.4.7(a) the modified coefficients Bi(f) and Bz(f) can be
approximately smoothed by a straight line on the logarythmic frequency axis.
Therefore, they were modeled as a function of logf by the least square
method. The modeled coefficients Bi(f) and B2(f) are shown by thick lines.
Then, the re-modified constant term Bb'(f) was obtained under the condition
that the intensity parameter op(f) which is given from the form
{logow (f) = By (f)+Bi (f)M-Bz (f)log(A+30)} fit  that  from the form
{logow (f) = Bo(f)+Bi (f)M-B2(f)log(A+30)} with least square errors. The
coefficient Bb'(f) is shown by dotted line. Then, Bbl(f) was modeled as a
function of logf of order 3, which is shown by thick line Bo(f) in
Fig.4.7(a).

(2] Duration parameter t,(f)

The coefficients Py(f), Pi(f), P2(f) obtained from regression analysis
are shown by slender broken lines in Fig.4.7(b). The coefficients Pi(f),
P>(f) are modeled as a function of logf by least square error method. The
modeled coefficients Pi(f), P(f) are shwon by thick lines. Then the modeled
constant term Py(f), a function of logf of order 2, was obtained using the

same procedure as used in the case of the intensity parameter.
[3] Starting time parameter ts(f)

The coefficient Si(f) obtained from regression analysis was modeled as a
function of logf of order 2. The re-modified constant term Sy’ ' (f) was
modeled as a linear function of logf. The modeled coefficients Sp(f), Si{f)
are shown by thick lines in Fig.4.7(c).

The modeled coefficients described above are given in Table 4.1. Fig.4.8
shows values of model parameters given from Egs.(4.8) ~ (4.10) substituting
the modeled coefficients listed in Table 4.1. The simulated rock surface
ground motion for several combinations of M and A are shwon in Fig.4.9. It

can be observed that the typical characteristic of ground motion is clearly
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Table 4.1 Estimation Formalas for Coefficients appeared in Eqs.(4.8)-(4.10).

logte (f) = Bo(f) + Bi(f)-M — Ba(f)- log(4+30)

By (£)=0.1553+0.175 - logf—0.336(logf)? —0.451 (logf )3
By (f£)=0.506-0.0131 - logf (4.11)
B2 (f)=1.543+0.455 - logf

logl, (f) = Po(f) + Pi(f)-M + P2(f)- log(a+30)
Po(f)=-1.312-0.1054 - logf+0.227 (logf )
Py (f)=0.179+0.188 - logf (4.12)
P2(f)=0.844—0.240 - logf
L) = () = ta =S + Si(f)- 4
So(f)=0.439-0.978 - logf
Sy (/)= {0.528-0.242 - 1og/-0.889(logf)? } x107?

(4.13)
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represented :@ the larger ground motion for larger magnitude and shorter
distance, the longer duration of motion for larger magnitude, etc.

Since the FEMP-IB model has been developed on the basis of the modified
ground motion data, the prediction uncertainty cannot be evaluated directly
from the result of the regression analysis for the model parameters. In
Ref.8, the same procedure has been done to develop the prediction model by
using the soil surface records, which were also used to examine the
attenuation characteristic of peak ground motions in Appendix A. And the
decrease in prediction uncertainty for the intensity parameter o (f) with
increase in available information on local soil conditions has been
characterized. They were classified into three levels as for the available
information. The level I represents the condition for given magnitude M and
distance A, the level 1II for M, A, and the soil parameter S, defined from
blow-count profile for a specific site, and the level III for M, A, S., and
the transfer function of the ground overlying bedrocks. Assuming that the
prediction uncertainty for «,(f) on rock surface level is equivalent to that
on soil surface level in which the whole information on local soil condition
are available, the coefficient of variation &, for the level III may be
substituted for the EMP-IB model. On the basis of the regression analysis
developed in Ref.8, the prediction uncertainty for the model parameters of
the EMP-IB have been characterized and they are shown in Fig.4.10. They were
smoothed on the frequency axis, and the coefficient of variation 8., for the
intensity parameter a,(f) and 6% for the duration parameter t,(f) are given
as o, = 0.4286, 6, = 0.690, respectively, for the whole fregyency range of
0.13=f< 10.03 Hz.

The nstationary earthquake motion prediction model for given magnitude
and distance developed herein is termed EMP-IB which is the abbreviation of

Earthquake Motion Predicticn Model-I for Bedrock and Rock Surface Level .

4.3 Near-Source Earthquake Strong Prediction Model for Great Earthquake
(EMP-IIB Model)

4.3.1 General Idea
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Past strong motion data from great earthquakes show that rupture
direction relative to sites and geometrical condition between sites and fault
make much differences in ground motion intensities and their duration. For
prediction of earthquake motion for great earthquakes, therefore, physical
parameters about faults and effect of successive faulting should be
incorporated(Ref.14). Herein the prediction model (EMP-IIB Model) for
large-scale earthquakes is proposed, which incorporates a size .of fault,
rupture direction and its velocity, and seismic moment as a parameter of
earthquake scale. In the EMP-IIB Model, the evolutionary spectra for great
earthquakes are given from the superposition of evolutionary spectra which
correspond to relatively small earthquake (M=6.0) in the FEMP-IB Model.

Fig.4.11 gives general concept of the model. The fault is divided into a
number of small events which correspond to the unit event (M=6.0) in the
EMP-IB Model. The arriving time lag t,, resulted from rupture on the fault
and difference of propagation distance of ground motion, can be given in the

following form.

tﬂ-) = d” / v+ (AU - A) / VUpr (4.14)

In case of deep fault, a hypocentral distance ry in place of A; and direct

distance between site and each unit event r;; inplace of A;; may be used.
4.3.2 Number of Superposition N; scaled for Seismic Moment

The number of superposition N; of evolutionary spectra is defined. The
parameter Ng represents the number of small unit events on a specific great
fault. The following procedure has been performed to obtain the superposition

parameter Ng.

The magnification factor c(f) defined by Eq.(4.15) may be used for

amplification value of evolutionary power spectrum.

t t
ctn= [ WaTED A/ Ve e dt (4.12)
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where G,= simulated evolutionary spectrum for the data, Gi= evolutionary
spectrum given from the EMP-IB Model which corresponds to the earthquake
magnitude M-=-6.0 and the ’'same distance’ of the specific data, and to=
duration of the data. The number of superposition N;g, the average of the
magnification factor c(f) along the logarithmic frequency axis, is defined as

logf
ch jQC(f)d(logf) /(logfz— logfi) (4.18)
1

log

where the lower and upper frequencies fi, f» are fixed as f1=0.13 Hz, and
f2=10.03 Hz. The parameter N; represents the number of superposition of
evolutionary spectra for a standard earthquake of M=6.0 in the EMP-IB Model.
The value N; has been obtained for 53 components obtained from 12 earthquakes
listed in Table 4.2, the seismic moment My of which have been given. The
parameter N; has been scaled for My, and the following relations has been

obtained.

Ne= 2.317x 10712 py0-468 (4.17)

Fig.4.12 shows the relation between seismic moment My and the number of
superposition N; defined by Eq.(4.16). 1In Eq.(4.17) the value My which gives
Ng=1 is given as Mp=7.24x10?*. This value nearly coinside with My=7.76x 10?*
which gives Ms=6.0 in the relation between My and the surface magnitude M
proposed by Geller(Ref.1). Since the JMA magnitude coinside with M¢ in case
of relatively small magnitude as around M-=6.0(Ref.23), the above result

supports the validity of the model.
4.3.3 Superposition of Evolutionary Spectra for Great Earthquakes

The superposed evolutionary spectra for great earthquake is given as

ng
GaaCEZED 2 (1 M0)Y, oG, (28T (4.18)
¥}

where G,,, = evolutionary spectrum for each unit event e;; , which corresponds
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epicenter

: epicentral distance (km)

Aij : distance between small
event e, and site (km)
dij : distance between epicenter

and small event eg, (km)
¢ : dip angle of fault (o)
: fault length and width (km)
v, : rupture velocity (km/sec)
v : propagation velocity of

arrival time lag taij for small event €, earthquake motion (km/sec)

‘aij . dij//"r + (Aij . Aa{//”pr

Fig.4.11 Fault Modeling with Multiple Fault Ruptures.

Table 4.2 Fault Parameters for Major Japanese Earthquakes(Refs.18,22).

event date magnitude]| seismic moment
M My (dyn-cm)
1968 Huganada April 4, 1968 | 7.0 1.8x1027*
1968 Tokachi-oki May 16, 1968 7.9 2.8x10%8
Tokachi, OFf Shore May 16, 1968 7.4 1.3x1027"
Saitama, Center July 1, 1968 6.1 1.9x102°
Ehime, West Coast August 6, 1968| 6.6 2.0 x 1028
Ibaragi, Off Shore July 23, 1972 { 7.0 3.2x10%8"
1978 Izuoshima Kinkai| Jan, 14, 1978 | 7.0 1.0x10%
Miyagi, OFf Shore Feb, 20, 1978 | 6.7 8.0 x 102
1978 Miyagiken-oki June 14, 1978 | 7.4 3.1x107
1982 Urakawa-oki March 21, 1982| 7.1 2.0x10%0
1983 Nihonkai-Chubu | May 26, 1983 7.7 5.0 x 1027
Nihonkai, Center June 21, 1983 | 7.1 4.5x10%8"

* estimeted from the magnitude as logMy=1.5M+16.0 (Ref.30)
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to the earthquake of M=6.0, A = A;; in the EMP-IB Model. The value Ng is
generally not an integral number, therefore the numbr ng which is a similar
number for Ng and by which the specific fault can be divided, should be used.
Then, the coefficient Ng/ng is neceésary for modification of total power.
Further the correction factor B(f,My)is necessary for superposing of each
frequency component, which has been obtained from the regression of the

parameter c(f) on seismic moment.

The correction factor B(f,My) has been also modeled on the frequency

axis, and is given

B(Sf Mo) =107 pgn () (4.19)

vhere

{ ap(f)= 0.948-0.460 - logf
a; (f)=-0.388+0.178 - logf

(4.20)
Fig.4.13 gives a schematic description for the superposed evolutionary

spectra.

The prediction uncertainty for the superposed evolutionary spectra in
the EMP-IIB model can be characterized by the coefficient of variation &y
along the regression line shown in Fig.4.12. The value of 6N‘ has been
obtained as &y =0.41.

4.3.4 Simulation Procedure in FMP-1IB Model and Simulated Ground Motion for
Hypothetical Great Earthquakes

The procedure of earthquake motion prediction in the EMP-IIB Model is as

follows.
{1] Calculate the number of superposition N;g for given seismic moment My by

Fq.(4.17), and find the integral nimber ng, by which the given fault can

be devided properly according to the fault dimensions.
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[2] Calculate the distance A;; and the mean arrival time l,, (Eq.(4.14)) for
each unit event by using the given fault dimentions, rupture velocity v,

and propagation velocity of seismic waves v, .

[3] Calculate the evolutionary spectra G, for each distance A;; and M=6.0
in the EMP-IB Model (Eqs.(4.2),(4.8) ~ (4.13)). Then, superpose the
evolutionary spectra G, considering the arrival time t4; (Eq.(4.14)).

[4] The ground motion time series is obtained by substituting G;,(t,2zf) for
G.(t,2zf)in Eq.(4.1).

The comparison between recorded motion and simulated motion obtained by
using the EMP-IIB model is shown in Fig.4.14. Fig.4.14(a) shows the fault
geometory and its rupture direction for the 1968 Tokachioki Earthquake
(M=7.9), and related two observation sites. Substituting szz‘BX1(ﬁ8 in
Eq.(4.17), the number of superposition N; is given as Ng=47.7, and the
corresponding integral number ng is given as ng=45(5x9) . In Fig.4.14(b) the
simulated rock surface motion for Muroran-S and Hachinohe-S site are shown,
and the modified rock surface motion obtained from ground surface records for

these two sites are shown in Fig.4.14(c).

Another example for the conparison of recorded and simulated motion is
shown in Fig.4.15, in which the fault model for the 1983 Nihonkai-chubu
Earthquake (M=7.7) is used. Fig.4.15(a) shows the fault situation and related
fault parameters(Ref.17) as well as two observation sites (Akita-S and
Muroran-S). As shown in Fig.4.15(a) the fault model consists of two
individual events and the second event occured 20 seconds after the first
event occured(Ref.17). The seismic moment for this fault is given as
Pb=5.BXI027' and the number of superposition is obtained as N;=22.81 from
Eq.(4.17). These two individual events are devided into 16(4x4) unit events.
Therefore the integral number ng for superposition is fixed as ng=32.
Fig.4.15(b) shows the simulated soil surface motion which have been obtained
from the simulated rock surface motion by incorporating the nonlinear soil
amplification effect of surface layers. Fig.4.15(c) shows the recorded data
for these two sites. In the case for Akita-S site, it is observed that the

acceleration time history of simulated motion represent the typical
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characteristic of the double events earthquake as shown in the recorded data.
However the displacement of the simulated motion is much smaller than that
for recorded data. The reason for the large difference in the displacemet may
be that the surface wave component for around 10 seconds dominant period is
included in the recorded data. On the other hand, the acceleration of the
simulated motion is much larger than that for the recorded data in the case
of Muroran-S site. One of the reason for this result can be derived from the
fact that the orogenic belt is located in the middle of Honshu island in the
diredtion from north to south which is shown by the shadowed area, and that
the earthquake motion are attenuated remarkably when they propagate through
these area(Ref.20).

Typical engineering characteristic of strong ground motion derived from
the EMP-IIB Model were obtained. A number of sample earthquake motion were
generated by the EMP-IIB Model for the hypotherical fault shown in Fig.4.16.
Fig.4.17 shows sample earthquake motion for site 1, 7, and 13. Fig.4.18 (a)
~ (d) show the fluctuations of peak ground motion, effective peak
acceleration A, (Ref.9), and ground motion duration Ta(Ref.24) for several

values of rupture velocity v,.

4.4 Estimation Formulas for Peak Ground Motion, Response Spectra, and Ground
Motion Duration on Rock Surface

4.4.1 Simulation of Rock Surface Earthquake Motion for Development of
Estimation Formulas

The EMP-IB Model developed in the previous chapter has been used for the
development of the estimation formulas for the simple hazard parameters
including peak rock surface motion, response spectra, and strong motion
duration. The estimation formulas for these hazard parameters were obtained
on the basis of the simulated rock surface motion generated by the EMP-IB
Model. The total of 56 combinations of M and A were selected, and 10 sample
motion were generated for each combination of M and A. Fig.4.19 shows the
distribution of M and A for generation of sample motion. As shown 1in
Fig.4.19, all combinations were fixed outside the epicentral region defined
by Eq.(A-). In the epicentral region it is assumed that the earthquake hazard
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parameters dealt here do no depend on the epicentral distance and are
relatively constant. In total 560 sample motion were generated and the simple

hazard parameters described above were obtained from each sample motion.

It is expected that the estimation formulas developed on the basis of
the dataset obtained in a way described above are consistent with the EMP-IB
Model .

4.4.2 Estimation Formulas for Peak Earthquake Motion on Rock Surface
The following estimation formulas for peak earthquake motion have been
obtained on the basis of the rock surface strong motion dataset described in

the previous chapter.

Peak Acceleration (cm/sec?)

111 x 10°-334 /(A+30)1-857 A=A, (M)

ABD) = {996 x 1000061 s A<ho (M) (4.2D)
Peak Velocity (cm/sec)

_ 0.545M 1.636 .

VLA = 2.21 x 10 /(A+30) ; A=A (M) 4.22)

2.01 x 107 149 5 A<A, (M)

In Fig.4.20 the attenuation characteristic of Egs.(4.21) and (4.22) are
shown by solid lines. The broken lines in Fig.4.20 represent the attenuation
curves given from the estimation formulas for the soil surface earthquake

motion(see Appendix A.1).

It is clear that the peak motion on rock surface depend more strongly on
M and A than those for soil surface motion. This result may be derived from
the nonlinear amplification effects of the ground overlying bedrock. The
amplification ratio of the soil surface motion to rock surface motion

decrease with increase in the rock surface motion.

-79~



The effect of nonlinear amplification characteristic of soil overlying
ground argued above were examined using the simulated soil surface motion
which were converted from the rock surface motion. The soil surface motion
for 12 Japanese strong motion stations at alluvial and diluvial sites were
computed by using generated rock surface motion; the input motion from
bedrock were given by scaling their amplitudes by 0.5. The peak acceleration
and peak velocity of them were averaged for each set of M and A, and the
results were shown by the dotted lines in Fig.4.20. They agree satisfactory
with the broken lines specially for the region of large earthquake motion.

4.4.3 Estimation Formula for Acceleration Response Spectra

The estimation formula for pseud-acceleration response spectra of rock

surface motion with 5% critical damping have been obtained as follows.

bo(T) + b1 (MM ~ ba(T)log(A + 30) ; A=A, (M)

LogSi(T5) = p0my + by ; A<B, (M) (4.23)
where
bo(T) = 1.05 — 2.29 logT — 0.644(logT)?
b (T) = 0.547
b2(T) = 1.469 — 0.4921ogT (4.24)
bo(T) = 0.978 ~ 2.27 logT — 0.644(logl)?
bi(T) = 0.192 + 0.1192 logT

Using the multiple regression analysis on M and A, the coefficients in
Eq. (4.23) were obtained independently for each period T in the range of 0.1
= T = 7.7 seconds. Then they were smoothed on the log-period axis and
represented as a function of the period T. Fig.4.21 shows the modeled

coefficients represented by Eq.(4.24).
Estimation formulas given by Eq.(4.23) have been obtained for 5%

critical damping. For the estimation of the response spectra for other

damping values, it is convenient to use a scaling factor versus the response

-80-



(cm/sec?)

peak acc.

: €qs.A-11,12,15,16

: rock surface : based on EMP-18 soil surface

40 -
500
400

3o

100

200

100

peak velocity (cm/sec)

M A A | 1 ]
0 100 200

l 2 2 t I 1
0 0 30 40 50 100 200 10 20030 405
epicentral distance A (km)

epicentral distance A (km)

Fig.4.20 Attenuation Characteristic of Peak Acceleration and Peak Velocity.

1000

M=7.5, A=100 km

Sa (gal)
S

M=6.5, A=100 km

Ll Lo L1l
0.1 1.0 10.

period (sec)

Fig.4.21 Modeled Acceleration Response Spectra for Combinations of
Magnitude and Distance.

20

8 M=7,5
2
- M=7.0
-

5k M=b.5

Wb n=6.0

jF

| t SN I B E e | 1 1
10 20 30 40 50 100 200 300
ep'icentral distance A (km)

Fig.4.22 Modeled Strong Motion Duration.

~8] -



spectra for 5% critical damping. The conversion factor for the acceleration
response spectra have been proposed(Refs.13,15).

4.4.4. Estimation Formula for Earthquake Motion Duration

It has been pointed out that the earthquake motion duration contribute
strongly to nonlinear response characteristic of structures. In the relation
between dynamic ground accelerations and equivalent static, seismic loads,
the earthquake motion duration also performs an important part. Herein, the
strong motion duration Ty defined by Vanmarke and Lai(Ref.24) has been scaled
for M and A and given in the following form.

_ [0.0706 x 10%-2"1(A+30)%-57 5 A=A, (M)

Ta =130.0717 x 100-280 C A<My (M)

(4.25)

vhere 7}=7.5Pt/A§ in sec, P; = acceleration total power in cn? /sec® , and Ap=
peak acceleration in cm/secz. Fig.4.22 shows their plots.

4.5 Conclusions

The major conclusions derived from this Chapter may be summarized as
follows.

(1] The simulation technique of nonstationary earthquake motion prediction
has been demonstrated on the basis of the modeling of evolutionary power
spectrum with typical three model parameters. Validity of the simulation
method has been examined not only for peak acceleration and acceleration'
total power but for inelastic structural response including deformation

spectra and total hysteretic energy for elasto-plastic systems.

[2]1 The simulation technique developed herein has been applied for the
strong motion dataset arranged in Chapter 2. On this basis the the
nonstationary earthquake motion prediction model on free rock surface
(EMP-IB Model) for given magnitude and distance has been developed. The
model 1is also applicable for esrthquake motion prediction on soil sites

by incorporating the amplification effects of the soil layers overlying
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(3]

(4]

bedrocks.

The EMP-IB Model has been extended to the prediction model for great
earthquakes (EMP-IIB Model) which incorporates the effect of fault size,
successive fault rupture, and rupture direction, on characteristic of
ground motion. The FEMP-IIB Model is based on the superposition technique
of evolutionary spectra of small events that corresponds to the
earthquake of M=6.0 in the EMP-IB Model. For the scaling of the number

of superposition N;g, the seismic moment has been incorporated.

The comparison between recorded motion and the simulated motion obtained
by the EMP-IIB model have been discussed for the Japanese two typical
great earthquakes. Typical engineering characteristic of strong ground
motion derived from the EMP-IIB Model have been demonstrated using the
hypothetical fault model with several rupture velocities of faulting.

(5] Simulated rock surface motion have been generated for for several
combinations of magnitude and distance by using the EMP-IB model. On
this basis, the estimation formulas for peak ground motion, acceleration
response spectra, and ground motion duration on rock surface have been
proposed.

REFERENCES

L))

2)

3)

Geller,R.J.(19768), ~“Scaling Relations for Earthquake Source Parameters
and Magnitudes,” BSSA, Vol.66, pp.1501-1523.

Haskell ,N.A. (1969), ’"Elastic Displacements in the Near-field of a
Propagating Fault,” BSSA, Vol.59, pp.865-908.

Izutani,Y. (1981), "A Statistical Model for Prediction of Quasi-realistic
Strong Ground Motion,” J.Phys. Earth, 29, pp.b537-557.

4) Japan Road Association(1980), Design Code for Bridges, -Earthquake

5)

6)

Registant Design-, Vol.V (in Japanese).

Katayama,T., Iwasaki,T. and Saeki,T.(1978), "Statistical Analysis of
Earthquake Acceleration Response Spectra,” Proc., JSCE, No. 275, pp.2940
(in Japanese).

Kameda,H. (1977), "Stochastic Process Models of Strong Earthquake Motions

-83-



for Ineastic Structural Response,” U.S.-Southeast Asia Symposium on
Engineering for Natural Hazards Protection, Manila.

7) Kameda,H. and Ang,A.H-S.(1977), "Simulation of Strong Earthquake Motions
for Ineastic Structural Response,” Proc. of BWCEE, Vol.I.

8) Kameda,H., Sugito,M., and Asamura,T. (1980), "Simulated Earthquake Motions
Scaled for Magnitude, Distance, and Local Soil Conditions,” Proc.,
TWCEE, Vol.2, pp.295-302.

9) Kameda,H. and Kohno,K.(1983), ‘“Effect of Ground Motion Duration on
Seismic Design Load for Civil Engineering Structures,” Memoirs of the
Faculty of Engineering, Kyoto University, Vol .XLV, Part 2, pp.140-184.

10) Kameda,H., Sugito,M., and Goto,H. (1982), "Microzonaiotion and Simulation
of Spatially Correlated Earthquake Motions,” Proc. of the 3rd

International Earthquake Microzonation Conference, Vol .III,
pp.1463-1474.
11) Kameda ,H. and Jeiri,R.(1982), ‘“Attenuation and Microzonation of

Acceleration Response Spectra,” Proc. of the 37th Annual Conference of
the JSCE, No.1, pp.667-668 (in Japanese).

12) Kanai,K.(1966), ’“Empirical equations for earthquake motion intensity,”
5th Japan Earthquake Engineering Symposium, pp.1-4. (in Japanese).

13) Kawashima,K., Aizawa,M., and Takahashi,k.(1983), ’"Estimation of Peak
Ground Motions and Response Spectra,’ Reports of Public Work Research
Institute, No.19393. (in Japanese).

14) Midorikawa,S. and Kobayashi,H.(1978), "On Estimation of Strong Motion
with Regard to Fault Rupture, 2nd International Earthquake Microzonation
Conference, Vol.II, pp.825-836.

15) Milutinovic,Z. and Kameda,H. (1984), "Statistical Model for Estimation of
Inelastic Response Spectra,” Proc. of JSCE, Structural Eng./Earthquake
eng. Vol.1, No.2, pp.105-114.

16) Mori,J. and Shimazaki,K.(1983), "Source Process of the May 26, 1983
Japan Sea FEarthquake,” Proc. of the Seismological Society of Japan,
No.2, p.16.

17) OSawa,I, Kameda,H. and Sugito,M.(1980), "Predicti Model for Near-Source
Ground Motions for Great Earthquakes by Fault Division Model,” Proc. of
the 35th Annual Conference of the JSCE, No.1, pp.376-377(in Japanese).

18) Seno.T., Shimazaki,K., Somerville,P., and Eguchi,T.(1979), ~Rupture
Process of the Miyahiken-oki Farthquake of June 12, 1978,  Submitted to

-84-



19)

20)

21)

2)

23)

24)

Phys. Earth. Planet. Inter.

Sugito,M. and Kameda,H.(1984), "Prediction of Near-Source Ground Motions
for Great Earthquakes from Superposed Evolutionary Process Models,”
Proc.8WCEE, Vol.II, pp.509-516.

Takemura,M, Ohta,T. and Ikeura,T.(1984), ~Attenuation Process of
Short-Period Seismic Waves in Northeast Japan,” Research Report, No.32,
Technical Research Institute of Kajima Construction, pp.135-140,

Toki,K. and Sato,T.(1980), "Simulation of Strong Motion Seismograms by
Autoregressive Moving Average Process,” Disaster Prevention Research
Institute, Annuals, No.23B-2, pp.1-12(in Japanese).

Usami,T. (1975), ‘"Catalogue of Japanese Disastrous Earthquakes,”
University of Tokyo Press (in Japanese).

Utsu,T. (1982), "Relationship between Earthquake Magnitude Scales,” Bull.
Earthq. Res. Inst., Vol.57, pp.465-497(in Japanese).

Vammarke,E.H. and Lai,S-S.P.(1980), "Strong Motion Duration and RMS
Amplitude of Earthquake Records,” BSSA, Vol.70, No.4, pp.1293-1307.

-85~



5. CONVERSION FACTOR BEIWEEN EARTHQUAKE MOTION ON SOIL SURFACE AND ROCK
SURFACE WITH CONSIDERATION ON NONLINEARITY OF SOIL LAYERS

5.1 Introduction

The earthquake motion prediction model (EMP-IB,IIB) developed in the
previous chapter can be applied for estimation of ground motion on soil
surface in the case that the soil formation over the bedrock is given. This
method is useful -in an engineering sense because the frequency characteristic
and the effect of nonlinearity of soil layers can be included in the
estimated ground motion. However, in the case that the distribution of the
ground motion intensity is necessary for many sites in some wide area,
detailed site conditions for the area and a lot of numerical calculations are
necessary to obtain corresponding soil surface motion from bedrock motion for
many sites. For this purpose it is useful to develop the method to convert
the ground motion from rock surface or bedrock level to soil surface level

without nonlinear response analysis of soil layers over bedrocks.

The amplification effect of soil layers over bedrock have been observed
in the earthquake records(Refs.1,2,5,7). They have dealt with peak ground
motion and response spectra on bedrock and soil surface. Since most of the
recorded data were those for relatively weak earthquakes, their discussions
have been mainly focused on the constant amplification ratio due to the soil
conditions. However, in an engineering point of view, the nonlinear
amplification effect of soil layers for stronger ground motion is of special
importance.

In this chapter the simple conversion technique is developed, which
convert the peak ground motion, response spectra, and the intensity parameter
used in EMP-IB model from rock surface level to soil surface level. The
nonlinear amplification/deamplification effect of soil layers over bedrocks
is significant and this characteristic depend on the level of ground motion
intensity as well as site conditions. Therefore, the conversion factor B is
defined as the function of simple soil parameters and the value of ground
motion intensity on rock surface level.
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5.2 Simulation of Rock Surface Motion and Corresponding Soil Surface Motion

The multi-observation systems for earthquake motion on soil surface and
bedrock have been completed in last 15 years(Refs.3,4,6). However, the data
obtained from these obsevation systems are not enough to develop statisticaly

the general conversion technique of earthquake motion.

Herein the simulated motion both for rock surface and soil surface are
used for development of conversion technique. The simulated rock surface
motion have been generated for various combinations of magnitude and distance
using the EMP-IB model developed in Chapter 4. Fig.5.1 shows distributions of
magnitude and distance used for simulation of rock surface motion. They
consist of 56 combinations, and 7 sample motion for different random phase
angles have been obtained for each combination. As shown in Fig.5.1, the
combinations inside the epicentral region(see Appendix A.1) are excluded for
generation. The corresponding soil surface motion have been calculated for
the typical Japanese strong motion observation stations where the soil
profile data to the bedrock are available. In this calculation the input
motion to the bedrock are obtained from the rock surface motion by
multiplying them by 1/2, and the equi-linearized method argued in Chapter 2

have been used.

Fig.5.2 shows the example of simulated earthquake motion on rock surface
and soil surface. Fig.5.2(a) is the example for relatively weak earthquake
motion (M=7.0, A=80 km) and Fig.5.2(b) for stronger motion (M=7.0, A=22.4
km). The effect of the soil layers over the bedrock can be recognized clearly
in the comparison of the acceleration Fourier spectra, In the higher
frequency region (f>3.0Hz) the nonlinear amplification/deamplification
effect is predominant, specially in the case of larger ground motion
(Fig.5.2(b)). In the middle frequancy region (0.8<f<3.0Hz) the spectrum
intensity is amplified remarkably because of the resonance of the surface
layers. In the lower frequency region (f<0.7Hz) the Fourier spectra for soil
surface motion are not amplified very much. These amplification
characteristic as shown above are commonly observed in other cases. The total
number of simulated earthquake motion is 392 components for rock surface

motion, and 3920 components for soil surface motion, respectively.
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5.3 Site Model and Soil Parameters S, and dp

The typical 10 soil profiles of the Japanese strong motion observation
stations have been selected for calculation of soil surface motion. They are
listed in Table 2.1(a) ~ (i), and (m). The corresponding soil surface motion
for these sites were obtained for 392 components of generated rock surface

motion as mentioned before.

Table 5.1 shows the soil parameters for these sites. The soil parameter
S, is calculated from the blow-count profile obtained from the standard

penetration test, and is given by
d,
E%=O.26{£ exp {-0.04 -N(x)} exp {-0.14x} dx — 0.885 (B.1)

where N(x)= blow-count at depth x meters and dy= depth of the blow count
profile. The numerals in Eq.(5.1) have been obtained statistically under the
condition that the parameter S, represents the effect of the softness of
surface layers on peak ground motion (see Appendix A.1). Because of the
coefficient exp {-0.14x} in Eq.(5.1), the parameter S, represents the
softness of surface layers within the depth 15 ~ 20 meters.

The parameter d, gives the depth to the bedrock where the shear velocity
is approximately 800 ~ 700 m/sec. The two soil parameters S, and d, are
generally easy to obtain at specific sites. Although these parameters are
simple in their defenition, they include generous significant characteristic
of surface layers; the soil parameter S, includes relatively higher frequency
characteristic and d, does relatively lower frequency characteristic of sites

over bedrocks.
5.4 Conversion Factor between Rock Surface and Soil Surface Peak Motion
On the basis of the simulated earthquake motion both on rock surface and

soil surface, a simple conversion factor 8 between rock surface and soil
surface peak motion is defined.
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Table 5.1 Soil Parameters S, and dp for Japanese Strong
Motion Observation Stations.

site Sn dp (m)
Muroran-$ 0.03 14.5
Hachinohe-S -0.01 180.0
Hososhima-S -0.06 51.0
Aomori-S 0.37 115.1
Shinagawa-S 0.71 28.9
Itajima brg. 0.48 18.5
Shiogama-kojyo-S| 0.52 16.8
Onahama-ji-$S -0.22 8.3
Yamashita-hen-S | 0.39 35.0
Sendai-M -0.07 1.6

=0] -



Let As,Vs,A;,V, represent the peak acceleration, velocity on soil
surface and those on rock surface, respectively. i These peak motion are
related by the conversion factor as follows.

{As Ba Ar (5.2)

where B85, f, are conversion factors for peak acceleration and peak velocity,
respectively. The factors f,, 8, are defined as the function of the soil
parameters S,, d, and the peak ground motion on rock surface level. The peak
ground motion on rock surface level is necessary to incorporate the nonlinear
amplification characteristic depending on the level of input motion. The
conversion factor for peak motion has been obtained in the following
procedure.

(1] The amplification ratio between soil surface and rock surface peak
motion have been obtained for the modeling of the conversion factor.
Fig.5. shows the typical examples for the amplification ratio of the
peak acceleration, and Fig.5.4 for peak velocity. The abscissa
represents the peak motion on rock surface. These simulation data were
plotted for 10 sites listed in Table.5.1

(2] In Figs.5.3 and 5.4, the relation between the conversion factor and rock
surface peak motion can be devided into two typical regions: one for
relatively constant (linear response) region and another for nonlinear
amplification/deamplification region. The specific rock surface peak
motion Al and Vi, by which the inclination of the conversion factors can
be devided into two regions, have been identified for each sites.
Fig.5.5 shows the relation between these specific peak motion and the
soil parameter S, and d,. As shown in Fig.5.5, the specific peak motion
depend strongly on the soil parameter S,, therefore, the estimation
formulas for A! and V! have been obtained as the function of S, using
the least square method and they are shown by the solid lines in
Fig.5.5. These estimation formulas are given by

-92-



= linear nonlinear
response response
™ region region

o R |

< s op ‘.‘

5 v @ e T:;,,

<C * e 1/,"’

—~— % 3’& s

e 8 3

(o] * .'....2‘8..-.

o— .

s i, .

s = ! ‘-‘3
o+ &.‘
=] | A= 2
~ r=26 cm/sec
o rd

2] T TTTTT

IIIIIII 7T lllllll

peak acc. Ap (cm/sec?)

(a) Hososhima-S site
(Sn=-0.06, dp=51m)

= 3. nonlinear
. response
2° op * X
ot &l oBg . region
N ., e
o 11near| P :sg&ﬁg
< «response T
Y regioni '=?£'
o Y * ‘
2. | <
o O o®,
O —t | .
e |
i
2] |
~ 3
o A=12 cm/sec?
2[ TT

lllllll 17 lllllll]

peak acc. Ar (cm/sec?)

(b) Shinagawa-S site
(Sn=0.71, d,=28.9m)

Fig.5.3 Relatijon between Amplification Ratio As/A, and Corresponding
Peak Acceleration on Rock Surface.

ratio (Vg/Vy)

Fig.?%?*ﬁ%TéfYéh bgfaéén“Amﬁ1ificat{on Ratio Vs/Vy and Corféébond{ngw

=] N =+ e 1.
| nonlinear . | .
o | _responsey ] Lo, : g s
. region . Crt N
. - R . — . ¢ *2 .'.._'.-. . b
s ,A‘J% = - | fLlty
ROV . TR LN
o . “Z+$\3,‘ . o ““11near| e
linear - ] - 1 Z response SR
o o region ;
response 4, = nonlinear
% region | o o I response
= l e | region
S | .
o Vr =3 cm/sec I o Vr=0.5 cm/sec
© \ w0
’:' L T TTTTIT rT1rrm T TTT7 ™~ LT 11T T TTITT T
R of ] - [ A0 1 "%
¢ 10 "o ho 10 10 o

" peak velocity Vy (cm/sec)

(a) Hososhima-S site
(Sy=-0.06, dp=51m)

Peak Velocity on Rock Surface.

~93~

peak velocity Vi (cm/secxg
(b) Shinagawa-S site
(Sp=0.71, dp=28.9m)




-100

10

Af =10 (1-498-0.583 S,)

llll’lllllllll

Sn

-0.5 Q.0 0.5 1

ka) peak acceleration

.0

100

LI RALS

10

LR RLLL

(cm/sec)

L
Vy

U R

V]_‘ = 10(0-7'"2 _1.7685n)

Lttt b g Ly gy

)
o
w

0.0
Sn

0.5 1.

(b) peak velocity

0

Fig.5.5 Relation between Specific Peak Value A, V and Soil Parameter S,.

Table 5.2 Formulas for Estimation of Conversion Factors Ba and By.

: Ba =107, 5, 12 Ar 2A! --(5‘.5)‘
ok
. By =0T ewnTW . vy, vt -(5.6)
definition of .
conversion factor| g, =107%.cap)™® ; A, <Al -(5.7)
;‘ Ba and By r r L
’ Bv =10V . v, <V -(5.8)
* definition of _12(1.498-0.589 + S,,) .
' specific value At =lo (5.3)
ALand vE | ve = go@@T42-1T8BSy) {5.4)
Toa= 0.705+ 0.187 » Sy+0.0513¢l0gdp (5.9)
coefficients ria=-0.193— 0.157 + Sy~ 0.066+logdp =~
appearing in
: Eqs.(S.Sg—(S.B) Tov= 0.454— 0.020 * Sn— 0.038<10gdp +5.10) ;
i Tyy=-0.400+ 0.120 * Sn+ 0.108¢logdp =

o SN ma L
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logA! = 1.498-0.589- S, (5.8)

logV! = 0.742-1.768 - S, (5.4)

[3] Using the least square method, the relation between f,, and peak motion
on rock surface have been obtained for the data larger than the given
specific peak motion Al and v!. They have been obtained for each site

model by using the following formula.
Bo = 107 - A,71e 1 A=Al (5.5)

B, = 107%- V1w Y=V (5.6)

Then, the relation between the coefficients appearing in Egs.(5.5),
(5.6) and the soil parameters S, and d, have been obtained by using the
multiple regression analysis. The results are shown in
Table.5.2(Egs. (5.9) and (5.10)).

[A] The conversion factors 4,8, for the region in A, <Al and V,<V! are
evaluated as the values for the case of the specific peak motion. Namely
B. and B, are constant in the case of A<Al and Vf<V£ . They are given
by Egs.(5.7) and (5.8) as listed in Table 5.2.

Fig.5.6 shows the examples of the modeled conversion factors and
simulated data for two typical sites. It can be observed that the modeled
conversion factor represents the nonlinear amplification/deamplification
characteristic of surface layers clearly even the conversion factor is

estimated from the two simple soil parameters such as S, and d,.

Fig.5.7 gives the variation of the conversion factor for three
combinations of S, and d,. As shown in Fig.5.7, the conversion factor B, is
larger for softer ground in the case of the smaller input motion and is
smaller in the case of the larger input motion: on the other hand the
conversion factor B, is larger for softer ground for the whole level of input
motion. This phenomena is derived from that the nonlinearity of surface

layers is dominant for higher frequency motion. The result is consistent with
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the significant aspects on ground motion intensities: the peak acceleration
does not depend strongly on softness of surface layers, however, the peak
velocity is effected by softness of surface layers. It has been pointed out
in the past data on earthquake disasters that the earthquake damage depends
on softness of ground and has strong correlation with the peak velocity
rather than the peak acceleration. The results developed herein coincides

with this actual phenomena.

Table 5.2 gives the summary for the estimation formula for the

conversion factors 8, and §3,.
5.5 Conversion Factor for Acceleration Response Spectrum

Herein the conversion factor for acceleration response spectra is
defined on the basis of the simulated motion developed in Chapter 5.2. The
pseudo-acceleration resonse spectrum is dealt with, which is given from the

displacement response spectrum in the following form.
S(1)=(E5)2- 5a() ®.11)

where Sy(T) is the maximum relative displacement for a period T, and S(T) is
the pseudo-acceleration response. The conversion factor s proposed here
relates both the response spectra on rock surface and soil surface in the

following formula.

Ss (T)=Bs(T) - S, (T) (5.12)

where S, (T), S;(T) = acceleration response spectrum for rock surface and soil

surface, respectively, and B,(T) = conversion factor for a period T.

Fig.5.8 shows the examples of the acceleration response spectra for
Aomori-S site with the corresponding response spectra on rock surface. The
solid lines in Fig.5.8 represent the smoothed response spectra as the
function of logT with the order of three by using the least square method.

Herein the ratio of the smoothed response spectra are used.
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The reason to deal with the smoothed response spectra is as follows. In
the original response spectra the frequency-characteristic of the ground are
usually remarkable. For the estimation of these frequency-dependent
characteristic, the transfer function of the ground, calculated from the

"detailed information for a specific site, is indespensable. However the
objectives of the analysis here is to propose the simple conversion factor of
response spectra which are obtained from the simple soil parameters. For this
purpose it is considered to be better to deal with the smoothed values to

grasp the general inclination of the response spectra.

The conversion factor fBs for response spectra is obtained in the
following procedure, which is nearly the same as that in the peak ground

motion.

{11 The amplification/deamplification ratio between soil surface and rock
surface response spectra have been obtained. Fig.5.9 shows the typical
examples for the amplification/deamplification ratio of reponse spectra
on rock surface level. This kind of figures have been obtained for 10
sites for 20 periods which are distributed in the period range between
0.1 to 7.0 second.

[2] The specific value S!, by which the inclination of the conversion factor
may be devided, have been identified for each site. They have been
obtained generally for the period shorter than 1 second. The éstimation
formula of the specific value S£ for given value of S, has been obtained

using the following formula.

LogS! (1)=1os (T) + Lis (T) - Su (5.13)

on the period T. Fig.5.10 shows the values of 1op(T) and 1is(T) in
Eq.(5.13), which have been obtained for 13 individual points in the
period range for 0.1=<T=1.0 . The solid line in Fig.5.10 represents the
smoothed coefficients for los(T),l|;(T), and they are given as:
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los(T)= 2.618+0.219- (1ogT)+0.732 - (logT)%+1.505 - (logl)3
L1s (T)=-0.499+0.369 - (logT)-2.268 - (1ogT)?—3.050 - (logT)3

(5.14)
[3] The relation between B: and the acceleration response spectra S, on rock
surface for the data larger than the given specific value S! have been
obtained for each site. The estimation formula for the conversion factor

Bs 1s as follows.

LogBs(T) = ros(T) + ris(T) - 1ogS,(T), S ()=SH(T) (5.15)

where ros(T), 11s(T) = coeficients obtained for the each site. The
relation between the coefficients in Eq.(5.15) and the soil parameters

S,, d, have been obtained using the following formulas.

roo(T) + ro1(T) - Sp+ 102(T) - logd,

rio(T) + ri(T) - Sa+ 112(T) - logd, (5.16)

{r()s (M
ris(T)

o

The conversion foctor B for the region S,<S£ is regarded as constant,

and is given by the value for S,=S! as follows.

logBs (T)=ros (T) + 115(T)10gS!(T) (5.17)

[4] For the longer period as T=1 sec, where the nonlinear amplification
characteristic is not identified, the average of Bs(T) for each site has
been obtained. These average value were regarded to be the constant term
ros(T) in Eq.(5.15), and the relation between r1o(T) and the soil
parameters S,,d, has been also evaluated as in the same formula in
Eq.(5.16). Namely the conversion factor Bs for T>1.0 sec is given by

logBs(T) = ros(T) (5.18)

The values of the coefficients in Eq.(5.16) are shown in Fig.H5.11, which
were smoothed on the period axis. Table 5.3 gives these values. In Fig.5.11

the typical amplification/deamplification characteristic of soil layers is
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Table 5.3 Values of Coefficients roo~ 12 Appeared in Eq.(5.16).

period(sec) T os I o T op T e T T2 ]
7.00 |-0.020( 0.002 ] 0.045] 0.0 0.0 0.0 .
5.00 |-0.135] 0.005]0.131 ] 0.0 0.0 0.0 ;
4,00 |-0.171] 0.010] 0.163] 0.0 0.0 0.0 i
3.00-/-0.193) 0.035 [ 0,193 0.0 0.0 0.0
2.50 [-0.202] 0.059] 0.208] 0.0 0.0 0.0 j
2.00 |-0.203] 0.099] 0.217] 0.0 0.0 0.0
1.50 [-0.184} 0.138 0.218 | 0.0 0.0 0.0 J
1.00 |-0.120] 0.198 [ 0.213 | 0.0 0.0 0.0 !

0.90 [-0.075] 0.280 ] 0.213 [=0.003;-v.038]=0.004]
0.80 |-0.040] 0.37070.212 [-0.005]-0.079]=0.009]
0.70 [-0.0057 0.453 | 0,212 ~0.007]-0.115]=0,014.
0.60 | 0,050 0.550 [ 0.211]-0.013]=0.15110.024]
0.50 [ 0.120[0.615] 0,210 1-0,017[=0.180]-0.038
0.40 | 0,260 0,660 [ 0,208 |~0,020]-0,201]=0,070]
0.35 | 0,358 0,645 0.206 |-0.028]-0.210]=0.090"
0.30 | 0.441170,615 |70.203(~0,040]=0.210] -0.105
0.25 | 0.544] 0.540170.196|-0.052[-0.200]-0.123;
0.20 [ 0.655] 0.388 | 0.180 |=0.076]<0.180] =0.133
0.15 | 0.835] 0.164 [ 0.168 |-0.184/=0.150 -0.119]
0.10 | 1.163]-0,270] 0.043 |-0.339]-0.080[ =0, 073"
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shown clesrly. The coefficient ro; of the soil parameter S, is predominant in
the range 0.2~1.0 sec, namely, the ground motion in this period range is
amplified mainly because of the softness of surface layers. Since the
coefficient rg; takes negative values for the period such as T7<0.15 sec,
ground motion in this shorter period is amplified on hard ground for the case
S,<0. The coefficient rg2 of the depth to bedrock d, is relatively constant
on the period axis. The coefficient ryy of S, and ri2 of d,, which represent
the nonlinear characteristic of soil layers, take negative value for the
period such as T<1.0 sec. On the other hand the coefficients ryg,ri1,r12 are
equal to zero for T>1.0 sec. From the result on these coefficients it is
concluded that the nonlinear characteristic of soil layers is predominant for
the period range, T<1.0 sec, and the ground motion for longer period is not

effected by nonlinear characteristic of surface layers.

Table 5.4 gives the summary of the estimation formulas for the
conversion factor B,. Fig.5.12 shows the examples for the comparison between
the conversion factor Bs and simulation data. The abscissa represents the
values of the acceleration response spectra on rock surface and the ordinate
represents the amplification/deamplification coefficients obtained from the
simulated earthquake motion. The broken lines represent the modeled
conversion factor Bs given by Egs.(5.15), (5.17) and (5.18). Fig.b.12(a) is
the example for relatively hard ground (Hachinohe-S Site, S,=-0.01,dp,=180m),
and Fig.5.12(b) for very soft ground (Shinagawa-S Site, S5,=0.71,dp=28.9 m).
It can be observed that the conversion factor Bs discribed by broken lines
coincide with the simulation data and represent the nonlinear

amplification/deamplification characteristic of soil layers fairly well.

Fig.5.13 shows the comparison of response spetra between (a) S, for rock
surface motion, (b) S;, represented by circles, for soil surface motion given
by use of Bs as S (T)=B(T) -S,(T), and (c) S;° obtained from simulated soil
surface motion. It is observed that the estimated value S; by use of {3
represent fairly well the general characteristic of response spectra for

simulated soil surface motion.

Fig.5.14 shows the dependence of s on the level of the ground motion

intensities for typical two site conditions. It is easy to recognize the
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Table 5.4 Formulas for Estimation of Conversion Factor Bg.

conversion

formula S =R+ Sc(M,A, T, h) --(5.12)
T<1.0(sec)
Bs=107% .5, :S, =St --(5.15)
definition of r r
conversion Bs=10"" .+ (S})°* i Sy <St --(5.17)
factor B¢ T=1.0(sec)
Bs=10 "o -{5.18)
N os T Qs ‘Sn o
definition of St =10 (0 2 ) {5.13)
specific value S¢| (g, = 2.618+ 0.218+10g T+ 0.732« (logT)? + IjOS-(MgTU3_{5 14)
(T 1.0sec) Qs =-0.499+ 0.369+10gT — 2.268+ (logT)2 — 3.050+ (logT)®
coefficients fos (T) =roo (T) + ra (T)-Sa+ ros (T)-log dp (5.16)
Egg??g??g)1?5_1g) Tis (T) =14 (T) + 11 (T)Sa+ 11 (T)log dp ’
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effect of the predominant nonlinear characteristic in the case of soft
ground. It is also observed and very important aspect in a sense of the
earthquake engineering that the conversion factor s is larger for softer
ground without depending on the level of the input motion in the period
region T=0.5 sec, in which the spectrum intensity of the ground motion is

generally strong.
5.6 Conversion Factor for Evolutionary Power Spectrum

The conversion technique of ground motion intensities can be also useful
for the nonstationary earthquake motion prediction model on rock surface
(EMP-IB) developed in Chapter 4. It is very useful to convert the
evolutionary power spectrum estimated on rock surface level into those for
soil surface level without response analysis of soil layers over bedrocks.
The procedure dealt in Chapter 5.5 has been applied for the development of

the conversion factor for evolutionary power spectrum.

Fig.5.15 shows the example for simulated rock surface motion and
corresponding soil surface motion. The soil surface motion were obtained on
the basis of the multi-reflection theory with equi-linearized method, which
was explained in Chapter 2.2. The simulated ground motion time history is
ahown, in Fig.5.15(a) and (b). In Fig.5.15(c) the evolutionary spectra and
their model function developed in Chapter 4.2 are shown. In Fig.5.15(c), the
model parameters tp (f) and t, (f) for soil surface motion are fixed as the
same values as those for rock surface motion. Accordingly the intensity

parameter o, (f) for soil surface motion is given as follows.

n_n__ As(f) |
ul,(f)"e r(n+1) tp,(f) } (5.19)

In Fig.5.15(d) the intensity parameters both for rock surface and soil
surface motion are shown. The shin solid line in Fig.5.15(d) represents the
intensity parameter a,, ' (f) calculated under the same condition described by
Eqs.(4.3) ~ (4.5). Since the intensity parameter o, (f) does not differ very
much from on, ' (f) , it is regarded that the surface layers over bedrocks

effect mainly on the intensity parameter, and that the duration parameter
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tp, (f) and starting time parameter ts (f) for rock motion can be substituted

those for soil surface motion.

Under this assumptions the conversion factor §,(f) for the intensity

parameter o,(f) can be defined as follows.

o, (£)=Ba(£) - o, (f) (56.20)

Fig.5.16 shows the example for the intensity parameter both for rock surface
and soil surface motion. The broken line in Fig.5.16 represents the smoothed
curve which were given as the function of logf with the order of three. These
smoothed values were dealt with to incorporate the general inclination of the
parameters. The conversion factor B,(f) has been obtained by using the same

procedure as that for the response spectra.

Fig.5.17 shows the relation between the intensity parameter a,, on rock
surface and the ratio o, /oy, for typical three frequencies. In Fig.5.17, the
specific value aL(f) devides the line nonlinear amplification characteristc
~of the intensity parameter on(f): in the case am(j)<:aL(f) the ratio
On, (f) /0, (f) 1is relatively constant, and in the case a,r(f)gudr(f) the ratio
decreases with increase in o, (f) , i.e. the nonlinearity of surface layers is

predominant .

The estimation formula of the specific value aL(f) for given value of

S, has been obtained using the following formula.

Llogod, () =loa (f) + Lia (f) - Sa (5.21)

where 1o (f), Lia(f) = coefficients depending on the frequency f. Fig.5.18
shows the value of lp.(f) and li(f) by circles, which were obtained for 16
individual points for the range f= 1.0 Hz. The solid lines in Fig.5.18
represents the smoothed coefficients for lo.(f), lia(f), and they are given

as,

loa(f)= 1.135-0.643 - logf+2.256 - (logf)?—2.913 (logf)>

Lo (f)=-0.350+0.286 - logf—4.960 - (logf)2+4888 (1ng)3 (5.22)
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For the simulation data for each site, the following relation has been
obtained using only the data larger than the given specific value aL(f).

1ogBa (£)=10a () +11a(f) - 1080, (), a, (F)zad, () (5.23)

where 1o, (f),1a(f) = coefficients obtained for each site. Then the relation
between the coefficients in Eq.(5.23) and the soil parameters S,, d, have
been obtained in the following formulas.

{roq(f)=uoo(f)+um(f) - Sp+ug2 (F) - logd, (5.24)
ra (F)=wo(f) +ui (f) - Sp+uwi2(f) - logd, )

The conversion factor B, for the region a.;(aL is regarded to be constant,

_amd is given by the value for a, = and follows.

1ogBa (f) = Toa(f) + Tia(f)logad (f), o, ()<t () (5.25)

For the lower frequency as f<1.0Hz, in which the nonlinear amplification
characteristic is not identified, the average ratio a, /0., for each site was
obtained, and they were used as the constant term 1g.(f) 1in Eq.(5.23).
Namely, the coefficient ri(f) in Eq.(5.23) was evaluated as riy,(f)=0 for
the region f<1.0Hz, and given by

logBa(f) = roa(S), f=1.0Hz (5.28)

Fig.5.19 shows the values of the coefficiénts appearing in Eq.(5.22),
and Table 5.5 gives their values for 30 individual frequency points. The
coefficients shown in Fig.5.19 and Table 5.5 were slightly smoothed on the
frequency axis.

Fig.5.20 shows the values of the conversion factor B8,(f) given by

Eq.(5.21) for typical site conditions and several sets of magnitude and
distance. It can be observed that the conversion factor B,(f) for higher
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Table 5.5 Values of Coefficients ugg~u,, Appeared in Eq.(5.24).

f (Hz)| ugo Ugy Ug2 Uyg Uy Uy
0.13 0.0 0.006 1 0.0 0.0 0.0 0.0
0.191}1 -0.073] 0.007 1 0.071 0.0 0.0 0.0
0.25 ] -0.169] 0.008 ! 0.156| 0.0 0.0 0.0
0.31 -0.201 0.040 0.198; 0.0 0.0 0.0
0.37 1 -0.2121 0.069 ) 0.2221 0.0 0.0 0.0
0.43 ] -0.202] 0.083 | 0.231 0.0 0.0 0.0
0.49 1 -0.1921 0.098 | 0.236| 0.0 0.0 0.0
0.55]| -0.168] 0.110 ] 0.230{ 0.0 0.0 0.0
0.61 -0.151 0.121 0.2271 0.0 0.0 0.0
0.67( -0.1301 0.135]| 0.218| 0.0 0.0 0.0
0.73 ] -0.115] 0.139] 0.216} 0.0 0.0 0.0
0.79 ] -0.104] 0.149{ 0.212( 0.0 0.0 0.0
.85 ~-0.083 0.156 0.203 0.0 0.0 0.0
0.91 -0.061 0.162 ] 0.194} 0.0 0.0 0.0
1.03 (1 -0.035 0.1781 0.184§ 0.0 0.0 0.0
1.21 0.0 0.195 0.171|-0.002}1-0.010}-0.002
1.45 0.032] 0.256 | 0.1601-0.004]-0.103j-0.004
1.75 0.087f 0.322] 0.148{-0.010|-0.206|-0.019
2.11 0.158| 0.348 ] 0.130{-0.015{-0.262]-0.048
2.53 0.236f 0.330 ] 0.118]-0.023}-0.283]-0.086
3.01 0.318] 0.254 ] 0.104]-0.035[-0.266]-0.125
3.55 0.389| 0.1507] 0.087{-0.055]-0.228]-0.155
4.15 0.452] 0.0 0.067[-0.089(-0.152|-0.176
4.81 0.482(-0.128 1 0.054]|-0.155|-0.114]-0.164
5.53 0.507]1-0.218| 0.031}1-0.239(-0.0721-0.144
6.25 0.5271-0.284 | 0.002]-0.295]|-0.053|-0.130
7.03 0.540(-0.342 [-0.026|-0.350]-0.040/-0.119
7.87 0.559-0.401 }-0.054[-0.40t{-0.030]-0.105
8.77 0.560]-0.468 [-0.075]-0.441]-0.024}-0.095
10.03 0.552]-0.555{-0.100({-0.5001-0.020|-0.072
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Table 5.6 Formulas for Estimation of Conversion Factor By.

conversi
forms;‘amn ams (1) =8, (1) omr () --(5.20))
£>1.0(H2);
r Iia
definition of Bax10 * o omr ! Cmr 2 & --(5.23)
conversion «
factor 8, Arld = Cant)'! e mr < nd --(5.25)
F<1.0(Hz);

Botd > --(5.26)
definition of | aweo(f=t LD -(5.21)
specific value op 0 ca=1.135-0.64310gf+2.256(logf)? -2.913(logf)?

(f 1.0Hz) 0 10 = -0.350+0.286 1ogf-4.960(1ogf)? +4.888(iogf)? —(5.22)
coefficients
appearing in --(5.24)

Eqs.(5.23)-(5.26)

Foa(F)=Uos (F)*+uo, (f)Sn+uo, (F)logdp
Tia(F)=use (f)+u, (£)Sn+u i, () logdp
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frequency region such as f=3.0Hz strongly depend on the level of input
motion intensity, and B,(f) 1is smaller for softer ground in the case of
relatively larger input motion. On the other hand the conversion factor B,(f)
is generally larger for middle and lower frequency region such as f<3.0Hz
for softer ground. The conversion factor B,(f) depends strongly on the soil
parameters for middle frequency region in which earthquake motion intensity
is generally predominant. These phenomena was also pointed out in the case of
the conversion factor B for response spectra in Chapter 5.5.

Fig.5.21 shows the comparison of the intensity parameters : (a) o, (f)
for rock surface motion, (b) on, (f) for soil surface motion given by use of
the conversion factor B, as o, (F)=Balf) -, (f) , and (c) a@(f) obtained from
simulated soil surface motion. It can be observed that the intensity
parameter «, (f) , which is converted from that on rock surface o, (f) by
Ba(f) » includes the general characteristic of 0, ' (f) on the frequency axis
even though B,(f) is defined by only the simple soil parameters.

The usefulness of the conversion factor 8,.8,,8:(T) , and B8,(f) developed
herein may be summarized as follows.

(1] To obtained the conversion factor, only the simple soil parameters such

as S, and d, are necessary as for site conditions.

{2] The nonlinear amplification effect of soil layers over bedrocks can be
incorporated into the earthquake motion prediction without the nonlinear
response analysis of surface layers.

(8] As for the factor B,(f) the technique is specially effective for the
case that the ground motion time series on many soil sites are necessary
for given common input bedrock motion.

5.7 Conclusions
In this Chapter a simple conversion factor between earthquake motion on

soil surface and rock surface has been developed. The major results derived

here may be summarized as follows.
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[1] The dataset of the simulated earthquake motion on rock surface for
several combinations of magnitude and distance have been generated by
using the nonstationary earthquake motion prediction model (EMP-IB)
developed in Chapter 4. The corresponding soil surface motion for these
rock surface motion have been calculated for typical earthquake motion
observation stations on the basis of the multi-layer reflection theory

with the equi-linearized method.

[2] Based on this simulated ground motion dataset the conversion factor
B4.B8, for peak acceleration and peak velocity, respectively, have been
developed focussing on the nonlinear amplification characteristic of
surface layers over bedrocks. The conversion factor B,., B, are defined
by the simple soil parameters S,, d, which are generally available at a
specfic construction sites, and the peak earthquake motion on rock
surface. The peak ground motion on soil surface are simply converted

from those on rock surface as in the form As=8,-A, and V=8, V,.

[3] The technique has been applied for acceleration response spectra and the
intensity parameter of evolutionary power spectra used in the
nonstationary earthquake motion prediction model on rock surface
(EMP-IB). In the development of the conversion factor for these spectrum
intensities the significant characteristic of the nonlinear

amplification/deamplification effect of surface layers has been derived.

To verify the validity of the conversion factor proposed in this Chapter
by actual data, several sets of ground motion data recorded both on soil
surface and bedrock for several type of sites are indispensable. Since the
multi-observation system for ground motion have been completed by many
research groups and the simultaneous records both on soil surface and bedrock
or rock surface have been accumulated gradually, the verification and the

further development of the conversion technique will be possible.
The development of the database for simultaneous earthquake motion on

bedrock and soil surface has been started through the good offices of the

concerning research groups including the staffs in private companies (See
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Appendix C.). This kind of database is of special importance not only for

verification of the conversion technique developed herein, but for general

analysis on uncertainty factors in earthquake ground motion.
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6. EARTHQUAKE RESPONSE ANALYSIS AND DAMAGE ESTIMATION FOR JOINT-CONNECTED
BURIED PIPES

6.1 General Remarks

It is an indispensable subject for a seismic risk assessment of
underground lifeline systems to make clear the response behaviors of buried
pipes during earthquakes. In the response analysis of buried pipes, the
effect of propagating seismic waves, one of the major causes of structural
damage to buried pipes, has been studied (Refs.7,13,18,20,21,23,24,41). Their

results are generally summarized as follows.

(1)The behavior of buried pipes is subjected to the relative displacement of

the ground, and the mass effect of pipes is negligible.

(2)The axial strain is predominant in pipes compared with the bending

strain.

(3)The slippage between pipes and surrounding soils makes the pipe strain

smaller than in the case of no slippage.

(4)At bent and crossing sections of pipes, a relatively large stress occurs

in comparison with the straight part of pipes.

(5)In the case of joint-connected pipes, the joint absorbs the the relative
ground displacement and the axial pipe stress scarcelly occurs in the

expansion side where the joint is movable.

Table 6.1 gives the historical review for the study on earthquake
response of buried pipelines and system reliability of lifeline systems. The
field observation has been started as the first step in lifeline earthquake
engineering. Then, the response behavior of buried pipes have been studied
analitically, and the experimental work have been also performed to evaluate
the mechanizm of pipe slippage and response behavior of pipes in liquefied
sand as well as in dislocated ground. The methodology for system reliability
of 1lifeline netwoek systems started to be discussed after the above
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Table 6.1 Historical Review for Study on Earthquake Response and System

Reliability of Buried Pipeline System.

response behavior of buried pipes

year field experimental response system occurence of
observasion study analysis reliability ma jor earth-
quake*
1964 1964 Niigata
Earthquake (M=7.5)

65

66

67

68 1968 Tokachi-oki

Earthquake (Ms7.9)

69 | Sakurai, Takahashi(31)

1970
n 1971 San Fernand
Earthquake(ML=6.l

72

73 Bouwkamp, Stephen(3)

74 Panoussis(28)

75 Miyajima, Miyauchi(20) | Taleb-Agha(39)

Permelee, Ludtke(29)
76 Miyamoto, Hojyo, Takada, Nagao{38)
Furusho(21)
n Kuribayashi, Iwasaki, Shinozuka, Takada,
Xawashima, Miyata(18) Kawakami (34)
78 Satonji, et.al.(30) 1978 Miyagiken-~oki
Ukai, Yamaguchi(41) farthquake{M=7.4)
79 Muleski, Ariman(23) 1979 Imperial
Shinozuka, Koike(33) Valley Earthquake
Takada, Takahashi({36) (ML-6.6)
1980 Hindy, Movak  (6) Toki, Sato  (40)
Wang 2)
81 Katada, Hakuno{15) Kameda, Goto,
) Sugito, Asaoka (13)
Isoyama, Katayama(18)
Noda, Yamada,
Temura(25)
0'Rourke, Wang(27)
Tamura, Kawakami{35)

82 Iwamoto, Sakurai, Kitaura, Miyajima(16) | Kameda, Shinozuka(14) Moghtader{zadeh, 1982 Urakawa-oki
Wakai, Hojyo, Takada (37) Akiyoshi, Fuchida(l) Kiureghian(22) Earthquake (M=7.1)
Furusawa(9) Goto, Sugito,

Kameda, Ishikawa(4)
83 Hoshiya, Miyazaki(7) || 1983 Nihonkai-
Chubu Earthquake
(M=7.7)
84 Oishi, Sekiguchi(26) Kameda, Goto,
Kasuga (12}
Sato (32)
85 1985 Mexico
Earthquake (M =8.1)
* M : JMA magnitude, M| : local magnitude, Mg : surface wave magnitude
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fundamental works started. Several earthquakes both in Japan and U.S.A. have

motivated the development of the research in this field.

Most of the analytical works have dealt with the response behavior of
straight pipes. Some works have been extended to the curved pipes or
junctions (Refs.13,20,23,24), however, most of works have dealt with some
simplified models and they do not correspond to the actual cases where some

complex structural forms as mentioned later have been used.

In this chapter, focussing on the joint-connected pipes which have been
commonly used for iwater supply systems, earthquake response analysis is
carried out for their typical forms used in the actual systems. In chapter
6.2 the structural characteristic of joint connected buried pipes are
discussed on the basis of the data from the Kyoto City Water Supply System.
In Chapter 6.3 the earthquake response analysis of joint-connected buried
pipes is carried out for the two typical forms; the model 1 for a straight
part of pipelines, and the model II for a typical section where pipes are
reinforced and fixed. Then, in Chapter 6.4, for the simplified estimation for
earthquake damage of joint-connected pipes, the formulas to estimate the
axial and bending strain, and the joint displacement of pipes are proposed as
functions of input ground strain amplitude and apparent wave length in
longitudinal direction. Based on the response characteristic of
joint-connected buried pipes, the simple method for the mitigation of bending

stress at the concrete-fixed section is demonstrated.

6.2 Structural Characteristic of Joint-Connected Buried Pipelines

The details on the structures and materials along the aqueducts and
trunk routes of the Kyoto City Water Supply Districts have been examined to
establish the analytical models, types of which are cmionly used in the
actual systems. Fig.6.1 shows the aqueducts and the water supply districts in
Kyoto City.

In Fig.6.1, the aqueducts and the trunk routes in zones[5] and [11] have

been surveyed, focusing on the materials and the diameters of pipes, the

angle of the bent pipes, the structural forms at the bent and crossing
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Fig.6.1 Kyoto City Water Supply District.
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sections, and the types of joints, etc. Fig.6.2 shows the percentage of pipe
materials in the total length of construction and that of bent angles in

horizontal and vertical bent pipes.

In the survey for the trunk routes of the Kyoto City Water Suplly
System, the following articles of their structural and material

characteristic have been summarized.

(1) The trunk routes consist mostly of ductile iron pipes(DIP), and partly
of steel pipes(SP), concrete pipes(RC), and cast iron pipes(CIP).

(2) The bent pipes are used mainly in horizontal and vertical directions,
and the bent angles, in the case of ductile iron pipes, are of 5 types,
namely 90°, 45°, 22'/°, 11'/4°, and 5/8° . In these five kinds of bent
pipes, the angles for 22! /,° is used most frequently, and that for 90°,
which has been often applied in the analytical models of pipelines
including bent sections (Refs.14,19,21,23), is very few.

(8) A couple of bent pipes are commonly used for bent sectios such as two
45° bent pipes for a 90° bent section(Fig.6.3)

(4) Most of the bent sections are protected by concrete, and at these
sections a special type of joint, which is superior in capacity of

displaccment and of resistance to pulling out, is used frequently.

(B) At the intersection of the pipelines, a special structural form called
"L-junction” is commonly employed using bent pipes and T-junction

pipes(Fig.6.3)

(6) The pipe-bridges, the pipes attached to bridges, and the provisionally
distributed pipes on some structures exist at sections where pipelins

are exposed on the ground.
Judging from a standpoint of earthquake responses of buried pipes, they

may be classified into two typical forms; one for the straight part of pipes

and another for the concrete-fixed sections where bent pipes are used. In the
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vertical bend
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(c) L-junction

Fig.6.3 Typical Structural Forms at Bent and Crossing Sections.
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following Chapter 6.3, therefore, the earthquake respon..> analysis of buried

pipes are carried out for these two typical pipes forms.

6.3 Earthquake Response Analysis of Joint-Connected Buried Pipes Including
Concrete-Fixed Sections

6.3.1 Analytical Technique by Transfer Matrix Method (Ref.24)

Herein, the analytical technique for response analysis of buried pipes
is mentioned. The computer program used in the following response analysis
has been modified from the basic program termed "ERAUL(1)" coded by
Takada(Ref.36) .

Analytical models are constructed under the following condision:

1) Quasi-static analysis can be applied, i.e. the effect of the inertia

forces and damping are assumed to be negligible.

2) Buried pipelines are treated as a series of segmented elastic beams,
connected longitudically with joints which have a non-linear spring
behavior for both axial and bending motion. Each beam is supported by

soil springs with sliding characteristic.

3) Seismic forces, generated by soil deformation relative to pipe motion,
act on the pipe body through the soil spring.

4) The pipe motion is analyzed within a two dimensional horizontal plane,

and a perfect elastic behavior is assumed for the pipe material.

Fig.6.4 shows the analytical model of buried pipes. Differential
equations can be established with respect to the internal force within the
pipe, and the force proportinal to the displacement of the pipe relative to

those of the free field:

1) longitudinal motion
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spring for rotation
soil spring spring for translation

ok || ok b
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ﬁ ii ﬁ i ié—lsoil spring

Fig.6.4 Analytical Model for Buried Pipes.

Fig.6.5 Buried Pipe and Horizontally Propagating Seismic Wave.
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'EAZ%*& s uks, - us, (6.1)

2) tramnsverse motion

EI%:-F}CSV - U=k, - U, (6.2)
where  u,v=the longitudinal and transverse displacements of the pipe,
Us,,Us, =the logitudinal and transverse displacements of the free fields,
respectively, E=Young's modulus of the pipe material, A, I=the cross
sectional area and geometrical moment of inertia of the pipe, respectively,
ks, .ks, =the equiyalent spring constants for the longitudinal and transverse
motion, respéctivély ,vto reflect the soil-structure interaction.

Fig.5.5 shows the relation between the pipe and horizontally propagating
seismic waves. Egs.(6.1) and (6.2) are rewrittten as follows, using the free
field displacement represented by a sinusoidal wave with an arbitrary
incident angle 0 to the longitudinal axsis(x-axsis) of the pipeline:

1) longitudinal motion
d?u . x+£)cosd
EAS S s umks, - usin (a - tLi)c—i} ) (6.3)
2) transverse motion

EI%)Hcsyv:ksy - Us,gsin (o~ { (210050, 6.4)

where us, and us,, =the longitudinal and transverse displacement amplitudes of
the free field, w=angular frequency, c= apparent wave speed, ¢=distance which
results from a phase delay at the origin of r-axsis. 1In Egs.(6.3) and (6.4),
the displasement amplitudes us, and Us,, are represented by the free field
displacement amplitude u,:
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Ug ,=Uy * COSO
Us,o="Uy - Sin6 (6.5)

The general solution u(x) and v(x) in Egqs. (6.3) and (6.4) are obtained as

follows:
it
v(x) =ef1* (C,cosf x+Cosinf x) +eft* (CacosB+Cising 1) +up () (6.8)
u(x)=CscoshfB2x+CssinhBox+up(x) (6.7)
where
Bi=(ks,/AEI) /4 (6.8)
B2= (ks /EA)/? (6.9)
- Usyo infe- {t-{x+&)cosO
W) = acosb/oy L/, S (O TR (6.10)
: Usxo ; ) (x+€)cosh
ug (x) 1+(wcose/b)2EA/ksvSln (w- {t " 1) (6.11)

In Egs.(6.6) and (6.7), C\~Cs are the constants of integration to be

determined by the boundary conditions.

Then, the physical quantities such as the deflections u and v, the
deflection angle ¢, the axial force N, the moment M, and the shear force Q at

an arbitrary point x are obtained, using the boundary condisions ut, o, wL,

N, M, and Q.

u(@) =5 2) NS 1 D () (6.12)
L
- _e o g
v(2)=VB1 (x) 583 (%) + 5 Ba (3) = Ba (2) + D1 () (6.13)
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o(x)=—1"B1Bs (z) +¢'B; (x) ——ML—Bs () - EIBz (x)+D2 (x) (6.14)

2B\E1 28
N(x)=-u*EAB2Bg (1) +N-Bs (x) +Dg () (6.15)
M(x)=-2FEIRTB(x) — o' B1EIBy (2) +M-B; (2) +§;—133(x) +D3(x) (6.16)
Q(x)=-2UFEIBTBs (x)+2¢"BIEIB: (x) +M-B1Bs (x) +Q By () + D4 (x) (6.17)

In Egs.(6.12)~ (6.17), the functions Bi(x)~Bg(x) and Di(z)~Dg(x) ,
which are called load terms, are represented in Appendix D. The positive
directions of the forces N, QL, M-, etc. in i-the beam are shown in Fig.6.6.

Transfer Matrix Method

Substituting xz=1l, which is the length of the unit pipe, into
Eqs(6.12)~ (6.17) the relationship between the physical quantity V¥ on the
right side of the i-th beam and W on the left side is given as:

W=FW (6.18)
where V¥ and W, called state vectors, are the column vectors of physical
quantities such as the deflections u and v, the deflection angle ¢, the axial
force N, the moment M, and the shear force Q at the ends of the right and

left side of i-th beam, and F is the field matrix which has the function of
transferring the state vector from one end to other of the beam.

Next, the equilibrium equations at the joints are given by

u L uk -N/kt R N L NTR
[J [] v | I:M} {MJ 6.19

k!
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where kr and kg are ‘translational (longitudinal) and rotational springs
representing the mechanical features of the joints. Eq.(6.19) is rewriten as
follows:

Vi = P W (6.20)

where P; is the point matrix which relates Vﬁq with V§. (See Appendix C)

The equilibrium state of the deformations and forces at the bent
sections are shown in Fig.8.7. The following relations for the deformations
and forces at the bent sections of the pipes are obtained using the bent
angle a of the pipelines.

= -Msina + QReosa (8.21)

Meyy = Aﬁcosa + Qﬁsina
f&:
Mo = M

. = feosa - nfsina (6.22)

{uk+| = -Mcosa/kr-Qsina/kr + ufcosa + fsina
ok = of — Mg

The point matrix P at the bent sections.is given from Egs.(6.21) and
(6.22). (See Appendix D.) The boundary condition at the left hand side of the
pipeline is represented by the boundary matrix R and the initial matrix A% as

Vi = R 4% (6.23)

In Eq.(6.23), the menbers of the initial vector A% represent the degree of
freedom. In the response analysis , the hinged condition is used at the ends
of both sides to neglect the infleunce of the boundary conditions on the
computational results of the analysis. Then, R, AQ, and the boundary matrix

R’, at the right nand side, are represented as follows.
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01000

0 0 N
0 0 10000
T_ e
B="" o 0 00010] A=l g |
us, (0, ) us,(0,¢) 00001 11
100000 ~ug(nl, )
R'={ 010000 -ug,(nl,t) (6.24)
000010 O

The boundary condition at the right hand side of the pipeline is represented

by using the boundary matrix R’ as:

R’Vy=0 (6.25)

Substituting the boundary conditions of Egs. (6.23) and (6.25) into the
relations of Egs. (6.18) and (6.20), the following linear equation can be
obtained.

R* -Fy-Py.g+Fyi- - -P1-R-Ay=0 (6.26)
In Eq. (6.26), the solution for A% is given, and then all unknown variables
can be obtained with the aid of the field and point matrices.

Then, the transfer matrix and the soil spring constant for a

concrete-fixed section are given as follows.

The transfer matrix for a concrete-fixed section

The following two conditions are asseumed for simplification of

numerical analysis.

a) The ground displacement arround the concrete-fixed section is constant as
shown in Fig.6.8(b) instead of the actual distributions (Fig.6.8(a)),
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Fig.6.8 Distribution of Displacement at Concrete-Fixed Section.
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Fig.6.9 Equilibrium of Displacement and Force at Concrete-Fixed Section.
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since the length of each side of the concrete-fixed section is relatively

very short comparing with the wave length of input ground motion.
b) The body of the concrete-fixed section is treated to be rigid.

The equilibrium of the physical quantities at both side of the

concrete-fixed section are given as follows (See Fig.6.9).
- displacement in longitudinal direction (x-axis)
w=ul-1(1-cosd!)=u' (6.27)

- displacement in transverse direction (y-axis)

W=rb+ lsingt=1f+ Lot (6.28)
- rotation
R=gl (6.29)

« axial force

M=N 1 ky - (us,—ub) (6.30)
- bending moment
M=M-+kg - o (6.31)

- shear force

Q=q+k: (us,-0F) (6.32)
vhere,

ut,uf ; displacement at left and right sides in the logitudinal
direction,
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YA ; displacement at left and right sides in the transverse
direction,

& ,8® ; rotational angle in rad,

l ; length of the concrete-fixed section in the longitudinal direction

AF,NR; axial force at left and right sides

MM bending moment at left and right sides

Us,,Us, ; ground displacement in longitudinal and transverse direction

ky,ke¢ ; soil spring

Summarizeing the Egs.(6.27)~ (6.32), the relation of the physical

quantities at left and right hand side of the concrete-fixed section is given

as follows.

R 1 0 0000 O T L

u u

v 0 1 1000 O v

o 0O 0 1000 O o

N|=| -k 0 0100k;-u, N (6.33)
M 0 0 kgO10 O M

h 0 & 0001k u, | |9

| 0 0 0000 1 |

luati ] ring -fixed

Barkan(Ref.2) examined the characteristic of the soil spring for bases
and foundations and the following simple formulas have been proposed.

- horizontal movement

k:=0.5k A in kg/cm (6.34)

- rotational movement

ko=1.5k Iy in kg-cm/rad (6.35)

where A= the area of foundation in contact with soil (cmz), Ig= the
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geometrical moment of inertia for rotation (ecm*), and k= the coefficient of
subgrade reaction (kg/cm3). In this analysis the coefficient k is fixed as
k=4.41(kg/cm3), which is the mean value for the soil of the moderate
stiffness(Ref.10).

6.3.2 Typical Models for Response Analysis

Based on the survey of the structural characteristic of buried pipes in
the actual water supply system, the two representative pipe models are
examined as for response behavoir caused by earthquake ground motion.
Fig.6.10(a) shows a pipe model for a straight part(model I) and Fig.6.10(b)
for a concrete-fixed section(model 1II). The soil spring for the
concrete-fixed section 1is much larger than that for the pipes, therefore it
can be regarded that the axial and the bending force of the pipe at each side
are not transfered to the pipe at other side. Under this assumtion the model
II is selected as the representative model for the concrete-fixed ection

where the pipe route generally change its direction.
Following computational parameter in response analysis are adopted.
(1) input ground motion

The propagating sinusoidal waves are dealt with in the response
analysis. A number of works have dealt with a longitudinal waves for the
response analusis of buried pipes. However, Kameda and Shinozuka(Ref.14)
pointed out that in some cases in which the slippage between pipes and soils
occurs, the response values of pipes are larger for the transverse waves than
that for the longitudinal waves. Therefore these two typical types of waves
are equaly dealt with in this analysis. The wave length L is fixed as L= 120
m and various cases as for an angle of incidence in the range 0°~ 75° are
examined. The maximum ground strain amplitude used in the analysis is €=
4.19x 1073, the value of which is considerably large as those for surface

waves.

(2) soil spring
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The two kinds of soil springs for the longitudinal (axial) and the

transverse directions have been determined as follows.

soil-spring characleristic for longitudinal directions

Fig.6.11 shows the experimental statistics of soil-spring characteristic
for (a) critical shear stress 1., , (b) relative displacement A., at critical
shear point, and (¢) soil-spring coefficint k in longitudinal
direction(Ref.10). As the representative values for the following analysis,
the standard values for the critical shear stress, which strongly effects the
maximum stress of pipes, is fixed as rc,=0.15kg/cm2 . The soil spring
coefficient ki in longitudinal direction is fixed as k|=0.6kg/cm3, and
accordingly the critical relative displacement A., between pipe and soil is

given as A;,=0.25cm.

According to the report on the design code for the equipments of
gas-supply systems(Ref.11), the restriction force F (kg) caused by the

extruded section of joint pipe is given as,

F = 3.49xAx»/8 in kg (6.36)

2

where A denotes the area of the extruded section in cn® and & denotes the

joint displacement in cm. The Eq.(6.36) can be rewritten as

o A
T = 3'49—7@1“/5 (6.37)

where D= the diameter of pipe in cm and l= the length of pipe. The left side
of the Eq.(6.37) represents the additional value for the critical shear
atress for a unit area of pipes. In the following response analysis the
effect of the extruded part of pipes on the soil-spring characteristic is
considered. The additional value of the critical shear stress A; caused by
the extruded part of pipes is simply represented by two linear functions of
6.
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3.49A 8 :5=80

%M@ 8) ;6>6¢ (6.38)

where &y= the critical relative displacement for the slippage of pipes, and
61 = the relative displacement which controls the stiffness of soil spring
after slippage occurs.

soil spring characteristic for transverse direction
According to the experimental result on the soil spring characteristic
performed by Miyazima, Miyauchi, and Aono(Ref.20), the soil spring k% per

unit area for transverse direction can be given from the soil spring k| for

longitudinal direction.

ksy = 7Dk;  in kg/cm® (6.39)

The critical relative displacement Ay or for the transverse direction has been
examined by Takada and Takahashi(Ref.36), and given as

Ay r=1.0 in cm (6.40)

Table 6.2 shows the soil-spring characteristic for the four types of pipe
diameters.

6.3.3 Numerical Results and Discussions

The following assumption and numerical technique are introduced in the
response analysis.

(1) The response values are calculated for each 1 m point of pipes.

(2) The load increment method is used to characterize the non-linear
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Table 6.2 Soil Spring Characteristic for Buried Pipes.

{a) soil-spring characteristic in longitudinal direction

diameter 4200 $ 400 4 800 41650
{mm)
area of joint
2 2026 4021 9334 24431
(cm®)
Ter (kg/em) 0.201 0.194 0.202 0.250
k, (kg/cm?) 0.0120 0.0103 0.0122 0.0235
force per unit area
of buried pipe ——this study
k
(kg/em?)  tep po----y SRR & ——= Ref.(10)
PO B A S,
Ter [ /7;
L7 relative
. !* - displacement
E // bcr (cm)
Vs
______ i 4
] *
: 8%.=0.25cm
Tek= 0.15kg/cm?

(b) soil-spring characteristic in transverse direction

diameter ¢ 200 ¢ 400 4 800 ¢ 1650
(mm)
ksy (kg/cm?) a1.47 80.22 157.58 320.63

force per unit length
of buried pipe

(kg/cm)

k relative
+» displacement

A (cm)

8y.cr=1.0cm
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behavior of the soil and joint springs. The maximum value for the
increment of displacement amplitude has been fixed as 0.1 cm.

(3) At both the ends of pipe models, the pipe is regarded to move as same as
the surrounding soil and not to be restricted for the rotation.
Accordingly the hinge is used for the boundary condition of the pipe
models.

The analytical results are as follows.
(1] Model I (straight pipes)

Fig.6.12 shows the examples of the distribution of the response values
for the pipes of &800. The abscissa represents a length in the axial
component. It can be observed that the axial stress is relatively larged on
the compression side of the groﬁnd strain where the joints can not be pushed
in easily. 1In contrast with this the relative Joint displacement is large on
the tensile side where the axial stress is rather small. This tendency is
predominant particularly for the ductile iron pipelines with K and A joints.
Fig.6.13 shows these typical pipe Joints. In the case of large displacement
amplitude (Fig.6.12(b)) the slippage between pipes and surrounding soils
occurs. The slippage part is shown by the shadow area. It can be also
recognized that the bending stress scarecely occurs in pipes because each
Joint of pipes release the bending motion.

In the following the discussions are forcussed on the two typical
response values: one the maximum joint displacement and another the maximum
totale fiber stress of pipes. Figs.6.14 and 6.15 show the maximum joint
displacement and the total fiber stress for the longitudinal and transverse
waves for $200 and 400 pipes, respectively. The response values are plotted
for 16 steps of the input displacement amplitude from 0.5 to 8 ocm. The
abcissa in these figures represents the incident angle of seismic waves. It
is observed that the joint displacement is proportional to the amplitude of
input motion and the maximum value is given for the incident angle of 0° for
the longitudinal waves and 45° for the transverse waves. On the other hand

the response characteristic of the total fiber stress is not so simple as
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that of joint displacement since the slippage between pipes and soils effect

the distribution of the axial stress.

Let o, denote the incident angle which gives the maximum total fiber
stress for given input displacement amplitude. In the case of smaller
displacement amplitude (linear response region), the value of a, is constant
as o, = 0.0 for longitudinal waves and a, = 45.0 for transverse waves. For
larger displacement amplitudes, o, increases with increase in the input
displacement amplitude. It is also observed that the total fiber stress is
proportional to the displacement amplitude a; until a; = 2 cm. However, for

the larger displacement amplitude, it does not increase proportionally.

Fig.6.16 shows the relation between the total fiber stress and the
ground displacement amplitude for the longitudinal and transverse waves. In
the case of the smaller displacement amplitude the maximum total fiber stress
for the longitudinal waves is larger than that for the transverse waves.
However, the maximum total fiber stress for the transverse wave 1is larger
than that for the longitudinal wave when the ground displacement amplitude is
considerably large. These response characteristic of buried pipes have been
also pointed out in the theoretical analysis developed by Kameda and
Shinozuka(Ref.T7).

[2] Model Il (straight pipes with concrete-fixed section)

Figs.6.17 and 6.18 show the maximum joint displacement and the total
fiber stress for ®200 and ®400 pipes, respectively. The maximum joint
displacement is proportinal to the input displacement amplitude, however it
is larger than that for the model 1. The reason for the larger joint
displacement for the model II is that the distance between two joints at the
concrete-fixed section is longer than the unit length of pipes. The maximum
total fiber stress for the model II is also larger than that for the model 1,
and the value of incident angle q, is different from that for the model I.
The larger response values for the model II are caused by the bending stress
which occurs at the pipe fixed to the concrete-fixed section. Fig.6.19 shows
the contribution ratio of the axial and bending stress for the total fiber
stress. It can be observed that the contribution ratio of the benging stress
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for the transverse waves is larger than that for the longitudinal waves.

The following items on the response characteristic of the joint
connected buried pipes may be summarized from the above discussions,

(1] The joint displacement strongly depends on the unit length of pipes. 1In
the case of the concrete-fixed section the Joint displacement is larger
than that for the atraight part, since the distance between two joints
around the concrete-fixed part is longer than that for the ordinary
part.

[2] In the case of smaller displacement amplitudes, the incident angle o,
at which the total fiber stress gets its maximum value for a given
displacement amplitude, is Q° for the longitudinal waves and 45° for the
transverse waves. In the case of larger displacement amplitude the
incident angle for the maximum total fiber stress changes because of the
slippage between pipes and soils. 1In the comparison between the normal
straight pipes (model I) and the concrete-fixed pipes(model II), the
total fiber stress is larger for the model II than that for the model I,
since the bending stress occurs at around the concrete-fixed section.
The incident angle for the maximum total fiber stress is also different
between these two models.

Judging from the numerical results it can be concluded that the
concrete-fixed section is a weak point in the sence of earthquake resistant
of buried pipes.

6.4 Simplified Estimation Model for Earthquake Damage of Joint-Connected
Buried Pipes

6.4.1 Dependence of Strain and Joint Displacement of Pipes on Ground Strain
Herein the analytical results discussed in the previous chapter is
summarized as for the dependence of strain and joint displacement of pipes on

the ground strain amplitude of input motion. Under the same condition of
input ground motion, it is clear that the maximum axial stress for the
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concrete-fixed section(model II) is nearly the same as that for the model I
and the bending stress, which occurs only at the concrete-fixed section,
makes the total fiber stress larger for the model II. Therefore, the four
response values such as [1] joint displavcement for the ordinary straight
pipes, [2] joint displacement at concrete-fixed section, [3] axial strain for
the ordinary straight pipes; and [4] bending strain at the concrete-fixed
section, are examined to represent them as the function of the maximum ground
strain of input motion in the longitudinal and transverse directions of pipe
formations. These four response values can be easily estimated without

distinction of longitudinal and transverse waves.

Figs.6.20 and 6.21 show the relation between the above four response
values and the ground strain amplitude in longitudinal direction for 200 and
$400, respectively. It can be seen that the apparent wave length in the
longitudinal direction of pipes does not effect on the joint displacement and
the bending stress but on the axial stress. Even for the same ground strain
amplitude in the longitudinal direction, the axial stress is larger for
longer apparent wave length. This difference of response values against
apparent wave length is much clear for the case of larger strain amplitude.
These response characteristic can be also recognized for other pipe diameters
as ¥800 and $1650. According to these results the conversion factor 8 can be
obtained to relate the response values with the ground strain amplitude in

the longitudinal direction.
[1] joint displacement A;

The joint displacement Aj(cm) can be represented as follows.

- Byt L(P) for ordinary straight pipe
Bir-€s1 - L(®) for concrete-fixed section

(6.41)
where €, = ground strain amplitude in longitudinal direction, l(®)= unit
length of pipe, and By, By =conversion factors for ordinary and

concrete-fixed section, respectively. Table 6.3 gives the values for ; and

Bir .
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Table 6.3 Values for Conversion Factor By

diameter l A __’ ) éif
$200 | 1.5
| s
300 | 1.6
TTales0 T3
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[2] axial strain ey

As shown in Figs.6.20 and 6.21, the axial strain gy depends on the
apparent wave length in longitudinal direction and, €y does not increase
proportionary with increase in ground strain amplitude in longitudinal
direction. The axial strain gy of pipes, therefore, can be approximately
represented by three straight lines (for the three regions of ground strain
level) as a function of the apparent wave length L; in the longitudinal

direction, the pipe diameter ®, and € . The axial strain gy is given by

EN = BN(Llrcsl»Q) cEst t+ C(Ll,Es[ »®) (6.42)

where fBy= conversion factor for the axial strain and c(L;,&s1,9) = constant
term for the three lines. Table 6.4 gives the values for By(Li,es1,9) and
c(Li,es1,®) .

[3] bending strain g3

As shown in Figs.6.20 and 6.21, the bending strain eg of pipes is
proportional to the ground strain amplitude g5, in transverse direction.
Therefore, the bending strain eg of pipes at the concrete-fixed section is

represented in the following form.

e5=B5(P) - €5t (6.43)

where Bg(®) = conversion factor for the bending strain. Table 6.5 .gives the

values of 8p.

Using the Eqs. (6.41)~ (6.43), the response values of the joint-connected
buried pipes are easily estimated for given ground strain amplitude and the
vave length. The total fiber stress at the concrete-fixed section may be
given as the sum of the axial stress and the bending stress. This is the most
conservative value since the incident angle which give the maximum axial

strain, does not generally coinside with that for the bending strain.
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Table 6.4 Values for Conversion Factor BN ahd Constant c.

wave length ground strain amplitude in longitudinal direction ¢,, ( x 10-2)
L, (m) 1.0 1.3 1.7 20 2.5
- 120 B =063 T B,=0.187 By=0.087
- ¢=0.0 c=0.443 ¢=0.693
140 Bx=068 | B, =0260 B, =0.130
¢ 00 c=0.420 ¢=0.680
T i;;)__ T B.=0727 | T, 20400 By=0.162
¢=0.0 ¢=0.320 ¢=0.725
—"]90 T 84078 | $5,=0.733 B, =0.286
¢=0.0 c=0.047 ¢=0.629
+=0.86
240 ﬁ(=0.0

Table 3.2 Conversion Factor 8, and Constant ¢ ($400).

wave length

. ground strrin amplitude in longitudinal direction e, (X 10-3)

L, (m) 1.0 1.3 17 2.0 2.5
) 1% Bx=06 T TR, =0.173 By=0.08
< ¢=0.0 c=0.427 c=0.66
190 T 3.=065 | 3,=026 B,=0.105
c=0.0 ¢=0.39 c=0.7
- 160 B, =0.68 3y =0.357 ‘ By=0.192
¢=0.0 ¢=0.323 ¢=0.603
o 190 T 3,=07s5 ;3;7?633‘3_] o By=0314
¢=0.0 ¢=0.117 c=0.531
3, =0.78
240 =00
Table 3.3 Conversion Factor 8, and Constant ¢ (4$800).
wave length ground strain amplitude in longitudinal direction ¢, ( x 10-2)
L, (m) 1.0 1.3 1.7 20 2.5
120 Ax==0.41 8,=0.107 B8, =0.06
¢c=0.0 ¢=0.303 =042
140 f,=047 By=0.12 Bx=008
¢c=0.0 ¢=0.38 c=0.46
160 1 B.=0350 Bx=022 8,=0.107
¢c=0.0 ¢c=0.279 c=0.474
19 By=058 | A,=0317 B.=0.185
c=0.0 c=0.263 c=0.434
=0.61
240 Ay
wave length ground strain amplitude in longitudinal direction ¢,, (x 10-3)
L, (m) 1.0 1.3 1.7 2.0 2.5
20 | A0z By=0.10 8, =0.043
¢=0.0 c=0.12 c=0.262
140 By=0.235 By=0.135_ B,=0.07
c=0.0 ¢=0.10 ¢=0.23
160 B.=0.245 Ax=0.164 B,=0.098
¢c=0.0 ¢c=0.018 c=0.194
190 T B.=026 | §,=025 3y=0.164
c=0.0 ¢=0.01 c=0.121
=0.275
240 A =00
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Table 6.5 Values for Conversion Factor Bjy.

e —
diameter T Pu
$200 0.4
$400 0.6
$800 I8

1650 | 10
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6.4.2 A Comment on Mitigation of Bending Stress at Concrete-Fixed Section

As shown in the previous section, the bending stress occurs at both
sides of concrete-fixed section and it makes the total fiber stress larger
than that for non-fixed section. Therefore it can be concluded that the
occurence of bending stress at concrete-fixed sections decreases the system
reliability of water supply systems against for earthquakes. Herein the
discussion is forcussed on the mitigation of the bending stress at

concrete-fixed sections.

It is the typical characteristic of Jjoint connected buried pipes that
the joint can absorb the tensile stress of pipes by sliding, and it can also
release the bending stress to a certain degree. It is clear in the results of
response analysis that bending stress occurs only in the pipes which come out
from the concrete-fixed part, and the bending stres is not transfered to the
next pipe through the joint. Judging from this characteristic it may be an
effective method for decrease in the bending stress of pipes to set up the
joint near the concrete-fixed part.

Let [, denote the uncovered length between the concrete-fixed part and
the nearest joint. Fig.6.22 shows the dependence of the axial stress and the
bending stress at concrete-fixed section on the ground displacement amplitude
for 5 typical uncovered length. The abscissa represents the ground
displacement amplitude of input waves, and the incident angle of which is
fixed at 45°.

The uncovered length (1)1,=5.7m is the ordinary type for ®400, &800
pipes. The axial stress does not depend on ly, however, the bending stress
strongly depends on Il,. It is clear that the bending stress can be decreased
by setting up the pipe jont near the concrete-fixed part, such as 1,<1.0 m.
Even in the case of (3) l,=1.0m, the bending stress is nearly 1/20 of that
for the o 1,=5.7m. To set up the pipe joint near the concrete-fixed part is
also effecteive to decrease the joint displacement at concrete-fixed section.

6.5 Conclusions
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The major results derived from the discussions in this chapter may be

summarized as follows.

(1]

(2]

(3]

(4]

The details of the structures and materials along the trunk routes of
the Kyoto City Water Supply System have been thoroughly examined to
establish analytical models of pipes which are commonly used in the
actual lifeline systems. From this examination, the two typical
analytical models have been proposed for the joint-connected buried
pipes: model I for the straight part without any additional structure,
model II for the straight part with concrete-fixed section.

The analytical procedure for the non-linear response analysis of
Joint-connected buried pipes including the modeling of the
concrete-fixed section has been explained. Based on the experimental
data for pipes and soils, the physical parameters including the
non-linear soil spring and the joint spring have been examined for the

response analysis.

The reponse analysis of joint-connected buried pipes have been carried
out for the two typical models. It has been demonstrated that the Jjoint
displacement and the total fiber stress are generally larger at the
concrete-fixed section (model II) than those for the straight part
(model I). The reason for the larger value of the joint displacement at
the concrete-fixed section is that the distance between the two Joints
is larger than that for the ordinary pipes. The bending stress, which
occurs at the concrete-fixed section, makes the total fiber stress much
larger. On this basis the simplified estimation formulas have been
proposed for the joint displacement, axial strain of pipes, and the
bending strain of pipes at concrete-fixed section, as the functions of
ground strain amplitude in longitudinal and transverse directions and
the apparent wave length in longitudinal direction.

In the view point of earthquake resistant design of joint-connected
buried pipes, the method for the mitigation of the bending stress at the
concrete-fixed section has been demonstrated by setting up the pipe

Jjoint near the concrete-fixed part. The effectiveness of the method has
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been clearly shown as the remarkable decrease in the bending stress

the case of the shorter uncovered pipe length.
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7. CONCLUDING REMARKS
The main concern of this thesis were as follows

(1] To develop the earthquake ground motion prediction model on rock surface

by using thesstrong motion records.

[2] To propose sinple conversion technique between earthquake motions on

rock surface and soil surface for use of earthquake microzonation.

[8] To analyse the nonlinear response behavior of joint connected buried
pipelines by using the two typical models which have been used in

ordinary water supply systems.

Besides briefly summarizing the important conclusions obtained in each
chapter, the general synopsis of the work presented in the preceding chapter

and recommendation for future work are given in the present chapter.

In Chapter 1, the general scope of this thesis and, the remarks and the
history of earthquake motion prediction and response behavior of buried

pipelines were noted.

In Chapter 2, the selection and modification of rock surface ear thquake
motion were performed for the development of statisical prediction models.
The significance of the numerical database for earthquake engineerig was
noted and the outline of the SERM-II Database was introduced. On this basis
the modified acceleration dataset of rock surface motion were created. They
classified into these types : (1) rock surface ground motion estimated from
the accelerograms recorded on alluvial and diluvial sites, (2) rock surface
ground motion modified from bedrock ground motion, and (3) ground motion
recorded on rock surface. As mentioned in Chpter 2, the rock surface strong
motion records are of special importance in the engineering point of view,
however the available records are not enough at present stage. The
accumlation of these data and their arrangement for the database system are

important in the future study.
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In Chapter 3 a simple method was proposed for separation of body and
surface waves in strong motién accelerograms. In this method the evolutionary
power spectrum was used to confirm the dispersion characteristic of surface

waves contained in strong motion records. The significance of evaliion - of

~ ground str@ Cauéedgyﬁ}race @'ve p%ga% w% statfstical

characterisic of earthquake surface motion contained in strong motion records

surface waves in strong motion records was'ggmog§trated in caluculagé?n of

were examined using 367 components of corrected acclerograms. For the
verification of the separation technique proposed in Chapter 2, the surface
wave-containing records obtained from the array observation system can be
used, and the prediction model for earthqugke surface waves, which are mainly

caused by local site conditions, should be propsed in the future study.

In Chapter 4 the statistical prediction models for strong earthquake
motion on rock surface were proposed on the basis of the modified rock
surface motion dataset prepared in Chapter 2. The two nonstatonary earthquake
motion prediétion models were developed : one, the model for given earthquake
magunitude and epicentral distance(EMP-IB) and, the other, the model for
given fault geometry including fault size, the seismic moment, rupture
pattern and rupture velocity. On the basis of simulated motion by the EMP-IB
model, the estimation formulas for peak acceleration, peak velocity,
acceleration response spectra, and ground motion duration were proposed. The
prediction models developed in Chapter 4 deal with ground motion in the
frequency range between 0.15 and 10.0 Hz. As for the extension of the models
for lower frequency range the theoretical caluculation procedure can be
incorporated, since it is generally recognized that the simulated motion,
obtained theoretically by use of fault parameters, represent the recorded
motion satisfactory for the frequency range of £<0.1 Hz. The extension of the
model for higher frequency region is also important for earthquake registant
design of secondary-equiped structures such as those in nuclear povwer plants.
These extension work should be performed in the future study.

In Chapter 5 a conversion technique between eartquake motions on rock
surface and soil surface was proposed. The simulated rock surface motion for
various combinations of magunitude and distance were generated by EMP-IB

model, and the corresponding soil surface motion for these rock surface
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motion were caluculated for typical strong motion observation stations by
using the multi-layer reflection theory with equi-linearized method. On tWis
basis the simple conversion factor f§ was defined for peak acceleration, peak
velocity, acceleration response spectra, and the intencity parameter of
evolusionary power spectra. The conversion factor f was modeled as the
functions of the soil parameters S,,d, and the intensity of earthquake motion
so that the nonlinear amplification/deamplification effect of soil layers can

be incorporated into the conversion factor.

Because of the lack of the data for simultaneous strong motion both on
soil surface and bedrock or corersponding rock surface, the simulated
earthquake motion were used in Chapter 4. In the engineering point of view,
however, the verification of the model is of special important. The
development of the database for these strong motion records is necessary for
this objectives and should be performed in future study. The author have

started the work for this.

In Chapter 6 the earthquake response analysis of joint-connected buried
pipelines were carried out and, the estimation formulas for axial and bending
strain of pipes and joint displacement were proposed. After the detailed
survey on structural characteristic of buried pipelines in the actual water
supply system, the two representative models were selected for the response
analysis : model I for straight part of pipelines and model IT for the
straight part with concrete-fixed section. In the response analysis the
nonlinear soil spring characteristic, which is caused by the slippage between
pipes and soils, was incorporated. On the basis of the results of response
analysis the simplified estimation formulas were proposed for joint
displacement, axial strain of pipes, and bending strain of pipes at
concrete-fixed section, as the function of input ground strain amplitude in
longitudinal and transverse directions and the apparent wave length in

longitudinal direction.

The propagating seismic waves were dealt with as the input ground motion
in Chapter 6, however, it is known in the past earthquakes that the buried
pipes, specially pipes of relatively small diameters, were damaged by the

local parmanent dislocation and liquefaction of soils rather than propagating
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SKC waves. Further studies on these phenomenon should be performed in the
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Appendix A General Characteristic of Soil Surface Strong Motion, and
Definition of Soil Parameters S, and d, for Application of Earthquake

Microzonations

General Remarks

In Japan, most of strong motion accelerograms have been recorded on
alluvial and diluvial sites. In these soil surface motion the strong effect
of local soil conditions and nonlinear response characteristic over bedrocks
are generally included. In Chapter 2, the rock surface strong motion
dataset (SMD-R) has been arranged for development of earthquake motion
prediction model on rock surface level. Most of acceleration time histories
in the SMD-R dataset have been obtained from the modification of soil surface
records including elimination of surface wave motion. The objective of the
development of the earthquake motion prediction model on rock surface level

is as follows.

(1) The frequency characteristic and nonlinear amplification/deamplification
effect of surface layers can be incorporated into the earthquake motion
prediction on soil surface: the soil surface motion are easily obtained
from the response analysis of surface layers for given bedrock motion.
The input bedrock motion are given from rock surface motion by

multiplying by 1/2.

(2) Critical engineering structures including nuclear power plants are
generally constructed on stiff ground such as rock surface as dealt with
here. For the earthquake resistant design for these significant
structures the evaluation of design earthquake motion time history is of
special importance. The prediction model on rock surface level is

applicable for this purpose.

Since the prediction model developed in Chapter 4 1is based on the
modified rock surface motion, it is necessary to verify that the simulated
soil surface earthquake motion obtained from the EMP-IB,IIB model are
consistant with the recorded soil surface motion. For this objective the

general characteristic of soil surface earthquake motion have been evaluated.



In this procedure the soil parameters S, and d, used in Chapter 5 have been
proposed. In the following the attenuation characteristic of peak ground
motion on soil surface is examined using 346 components of Japanese strong
motion records. The two simple soil parameters S, and d, are defined, which
are incorporated into the conversion factor of ground motion between rock
surface and soil surface in Chapter 5.

Dependence of Attenuation Characteristics on M-A Regions

The attenuation characteristic of peak ground acceleration in M-A
regions are examined using 346 components of accelerograms recorded in Japan.
They include the data for alluvial and diluvial sites as well ae rock and
very soft grounds.: Fig.A-1 shows the scattergram for magnitude and distance
for major Japanese recods, as well as the frequency distribution for peak
acceleration which is the largest value of two horizontal peak accelerations
recorded by the same accelerograph. These data were divided into two groups
according to magnitude, distance, and the expected value of peak
acceleration, to investigate the attenuation characteristic of peak
acceleration in each region. The following estimation formula was used for
this purpose.

A = by 10°"/(A+c)2 (4-1)

where A is the expected value of peak acceleration (cm/secz), ¢ is a constant
term (km), and by, by, by are regression coefficients. The constant term c is
considered so that the estimation formula can be applicable for the case A=0,
and is fixed as ¢=30 in this analysis according to the region for distance
and focal depth of the data. For the evaluation of the variation of the data,
uncertainty U of peak acceleration is used and is given by,

U=4/A4A (A-2)
where A 1is the recorded peak acceleration and A is the expected peak

acceleration for given magnitude and distance. The sample peak acceleration

in recorded accelerograms, A, is then represented by,

A-2
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A= U A=U (by 102"/ (A+c)b2} (A-3)

The acceleration data are devided into two groups using the following
specific values for magnitude and distance so that the number of data falling
into each group are equal.

Region My - - - - - M=6.6

Region M2+ - - - - M<6.6

Region Dy- - - - - A=119 km

Region D2+ - - - - A>119 km

Region Y;- - - -M-A region for A*239 (cm/sec?)
Region Yo « - - - M-A region for A*<39 (cm/sec?)

where A* is the expected value of acceleration given from the estimation
formula obtained using all of the data (region T). Table A-1 shows the
estimation formulas for each of the M-A regions, and Fig.A-2 shows the
scattergrams for magnitude and distance for each M-A region. The relations
between A (expected peak acceleration), M, and A for each M-A region are
shown in Figs.A-3, A-4, and A-5.

The following conclusions can be derived from the above results.

[1] Comparing the estimation formuala for region M; with that for region
M, ,the coefficient b; for the magnitude and the coefficient of
variation 8y, are larger for fegion My than that for region M>. This is
partially due to the fact that the magnitude M determined from
relatively long-period displacement amplitude does not represent the
size of an earthquake precisely, especially in the case of large
earthquakes(Ref.15). Fig.A-6 relates the fault area S and the seismic
moment My to surface wave magnitude Ms (Ref.3). In this figure, S and M
increase with M; remarkably in regions of larger values for M;. It can
be said that physical quantities such as the fault area S and the
seismic moment My increase exponentially with the surface wave magnitude
Ms and that the amounts of variation increases with increase in M; as

well. Even the magnitude M in Fig.A-1 is not exactly the same as the



Table A-1 Estimation Formulas for Peak Acceleration Depending on

M-A Regions.

region estimation formula Sgeigl?;%?gn g?mggga
T (total) = 78.0x 100184 /(4-+30)"0*7 --(A-4) 0. 696 346
M, (M=6. 6) = 10.0x 10%43%/(4+30)'%% __(A-5) 0.758 173
My(M<6.6) A=1375.0x 10021 /(4 4. 30) t-138 --(A-6) 0. 603 173
D, (4<119km) A=175.4x 10%282M /(4 4. 30) 1168 --(A-7) 0.713 173
D;(4>119km) A= 415X 10°%%9%/(4+30) 19 __(p.g) 0.671 173

M—4 region _

| where 4 "‘239 A= 61.0x10°%5¥/(4430)*%" __(A-9) 0.773 173

gals

M—d region _
Yz[where A*<39 A= 67.9%x10%21%/(4+30)°™ __(A-10) 0. 601 173

gals
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surface wave magnitude M; in Fig.A-6, M is determined on the basis of M
(Ref.15), therefore the reason for the relatively large values of b; and
Oy, for region M; can be easily understood. The dependence of estimation
formulas on magnitude levels also has been pointed out by Boore(Ref.1)
using strong motion data recorded in the U.S.A., and those results agree
with the above discussions qualitatively.

[2] As for the attenuation characteristic of regions D; and D» the
coefficient by does not differ very much in these two regions, and it
can be said that the attenuation of peak acceleration versus the value
of log(A+c) is relatively constant. On the other hand, the coefficient
by is larger for region D> than that for Di. Region D2 includes many
data for larger magnitude, and therefore, the value of coefficient by
tends to be larger as mentioned above.

(3] The data in region Y| have large peak accelerations, such as larger than
some 40 cm/sec?, and those in region Y2 have smaller peak accelerations.
The coefficients by and bz for region Y; are larger than those for
region Yz, and coefficient of variation 6y, for region Y| is also larger
than &y, for region Y

Table A-2 gives examples of estimation formulas for peak ground
acceleration using accelerograms recorded in Japan. The estimation formula by
Katayama(Ref.7) and that by Saeki, Katayama, and Iwasaki (Ref.11) are similar
to that for region T and D; (A>119 km). On the other hand, the value of the
coefficients by, bz of the estimation formula by Goto, Kameda, Imanishi, and
Hashimoto (Ref.4) are equivalent to those for region Y;. The above results on
the attenuation characteristic of peak acceleration are qualitatively the
same as in other studies.

From the above discussion, it may be concluded that the attenuation
characteristic of peak acceleration depends on M-A regions and that
variations in data are larger for region of large earthquakes. The value of
peak acceleration, which is mainly concerned about in earthquake engineering,
will be more than some ten cm/sec? and the estimation formula for engineering

purpose should be determined using data corresponding to region Y| because of
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Table A-2 Estimation Formulas for Peak Acceleration in Previous Sfudies.

author dataset estimation formula g?eigiﬁgi?gn
(1) Katayama 330 components from 46 {=9. 59 x 100486 7 fo-129 0. 877
(Ref.7) earthquakes recorded =203 x 10%41"¥ /(R +30) -8 0.942
in Japan. Mean value of
two horizontal components.
M=5.1178
Q) Saeki 298 components for 4 types ﬂ{éﬂ_ﬂ_{ﬁ
Katayama of soil conditions A=28. 5 x 1002014 Jo-598
Iwasaki class-I site--29 comp. class-1I site
(Ref.11) class-1II site--74 comp. A=13. 2 x 100-330M / fo-808
class-11I site--127 comp. clnss—ll_liit_e
class-1V site--68 comp. A=32. 1 x 1002544/ fo-757
class-IV site
A=6. 47 x 100 430m/ fo-917
all data
A=18. 4 1003024/ o-800
(3) Goto 45 components of corrected A=407x 100-160% /(4 4. 30) 0752 0. 443
Kameda accelerograms recorded on

Imanishi

Hashimolo
(Ref.4)

Japanese alluvial sites.
All of data are more than
50 gals.

A;peak acceleration in cm/sec?, M;magnitude, A;epicentral distance in km,
R;hypocentral distance in km.
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the different dependence of peak ground motion on M-A regions.

Estimation Formulas for Peak Ground Motion on Soil Surface by using Larger
Ground Motion Data

On the basis of the previous discussions the estimation formulas for
peak ground motion on soil surface are proposed to grasp the general
characteristic of soil surface ground motion for relatively larger earthquake
conditions. As mentioned above, the estimation formula for peak ground motion
should be developed using relatively larger records since the engineering

interest is mainly setteled on the large ground motion.

The ninety—one‘ components of accelerograms have been selected for the
development of estimation formulas for soil surface peak ground motion.
Fig.A-7 shows the scattergram of magnitude and epicentral distance, and the
histogram for peak acceleration for the dataset. The broken line in Fig.A-7
represents the value of magnitude and distance by which the estimated mean
values from Eq.(A-4) gives as A=30 cm/sec®. The dotted line represents the
boundary for epicentral region, which is given by Eq.(A-14). These data were
corrected for baseline and instrument characteristic of the accelerograph
(Ref.2).

The estimation formulas for peak acceleration and peak velocity obtained
from this dataset are listed in Table A-3. Comparing the estimation formula
for peak acceleration in Table A-3 to that based on the data in region Y,
(Table A-1), it may be noted that the coefficients by and b2 for Eq.(A-11)
are similar, since the condition of the data selection for Y: 1s nearly the
same as that for this dataset. However, the estimation formula Eq. (A-11)
gives a larger value of acceleration than that by Eq.(A-9). This result may
comes from the fact that the peak value of corrected accelerograms is
commonly takes as 1.1 ~ 1.3 times the original data in the case of the
SMAC-type accelerograph (Ref.2), and most of data used for this estimation
equation were recorded by this type of accelerograph. The coefficient of
variation &y of the estimation formula Eq.(A-11) in Table A-3 is smaller than
that for region Y| listed in Table A-1: The reason for the small coefficient
of variation may be a consequence of the site conditions used herein which
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Table A-3 Estimation Formulas for Peak Acceleration and Peak Velocity
(obtained from the selected ground motion data).

(a) a2h0(M)

(b) A<ap(M), M26

peak acc. A(M,s), in cm/sec

349 x 10

0.232M

/(A+30

)0.959

--(A-11)

330 --(A-15)

peak vel. V(M,A), in cm/sec

2.65X10

0.360M

/ (A+30

Q
)0.8.3

--(A-12)

2.52x100 144" __(a_16)
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are limited to alluvial and diluvial sites.

Extension of Estimation Formulas for Near Source Region(Ref .6)

The estimation formulas represented by Egs.(A-11), (A-12) cannot be
applied directly for the case of the near-source region such as large
magnitude and short distance, the combination of which is not included in the
used data. It is empirically known that the ground motion intensity does not
depend strongly on the epicentral distance in near source region and it is
rather constant(Ref.8). Herein, the estimation formulas are modified for the
near source region by using other empirical imformation on near source ground

motion.

Muramatsu(Ref.8) proposed the following empirical relation between
earthquake magnitude M and radius r of an equivalent circle within which the

seismic intensity is at least VI in JMA scale (IX in MM intensity).

ro = 10%-6843.58 i (A-13)

It can be assumed that the paraneter ry defines the limit of near source
region within which the ground motion intensity does not depend on the
epicentral distance and is relatively uniform. The value of acceleration
obtained from Eq. (A-11) with A=ry does not depend very much on M as shown in
Fig.A-8, and the approximate mean value 330 cm/sec? may be used for an
average value in the near-source region. The distance Ay obtained from K(M,A)

=330 in Eq.(A~11) may be used for near-source region, and as represented by

o) = 1.06x10%% _ 30 (y=6.0) ,in km (A-14)

Substituting Aq(M) in Egs. (A-11) and (A-12), the peak acceleration and peak

velocity in the near-source region are given as follows.
A =330 , in cm/sec? (A-15)

2.52- 10714 (=g 0) , in cm/sec (A-16)
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Fig.A-9 shows attenuation characteristic of peak ground motion given by
Egs. (A-11), (A-12), (A-15), and (A-18).

Definition of Soil Parameters for Earthquake Microzonation(Refs.5.6)

(1) soil parameter S,

It has been pointed out that ground motion intensities depend heavily on
the softness of surface layers, and this can be seen in the spatial
distribution of damage in past earthquakes. Here the softness of a site is
defined in the following form by using blow-count profiles which are commomly

available at construction sites.
ds
S =[) exp -7 IN(x) }exp{-y2 x} dx (A-17)

where N(x)=blow-count at a depth of x meters, d, is total depth in which
blow-count is available, and y; and Y2 constants. In Eq.(A-17), y; is defined
as a positive constant so as to make the parameter S; larger in case
blow-count is smaller. The second term, exp{-v2 x}, is used because it makes
the correlation between S; and peak ground motion notably larger. The
constant vz also takes a positive value, as shown in the following, and this
implies that site conditions close to the surface strongly affect earthquake

motion intensities.

It has been pointed out that the blow-count has different meanings for
different soil types (Ref.12): for example, it is used to express the
consistency of clay and the index of relative density for sand. The relation
between shear wave velocity and blow-count has been obtained for various
types of soil(Refs.10,13,14). Fig.A-10 show the relation between the shear
wave velocity and blow-count for clay and sand (Refs.10,14) . It is clear that
the shear wave velocity is generally higher for clay than that for sand for
the same value of the blow-count. In the case of gravel, it has been pointed
out that the blow-count is sometimes overestimated because of the resistance
of small rubbles agaist the edge of  samplers(Ref.9). From these

investigations the correction factor ¢y for blow-count for each type of soil
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Geomaterial i
\\ Sand Clay, Loam, Silt Gravel
—
Cn 1.0 1.2 0.8
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can be defined by obtaining S; from Eq. (A-17). Table A-4 shows the correction
factor ¢y for blow-count for each type of soil.

In the following the continuous soil parameter Sn is proposed on the
basis of statistical analysis on peak ground motion including the parametr S;
defined by Eq. (A-17). The soil parameter S, is defined as the function of the
blow-count profile, and is developed under the condition that the parameter
Sn has the strongest correlation with the site-dependent peak ground motion.

Uncertainty U of peak ground motion can be separated into two terms as
follows.

Y=U- Y(M,A)=U| - C(S,) - Y(M,A) (A-18)

where Y is the estimation formulas giving a mean value for peak motion Y for
given values of magnitude M and distance A, and S, is a site parameter which
is difined as a function of Si defined by Eq. (A-17). C(S_n&) is a correction
factor for peak ground motion associated with local site conditions, and U
is the remaining uncertainty after considering site conditions. The following
relation is assumed between the correction factor C(S,) in Eq.(A-18) and S
in Eq.(A-17).

logC=ap+a; - S; (A-19)
The constants y(,y2 in Eq. (A-17) and ag,q; in Eq.(A-19) are obtained
under the condition that the scatter of data about Eq.(A-19) takes the
minimum value. The parameter Sy, which is defined both for peak acceleration

and velocity can be normalized for more convenient use. Namely the site
parameter S, is defined as

S,=1.0 .. where N(x) = 0 for all

S,=0.0 ce .. where C(S,) = 1.0
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Using the site parameter S, defined above, the correction factor C(S;) in
Eq.(A-19) is represented by

C(Sa) =10/ 72050 Con (4-20)
. where
5n=(S1~8)/(1/72-B) @

where @ is a value of S, giving C=1 (B=—ap/a; ), and Cy is the maximum value
for C represented by C,=10(@/r2tad

After a number of trial chalculations to minimize the coefficients of
variation of U in Eq(A-18), the soil parameter S, and the correction factors
for peak acceleration C, and for peck velocity C, have been obtained as

follows.
ds
S,,=O.264fo exp {~0.04N(x) } exp(—0.14x)dx—0.885 (A-22)
_ f2.09, $,<0.6
Ca(Sn) = 1.56, 0.6<S8,=1.0 (4-23)
C,(Sy) = 2.23" (A-24)

Fig.A-11 shows the values of log U, for peak acceleration and log U, for peak
velocity plotted against S,. The circles represent the data recorded on
ordinary sites, which have been used to obtaine the estimation formulas for
peak acceleration and velocity. They include 58 data points associated with
16 sites. The asterisks represent the data for very soft ground which have
been excluded from the regression analysis. In the case of the peak
acceleration the value of log U, does not increase with increase in S, for
S,> 0.6 . Therefore the correction factor C, is modeled as C(,=1.56 for
'S,. > 0.6, the value of which is equal to C,(0.6) in Eq.(A-23). The brokene
lines in Figs.A-12, 13 represent the correction factor C, and C, defined by
Eqs. (A-23) and (A-24).
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From these results, it may be concluded that the scatter of peak
acceleration and velocity are affected strongly by local site conditions, and
that the parameters S, is effective in the estimation of site-dependent
earthquake motion such as peak acceleration and velocity. This effectiveness
can be observed in the decrease in the coefficient of variations attained by
considering S,. Comparing &y, in Table A-5 to that in Table A-3, the decrease
in the coefficient of variation are 14% for peak acceleration and 18% for

peak velocity.

(2) depth to bedrock dp

In general a depth d, to bedrock is easily obtained and it can be also
an effective soil parameter as well as the soil parameter S,. The soil
parameter S, represents the softness of surface layers for approximately 15
to 20 meters depth. On the other hand the depth to bedrock d, represents the

deeper characteristic of surface layers.

Fig.A-12 shows the relation between the depth to bedrock d, and the
natural period Ty of the first mode for Japanese strong motion observation
stations. As shown in Fig.A-12, the depth d, can be an significant soil

parameter for evaluation of site-dependent earthquake motion.
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Appendix B. Modification of Coefficients in Eq.(4.8) for Application of the
FEMP-IB Model for Epicentral Region

Herein a modification is performed for the coefficients of estimation
formula for the intensity parameter on(f) [Eq.(4.8)], which have been
obtained from regression analysis, so that the general characteristic of peak
ground motion on soil surface, which are obtained from simulated rock surface
motion by use of the nonlinear response analysis of surface layers over
bedrocks, is consistent with those estimated on the basis of the soil surface

strong motion records.

Let A, and V, denote the peak acceleration and peak velocity obtained
from simulated rock surface motion, respectively. And also, let A; and V;
denote those obtained from corresponding soil surface motion by use of the
nonlinear soil surface response analysis. Fig.B-1 shows the attenuation
characteristic of A, and the variation of As for the alluvial and diluvial
sites listed in Table 2.1. The values of A are obtained only for the
combinations of magnitude and distance for the boundary of epicentral region,
which is represented by Eq.(A-14). The broken line A=330 (cm/Sec?) represents
the avarage value for soil surface ground inside the epicentral
region[Eq. (A-19)]. As shown in Fig.B-1, the average value of As slightly

higher than the value A=330 in the case of larger magnitude.

Fig.B-2 shows the attenuation characteristic of V, and the variation of
vs. The broken line in Fig.B-2 represents the values of peak velocity for the
epicentral region[Eq.(A-16)] and, the dotted line represents those obtained
on the basis of the soil furface strong motion records, the surface wave
motion of which are eliminated using the separation technique proposed in
Chapter 2. The values of V, should be compafed with those represented by the
dotted.line represented as follows, since the surface wave motion are not

included in the simulated soil surface motion.

V,=3.61x 10711 (B-1)

It is observed that the average values of V; are consistent with those

represented by the dotted line in the case of larger magnitude, however, the
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values of Vs are smaller in the case of smaller magnitude.

To eliminate the disagreement on peak ground motion as shown above, the
following modification on the coefficients for the intensity parameter oa(f)
has been performed. Fig.B-3 shows the control points for modification of
coefficients. The point a; gives the combination for M=8.0 and A= 61.5 at
vhich the avarage values of A¢ is slightly higher than A=330 which is the
value for epicentral region. The point az gives the combination for M=6.0 and
A=0 at which the average values of V; is smaller than the expected value
obtained from soil surface records. The point ap gives the combination for
M=6.59 and A=96.3 which are the mean values of magnitude and distance for the
SMD-R dataset.

Under the following conditions the coefficients Bo(f),.Bi{(f),and Bz2(f)

obtained from the regression analysis are modified.
(1] high frequency region, control of a peak acceleration (fo<f=10.03)

At the point ap and a2, the estimated values of o,(f) are equal to those
obtained from regression analysis. And the values of o,(f) are to be slightly
smaller at the point a; by using the coefficient a, as «,<1.0.

(2] middle frequency region, control of a peak velocity (fo=f=fa)

At the point ag and @, the estimated values of «,(f) are equal to those
obtained from regression analysis. At the point a2 the values of o, (f) are to
be larger.

These two conditions are equivalent to solve the simultaneous simple
equations on the coefficients Bo(f),.Bi(f),andB;(f) for each frequency. After

the iterative calculations these parameters fo} the modification of the

coefficients have been obtained as follows.

fa=2.0Hz, [f,=0.7THz, a,=1.35, v,=0.95
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Table B-1 Comparison between Expected Values of Peak Ground Motions
by Estimation Formulas and Geometric Average Obtained
from Simulated Earthquake Motion.

(a) estimation
formula {b) basic model (c) modified model
Eq. (A-15)] £q. (8-1)
“peak acc. | peak vel. | peak ace. | |7c1k “vel.] peak Tacc. pc'xl\ vel.”
N (cm/sec’) (cnx)_/:r»_c_s)__ (cm/<cc"’) cm/%ec) | cm/<ecz) (cm/sec)
=80 | 330 30.8 359 | 31.8 | 340 ‘ 29.6
”{= 5 | 330 | 269 7 | a1 | 3 | 2.2
PR U T
4255 330_'_] 25 | o | w6 | 311 | 230
=6 5
ive | w0 | @ | ____J__._ 65 | s | ms
”’ 6001 | 330 180 [ 33 | 138 | 320 | 182

B-4



Table B-1 shows the combination of the geometric average of peak ground
motion for the basic model based on the regression analysis and the modified
model. It is observed that the germetric average of peak ground motion for
the modified model are equivalent to those given from the estimation formulas
which have been obtained on the basis of the soil surface records. The
modified coefficients Bo(f),Bi1(f), and B2(f) obtained herein are further
modeled as a function of logf in Chapter 4.
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Appendix C. Development of bedrock and soil surface Simultaneous Earthquake

Motion

The simultaneous records from soil surface and corresponding bedrock
motion are of special importance in earthquake engineering, since ground
motion are effected strongly by local site conditions over bedrock. They can
be used for analysis on uncertainty factors in earthquake ground motion
including the verification of the conversion factors developed in this
thesis.

The database for simultaneous earthquake motion on bedrock and soil
surface has been developing through the good offices of the concerning
research groups including research institutes in private companies.

Table C-1 shows the summary of the simultaneous earthquake motion data
vhich have been stored in the Data Processing Center, Kyoto University. This
database 1is aimed to be used cooperatively by the research groups who
supplied the strong motion data.
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Appendix D. Representation of Functions and Matrices Appearing in Chapter 6.

The functions Bi(x)~Bgs(x) and Di(z)~Ds(x) in Egs.(6.12) ~ (6.17) are

represented as follows.

B,(x) = cos §,x cosh B,x (D-1)
B,(x) = sin 8,x sinh 8x (D-2)
By(x) = cos fx sinh g x+sin f,x cosh g,x (D-3)
B,(x) = cos gxsinh g, x—sin §,x cosh g,x (D-4)
By(x) = cosh fx (D-5)
Bg(x) = sinh fyx (D-6)

Dl<x>=—vo<0>Bx<x>—-”§;7°>Ba<> ”;;O)Bxx)a-”;;f’)B(x)+vo(x> (0-7)

vo(O\B vy’ (O)Bx—vgx )
2 B+ B ) (0-8)

Dy(x) = 20(0) EI B3+ By(x) —v4(0) EI B+ B,(x)
— 03’ (0) EIB,(x) —

Dy(x) = 2,(0) 8, B,(x) +24 (0) B, (x) +

”o_(gif By(x)+EI§’’(x) (D-9)

D,(x) = 20,(0)EL 8- By(x) +204(0)E 53 By(x)
— o (OEL - B,(x)—o (O) EIB,(x) + Bl () (0-10)
Dyfe) = —u(0)Byle) L (0-11)

2

Dy(x) = uy(0)EAB,+ By(x) +up(0) EAB;(x) — EAuf(x) (D-12)
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-

The field matrix F in Eq.(6.18) and the point matrix P in Eq.(6.20) at

the joints of straight and bent sections are represented as follows.

Bg(l)
B.(l 0 — =87 0 0 D.(l
S() B X0
B,(0) By(l) Bl
0 B, (l e AN 2 _ by D.(l
) 28, 282EI  ABEI )
By(!) B,(1)
0 —A,B,(l B, (! 0o -3 -2 D, (1
. BB, (D) (D) S8 El  2piEl »(0)
—EAB,Bs(l) © 0 B.(]) 0 0 Dg(1)
o —2mIgBW) —pEBWM o  BO U p
1
0 —2EIFBy(l) 24EIB(l) O AB,() B\(l) D)
0 0 0 0 0 0 1
for the straight section:
1
i 0O 0 — 0 0 O
kT
0 1 0 O 0o 0
o 0o 1 0 —Lo o
P= ke
o 0 O 1 0O 0 O
0O 0 O 0 1 0 0
o o0 0O 0 0 1 0
o O 0 0o O 0 1
for the bent section:
cosa sing 0 —¢B% o ¥1% ¢
—sina cosa O 0 0O O 0
o o 1 o —-L o o
P= kg
0 0 0 cosa (Q sina 0
0 0 0 0 1 0 0
0 0 0 —sina 0 cosa O
0 0 0 0 0 O 1
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