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The application of the increased body of knowledge and understanding about the earthquake
phenomenon, to the mitigation of the hazard posed by it to mankind, is the single most impor-
tant benefit that the society can derive from the earthquake research. As the present under-
standing of earthquake phenomenon is not amenable to accurate forecasting of individual
events in terms of place, size, and time, we are primarily concerned with the long term protec-
tion against the earthquake hazard. Seismic zonation and microzonation represent the specifica-
tions for the long term protection against earthquake hazard in recognition to, respectively, the
regional and the local variations in the earthquake damage potential, based on the up-to-date
knowledge and understanding of the earthquake phenomenon.

This dissertation is concerned with the investigation of the local variation in the extent of
ground shaking considering different levels of regional earthquake hazard, and the representa-
tion of the results in the form of seismic microzonation. The primary drive is on aspects related
to the existence of ground nonlinearity during severe excitation by large earthquakes, consider-

ing the influence of the level of excitation, and the spectral content, particularly long period
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components, of the incident motion. Following the nature and the sequence of the different as-
pects of investigation carried out, the dissertation as a whole is organized into two Parts. The
first Parts is concerned with the specific investigations, and second presents a microzonation
case study incorporating the results of the first Part. Of the seven Chapters comprising the dis-
sertation, Chapter 1 is concerned with the background and the rationale behind the research,
and Chapter T presents the conclusions. Of the intervening five Chapters, the first three and the

latter two constitute Parts I and II respectively.

Chapter 1 : Introduction

This Chapter deals with the background and the rationale behind the reseaech carried out as
part of this dissertation. In this connection, extensive review of the existing literature is also
presented. The overall sequence in the different stages of the research that constitute different

Chapters, and the structural organization of the dissertation, is also discussed.

Chapter 2 : Response to White Noise Type Input Motion

This Chapter deals with the effect of the increase in the level of excitation on the amplifica-
tion of incident motion, ground period elongation, and the response spectra of surface response
for different site conditions. For this, the free field nonlinear ground response analysis was car-
ried out for a large number of sites, using the geotechnical database system developed for seis-
mic microzonation study of the central part of Tokyo.

The predominant period of site during the nonlinear response, arrived at from the transfer
function analysis, indicate that the natural ground period becomes longer due to nonlinear be-
havior as the level of excitation increases. At low level of excitation, the predominant period of
ground response clearly shows a linear relation with the fundamental ground period TG, arrived
at based on the initial shear modulus considering a discrete dynamic model. The predominant
period becomes substantially longer as the level of excitation increases.

Maximum acceleration ratio between surface and base layer is seen to decrease with the in-
crease in the level of excitation, as a result of increased nonlinearity, the effect being dominant
in softer sites. The effect of ground softness on the response spectra characteristics is well rec-
ognized. The results of this investigation clearly indicate that, additionally, the response spec-
tra at a site also depend on the level of excitation. This in essence brings about the need to
consider the excitation dependence of the responsé spectra in addition to the site dependence. The
investigations in this Chapter strongly indicate that the level of excitation approaches an inde-

pendent variable in the seismic response of softer sites.
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Chapter 3 : Response to a Suite of Scaled Ground Motions

This Chapter deals with the nonlinear response to a suite of scaled ground motions with sig-
nificant variations in the frequency and phase content that can be expected in ground motions,
depending on source, fault mechanism and transmission. Noting the need in seismic microzoning
to consider different levels of excitation, and the need for mapping stable site effects ade-
quately encompassing the potential severity of future earthquakes, a comparative suitability of
selected methods of scaling a suite of ground motions is investigated. Four scaling parameters,
with varying degrees and types of energy representation: peak acceleration, peak velocity, rate
of energy input, and Housner’s spectrum intensity (SI), are selected, and their relative suitabil-
ity is compared based on the compatibility in the extent of nonlinearity during response history.
The parameter modulus reduction ratio A was defined and utilized as the indicator of the extent
‘of nonlinearity.

Of the four parameters selected for relative comparison, the Housner’s SI is seen produce
most compatible nonlinear response in case of intermediate site conditions (7% range 0.2 to 0.75
seconds). Housner’s SI and peak velocity produce comparable compatibility in case of soft sites,
with peak velocity faring slightly better. The compatibility is seen to significantly improve
when the spectrum intensity, defined in a period band adequately extented to account for the
ground period elongation, was used. Peak acceleration seems to be appropriate for stiff sites
with T less than about 0.2 seconds, where the extent of nonlinearity is small. The rate of energy
input, which is a measure of energy content in the time window of strong shaking, with no re-
gard to energy distribution in different period bands, is noted to be unsuitable as a scaling pa-
rameter.

Spectrum intensity amplification (SIA) is proposed as an adequate indicator of whether
there will be a concentrated damage potential to a certain range of structures at a site, and is
considered a suitable parameter for microzonation. The concept of limited band spectrum inten-
sity (LBSD is suggested for this purpose. When the input ground motions are scaled by spec-
trum intensity, the predominant period of ground during the nonlinear response show fairly low
coefficient of variation, again indicating compatibility in the extent of nonlinear response. In
addition, the average spectrum intensity of surface response is comparable to the spectrum in-
tensity of surface response due to the target ground motion. This is an indication that the inten-
sity of surface response to the target input motion is, on the average, comparable to the mean
intensity of surface motions due to scaled input motions. In addition, the average spectrum in-
tensity of surface response is comparable to the spectrum intensity of surface response due to
target ground motion. This is an indication that the intensity of surface response to the target
input motion is, on the average, comparable to the mean intensity of surface motions due to

scaled input motions.
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Chapter 4 : Influence of Long Period Components

This Chapter is devoted to the investigation of the influence of long period components in the
incident motion on the nonlinear ground response. Although uncertainties abound in the correct
assessment of the period band in which the seismic energy of a potentially destructive future
earthquake would be concentrated, the proportion of the energy in long period range is believed
to increase with the size of the earthquake. Considering observations in the preceding Chapters
that the soft sites undergo large elongation in ground period at increased level of excitation, the
presence of long period components in the incident motion can be a destructive consequence. The
results of the investigation indicate ample evidence of the increasingly dominant role of the
long period components in nonlinear ground response.

For stiff site conditions, where the effect of soil nonlinearity is small, only primary effect
marked by the appearance of long period spectral ordinates at the ground surface response
waves, corresponding to the respective incident waves, can be noted, with very insignificant ef-
fect on the maximum surface acceleration. For soft site conditions, the so called secondary ef-
fects develop as a result of the increased extent of nonlinear excitation, with consequent
substantial elongation in ground period, as the long period components increase in the incident
motion. Thus the soft sites tend to amplify further the already large long period components in
the incident motion. There is clear evidence that the presence or absence of the long period com-
ponents can be detrimental to the extent of nonlinear excitation the soft sites receive.

The maximum surface response acceleration at soft sites increase with the increase in the long
period components in the incident excitation, as a result of the increased nonlinear response and
consequent amplification of long period components. In contrast, the maximum surface re-
sponse acceleration at stiff sites remain practically unaffected.

The spectral characteristics of the surface motion at stiff sites are affected little by the pres-
ence of long period components, except for the primary effect. In contrast, the response spectra
of surface motion at soft sites indicate substantial secondary effects. The secondary effects are
marked by larger spectral ordinates at longer periods, as the long period contents in the incident
motion increase. In addition, there is larger spectral response at short period corresponding to
the higher maximum acceleration noted above.

The deficiency of short period components in the incident motion has little influence on the
nonlinear ground response. The deficiency in the long period components, however, results in re-
duction in the extent of nonlinear excitation, as well as in the maximum surface response accel-
eration, in case of soft sites. This is a clear indication that the long period components in the
incident earthquake motion can influence the surface acceleration observed at soft site condi-

tion, causing larger peak surface acceleration in spite of the larger extent of nonlinearity.
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Chapter 5 : Incident Motion Response Spectra

This Chapter is the first of the two chapters in Part II and is concerned with the detailed in-
vestigation for the characterization on the three levels of incident motion, defined as freguent,
medium, and extreme levels, applicable to seismic microzonation case study of Sendai. Attempt
has made to compile diverse pieces of information in the subject areas of seismology,
geotechnical engineering, and earthquake engineering, to develop a methodology for the charac-
terization of incident motions in terms of response spectra. One of the primary concerns in this
process has been the adequate representation of long period components. For this, the empirical
Green'’s function method is utilized for the prediction of large earthquakes from the records of
small earthquakes.

The three response spectra representing the frequent, medium, and extreme levels of earth-
quake occurrence expectancy in Sendai are utilized to generate response spectra compatible inci-
dent motions. The two stage iterative scheme, first in frequency domain and then in time
domain, is utilized for the generation of the response spectra compatible incident motions.
Whereas the methodology developed and utilized in this Chapter has specific purpose of
microzonation case study, it is nevertheless amenable to most general applications, constrained

with the availability of suitable database.

Chapter 6 : Response Analysis and Seismic Microzonation

This Chapter presents a case study on seismic microzonation considering soil nonlinearity and
the level of excitation. Sendai is taken up as the case study urban area, and the frequent, me-
dium and extreme levels of incident motions developed in Chapter 5 are utilized for this pur-
pose. Two sources of geotechnical informations, one comprising of the collection of past bore-
hole records, and the other from the recording stations of the Sendai dense array system, have
been utilized. The three levels of the incident motions are considered to represent the correspond-
ing levels of seismic hazard, and the nature of ground shaking hazard at different site condi-
tions are discussed.

The site dependent, and the level of excitation dependent, response spectra of surface response
motion are developed, and their characteristics discussed. The site dependent response spectra
are compared with the response spectra of incident motion at the exposed base layer, from
which it is illustrated that there is remarkable shift in the influential period band towards long
period range as the extent of nonlinear response increases. Spatial distribution of the ground
types, where the respective site dependent response spectra are applicable, is also presented in
the form of color coded map.

The site dependent nature of the spectrum intensity amplification (SIA), proposed in Chapter

3 as a potentially suitable parameter for seismic microzonation, is presented. Some cases of

—442—



the spatial variations of SIA are plotted on the map, and a case study on the suitability of SIA,
in adequately representing the ground shaking hazard, is illustrated by comparison with ob-
served damage patterns. Considering that the ground shaking aspects of seismic hazard tends to
dominate most of the earthquake damage patterns worldwide, the proposed method of suitably
representing it in the form of seismic microzonation is significant.

The trend in the extent of the ground nonlinearity at different site conditions is investigated
in terms of the modulus reduction ratio, another parameter proposed in Chapter 3 for this pur-
pose. Some case studies on the spatial variation of the site dependent nonlinear site effects are
also presented. Overall, Chapter 6 illustrates the suitability and credibility of the results of in-
vestigations made iﬁ Part 1. In addition, a naw direction in the method of accounting for the
site dependent nature of the ground nonlinearity, in the assessment of ground shaking hazard,

has been initiated.

Chapter 7 : Conclusions

This Chapter presents the summary of findings of the investigations carried out in this re-
search, outlining the concrete results chapter-wise, together with their implications to seismic
microzonation. Considering the broad and interdisciplinary nature of the aspects involved in
seismic microzonation, and the potential relationship of these aspects with the nonlinearity and
level of excitation in ground response, the possibilities for the extension and continuation of the
research initiated as part of this dissertation are virtually limitless. Attempt is made in this
Chapter to point out some of the immediate continuation possibilities. A short note on the fu-

ture directions in the seismic microzonation is also presented.

—443—



# 2 & R 0o B F

HEBIHBOEEIC L VIBFIC L » TERA/HEEZRL, £UHBHELZhILELGE S
TEBHIONT WS, LOHIL OHRONE LR E XL TIEROHBHORHEEZRR LK &
TEMECS 70— %~V a Vid, HIHROMBLELXUZOHNEERNT 2BACHKEL
185, Hric, BEFISHIRE L E UCATTHIBEIO L NVRE E Thic & 78 5 IR ISR ©
FHEASEREICE A, THIDVTRERBHAFRIRZENTVE V. FHXIE, HBOFEFLIG
EHRICRIETERA GBI SR EEEAVTHS M L, haififotE<, 7 o/ —
F—Ya VEKMEEEIHEEZHRBLLDOT, 2BTELDLS,

BIBRFERTHD, FHEOEE, BRI VLTHEN, dbeCEET3HEOHEEEEL
123 ACTHARFEOBHREZHPSMT LTV,

2B T}, ATIHEEN L NV OBKIEE S MR OIEIG SR OR %, FEEROE Ohbg
F— 2 ZRVTCHEREATHER T 2RI ERITC X DRET L, SicEkegHiiR c i3I
Mo X 0 IREREICEEERRLSENE &0 5, INEFBICH > TATI VNV ERTEHE L
TERTREIEERLTVWS,

EIETH, AIEEZYT, HIUREERSIBOANTVAVOERIT>WTRITL, Bk
WERBRS>BHOANEERSELHGUIEEEE USRI LI ICRr—~ ) v /T 5kbic, A<=J b
NEE SD BSETETEERLTVWS, Eiecfifcic SIEIERE L URIBEIE SI £ X 52188
L, THIRTEGHEE BT 2MOIHRESIROZR Y, BEORMER >BEMBOWEIEES
HThATEERLTVWS,

FAETR, ANHEBESORRE, RcERPERS SIEWEHBRIEE I RIETHET O VTR
L, RSB TERAERS OBEPELVIEEERLTVS,

EBEETR, FL2~4BRESE, w170V —X—va VETIRDH->TOANARZ b
BREHEICDOTRETL, WAHBRICBTE5r—2AR 9 74 %fT>TWb,

BOETE, NEITORREZEKC LT, WROFEUEMEEAND LRV EERL B4
su=3—va vFEEEED, BB 3HEFAZE L TEORYEER LTV S,

BTERERTDH 5,

PILET 5 icdmXid, SRR ECRIETANO L ANVRUERSESEOREE, £
KM T — 5 LI ERRIT R A Ol O RIEIICTRET L, Btk oJeg
REBVICFHET 5 RBHEEPER LD AT, ZORBRERVWTEHTHRICEIT 2B~/ 70
V=F=va VEfTOFEEELY, IBTBFEr—229F 1 2BULTEOEGRERT EE
IR LEREEA OREEEZ 20T, BEEEY, METHN S CIEBHEK THED
REBILEHEET B LT AP,

o TC, BRI L (T%) ORMHELTAREED 5,

—444—



