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Integrated Study on Seismological Site Effects Based on Empirical Methods Considering
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This thesis concentrates on estimating the horizontal site amplification factor (HSAF)
considering linear or nonlinear soil behaviors at sites with ground motion recordings. When
seismological waveform simulation is performed for estimating ground motion at a site of
interest, three effects should be considered: source, path, and site effects. HSAF, which
represents the site effect, is essential especially for estimating the soil amplification factors
in seismological waveform simulation. HSAF reflects the amplification of seismological
waveforms from the seismological bedrock to the Earth’s surface in terms of frequency
domain. If this factor is not considered, the seismological waveform will be significantly
underestimated in time domain. Precise evaluation of HSAFs is always an essential task for
earthquake engineers. This thesis consists of six chapters and mainly proposes two
methodologies for practical HSAF evaluation in case of linear and nonlinear soil behaviors.
HSAFs in linear soil behavior cases (HSAF) estimated by the proposed approach is validated
as superior to several existing methods. HSAFs in nonlinear soil behavior cases (HSAFN) are
estimated in a convenient way, based on a novel strategy.

Chapter 1 provides a general introduction to this thesis, briefly introducing some
disastrous historical earthquakes in Japan, the concept of site effects and HSAFs, and the
overview of linear or nonlinear soil behavior to seismological waveforms. The purpose and
structure of this thesis are described.

Chapter 2 introduces the datasets utilized in this thesis. Three different databases are
applied in Chapters 3 to 5. All the raw data are provided by Kyoshin Network (K-NET) and
Kiban Kyoshin Network (KiK-net), installed and maintained by the National Research
Institute for Earth Science and Disaster Resilience (NIED). The data from Jan 1, 1996, to Jan
1, 2020, are considered. More than 140,000 events with peak ground acceleration (PGA) of 4
to 15 ¢cm/s? and more than 5,300 events with PGA greater than 100 cm/s? are utilized in this
thesis. These data are collected from 1,550 observation stations throughout Japan. The largest
PGA among utilized events is over 2,400 cm/s?.

Chapter 3 describes a hybrid methodology for estimating HSAFL. First, the similarity
distribution between the horizontal-to-vertical spectral ratio of earthquakes (HVSREg) and
HSAF is explored. Based on such similarity distribution, the HSAF of a target site can be
derived. This strategy is termed the “similarity method”. The effectiveness of the similarity
method is somewhat sensitive to the time-averaged shear wave velocity for the upper 30m
(Vs30). HSAF is derived using the vertical amplification correction function without
considering Vs3o (VACF) and considering Vs3o (VACFvs30). Subsequently, the geometrical
averaging on the above-mentioned HSAFs calculated by two different approaches is performed

in order to acquire a new HSAF. This methodology involving geometric average with VACF
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is termed “Hybrid method 1” and with VACFys3o is termed “Hybrid method 2”. Hybrid method
2 is very convenient for deriving HSAFL, and the effectiveness of the Hybrid method 2 is
superior to presently used approaches. In addition, a favorable comparison between
observational waveforms and waveforms estimated considering the Hybrid method 2 is
provided. A favorable comparison between HSAF' calculated by the Hybrid method 2 and that
extracted by the ground motion model is also provided.

Chapter 4 depicts a methodology for estimating HSAFN using data of Kinki area of Japan.
119 sites were selected in total. All sites have at least one record with PGA greater than 100
cm/s?, and at least five records with PGA of 4-15 cm/s?. More than 7,000 records with PGA
of 4-15 cm/s? and 227 records with PGA greater than 100 cm/s? were used. First, it was found
that the difference between HVSRg in nonlinear cases (HVSRY) and HVSRg in linear cases
(HVSR}) can be approximately regarded as a shift, from HVSR; to HVSRE, both on amplitude
and frequency axes. a and f are defined to represent the shift on the frequency and amplitude
axes, respectively. Subsequently, the relationships between PGA versus a and f were explored.
The nonlinear correction function (NCF) was proposed based on the relationships. HVSR; can
be reproduced based on NCF, and then HSAFN can be derived based on the reproduced HVSR
+ and VACF. This methodology for deriving HSAFYN is named the “VACF-NCF hybrid
method”. The effectiveness of the VACF-NCF hybrid method has been proved based on the
comparison with the HSAF calculated by an equivalent linear method considering frequency
dependent characteristics of stiffness and damping (e.g. DYNEQ).

Chapter 5 describes an attempt to improve NCF proposed in Chapter 4. The data used in
Chapter 4 was only gathered from the Kinki area of Japan, and NCF proposed in Chapter 4
was obtained without considering the site classification. In Chapter 5, data collected at 1,065
sites from entire Japan is used out of the whole database described in Chapter 2. Thus, NCFs
proposed in Chapter 5 can be understood to be more creditable than those proposed in Chapter
4. Moreover, two types of NCFs were proposed in Chapter 5, namely, NCF considering site
classification and NCF without considering site classification. Either of them can be used to
reproduce HVSR}. Subsequently, VACFvs30, which was proposed in Chapter 3, was utilized to
transform the reproduced HVSR; to HSAFN. In addition, the relationships between the peak
ground velocity (PGV) or PGV/Vs30 versus the shift were provided. A presently used 1-D
theory for HVSRE calculation preliminary validates the presence of shifts on the frequency
and amplitude axes.

Chapter 6 provides conclusions of this thesis. This thesis concentrated on the estimation
of HSAF under both linear and nonlinear soil behaviors. The methodologies applied in
Chapters 3 to 5 are novel and can be used to improve the accuracy of HSAF estimation. The
HSAF! and HSAFN estimated by the proposed method in this thesis is expected to be used to
improve the accuracy of seismic waveform simulation for estimating ground motions at a site

of interest.
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