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ABSTRACT

The Greater Vancouver Regional District (GVRD) in the province of British Columbia is
located in one of the most seismically active regions of Canada. In this thesis, a method
for assessing the seismic hazard potential at GVRD sites using the characteristics of
microtremors is evaluated. These characteristics, site predominant periods and relative
amplification ratios, were determined by analyzihg records of microtremors. The
feasibility of using the microtremor characferistics for hazard estimation was

investigated.

The stability of the characteristics of microtremors at a site is crucial for assessing
seismic hazard potential. For the GVRD region, the site predominant periods of
microtremors were found to be stable over time. On the other hand, the peak Fourier
spectral amplitudes and horizontal-to-vertical spectral ratios tend to fluctuate over time in
response to the strength of the input sources. Coniparison of spectral characteristics of
microtremors and those of low-level earthquake ground motions showed that
microtremor measurements can be used effectively to delineate the periods of peak
response of sites. At deeper sites (>150 m) the periods of peak response from
microtremors may reflect either the dominant response due to resonance in one of the
upper strata or the excitation of one of the higher periods at the sites instead of the
fundamental periods of these sites. The relative amplification ratio was found to be an

inconsistent indicator for comparing the relative seismic amplification potential of sites.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND INFORMATION

The Greater Vancouver Regional District (GVRD) in south-western British Columbia,
Canada is situated in one of the most seismically active regions of Canada. Because
significant earthquakes are expected to occur in the GVRD region in the future (Finn,
1996) and will most likely affect the economy of the province adversely, it is of great

importance to assess the distribution of seismic hazard potential in the region.

Local site or geological conditions greatly influence the damage potential of incoming

seismic waves from major earthquakes (Finn, 1994; Seo, 1997). For example, the 1985

~ Michoacan earthquake caused extensive damage to structures with periods close to site

periods in Mexico City. The peak accelerations of the input motions in rock of less than
0.05 g were amplified by about 5 times on the clay soils of the old lakebed on which
Mexico City is located. Seismic hazard assessment provides a means of quantifying or
estimating the effects of local geological conditions on potential seismic response of
sites. There are several methods for assessing the seismic hazard potential of sites. One
method is by performing site-specific, detailed dynamic analyses based on earthquake
records and soil properties from site characterizations. Typical site investigation methods
include the standard penetration tests (SPT), seismic cone penetration tests (SCPT), shear
wave velocity (Vg) measurements, as well as retrieval and testing of soil samples. The

dynamic analysis approach is, however, too costly and time-consuming, and is thus only



performed for important. projects. An alternative approach for effective mapping of
seismic hazard potential on a regional basis is to use code-based amplification or
foundation factors. Amplification factors are factors assigned to soil zones based on
descriptions of soils from geological maps and soils data available from site
investigations for specific projects. They reflect damage associated with different soil
conditions in the field, and in an approximate way Integrate the effects of possible soil
amplification and soil-structure resonance (Finn, 1997). Examples of seismic response
characterizations which make use of amplification factors include the 1994 NEHRP
Guidelines; Foundation Factors, F (NBCC, 1995) and Definition of Site Classes and
Amplification Factors (Borcherdt, 1994) (Finn, 1997). However, this method of seismic
hazard mapping requires data from site investigations and can be time-consuming and

costly when such data is not available already.

In this thesis a method for mapping seismic hazard potential based on the characteristics
of microtremors recorded at a site is investigated. Microtremors are low-strain or weak
ground motions caused by human activities, operating machinery, and traffic. They
propagate through the ground and are amplified at periods synchronous with the
predominant periods of site response. Microtremors have been used to estiméte
predominant site periods and relative amplification factors for microzonation purpbses
(Nakamura, 1989; Hao et al., 1994; Seo, 1992, 1995 and 1997). Seismic hazard mapping
or seismic microzonation based on characteristics of microtremors has some significant
advantages over the more conventional methods. Microtremor measurements are

performed on the ground surface so no borings or insitu tests are required. As a result, a



large number of sites can be evaluated in a relatively short time. Microtremor
measurements can therefore provide a fast and cheap way of assessing dynamic

characteristics of the ground for seismic hazard studies.

The characterization of site response to strong earthquake incoming motions using
parameters based on weak motion response parameters such as those from microtremor
measurements is favourable because of the ease of obtaining such response and wider
availability of weak seismic motion data. .Weak motions are defined as motions which
elicit mainly elastic response from the site (Finn, 1994). Past characterization of sites for
weak motion response (Borcherdt and Gibbs, 1976; Borcherdt, 1991) have shown that
ground. motion characteristics such as local shear wave velocity or site periods strongly
correlate with the site conditions or the type of geologic units. Studies carried out by
Borcherdt (1990, 1991) and Borcherdt et al. (1991) showed that response estimated based
on weak motion characterization appeared to be generally applicable to seismic response
during the 1989 Loma Prieta earthquake in San Francisco Bay area. For instance, the
average horizontal spectral amplifications were found to be consistent with those of the
weak motion response to v;'ithin one standard deviation for the San Francisco Bay Mud
sites and within two standard deviations for alluvial sites (Finn, 1994). The difference in
the responses of strong motions and weak motions can be attributed to the nonlinear
response of the soil sites during strong earthquake shaking. The nonlinear effect can
cause significant damping effects or deamplifications to the soil response. Hence the

response predicted using the weak motion data would correctly predict enhanced ground

motions during strong shaking but would also overestimate the amplification response of




the strong motion. The characterization of strong motion response by weak motion
parameters is therefore useful in indicating the relative seismic hazard potential or sites
but in many cases these parameters cannot be used to directly quantify strong motion

response.

1.2 SCOPE AND OBJECTIVES OF THIS STUDY

The objective of this thesis is to assess the effectiveness of microtremor measurements as
a basis for mapping seismic hazard potential of sites. In order to accomplish this, a
feasibility study was carried out by comparing the dynamic characteristics of
microtremors with those based on geological and seismic data. The dynamic
characteristics of interest explored in this thesis are the site predominant periods and

relative amplification ratios. The site predominant period is the period of peak response

~ whereas the relative amplification ratios is the corresponding peak amplitude of the

horizontal-to-vertical spectral ratio at a site normalized using that of a reference hard
ground site. This thesis covers several aspects of microtremors, including theoretical
background, instruments used for measuremént, guidelines for microtremor
measurements, method of data analysis, and illustrations of the application of
microtremor microzonation using case studies. The stability of microtremor

characteristics at a given site over time is also investigated.

Microtremor measurements for this study were conducted at selected sites in the Fraser
Delta of the GVRD, specifically in Lulu Island, New Westminster and in Richmond. The

microtremor data acquisition and analysis system of the University of British Columbia’s




Civil Engineering Department was utilized to perform the microtremor measurements.
The measured microtremor records were analyzed and maps showing the distribution of
site predominant periods and relative amplification ratios were developed. The results
from microtremor measurements were compared with available seismic response data to

determine the validity of the microtremor results.

1.3 OUTLINE OF THESIS

This thesis is comprised of seven chapters and three appendices. The second chapter
presents the theory of microtremors and background information on the use of
microtremor characteristics. The third chapter describes Nakamura’s H/V method, and
presents a discussion of its validity and applicability. Chapter Four discusses the
importance of stability of microtremor characteristics, and presents the results of stability
tests carried out at a measurement station in Vancouver. Chapter Five describes the
microtremor measurement procedures and analyses of the microtremor records obtained
during the course of this study. Discussion of the results and case studies are presented in
Chapter Six. Finally, summary, conclusions and recommendations for future research

are presented in the final chapter.

Appendix A includes details of the microtremor data acquisition system presently used at
U.B.C. Appendix B contains details on microtremor data file conversions. Finally,
Appendix C contains descriptions and operating instructions for data analysis using

DADISP software. A sample result of data analysis is also shown in Appendix C.




CHAPTER 2

MICROTREMORS: THEORY AND PRACTICE

2.1 THEORY OF MICROTREMORS

The ground surface layers are normally exposed to two kinds of low-strain ground
motions or tremors, the so-called microseisms and microtremors (Kanai et al., 1960).
Microseisms are caused by natural agents (storms, sea waves, wind) and microtremors
are caused by artificial agents (automobiles, machines, human activities). The
microtremors normally predominate in thé period range shorter than two seconds, and
reflect ground motion characteristics of soft sediment layers. The microtremors
measured at a site tend to show a fairly stable predominant period over time, but the
microtremor amplitudes change between day and night times. Microseisms usually
appear in the period range longer than about three seconds, and may provide useful
information about deeper site structures. The features of the microseisms -- both
amplitude and period characteristics — are affected by the weather conditions. Present

understanding about low-strain ground motions is illustrated in Figure 2.1.

Theoretically, microtremor measurements can be used to produce an accurate estimation
of ground vibration characteristics (Nakamura, 1989; Hao, 1992; Seo, 1995). The
characteristics of the measured ground motions reflect the dynamic characteristics of the
subsurface soil conditions and the properties of the source of ground motions. Ground
vibration is essentially amplified at periods almost identical to the site predominant

periods of the surface soil layers as the incident ground motion passes through the soil



layers. Hence, characteristics of measured microtremors can be used to quantify the
effects of local geological conditions on site response, and provide information on the

amplification characteristics of a site.

LOW-STRAIN GROUND MOTIONS

l

What are the sources of low-strain ground motions?

Human activities Natural forces
(Traffic and/or machinery noises) (Sea waves due to weather conditions)
Microtremors Microseisms
(S-waves, Rayleigh waves) (Rayleigh waves)
Stable characteristics Unstable characteristics
(Constant predominant periods and (Variation of periods and amplitudes
daily variation of amplitudes) due to weather conditions)

Can we understand siie conditions with measured microtremors?

Is this applicable for predicting aspects of seismic site response?

Figure 2.1  Present Understanding about Low-strain Ground Motions (modified from
Seo, 1997).




The usefulness of microtremor observations can be illustrated by considering a Fourier
response spectrum processed from a measured microtremor record. Examples of a
microtremor Fourier response spectrum with one distinct peak and a Fourier spectrum
with more than one distinct peak are shown in Figures 2.2(a) and (b). The Fourier
spectfum reveals the dynamic characteristics of the site at which the microtremor
measurement was carried out. The peak. of the spectrum indicates the site predominant
period of the surface layer at which ground shaking is likely to experience the most
amplification. Soft and deep layers would generally have long periods, whereas hard and
thin layers would have short periods. Two or more pronounced peaks might appear in the
response spectrum, as illustrated by Figure 2.2(b), indicating that the site is resonating at
two or more frequencies of the ground motions. If the multiple peaks are present in a
narrow frequency band, it may be due to improper signal brocessing of the collected data

(Bendat and Piersol, 1993).

The peak spectral amplitudes may contain strong source effects in the input ground
motions (Nakamura, 1989; Hao et al., 1994). In which case, they are not suitable as a
means of comparison of relative amplification potential between sites. The source effects
on peak amplitudes can be reduced substantially using ratios of horizontal-to-vertical
épectral components (Nakamura, 1989) to determine periods of peak response.
Normalization of the peak amplitudes of the spectral ratios by the peak amplitude of a
reference rock site gives the relative amplification ratio between a soft soil site and a hard

ground site. The relative amplification ratio may provide a basis for comparing the

relative amplification potential of different sites under earthquake shaking.
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Figure 2.2(b) Microtremor Average Fourier Response Spectrum with more than one
: distinct peak.

E
(oN
o
Q
=
B
.z
o
(]
=)
o}
=
=
3
m
N
Q
(]
[o)
98]
(]
17}
=
Q
o
©n
[
~
-
2
o
Fy
(]
on
<
o
[
>
<
=
e}
=
(o)
=
N
=}
=
2
-~
«
-’
™
(o]
]
)
=
oh
» =y
=




2.2 PAST AND CURRENT RESEARCH

Research on the use of microtremors for microzonétion purposes has been carried out and
documented over the last few decades. Significant progress has been made on the use of
microtremors for seismic hazard studies since Kanai and his associates first used
microtremor measurements to determine dynamic characteristics, specifically

microtremor patterns and periods, of sites for microzonation purposes (Kanai et al., 1954;

Kanai and Tanaka, 1960).

Udwadia and Tﬁfunac (1978) investigated the feasibility of using microtremors to
determine site amplification characteristics for earthquake shaking by comparing data
from strong motion earthquake records and microtremor measurements at El Centro,
California. They found little correlation between the amplification characteristics of the
ground motions due to earthquake shaking and microtremor excitation, and hence
concluded that microtremors are mostly affected by source characteristics and wave
propagation effects. In addition, they found that the amplitudes of microtremor motions
were stationary over durations of 5 to 10 ‘minutes but not so over a period of a day. The
main problem was the source effects of the input motions which made the interpretation
of microtremor data extremely difficult. Also, the microtremors reflect elastic ground
response whereas moderate to strong earthquake shaking induces nonlinear soil

behaviour which changes the dynamic characteristics of the site.

Aki (1988) reviewed the problems associated with the determination of frequency

dependent, site specific, amplification factors using microtremors. He concluded that the
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inability to separate source effects from site effects is a major obstacle to the effective use
éf microtremor measurements for evaluation of site characteristics. Since the sources are
likely to be different for different sites, it is difficult to determine even the relative
amplifications reliably. Hence, the effective use of microtremor measurements in
determining the site response characteristics would require a method of removing or
minimizing source effects. Such a procedure was proposed by Nakamura (1989) based
on horizontal-to-vertical spectral ratios. Periods of peak response based on these ratios
were very stable and source effects were minimized. This method will be discussed in

the next chapter.

Kagami, Duke, Liang and Ohta (1982) examined thé usefulness of long-period
microtremors for earthquake engineering problems at sites with extremely deep soil
deposits. Extensive microtremor observations were carried out in Niigata Plain, Japan,
and in Los Angeles, California, where depths to the basement rock are several kilometers.
The result of Fourier analysis showed that the amplitude of microtremors in the long-
period range increased systematically from the outcrop of basement rock to the deep
deposit site, with the increase corresponding to the depth to ba‘sement rock. This result
supports the use of microtremors for relative amplitude estimation. Note that the long-

period tremors referred to above are microtremors, not microseisms.
Seo (1997) investigated whether microtremors could be used to assess the dynamic

characteristics of earthquake strong motions. Microtremor measurements were made in

the Mexico basin just after the 1985 Mexico earthquake. Figure 2.3 shows a comparison
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between microtremor Fourier response spectra and strong motion acceleration spectra
from the 1985 earthquake at several stations in Mexico City. Although the spectral
shapes are dissimilar, the site periods from measured microtremors and strong motions
are essentially identical on soft éediment sites (SCT, CDAO, and CDAF). These sites
responded essentially elastically within the range of ground motion amplitudes and hence
nonlinear effects were low. Stable microtremor periods have also been found in Japan
around the damaged Kobe-Hanshin area of the 1995 Hyogoken-Nanbu earthquake. On
firm hill sites in Mexico City, such as UNAM, VIV and TAC, site periods from
microtremors and strong motion shaking are not similar. This evidence suggests that the
application of microtremor measurements in delineating the predominant periods of sites

may be effective on soft sites but not necessarily on hard sites.

The studies described above represent a sampling of research conducted on microtremors.

Based on these studies, the foilowing observations can be made regarding the use of

microtremors for seismic hazard assessment:

¢ Source effects have a major impact on the site frequency (or period) and amplitude of
microtremors. Therefore the effective use of microtremor data for microzonation
purposes will only be possible with the removal of source effects.

e The source effects may be removed or minimized using a method proposed by
Nakamura (1989).

e Even in the absence of source effects, site periods and site amplification factors
estimated from microtremor measurements may not be applicable to the sites during

strong shaking because of nonlinear response of the soil layer(s).
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e Microtremors may not generate peak response at the fundamental period of the site
but at other periods.

e Based on comparisons of strong motion records and measured microtremors, it
appears that microtremor measurements may be useful in providing information on

low-strain site periods and other site amplification characteristics.

In conclusion, microtremor measurements may be used to quantify the effects of local
geological conditions on ground motions and provide a basis for comparing the relative
damage potential of sites if source effects can be removed from site measurements. In

the next chapter, a method for removing the source effects will be introduced.
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1997).
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CHAPTER 3

NAKAMURA’S METHOD

This chapter presents the Nakamura’s method (§3.1) for the interpretation of microtremor

measurements and discusses its general validity (§3.2).

3.1 BACKGROUND ON NAKAMURA’S METHOD

Nakamura proposed a method of estimating the dynamic characteristics of surface layers
by measuring solely the microtremors at the ground surface. In the past microtremor
measurements had to be conducted during a relative quiet time span to minimize source
effects which can cause substantial ﬂuctuatipn in the predominant periods of
microtremors. Such effects can be seen at sites such as Tabata in Japan where
microtremors were recorded on an hourly basis over a 30-hour period at each site
(Nakamura, 1989). Figure 3.1 shows the Fourier response spectra of microtremors
measured at three different times at a Tabata site. Microtremor measurements were taken
dun'ng the passage of a train, at an intermission of train operation during the day and
during a quiet time at 3:00 AM. The signature of a local source such as a passing train is
clearly evident in Figure 3.1. The Fourier spectrum of the microtremors including the
frequency or period of peak responses was radically altered by the passing train.
Nakamura then applied his proposed method, in which site response is characterized by
the ratio of horizontal to vertical spectra at the site, to the hourly data over a 24-hour
period at the Tabata site. Figure 3.2 shows the Fourier response spectral ratios of

‘microtremors measured over the 24 hours. The predominant frequency of the site was
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essentialiy stable and was not changed by source effects. These results and those from
other recent applications of Nakamura’s method, e.g., Hao et al. (1994), show that
Nakamura’s method can be effective in stabilizing periods of peak response and

minimizing source effects. The background on Nakamura’s method is presented below.

The dynamic characteristics observed at a point include all of the wave motion radiation
characteristics F(f) at the focal region, the dynamic characteristics T(f) of the wave
motion propagation route up to the observation point, and the dynamic characteristics S(f)
of the surface layers at the observation point, where f denotes frequency (Nakamura,
1989). The surface sources, F(f), were assumed to generate mostly Rayleigh waves and
affect both the horizontal and vertical motions in the surface layer equally. This is the
key assumption of the method. For each observation point and different low-strain
earthquake/ground motions, the surface layer characteristics S(f) are essentially the same
even when the radiation characteristics F(f) and/or propagation characteristics T(f) are
different. The stability of the dynamic characteristics of the surface layer(s) is what

makes microtremor analysis a useful tool for determining site characteristics.

The dynamic characteristics of surface layers can be estimated from the transfer function
for horizontal motions at a site. Surface microtremor measurements provide spectral
ratios of horizontal-to-vertical components of the surface layer which may be used to

assess the transfer function for horizontal motions at a site. As a result, the transfer

function of surface layers may be assessed from surface measurements of microtremors

alone. This is explained as follows.
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The transfer function for horizontal motions at a site, S, is defined as:

where Sys and Syp are the spectral ordinates of the horizontal motions at the surface and
the hard base layer respectively. The transfer function for vertical motions, Eg, is defined

as:

[
g ‘50:

where Sys and Syp are the frequency-dependent spectral ordinates of the vertical motions
at the surface and the hard base layer respectively. A key assumption here is that there is
no amplification in the vertical ground motions. If there are no Rayleigh waves or source
effects, Es = 1; Eg will becéme larger than 1 with increasing effects of Rayleigh waves

(Nakamura, 1989).

The effects of source or Rayleigh waves are compensated by the modified transfer
function, Srr, for the site which incorporates the effects of the horizontal and vertical

transfer functions. Stris defined as:

If there are no source effects, E¢ = 1 and S7r is the same as the horizontal transfer
function, 1.e., Sy = Sr. In the scenario that there are source effects, Ey is greater than 1.

The S7rcan then be written as:
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where R, =- and R,=-22. Rg and Rp are obtained by dividing the spectral
VS VB

ordinates of the horizontal microtremor spectrum by those of the vertical microtremor
spectrum, with the subscripts S and B correspond to the surface and the hard base layer
respectively. Iil order to use surface microtremor measurements to assess the transfer
functions of sites, it is necessary that Sy is approximately equal to Rs, where Rs is the
horizontal-to-vertical spectral ratio from surface microtremor measurements. Test results
from detailed studies at the Kanonomiya and Tabata sites in Japan showed that the
horizontal-to-vertical spectral ratios at the bedrock, Rp, were approximately 1.0 for a
relatively wide frequency range, as indicated by Figure 3.3, i.e., on the firm substrate,

wave propagation is essentially even in all directions. This is summarized as follows:

<

Ry =1 and therefore, S;, = Ry

Hence, the transfer function of surface layers may be estimated from surface
measurements of microtremors alone. A more reliable S+ can be estiméted by
multiplying. Ry with 1/Rp when geological data of the ground is provided since Rp
contains the characteristics unique to the point and is free from the effect of Rayleigh
waves. In this thesis, it was assumed that Ry fluctuates within a much narrower range
than Rs and thus does not significantly affect the relative amplitudes of the spectral ratios
in Rg (Finn, 1992). Considering that Rp is essentially constant at 1.0 over a significant

period range of engineering interest as described above, this assumption is reasonable.

18



—_ Tabata EW component f Train
9 50 aad
2 T 1
3 N . Miﬂ
E ,\W! A J
o g FALRALLIR!
o i JIntermission of
= /‘/5\ / r\ ! Altrain operation
;.: 10 71~ - 1 N o
y AR ) ¥ 100 1 A )] 1
0 7 = Y ;
C/:J: / : | 2%V 31
% 05 \‘ 17
E \ | e
= \ 3.00 a.m.
§ . a f'f'\l
) 0.0 4=-
o
= —
o
B 0.8
0.1 0.2 05S 1.0 20 5.0 10.0 200

Frequency [Hz.]
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Nakamura, 1989).
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3.2 RECENT STUDIES OF NAKAMURA’S METHOD

Lachet and Bard (1994) performed a numerical analysis of Nakamura’s method using
urban noise simulation to investigate both the amplitude and position of the peak of the
horizontal-to-vertical (or H/V) spectral ratios and their relation to vertical shear wave
resonance in the surface layer(s) for different source types énd for varying geological

structures. The results of both studies are discussed as follows.

Firstly, Lachet and Bard (1994) investigated the position of the H/V peak and its
sensitivity to different source types and geological conditions. Nakamura (1989) stated
that the position of the H/V peak indicates the period of peak response when it is
independent of the source characteristics. The sensitivity of the location of the peak of
H/V ratios to source characteristics and different geological structures was investigated
using a multiple source model as shown in Figure 3.4. The multiple source model used

sources consisting of explosions and a unidirectional force to simulate urban noises with

. different source functions. The shapes of the different source functions such as step,

Ricker and pseudo-Dirac in the time domain are as shown in Figure 3.5. The measured
records were analyzed using Nakamura’s method. Lachet and Bard found that the
position of the peak of H/V ratios remains constant regardless of the source types or
functions used in the simulations. This result supported Nakamura’s claim that the

position of the H/V peak is independent of the source characteristics.

The influence of the geological conditions on the H/V peak position was investigated

using six simple theoretical models of geological structures with varying shear velocity
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contrast and thickness of the soil layers, and a few more complex, real geological
structures. Lachet and Bard found that for different cases representing different
geological conditions, the H/V peaks locate at different frequency positions. They
concluded that the H/V peaks represent distinct geological structures. Lachet and Bard
(1994) also compared the frequency corresponding to the H/V peak, f;, to that of the
resonance site frequency corresponding to the vertical Sy wave resonance, f;. The results
of comparison between f, and f; are shown in Figure 3.6. There was good agreement
between f, and f; where the data of f, versus f; aligned along the fitting line f, = f;. They
therefore concluded that the peak position of the H/V ratios is probably a reliable
indicator of the frequency (or period) of peak response of the ground surface layer for

different geological conditions.

Lachet and Bard further investigated whether the amplification of seismic motion due to
resonance of groun:i surface layer(s) might be estimated from the maximum spectral
amplitude of the H/V ratio. Figure 3.7 shows the comparison between the amplitude of
the H/V peaks (A,) obtained and the maximum amplitude of the amplification function
for vertically incident S waves (A;) at several sites; the dotted liﬁe is the fitting line of A
= A,. It is clear that there was poor agreement between the H/V peak amplitude and the
‘maximum amplitudes for the vertically incident shear waves. Moreover, investigations
on the influence of variations of Poisson’s ratio and source-receiver distance on the H/V

peak amplitude have also shown that the amplitude of the H/V peak was very sensitive to

variations in these parameters. As a result, Lachet and Bard concluded that very poor
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correlation exists between the amplitude of the H/V peak and the actual amplification

value under Sy wave incidence.

Based on the results discussed above, the main conclusions regarding Nakamura’s

method are summarized as follows:

e The position of the peak of H/'V ratios is independent of the source characteristics or
excitation function. This‘ shows that Nakamura’s method is effective in removing the
source effects from microtremor measurements.

e The frequencies from the H/V peak positions derived from noise simulation were
similar to the resonance frequencies from vertically incident Sy waves. Hence, the
peak of H/V ratios from Nakamura’s method gives a reliable indication of the
resonance frequency or frequency of peak response of the surface layer.

e The peak amplitudes of the H/V ratios from Nakamura’s method were found to
correlate poorly with the maximum amplitudes at resonance frequency of the
vertically incident Sy waves in addition to being very sensitive to Poisson’s ratio in
the sedimentary structure and the source-receiver distance. The poor or lack of
correlation between the peak amplitudes from Nakamura’s method and those at
fundamental resonance from vertically incident shear waves suggests that
Nakamura’s method provides information on spectral amplification characteristics of
peak response but not necessarily those at fundamental resonance of the sites. - This is
especially true for sites with deep surface layers (>200 metres) overlying the bedrock
such as at many sites in Richmond. A case study on amplification response of

Richmond sites, including such a deep site is presented and discussed in §6.4.
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In conclusion, Nakamura’s method is effective in minimizing the source effects from site
effect quantification using microtremor measurements. It can therefore provide a reliable
estimate of the predominant frequency (or period) and potential amplification
characteristics at peak response of a given site. The peak horizontal-to-vertical spectral
ratios are dependent upon the strength of input motions. They may be normalized using
the spectral ratio of a reference hard ground site, and used as a basis for comparing the
relative amplification potential between sites under strong shaking. The next chapter
describes tests at a site in GVRD to investigate the stability of site periods and
amplification ‘characteristics of microtremors. Issues on stability of site predominant
period and peak ampiitude of horizontal-to-vertical spectral ratios estimated using

Nakamura’s method are addressed.
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Figure 3.4 Schematic of the Multiple Source Model used for Noise Simulation (after
Lachet and Bard, 1994).
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CHAPTER 4

STABILITY OF
MICROTREMOR CHARACTERISTICS

The results of a stability test carried out in the GVRD region are discussed and} presented
~in this chapter. The stability test was carried out by Hao et al., 1997 to assess the spectral
stability of microtremor characteristics in the GVRD region. Details of the test can be
found in the report entitled “Microtremor Measurements in the Vancouver Regional

District, Canada” (Hao, Finn, Ventura, Seo, Samano, 1998).

4.1 STABILITY TEST OF MICROTREMOR MEASUREMENTS

A key requirement for effective use of microtremor measurements for seismic hazard
studies is the stability of microtremor characteristics over time. Stability is evaluated by
examining the variations in predominant periods and amplification ratios at a particular

site over a long period of time.

Continuous measurements were carried out by Hao ef al. at strong motion station MNY
in Vancouver from 12 A.M., 23 September 1997 to 10 A.M., 1 October 1997. The
location of station MNY which is about 5 km northeast of the Vancouver International
Airport is shown in Figure 41 Weather and meteoroiogical conditions were nearly
constant during the period of measurements, wi_th some rainy periods from September 25
to October 1, 1997. A total of 96 measﬁrements each with duration of 300 seconds were

taken every 2 hours during an 8-day period. Each record consisted of measurements in
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two orthogonal horizontal directions — NOOE and N9OE — and the vertical direction of the
ground motions. The predominant frequencies and the corresponding spectral amplitudes

of the microtremors were determined using two methods as described below.

4.1.1 DETERMINATION OF STABILITY OF SITE PERIODS AND
AMPLIFICATION RATIOS USING AVERAGE FOURIER SPECTRA

A detailed analysis of all records of the stability test was performed to determine the most
amplified frequencies and the corresponding peak spectral amplitudes based on average
Fourier response spectra. The Fourier spectra were obtained by dividing each record into
eight segments and then taking the average of the results. Figure 4.2 shows the
distribution of peak frequencies along the north-south direction (NS), the east-west (EW)
direction, and the average peak frequencies over the test period. The results of the
analysis show that the predominant frequency was nearly constant at 2.3 to 2.4 + 0.25 Hz
(with the exception of a few outliers) for the entire duration of the test. Both the NS and
EW directions give very similar site predominant frequencies. Figure 4.3 shows the
distribution of peak amplitudes along the NS and EW directions, and the average peak
amplitudes over the test period. The amplitudes varied widely from day-time to night-
time, ranging from a high of 0.009 cm/sec-sec during the day-time to a low of 0.0007
cm/sec-sec at night-time. Also, the amplitudes were much smaller during weekends
compared to those during the weekdays during the test period, probably due to decreased
traffic activities in the area. This is clearly shown in Figure 4.3 where September 28" to
September 29", 1999 was the weekend. The results on peak amplitudes show that the

peak amplitudes varied in accordance to the strength of the input motions or sources.
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4.1.2 DETERMINATION OF STABILITY OF SITE PERIODS AND
AMPLIFICATION RATIOS USING NAKAMURA’S PROCEDURE

Nakamura’s method was also used to determine the frequencies of peak response and the
correspbnding peak amplitudes of the spectral ratios. The distribution of the site
predéminant frequencies and peak amplitudes of the Fourier spectral ratios along the NS
and EW directions, and the average site predominant frequency over the test period are
shown in Figures 4.4 and 4.5 respectively. The site predominant frequency was found to
be nearly constant at 2.2 + 0.15 Hz along the NS and EW directions, with both directions
giving very similar average site predominant frequencies. It is similar to that found using
the average Fourier fesponse spectra but Nakamura’s method gives a smaller standard
deviation of 0.15 Hz compared to 0.25 Hz from the average Fourier spectra. The

variation of amplitudes of spectral ratios was somewhat smaller than from the average

Fourier spectra, varying from a high of 0.009 cm/sec-sec during day-time to a low of

0.003 cm/sec-sec at night-time. In addition, the peak amplitudes during the weekends

were observed to be smaller than those during the weekdays. These results again indicate
that the peak amplitudes were dependent upon the strength of the input motions, even

though the source effects had been minimized using Nakamura’s method.
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4.1.3 CONCLUSIONS

Based on the results of the stability test at station MNY, it can be concluded that the site
predominant period is a stable characteristic of microtremor measurements, regardless of
the orientation of measurements (NS or EW). Both N‘akamura’s‘ method and the Fourier
response spectra give similar site predominant period likely because there were no strong
source effects at the MNY site. Nakamﬁra’s method did however give a smaller standard
deviation in the determination of the site predominant period. The main advantage of
Nakamura’s method is that it gives good results of site periods of ‘peak response even if
there are strong source effects, as evidenced by results of microtremor measurements at

Tabata site in Japan (§3.1).

The peak amplitudes from both Fourier spectra and Nakamura’s spectral ratios tend to
fluctuate over time in relation to the strength of the input motions or sources.
Nakamura’s method did give a narrower range of variation in the peak spectral ratio
amplitudes compared to that of the Fourier spectra. Finally, based on the results from the
stability test, it can be concluded that Nakamura’s methpd does fairly well stabilize the
site predominant frequencies and the corresponding peak amplitudes of the measured

microtremors.
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CHAPTER 5

U.B.C.’S
MICROTREMOR MEASUREMENT TECHNIQUE
AND DATA ANALYSIS

5.1 INTRODUCTION

This chépter describes the microtremor measurement technique used at U.B.C. A
discussion on the theoretical background and procedures used for the analysis of
microtremor records is also included. The determination of site predominant periods and
amplification factors from microtremor records using U.B.C.’s technique is based on
Nakamura’s method, which was described in detail in Section 3.1. The microtremor
records obtained during the course of this stﬁdy were analyzed using commercial, signal
processing computer program DADiSP. A number of DADiISP macros were written
specifically to automate and accelerate the data analysis. Examples of such macros are
included in Appendix C. A flow chart for data acquisition and analysis is shown in

Figure 5.1.

5.2 MICROTREMOR MEASUREMENTS AND TYPICAL
TESTING PROCEDURES

Measurements of microtremors were carried out at selected locations in Lulu Island, New
Westmiinster, and along Shell Road, Richmond. Three velocity-type sensors were used to
measure three orthogonal components of ground motions at a point — north-south (NOOE),

east-west (N9OE) and the vertical directions. Program DASam, developed by Seo et al.
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(1989), was used to record microtremors, extract components, convert measured signals

to physical units and perform prelinﬁnary data analyses. The following subsections

discuss the procedures followed when performing microtremor measurements in the

field. Details of the testing procedure can be found in Appendix A.

5.2.1 EQUIPMENT USED FOR MICROTREMOR MEASUREMENTS

The components of the equipment used for microtremor measurements and their

characteristics are described as follows.

Sensors -- Six velocity-type sensors (Model MTKH-1¢/V-1c¢) with a natural period of
1 second and an amplitude range of +£3000x10® m/s® with resolution of 0.005x10°
m/s’ may be deployed at a time. Three of these sensors -- two. for measuring
microtremor signals along orthogonal, horizontal directions and one along vertical
direction -- were used to record measurement at a point on ground surface at each
station. The response characteristics of the sensors at three signal amplification
periods of 1, 3 and 5 seconds are shown in Figure 5.2.

Amplifier -- The measured signalé were amplified and filtered using an amplifier
(Model TA-406) with switchable gains. Measured signals can be converted with this
amplifier from velocity to displacement measurement before data is recorded. The
amplifier can be operated at signal amplification periods of 1, 3 and 5 seconds. Its
frequency range is 1 to 70 Hz. The period of signal measurement can be set using the
Period button on the amplifier (see details in Section A.5). If the signals measured
were weak, e.g., less than 10x10° m/s?, it was typical to set the period of

measurement to 5 seconds so that the details of the measured signals can be recorded.
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On the other hand, if the signals measured were strong, €.g., more than 30x107 m/s?,
the period of measurement was usually set to 1 second to ensure that signal saturation
did not occur easily and sufficient details of the measured signals were still recorded.

e Analog-to-digital Converter -- A 12-bit Analog-to-digital (A/D) converter which
can handle up to 8 channels of data was used.

o Data Acquisition Computer -- The data acquisition was facilitated 'by running the
program DASam and following the on-screen instructions on a notebook computer
(NEC PC-9801 NS/T). In addition, on-site preliminary data analysis was also carried

out using this computer.

5.2.2 DECIDING SENSOR LOCATIONS

The locations of the sensors were chosen to minimize the possibility of signal saturation
due to background artificial noises, and to ensure that the signals measured reflected the
characteristics of subsurfacé geologic conditic;ns instead of those of some underground
engineering structures, such as drainage/sewage system or electrical storage systems.
The sensors were usually setlip near the location of interest but as far away as possible
from noticeable local disturbances such as traffic vehicles and heavy machinery facilities.
Special care was also taken to avoid carrying out measurements on sites which might
contain subsurface engineering structures. This was accomplished by avoiding places

with indications of this type of structures, such as steel covers and concrete chambers.
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5.2.3 TYPICAL TESTING PROCEDURE

Once a measurement station was located in the field, the velocity sensors were setup at
the station and conneéted via cables to the amplifier. A photograph showing a typical
arrangement of the data acquisition system is shown in Figure 5.3. The sensors were
oriented to measure velocity signals along three orthogonal directions. A typical sensor

arrangement is shown in Figure 5.4.

Once the setup of the sensors was completed, the program DASam was loaded on the
data acquisition computer in order to start the data acquisition. The entire data
acquisition process was carried out by following the step-by-step on-screen instructions
regarding information input. The testing procedure was fairly stfaightforward. First, the
sensors wefe calibrated to center the signals on the calibration screen by adjusting the
calibration button on the amplifier. This was followed by adjustment of the signal
amplification level using the attenuation factors on the amplifier. The latter step was to
ensure that sufficiently strong signals would be measured, filtered and recorded.

Measurement of microtremors was then carried out for about 300 seconds.

Once the measurement was completed, the data was checked for time segments of signal
saturation. Signal saturation, which is indicated by top and bottom cut-off of signals, is
usually caused by loud noises generated near the data acquisition station, e.g., a heavy
truck passing by. Examp‘les of measured microtremor records with: (a) very limited or no
signal saturation, (b) some signal saturation, and (c¢) too much signal saturation are shown

in Figures 5.5(a), (b) and (c) respectively. If there were many instances of significant
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signal saturation such as in Figure 5.5(c), the measurement would be repeated. Once the |
data had been checked, preliminary data analyses would be performed using a data
analysis program developed by Seo ef al. (1989) which was incorporated into DASam.

The same procedure was repeated at every station.
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Laboratory Equipment Preparation
(Prepare sensors, charge batteries, etc.)

Setup of Data Acquisition System before proceeding to the site
(Setup up data acquisition system in a vehicle)

Proceed to the field

v
Deciding Sensor Locations and Setting up Sensors
A
Data Acquisition

End of field testing

Conversion ovf Data Files

Data Analysis using DADiSP

- v
Data Interpretation to determine the Peak Spectral Ratios and the corresponding
Frequencies using Nakamura’s Method

Determination of the Site Predominant Périods and Relative Amplification Ratios

Figure 5.1  Flow chart of Microtremor Data Acquisition and Analysis.
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Figure 5.3  Arrangement of Data Acquisition System.
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5.3 METHOD FOR DETERMINING SITE PREDOMINANT
PERIODS AND RELATIVE AMPLIFICATION RATIOS

The following subsections discuss the procedure used for determining site predominant
periods and relative amplification ratios from microtremor measurements. Each
microtremor record (or data file) stored within the data acquisition system is first
converted into readable format for analysis using DADiSP (§5.3.1). The converted
microtremor record is then processed using DADIiSP (§5.3.2). An example of an
analyzed record is illustrated in Figure 5.6. The record shows the time history of the
records obtained (top), the corresponding Fourier spectra in Hertz (bottom) in three
orthogonal directions, and the H/V spectral ratios (right column). Finally the site
predominant periods and relative amplification ratios were estimated using. the procedure .

described in §5.3.2.

5.3.1 CHANNEL DATA EXTRACTION

Prior to any detailed analysis using the program DADISP, all measured microtremor data
files (AD file extension) were first converted into DADiSP readable file format (AMP
file extension) using the program DASam and the data acquisition corﬁputer. Details of
data file conversion are presented in Appendix B. The purpose of the file conversion
was to extract and separate the data from the electrical signals into three channel
components, as sampled by the three sensors oriented orthogonally during measurements.
During the conversion, the header information containing information. on magnitude

scaling factors of the ground motions was read into the new file. The header information
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was used in subsequent data analysis to adjust the amplitudes of the ground motion

measured.

5.3.2 DETERMINATION OF SITE PREDOMINANT PERIODS AND
RELATIVE AMPLIFICATION RATIOS

Once the data files were converted into readable format, they were first stored in a
directory in the hard disk of the computer used for data analysis. The default storage
location of the data files was specified as c:\dsp4icom in a DADISP macro named

ADAS.DAT (Appendix C) to facilitate batch file processing using DADIiSP.

Most of the processes for analyzing each microtremor record were performed by

- DADISP using macros (see Appendix C for details). First, the measured amplitudes of

the gfound motions or microtremors were adjusted based on the header information from
the corresponding data file using an equation developed by Samano et al. (1997). This
was followed by determination of average Fourier response spectrum of each record. In
order to generate the average Fourier spectra, the three time histories, i.e., three sets of
microtremor data measured along three orthogonal directions, were each divided into 8
segments with 50%-overlap; each segment consisting of 4096 points. Data of all the
segments were filtered using a Hamming window. FEach segment was then Fourier
transformed to produce the Fourier response spectrum. An average Fourier spectrum was

then calculated based on the Fourier spectra of the eight segments.

Determination of the site predominant periods and amplification factors was based on

Nakamura’s method. The spectral ratios of horizontal to vertical components were
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calculated using the average Fourier spectral components of the two orthogonal
horizontal directions and the vertical direction. Once the spectral ratios were calculated,
a record similar to that in Figure 5.6 was then produced. The site predominant
frequencies and amplification factors were visually estimated from the most amplified
peaks of the horizontal-to-vertiéal spectral ratids. The amplification factor is the peak
amplitude of the spectra ratios and the site predominant frequgncy is the corresponding
frequency. The predominant periods were subsequently calculated by taking the

reciprocal of the corresponding site predominant frequencies.

Finally, the relative amplification ratio of each station was calculated by taking the ratio
of the site amplification factor to that of a reference hard ground site. For this thesis, the
reference hard ground site chosen v;las station' K05 which is locate(i near the intersection
of Spruce Street and 13™ Avenue in Vancouver (see Figure 5.7). Based on information
from a surface geology map of the Fraser Delta (see Figure 6.1 for details), station K05
is situated on a shallow, hard ground site. Microtremor measurement was carried out at
station KOS5 and analysis of the measured record indicates that the site predominant
period at station KOS5 to be approximately 0.25 seconds. Shear wave velocity in the
Holocéne or top surface layers in GVRD have typical average values in the range of 200
to 300 m/s (Hunter, 1995). Using an average shear wave velocity of 300 m/s, the depth

of the surface layer is estimated to be approximately 19 metres using the equation:

(Egn. 5.1)
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where T is the site predominant period, H is the thickness of the uniform soil layer and Vg
is the average shear wave velocity of the soil layer. Equation 5.1 is normally applicable
to uniform soil layers only, but since an average shear wave velocity was used to estimate
the thickness of surface layer(s) at station K05, Equation 5.1 should give a fairly
reasonable estimated depth of the surface layer at the site. The average shear wave
velocity used in the estimation of the depth of the surface layer is essentially an upper-
bound value; hence, the estimated depth at station K05 should be reasonably accurate in
indicating it aé a shallow site. Since station KOS5 is a shallow, hard ground site, it can
serve as a fairly good reference site for comparison of the relative amplification potential

of other sites, many of which have deeper surface layers.

49




0S

"(6661) PUOWIYOTY Ul PROY [[AYS 1B JUSWAINSEIJA] JOWIJOIIA JO PI0dY pazA[euy uy jo ojdwiexg uy  9°G aangiyg

o 6 8 L 9 § Pt I o o o 6 8 L 9 § ¥ 0

1 1 1 1 1 i 1 1 L 1 . i L 1 ] 1 1

v v ' v | 1 D ) | 00 | t [ [ [ | 0

' ' 1 ' ' [ ' ' ' ' S A e P N ' ‘.

' ' ' ‘ ' ' ' ' ' ' ' ' ' AV '

1 1 ) 1 ' b ) ' ) [ ' ' 1 1 !Si_s
RN DU N U RS DU SR DD N ' ' ' ' ' ALY

M b 1} . ' ] ' ' | ] | w

' ' FPO | __C_a._L_J__u.4a i g i 1 i P P A ¢

' ' ' ' ¢ ' ' ' ] 1 [ ' ' ' 1 ' '

' ' ' ' 1 o ' ' ) 1 | i | ! ' [ 1 ' |

1 ' r ' 1 1 ] 1 ' ' 1 ' ' 1 1 1 1 t Ll 1 Ll ' 1

[ ' ' ) ' ' ' | ' ' ' ' 1 ' ' ' ' 1 ' ' ' ' '

' 1 ' ' ' ' ' ' § ' ' ' ' ' ' ' ' ' ' ' ' ' ' '

] 1 ' ) ] ' ] r 80 ' ' ' | | | —-r-accrcatcroaTtcroat gy
TTrTaATTroaTTroTAaTorTA i € | e e i e e i | 1 1 ! t 1 1 ' ' '

' 1 1 ' ! t ' I 1 ' | ' 1 ' ' 1 [ ' t i 1 ' ' ' '

' ' i ' ' ' ' ' t ' 1 ' 1 1 1 ) ' ' ' ' 1 ' ' 1 '

' ' | ' | ' ' ' ' ' | ' 1 1 1 [ ' ' ' 1 ' ' ' ' '

1 ' t ' ' ' ' ' ' 1 | 1 1 | t | 1 [ ' 1 ' [ ' ' '

1 ' ) ' ) ' [ (] r-reet 1 ' ' ! 1 ' -~r-a-=r-a--r-a--r-oa- e S

' 1 ' ' ' ' ' ' ' 1 1 ' t V ' ' 1 ' 1 ' ' 1 l ' '

' 1 ' ' ' ' ' ' ' ' Rt ol Rl il Bl 1 ' ' ' ' 1 ' ' 1
—-r-Aa--r-Aa--r-Aa-=ec-a-A4r -9 1 t ' ' ' ' ' ' ' ' ' ' ' ' ' '

' ' ' [ ' ' ' ' ) 1 ' ' ' ' ' ' 1 ' ' 1 1 1 ' I '

' ' ' t 1 ' ' ' [ 1 ' 1 ' ! 1 1 [ ' ' 1 1 ] ' ' 1

' ' ' t 1 ' ' 1 1 + =91 t 1 ' P ' 1 --r-9--r-Aa--r-a--r-a-qr--L

' ! | [ ' 1 ' ' 1 1 ' 1 ! P ' ' 1 t ' 1 ' 1 1 1 '

' ' ' ' ' ' ' ' ' 1 | [ ' ' ] 1 | t ' ' ' ' ' '

[ ' ! ' 1 [ ) ' | [ - [ 1 ! 1 t ' ' ' '

' ' [ ' ' 1 t ' ' 1 ' ' | ' ' ' ' ' '
——f-—A=--p Ak - A= =p A= ~p ~~§ 1 ' ' ' ) i ! ' ) '

[zH} "HaA/MT Jo oney (TIM

EYN Ry
A
larccc
IR

[zH] ‘HaA/SN Jo oney :01M {I2as] oumy 'sa [spd. 100°] AN201A) SN SIM




Figure 5.7

Location of the Reference Hard Ground Site
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CHAPTER 6

APPLICATION OF MICROTREMOR

MEASUREMENTS — CASE STUDIES

This chapter first describes the geology of the Fraser Delta where the microtremor
measurements were carried out. A case study is then presented to compare the Fourier
spectral characteristics of low-level earthquake groﬁnd motions and microtremor
measurements recorded at a site in the GVRD region to determine if microtremors can be
used to estimafe the dynamic characteristics of the ground for earthquake respoﬁse
studies. This is followed by presentation and discussion of the results of analysis of the
microtremor data from Lulu Island and Richmond. Finally, discussion and conclusions
based on the results of the several case studies discussed are presented in this chapter.
The author carried out microtremor measurements at several sites in the GVRD regions,
specifically along Wood Street and Ewen Avenue in Lulu Island, New Westminster, and
along Sth Road in Richmond. Additional measurements were performed at various
locations in the GVRD region under the leadership of Dr. Hao X.S., and some of the test

results were included in this thesis.

6.1 GEOLOGY OF THE FRASER DELTA

Most of the microtremor measurements carried out during the field testing phase of this
thesis were performed on sites in Richmond and Lulu Island, both of which are located in
the Fraser Delta. The Fraser Delta is located just south of Vancouver to the south of the

North Arm of the Fraser River. Figure 6.1 shows the map of geological settings of the

52



Fraser Delta (inclusive of Vancouver) with the corresponding information about the
geological settings tabulafed in Table 6.1. Most of the measured microtremor sites in
Richmond and Lulu Island in New Westminster are located on the Fraser river sediments
(Fc, Fd) and Quaternary Postglacial sediments (SAb, SAc and SAd). Most of the sites in
the Vancouver area are located in the Postglacial and Pleistocene regions (VCb and Cb).
The Fraser Delta consists of rhainly Holocene-age deltaic deposits (top layer) and
Pleistocene-age glacial and interglacial deposits which overlie the Tertiary bedrock. The
Holocene sediments are up to about 300-m thick (Luternauer and Hunter, 1996) and
consist of mainly silts and sands. Depths of the Holocene sediments at several sites in the
Fraser Delta are shown on geological map in Figure 6.1, with the strong motion
instrument stationé marked in capital letters in group of three letters, e.g., MNY, RHA
(Rogers et al., 1997). The Holocene sediments thin rapidly to the north at the edge of the
basin and are about 300-m thick in the basin centre near strong motion station RHA. The
north side of the Fraser river near station MNY is relatively shallow with less than 50
metres of Holocene deposits. The shear wave velocity in the Holocene layer incréases
with depth (Hunter, 1995) with typical average values in the range of 200 to 300 m/s, but
about 100 m/s near the surface in many places (Finn et al., 1998). The underlying
Pleistocene sediments are mostly ice-compacted tills and glaciomarine silts and sands
that overlie tertiary bedrock. The average shear wave velocity in ‘the Pleistocene

sediments is about 500 m/s but it varies considerably from place to place.
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6.2 COMPARISON OF MICROTREMOR MEASUREMENTS
WITH EARTHQUAKE GROUND MOTIONS AT STATION
MNY

A comparison of spectral characteristics of low-level earthquake ground motions and
" microtremor measurements was performed at station MNY to determine the effectiveness
of microtremors in assessing the dynamic characteristics of the ground in GVRD region
for earthquake response studies. Several low amplitude earthquake generated ground
motions were recorded by a permanent strong motion instrument at station MNY (Hao,
Finn, Ventura, Seo and Samano, 1998). The background information of the earthquake

ground motions is described and the results of comparison are discussed below.

6.2.1 BACKGROUND INFORMATION ON THE EARTHQUAKE GROUND
MOTIONS
Two low-level earthquake ground motions were recorded at strong motion station MNY
in 1996 and 1997. Tables 6.2(a) and (b) present information on the earthquake sources
and peak ground accelerations of the two earthquakes (Hao et al., 1998). The first
earthquake was the May 1996 Duvall, Washington earthquake of magnitude 5.1 (referred
to as 96Eq in this thesis), and the second earthquake is the June 1997 Georgia Strait, B.C.
earthquake of magnitude 4.5 (referred to as 97Eq). The 1996 earthquake was recorded at
an epicentral distahce of 186 km with a direction of N330E from the epicenter. It had a
large peak ground acceleration of 15.5 cm/s” in the N9OE direction. The 1997 earthquake

was recorded at an epicentral distance of 37 km with a direction of N95E from the

56



epicenter. It had peak ground accelerations of 14 cm/s® in the transverse component

(NOOE) and a smaller PGA of 9 cm/s” in the radial direction (N 90E).

- 6.2.2 COMPARISON OF SPECTRAL CHARACTERISTICS BETWEEN
MICROTREMORS AND EARTHQUAKE GROUND MOTIONS
The time histories and average Fourier spectra for each of the three components of the
1996 and 1997 earthquake ground motions are shown in Figures 6.2 and 6.3 respectively.
The average Fourier spectra from the 1996 record indicated that the site frequencies of
peak response are approximately 2.0 Hz along north-south direction and 2.2 Hz along
east-west direction. From the 1997 earthquake record the site frequencies of peak
response are 2.8 Hz along north-south direction and 2.4 Hz along east-west direction.
Both horizontal Fourigr spectral components from the 1996 and 1997 earthquakes
showed the site predominant frequencies of approximately 2 to 3 Hz at st-ation MNY,
even though the orientation and epicentral distance of both the earthquakes to station
MNY were different. These site predominant frequencies are similar to the site
predominant period of 2.3 Hz estimated from microtremor records at station MNY (see

§4.1.1 for details).
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Figure 6.2  Acceleration Records and Fourier Spectra of the 1996 Duvall, Washington
Earthquake measured at station MNY (after Hao ef al., 1998).
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6.3 LULUISLAND, NEW WESTMINSTER

Microtremor measurements were carried out on stations along Wood Street (gridline A)
and Ewen Avenue (gridline B) on September 2 and 3, 1998. The locations of the
measurement stations are shown in Figure 6.4. The predominant site periods, estimated
depths of surface layer(s) based on average shear wave velocity values of 150, 200 and
250 m/s, relative amplification ratios, and number of storeys of buildings likely to suffer
the most damage under strong shaking are tabulated in Tables 6.3(a) and (b). The
distribution of shear wave velocities averaged over the top 30 metres of the ground, V3o,
in Lulu Island and Richmond based on data of seismic cone penetration tests performed
by the Geological Survey of Canada (G.S.C.j is shown in Figure 6.5. The average Vg3
in Lulu Island and Richmond are approximately 200 and 185 m/s respectively. Examples
of analyzed microtremor records at Wood Street (station A1) and Ewen Avenue (station
B3) are shown in Figures 6.6 and 6.7 respectively. From Figure 6.6, the site frequency
of peak response at station Al is estimated from the horizontal-to-vertical spectral ratios
to be 0.9 Hz and the corresponding peak spectral ratio is 3.5. From Figure 6.7, the site
frequency of peak response at station B3 is estimated to be 1.1 Hz and the corresponding

peak spectral ratio is 5.0.

6.3.1 SITE PREDOMINANT PERIODS AND ESTIMATED DEPTHS OF
SURFACE LAYER

The distribution of site predominant periods along Wood Street and Ewen Avenue from
analyses of the microtremor measurements is shown in Figure 6.8. The site predominant

periods from microtremor measurements were used to estimate the depth of surface
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layer(s) at each station based on estimated values of shear wave velocities and the

following equation:

where T is the site predominant period, H is the thickness of the uniform soil layer and Vg
is the average shear wave velocity of the soil layer. The above equation is normally
applicable to uniform soil layers only, but for this thesis an approximate average shear
wave velocity was used to estimate the thickness of surface layer(s) at each site and
hence the estimated depth should reasonably reflect the depth of the surface layer(s) at
each site. Figure 6.9 shows the distribution of estimated depths of surface layer(s) at
various stations along Wood Street and Ewen Avenue based on a shear wave velocity
value of 200 m/s. The shear wave velocity of 200 m/s was chosen for the estimation of
the depths of surface layer(s) for the different sites in Lulu Island because these sites have

average Vgso of approximately 200 m/s.

The site predominant periods were found to be longer, with the corresponding estimated
depths of soil surface layer deeper, at southeast end of Wood Street, e.g., 1.9 seconds in
the vicinity of Salter Street (station A6) and South Dyke Road (station A7), whereas in
the northern end of Wood Street next to Queensborough Bridge, the site predominant
periods were comparatively shorter at approximately‘l.l to 1.3 seconds. Along Ewen
Avenue the site predominant periods are longer at both the noﬁheast and southwest ends
at approximately 1.5 to 2.0 seconds, and at Pembina Street near the central region of

Ewen Avenue at approximately 1.7 seconds. The predominant periods and estimated
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depths of surface layers of sites in Lulu Island indicate that the Lulu Island sites have
fairly shallow surface layers of less than 100 metres. A borehole site (FD97-1) near
SCPT station 95-31 (Figure 6.5), which is located on the north-east région of Annacis
Island and approximately 1-km south-east of microtremor station A7, has depth of
surface layer to bedrock of approximately 97 metres (Monahan, P;A., 1998). This is also
clearly shown in Figure 6.10 (G.S.C., 1998) which shows the distribution of shear wave
velocities and soil profiles with depth at the site; the shear wave velocity increases
drastically in the transition of the clay layer to the bedrock layer at about 96-m depth.
This known depth of surface layer to bedrock in close vicinity of microtremor stations A6
and A7 near the southern end of Wood Street, with estimiated depths of surface layers of
94 and 95 metres respectively, confirmed that microtremor measurements have

reasonably predicted the depths of surface layers.

A building will likely experience the greatest resonance and hence the most damage
when its fundamental period synchronizes with the site predominant period of the surface
layer(s) due to the effect of soil-structure interaction. The number of storeys (N) of
buildings which are likely to suffer the most damage under strong ground shaking was
estimated using an empirical formula from the Building Code for a moment resistant

space frame:
N=10-T

where N is the number of storeys of a building and T is the fundamental period of
buildings. The fundamental periods of the buildings were set at the same value as the site

predominant periods for calculations of the number of storeys of the buildings. For
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example, site A4 at Wood Street has a measured site predominant period of 1.4 seconds;
buildings which will suffer the greatest damage are probably those of 14-storey high
during severe ground shaking. The number of storeys (N) of buildings which will likely
experience the most damage due to ground shaking at the estimated site predominant
period at the sites where microtremor measurements were carried out is included in
Tables 6.3(a) and (b). Assuming that the results of ;nicrotremor measurements
perfoﬂned along Wood Street and Ewen Avenue are represeﬁtative of most sites in Lulu
Island, buildings between 10- to 20-storey high in Lulu Island will likely to sustain the

most damage under earthquake ground shaking.

6.3.2 RELATIVE AMPLIFICATION RATIOS

The distribution of relative site amplification ratios is shown in Figure 6.11. For this
thesis, the reference hard ground site was station K05 as noted in §5.3.2. The relative
amplification ratios along Wood Street and Ewen Avenue were found to vary from 1.2 to
2.0 at most stations. The only exceptions are station B8 (4.5) near the intersection of
Stanley Street and Ewen Avenue and station B4 (2.8) near the intersection of Salter Street
and Sprice Street. The closeness in amplitudes of the relative amplification ratios of the
different sites in Lulu Island, New Westminster indicates that the relative amplification or
seismic hazard potential of the sites in Lulu Island are likely to be similar. The similarity
in relative seismic hazard potential of the sites in Lulu Island is not surprising because
these sites have very similar geological settings of Holocene sediments consisting of
silty-to-sandy Fraser River sediments with thin layer of peat near the surface overlying

Pleistocene deposits. The reference site K05 is a very shallow, hard ground site (the

64



upper-bound estimated depth of surface layer overlying bedrock is approximately 19
metres). The relative amplification ratios of greater than 1.0 at most stations in Lulu
Island indicate that the relative amplification potential of the various sites is greater than

that of the reference site as expected.
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L9

91 L'l 96 LL 86 'l L0 €966y | L1T6TCI- 11d
61 LA 48 16 89 81 90 0s6l'6v | 0ST6'CTI- ord
01 61 LS SP 4 60 'l LE6T 6V | €8T6TTI- 6€d
! Sy €9 0S 8¢ 0l 01 £e61'6v | BOE6TCI- 8d
01 K4 €9 0§ 8¢ 0l 0'1 L1616V | £e€6'CCl- Ld
L1 91 y01 £8 £9 L'l 90 806167 | 85E6'CCI- 9d
11 LA 99 £S 6¢ 'l 01 eL8L6Y | 00¥6'TCI- sd
6 87 43 (44 [§3 80 [ 0s81°6v | Lyy6'CTI- vd
01 61 LS Sy 142 60 'l 0s81'6v | SLY6'TCI- £d
0t 81 STl 001 SL 0¢C S0 816y | 80S6°CCI- d
ST 91 68 1L 143 vl L0 ST8I6Y | 85S6'TTI- 19
{w] [w] [w] [%s] | [zH] _
LX0T =N oney s 0§7="4 | S/ 00z="1 | spu 0s1="1 | poudq | -boxy | opmmeT] |[opnyduoy apo)
skaro)g Jo # | -duy Py *AX(p/L) = H ‘pdaq 1aAvT ddeLng yuRUIOPILJ $3jeurpIoo)) E31 (N
SNUIAY UIMFT g AINTTATID

"PIQUIN[O7) YSTILIG ‘IO)ISUTUNSIA, MAN ‘PUBIS] NI UT SNUSAY Uamy SUOTE 90ueUOSY ISO]N 2 2ouatradxa 0y Afoy
s3urpmg Jo s421015 Jo Joqunp pue soney uonesyydury sane[ay ‘(s)1edeT soeymg jo sypdo(] pareum)sy ‘Spound juemiopald MS  (q)€°9 I[qeL

61 [ 911l £6 69 61 S0 £S81'6F | 0SL6'CTI- LV

61 91 811 ¥6 1L 6’1 S0 9L8T° 6V | 8SL6CTI- 9V

11 L'l 99 €S 6¢ 'l 0l L88T6Y | SLEGTTI- 24

14! 91 L3 69 [4S Fl L0 00616V | LBEG6TTI- 144

01 0T LS Sy 143 60 'l ST6T'6v | 00V6CT1- 124

14! 91 €8 L9 0S £l 80 Syo1'6v | STY6'TTl- w

4! [ L LS 1314 'l 60 LS61°6Y | £EV6'TTI- v

[w] [w] [uu] [%s] | [zdl
ILx0L =N oney s 0S7="1 | S/ 002="A | srm 9s1="1 | pordg | ‘boag | spmpey |opmusuoy apo)
skaro)gJo # | -dmy Py *AX(p/L) = H ‘jrda( 19ke s0eLmg L LI GTIES 8 | $3)eUIPI00)) NS
12248 pooy YV ANI'TAdRED

"BIQUN[OY) YSTILI ‘TOISUTISIA MAN ‘PUBS] Ntv] UT 1991)G POOAN SUOTE 20UBUOSIY ISO]] Y} 29UdLIadxd 03 ATy
sSup[ing Jo sAa101g Jo Joquny pue sorey uonesyrdury sAne[ay (s)10ke soeyng jo sypda(y pareumsy ‘Spousd JuBUnUOpaId NS (B)€ 9 Qe




. 1 ] ] [} ] ! ] 1 ] ! ] | ] 1 i ] ] [} | ] ] ] ] |
5451000 —
] 9214 = i
- ’ b 95/
| ~M\ — e I bt
A1
5447000 - Ok 92:2
1 ss- ] Q4.5 L4 J37
88-1 8
586‘% b =
- 884 9
5443000 —89'1’.; 5 -3 95-1
89-2 . 95
-189-7, 31 6
s :’ - | 93412
il S 9313 anos-6 o
5439000 —_ ~— / En94-4‘ van94-12 95-1
i % 0 |vaped-2 ’\_‘L a
) van 1] a94 i
] % q 94-6 95-2 [~
: |- 4946 §94-7 §95-
. ] 95 15 4-101
5435000 | 563 _T B
i ﬁ} g72 ¥ > L
] opi— 872 | —
] 0 1 2km
5431000 933 e/ I
| moss ’M93-7 9413 x i
_Mgzz ¢ 4 Seismic cone i
M95-2’ M95-1 : penetrometer i
5427000 ] 1 1 I Al T 1 l T 1 1 ] 1 T T l T T T I 1 1 T

484000 488000 492000 496000 500000 504000 508000
Estimated Average V3o [m/s]

Site: Lulu Island Site:  Richmond
Station: Vg3 Station: Vs3o
95-29 210 92-2 180
95-31 205 ‘ 92-3 172
97-1 193 ' 93-4 177
93-5 187
93-6 185
93-7 178
94-5 185
94-14 180
94-15 183
94-16 182
94-17 180

Figure 6.5 Distribution of Vg3o in Lulu Island, New Westminster and Richmond from
Seismic Cone Penetration Tests carried out by Geological Survey of
Canada (after Hunter ef al., 1998).
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Distribution of Estimated Depths (in metres) of Surface Layer(s) based on Vs of 200 m/s along Wood Street and Ewen
72

Avenue in Lulu Island, New Westminster, British Columbia.

Figure 6.9
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74

British Columbia.

Figure 6.11



6.4 RICHMOND

Microtremor measurements were carried out in Richmond on October 30, 1998 along
Shell Road (gridline S) and on September 19, 1997 along Westminster Highway (gridline
K). The locations of the measurement stations are shown Figure 6.12. The primary (or
most amplified) site predominant periods, secondary (or second most amplified) periods,
estimated surface layers, and relative amplification ratios, as well as the number of
storeys of buildings which will likely experience the most damage are tabulated in
Tables 6.4(a) and (b). Examples of analyzed microtremor records at Shell Road (station
S2) and Westminster Highway (station K25) are shown in Figures 6.13 and 6.14
respectively. From Figure 6.13, the site frequency .of peak response at station S2 was
estimated from tine horizontal-to-vertical spectral ratios to be 0.3 Hz and the
correspo‘nding peak spectral ratio was 7.0. The secondary site predominant frequency at
station S2 was approximately 0.9 Hz and the corresponding spectral ratio was 4.0. Ffom
Figure 6.14, the site frequency of peak response at station K25 was estimated to be 1.0
Hz and the corresponding peak spectral ratio is 5.0. The secondary site predominant
frequency at station K25 was approximately 0.4 Hz and the corresponding spectral ratio
was 3.0. The existence of a secondary site predominant frequency will be discussed

below.

6.4.1 SITE PREDOMINANT PERIODS AND ESTIMATED DEPTHS OF
SURFACE LAYER

The distribution of site predominant periods along Shell Road and Westminster Highway

in Richmond based on results of microtremor measurements is shown in Figure 6.12.
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The site predominant or most amplified periods from miérotremors vary from 0.8 to 5.0
seconds along Shell Road, with most stations along Shell Road having site periods of 3.4
to 5.0 seconds. The low site period of 0.8 seconds was found at the southern end of Shell
Road near ‘Williams Road. Along Westminster Highway the site periods were fairly
constant at approximately 4.0 seconds towards the west side from Richmond Nature Park
and Green Acres Public Golf Course. There was a sudden drop in site periods from 3.3
to 0.5 seconds from No. 5 Road and towards the east the site predominant periods were
found to range from 0.5 to 1.0 seconds. With the exception of a few locations, most sites
in Richmond were found to have periods of peak response greater than the typical
microtremor period response of 2 to 3 seconds. These longer site periods are
representative of the sites in Richmond which have deep Holocene layers in excess of
200 metres (see Figure 6.1). In addition to the periods of peak response, the second most
amplified site periods were also included in Tables 6.4(a) and (b). These site periods are
probably due to resonance in one of the upper strata when the site periods are shorter than

the periods of peak response or the excitation of one of the higher periods of the sites.

Figure 6.15 shows the distribution of estimated depths of surface layer(s) at various
stations along Shell Road and Westminster Highway based on an estimated average shear
wavé velocity, Vszo, of 185 m/s as indicated by the results of G.S.C.’s SCPT testing
(Figure 6.5). Along Shell Road the estimated depths of the surface layers at most sites
were found to be greater than 150 metres. At the southern end of Shell Road, the surface

layers were estimated to be greater than 200-m deep, e.g., 231 metres at stations S7 and

S8. The western end of Westminster Highway near Minoru Park to the east of No. 3




Road has signiﬁcantly deeper estimated depth of the ground surface layer(s) at
approximately 185 metres, whereas sites from No. 5 Road and to the east have shallower
estimated depths of surface layers ranging from 21 to 51 metres. The geological map in
Figure 6.1 shows that the depths of Holocene deposits near microtremor stations K22,
K23 and K24 to be approximately 26, 19 and 62 metres respectively. The depths of
surface layers at these stations were estimated from results of microtremor measurements
to be 36, 23 and 51 metres, respectively. Microtremor measurements fairly accurately
predicted the shallow depths of the Holocene layers at these sites. On the other hand,
station K20 has estimated depth of surface layer of about 154 metres but the depth of
Holocene deposits in the vicinity\o'f K20 is about 236 metres. Figure 6.16 shows the
distribution of shear wave velocities and soil profiles with depth near station K20
- (borehole FD94-4). Up to a depth of 300 metres the site still consists of mainly clayey
layers, although the sharp increase shear wave velocities at about 240-m depth indicates
the existence of a dense layer directly underlying the thick clay layer extending from 110-
m to 240-m depths. The discrepancy between the estimated depths of surface layers and
the depths of Holocene deposits may be due to either the excitation of upper strata within
the Holocene deposits or the amplitude of the average shear wave velocity used in thev
estimation. Shear wave velocities at Richmond do vary from site to site, and an average
shear wave velocity (Vs3g) of 185 m/s was used to estimate the depths of surface layers at
different sites in Richmond. - If an average shear wave velocity of 250 m/s which is
representative of the shear wave velocity in the Holocene sediments (Finn et al., 1998)

was used in the estimation, the estimated depth of surface layer at station KO5 would be

approximately 200 metres and more closely reflect the depth of the Holocene layer.
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Since the depths of surface layers were estimated using the periods of peak response, it
confirms the notion that on deep sites (>150 metres to the depth of bedrock) microtremor
measurements indicate the peak response of surface layer(s) or the top strata most
resonated by the ground motions, instead of those of the entire layers above the bedrock.
The predominant periods estimated based on microtremor measurements are therefore the

periods of peak response instead of the fundamental periods of the sites.

Finally, based on the results from microtremor measurements along Shell Road and New
Westminster Highway, taller buildings of 35 to 50 storeys along most parts of Shell Road
and east of Westminster Highway will likely suffer the most damage during strong
earthquake shaking. At the south end of Shell Road and the east side of Westminster
Highway, the number of storeys of buildings likely to suffer severe damage 1s 10 storeys

or less.

6.4.2 RELATIVE AMPLIFICATION RATIOS

The distribution of relative site amplification ratios is shown in Figure 6.17. The relative
amplification ratios along Shell Road range from 1.0 to 1.6, and those along Westminster
Highway range fromv 0.9to 1.8. By corhparison to the relative amplification ratios at sit.es
in Lulu Island, the smaller range in values of the relative amplification ratios of the sites
along Shell Road and Westminster Highway indicates that the relative seismic hazard
potential along Shell Road and Westminster Highway are likely to be smaller. The
closeness in values of the relative amplification ratios also indicates that the relative

seismic amplification or hazard potential at sites along Shell Road and Westminster
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Highway are likely to be very similar. On the other hand, the existence of relative
amplification ratios of 1.0 such as at stations S4 and S6 essentially means that the relative
seismic hazard potential at these soft ground sites and that of the reference hard ground
site KOS5 are similar, which is unlikely. Thus, the relative amplification ratios might not
be a good indicator of the relative seismic damage potential of different sites or of

different geologic units.

The relative amplification ratios were plotted against the estimated depths of surface
layers from microtremor analysis for sites in Lulu Island and Richmond as shown in
Figures 6.18. The purpose is to verify if any correlation exists between the two
parameters of peak response. Figures 6.18 did not show any perceivable trend or
correlation between the relative amplification ratios and estimated depths of surface
layers. The relative amplification ratios remain fairly constant at 1.5+0.5 regardless of

the estimated depths of surface layers at most of the sites.
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6.5 CONCLUSIONS

The following conclusions can be drawn based on the results of the several case studies

presented above regarding the effectiveness of microtremor measurements as a method of

assessing seismic hazard potential of different sites.

1.

Comparison of spectral characteristics of low-level earthquake ground motions and
microtremor measurements at station MNY shows that the predominant frequency
from microtremor measurements is similar to those from earthquake ground motions.
In Lulu Island and Richmond sites, microtremor measurements were used to estimate
the periods of peak response, depths of surface layers, relative amplification ratios
and number of storeys of buildings which are likely to suffer the most damage under
strong ground shaking due to soil-structure interaction. Seismic hazard maps
showing distribution of the above parameters were developed.

On shallow sites (<150 metres to depth of bedrock) such as those in Lulu Island, New
Westminster, the estimated depths of surface layers were found to agree with the
depths to bedrock based on comparison with borehole data. This is probably because
periods of peak response coincide with fundamental periods of the sites.

On deeper sites (>200 metres to depth of bedrock) such as at many sites in Richmond,
microtremor measurements indicate site periods of peak response but not the
fundamental periods of the sites. In addition, the estimated depths of surface layers
seem to indicate the depths of the Holocene deposits or those of the upper strata
which are resonated by ground motions.

The relative amplification ratios which were calculated using the spectral ratio of a

reference hard ground site were fairly constant at 1.5£0.5 for most sites and indicate
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that the relative hazard potential for the sites are similar. This result is probably
because both the Lulu Island and Richmond sites are of similar geological settings.
However, the existence of several deep, soft ground sites with relative amplification
ratios of approximately 1.0 essentially means that the relative seismic damage
potential of these‘ sites are similarly to that of the reference hard ground site. Since it
is unlikely that a hard. ground site would have similar seismic hazard potential to a
* soft ground site, more research is therefore required to determine whether the relative
amplification ratios can be a good indicator of relative seismic hazard potential

between different sites or for different geologic units.
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CHAPTER 7

SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE RESEARCH

7.1 SUMMARY

The research work carried out during the course of this study is summarized as follows.

o Investigating the thedry and background information of microtremors, as well as
the usé of microtremor measurements in engineering applications;

. Carrying out field microtremor measurements in Lulu Island and Richmond and
various other sites, and performing the analyses and interpretation of the
measured microtremor records;

. Investigating the stability characteristics of microtremors at station MNY in
Vancouver in terms of the most amplified period and the corresponding peak
amplitude based on Fourier response spectra and Nakamura’s method;

. Comparing the spectral characterist.ics’of microtremors and those of low-level

- earthquake ground motions to determine whether microtremors can be used to
estimate the periods of peak response for seismic response studies;

. - Developing seismic hazard maps based on periods of peak response and other
parameters from results of microtremor measurements for sites in Lulu Island and
Richmond, and determining the reasonableness of the results based on available
seismic or geological data as well as whether the relative amplification ratios can
.be used as a reasonable indicator of relative seismic hazard potential between

different sites.
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7.2 CONCLUSIONS

A number of conclusions can be drawn from the results of this investigation. These have

been grouped into three sections; namely Stability of Dynamic Characteristics of

Microtremors, Surface Microtremor Measurements, and Analytical Analysis and

Interpretation.

7.2.1

7.2.2

STABILITY OF DYNAMIC CHARACTERISTICS OF MICROTREMORS
The site predominant frequencies (or periods) of microtremors were found to be
stable in the GVRD region.

Even in the absence of strong source effects, Nakamura’s method was found to
provide a site predominant frequency with a smaller standard deviation in
comparison to the determination of the frequency of peak response based on the
average Fourier spectra.

The peak Fourier spectral amplitudes and the peak spectral ratios were found to

be unstable and highly dependent on the strength of input sources.

SURFACE MICROTREMOR MEASUREMENTS
Comparing to the more traditional site investigation or seismic microzonation
methods, microtremor measurements provide a relative inexpensive and fast way

of determining the periods of peak response of sites for site response studies.
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7.2.3

ANALYTICAL ANALYSIS AND INTERPRETATION
The frequency of peak response from microtremor measurements is very similar
to those obtained from Fourier spectral analysis of two low-level earthquake

ground motions recorded at a GVRD site; this result indicates that microtremor

measurements may be an effective means of determining site period/frequency for

earthquake response studies in the GVRD region.

Seismic hazard maps were developed for sites in Lulu Island and Richmond,
British Columbia based on site predominant periods, estimated depths of surface
layers and relative amplification ratios from results of microtremor measurements.
The number of storeys of buildings likely to suffer the most damage under strong

ground shaking due to soil-structure interaction was estimated and tabulated.

Results of microtremor measurements on deep and shallow sites showed that

microtremor measurements are effective in delineating the periods of peak
response instead of the fundamental periods of the sites. The estimated depths of
surface layers are therefore the depths of upper strata of the ground which are
most resonated by the ground motions instead of the depths of the entire soft soil
layers overlying the bedrock at the sites. On shallow sites (<100 metres to depth
of bedrock or dense layers) microtremor measurements have been reasonably
good in indicating the depths of the surface layers to the underlying bedrock or
dense layers. This is most likely because the periods of peak response are similar
to the fundamental periods of the sites.

The relative amplification ratios were found to be fairly constant for most sites in

Lulu Island and Richmond, and this is most likely due to these sites having
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similar geological settings of soft Holocene overlying dense Pleistocene deposits.
The small magnitudes of the relative amplification ratios for most of the sites,
many of which are of deep, soft ground sites especially fhose in Richmond, at
approximately 1.5+0.5 indicated that these soft ground sites have essentially very
similar seismic hazard potential to that of the referénce hard ground site, which is
highly unlikely. Hence, it may be concluded that the relative amplification ratios
may not be a good indicator of relative seismic hazard potential between different
sites or geologic units, or at the least, more research is necessary to determine the
effectiveness of using the relétive amplification ratios for such purpose. The
relative amplification ratios were also found to have no correlation with the

estimated depths of surface layers at different sites.

7.3 RECOMMENDATIONS FOR FUTURE RESEARCH

While this thesis exploréd many aspects of the applications and effectiveness of using
microtremor measurements in assessing the dynamic characteristics for seismic response
studies, there are several additional aspects worth studying. First, a stability test could be
performed at another location different from station MNY in the GVRD region. The
stability of characteristics of microtremors was assumed applicable to all sites in the
GVRD region based on results of stability test at one site (station MNY) which showed
stable site predominant period over time. The additional stability test would serve as an
important check of the reasonableness of the assumption that the microtremor
characteristics are stable in the GVRD region. Second, since during the course of this

thesis microtremor measurements were carried out in the Fraser Delta where the different
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sites have very similar geological settings of soft Holocene sediments overlying dense
Pleistocene deposits, it would be worthwhile to carry out microtremor measurements at
sites which are located on geological settings different from those in Richmond and Lulu
Island, such as the shallow, hard ground sites in North Vancouver. The results from
microtremor measurements at these sites would be useful in further assessing the
effectiveness (or lack) of using the relative amplification ratio as a means for determining

the relative seismic damage potential of different sites or different geologic units.
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NOMENCLATURE

Es

EwW

E(f)
S
s

NS
Rs

Rs
S(f)
SCPT
Su

Sus

SPT
St
Str
Sy

Svs

Amplitude of H/V peak

Maximum amplitude of vertical shear wave amplification function
Transfer function for vertical motions

East-west

Foundation or amplification factor

Frequency

Wave motion radiation characteristics at the source
Frequency corresponding to H/V peak

Frequency of vertical shear wave resonance

Thickness of uniform soil layer

Horizontal-to-vertical spectral ratios

North-south

Horizontal-to-vertical spectral ratio of base-layer ground motions
Horizontal-to-vertical spectral ratio of surface ground motions
Surface layer characteristics

Seismic cone penetration test

Spectral ordinate of the horizontal motions at the base layer
Spectral ordinate of the horizontal motion at the surface
Standard penetration test

Transfer function for horizontal motions

Modified transfer function

Vertically incident shear waves

Spectral ordinate of the vertical motions at the base layer
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Svs

T()
Vs

Vsio

Spectral ordinate of the vertical motions at the surface

Site Predominant Period or Fundamental Period of Moment
Resistant Frame

Wave propagation characteristics
Average shear wave velocity [m/s]

Average shear wave velocity [m/s] of the top 30 metres of the
ground
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ABBREVIATIONS

G.S.C
GVRD
NBCC
NEHRP

UB.C.

Geological Survey of Canada

Greater Vancouver Regional District

National Building Code of Canada

National Earthquake Hazards Reduction Program

University of British Columbia
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APPENDIX A

MICROTREMOR MEASUREMENTS

Al OVERVIEW

This appendix describes the microtremor measurement requirements and procedures.

The measurements are carried out with the aid of the program DASam which was

developed by Seo et al. (1989). There are two versions of DASam -- one is used for data

acquisition and hence labeled “DASam 1- Observation System”; the other is used to

convert microtremor data into readable format for data analysis and it is labeled “DASam

2 — Data Analysis”.

A.2 EQUIPMENT CHECK LIST

The following items should be included for each microtremor measurement field trip:

1.

2.

Two sets of microtremor measurement sensors — 3 velocity sensors per set;
Notebook computer for data acquisition and preliminary data analysis;

Diskette containing the data acquisition program DASam 1 — Observation
System, which contains the step-by-step onscreen instructions for carrying out

data acquisition;

PC connector for connecting the data acquisition computer to the A/D converter;
Notebook PC adapter;

AC/DC converter;

Amplifier;

Cables for amplifier-sensor connection;
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9. Cable connector (found on an orange triangular holder) with 30’ extension cables

for amplifier-sensor connection;
10. Two batteries (Secure SB12250 12V);

11.  Detailed map of sites;

12. Camera and films;
13. Fine screw-driver set for calibration of sensors;
14. Steel plate for seating sensors during field testing;

15. Level for leveling the steel platform;
16. Six traffic cones to setup boundaries of measurement station;

17.  Three (or more) life vests, depending on the number of people going on the field

’

trip;

18. Miscellaneous equipment (i.e., duct tape, papers, markers, etc.).

A3 PREPARATION AND STORAGE OF SENSORS

The sensors for both horizontal (two sensors) and vertical measurements should be
prepared before field testing by performing the steps indicated below. The names of
various parts of the sensors are as shown in Figures A.1, A.2 and A.3. Figure A.1 shows
the three sensors used for microtremor measurements. Figures A.2 and A.3 show the
sensors (with external case removed) used to measure vibrations along the horizontal and'
vertical directions respectively. The key steps are first summarized, followed by the
detailed descriptions of the steps.

Summary of key steps:

1. Take sensors out of safekeeping box, remove the sensor cases and unlock the internal

locks of the sensors.
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Put sensor cases back on and lock the external locks of the sensors.
Level steel plate and then level the sensors on the steel plate.
Put sensors back in the safekeeping box, or after use, lock the internal locks and leave

the external locks in open/unlocked position.

Detailed preparation steps:

1.

Remove the three sensors from the storage box. Make sure that the external lock is
unlocked. To check if the external lock of each sensor is unlocked, make sure that the

horizontal line mark on the lock is in vertical position.

For each sensor, loosen the case screws and remove the sensor case. Once the case is
removed, loosen the internal lock completely. Give the brass coil disc a slight

perturbation to make sure that it can move freely.

Carefully put the sensor case back on. It is important to ensure that the movement of
the brass coil disc is-not restricted by the internal lock after the case is put back on
since ground vibrations are measured using the brass coil disc through its vibrating
mechanism. Press and release the external lock or tilt the sensor slightly to check
(through the lense external to the brass coil disc as shown by B in Figure A.1) that
the brass coil disc can move freely. If the brass coil disc is stuck, remove the case
and adjust the internal lock to ensure the lock does not restrict the movement of the

disc. Repeat the previous step.

Lock the brass coil disc in position by locking the external coil lock, i.e., turning the

line mark on the lock to horizontal position.

Place the small steel plate for the sensors on the floor and level it using a level by
adjusting the base screws. Place the three sensors on the steel plate by aligning the
arrow marks on top of the sensors with those on the steel plate to ensure the sensors
are measuring signals along three orthogonal directions. Next, adjust the two base
screws of the sensors to level the sensors by centering the bubble within the level of

the sensor. Since on-site setup of the sensors will be done on the same steel plate,
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this step will minimize the amount of time required to level the sensors if the plate is

leveled.

After the sensor is leveled, unlock the external coil lock and check through the lense

to see if the brass coil disc can move freely. For the sensor measuring vibrations in

‘the vertical direction, the movement of the brass coil is seen through a small mirror

which can be seen through the lense external to the brass coil disc.

Lock the external lock and place the sensors back into the storage box. The sensors

are ready to be used for field testing.

After field measurement, it is important to put the sensors away by performing the

following steps.

1.

Before putting the sensor back into the storage box, remove the sensor case. Adjust
the internal lock plate by pressing the handle down until the plate is under the internal
lock. Next, tighten the internal lock and put the sensor case back on. Also, make
sure that the external lock is unlocked because only one of the two locks — internal or

external -- should be locked at any time.

Finally, put the sensor back into the storage box for safe storage.

A4  SETUP OF DATA ACQUISITION SYSTEM

. Before each field trip, make sure that the batteries are charged. Use a charger to

check if the batteries are charged, and to charge the batteries. Gather all equipment

listed in the equipment check list of Section A.3.

Arrange the equipment — amplifier, data acquisition computer, batteries, cables, etc. --
for microtremor measurements in the vehicle where the equipment will be

transported. A good arrangement of the equipment is as shown in Figure 5.3.

Hook up the amplifier to the A/D converter using the three amplifier-converter cables
(black in colour). Use the first three channel slots (starting from the left) of the
amplifier. Check the tags on the various cables if unsure which cables to use.

Connect the PC connector to the data acquisition computer and connect the other end
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of the connector to the A/D converter. Connect both the amplifier and data
acquisition computer to the portable battery via an AC/DC converter. For the data

acquisition computer, use the PC adapter.

4. Set all channel attenuation factors on the amplifier to maximum, i.e., X200 and x10.
There are two attenuation factors: attenuation 1 has settings of x1, x2, x5, x20, x50
and x200, and attenuation 2 has settings of x1 and x10. For each of the three channel
slots, set the “Vel./Dis.” Switch to [velocity] for measurement type and set the
“Calibration/Measurement” switch to [calibration]. The relevant parts of the channel

“slots of the amplifier are shown in Figure A.4.

5. Make sufe that the diskette labeled “DASam 1: Observation System” is in the disk

drive of the data acquisition system.

6. Switch on the AC/DC converter and check that the data acquisition system is working

properly by switching on the amplifier and the data acquisition computer.

7. After the computer is turned on, the screen should show the main menu for the data
acquisition program as shown in Figure A.5. Use Space Bar to select Option 0: End
and press the Enter key. The screen should show ok. Type system and press the
Enter key to go to the DOS screen. At the DOS prompt, i.e., A:¥>, check the date
and time using the date and time commands. If the date or time is inaccurate, make
appropriate changes. Note that the computer is using Japanese DOS system and
hence the DOS prompt looks slightly different from that of the North American DOS

system. Next, make a new directory for storing the data files using the md command,

i.e., C:¥>md directory name.

8. Turn off the amplifier, data acquisition computer and AC/DC converter.

A.5 TYPICAL TESTING PROCEDURES

The typical testing procedures are as follows. Note that selection of options when

operating the data acquisition computer can be done using either the Space Bar or the
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up/down arrow keys. The key steps are summarized below, followed by detailed

descriptions of the testing procedures.

Summary of key steps:

1. Setup the sensors at a location.

2. Level the sensors and centre the internal brass coils of the sensors.

3. Run DASaml: Observation System in notebook computer.

4. Connect sensors to amplifier.

5. Follow the step-by-step on screen instructions to key in inputs, perform calibration of
sensors, and record microtremor data.

6. Check records for signal saturation and perform preliminary spectral analysis using

notebook computer.

Detailed descriptions of testing procedures:

1.

Setup a measurement station near the site where the intended measurement is to be
carried out. A suitable location should have minimum traffic or other artificial
vibration noises such as construction activities in close vicinity (less than 5 metres) of

the station.

Setup the sensors at the station by first leveling the steel plate before leveling the

- sensors on the steel plate. The steel platform serves to facilitate the leveling process.

For optimal measurement condition, the brass coil disc in each sensor should be
approximately centered. This is achieved when the center of the brass coil disc
(marked by the edge of the brass coil near the centre of the disc) approximately 1 to 2
mm off the top of the magnetic hollow cy1inder. Note that the brass coil disc vibrates
in and out of the magnetic hollow cylinder near the cylinder top. Since the sensor is
approximately leveled, the brass coil disc should be approximately centered. If the

brass coil disc is not centered, adjust the base screws to approximately center the disc.
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Also, make sure that sensor is still leveled by ensuring the bubble is within the red
circle in the sensor level. For the vertical sensor, if the above steps fail to center the
brass coil disc, adjust the vertical spring lock to center the disc. Note that it is highly
unlikely that the brass disc cannot be centered through the adjustment of the base

SCrcws.

. The amplifier and data acquisition computer should already be setup in the vehicle.
Check to make sure that the diskette labeled DASam 1: Observation System is
inserted in the disk drive of the data acquisition computer. Switch on the AC/DC

converter, amplifier and data acquisition computer.

. Hook up sensors to the cable connector using the 30’ extension cables. Check the
tags on the cables to ensure that the appropriate cables are connected to the sensors.
The cable tags should have numbers corresponding to the numbers marked on the top
of the sensors. Next, connect the amplifier to the cable connector using the amplifier-

sensor cables.

. The data acquisition computer, which was switched on in step 4 should show the
<<A/D Conversion Program Menu>> on its screen. Select Option 1: Temporary

Measurement if it is not already highlighted and press the Enter key.

In the ensuing <<A/D Conversion Screen>>, make sure that the screen is in English
mode, or else press the Help key to switch to English format. Select Start and press
the Enter key. Next, highlight NS/T for the type of PC-notebook and press the
Escape key. |

. In the <<A/D Condition>> screen, make appropriate entries at the prompts as
illustrated below. The range of allowable values or upper bound is shown in closed
square brackets. The default values are also shown following the brackets. Make
sure that the Enter key is pressed after each entry. Typical values for microtremor

measurements are provided as examples as well.
e #of input channels [1 - 8]:3 =3 [Enter]

e Channel # of clock signal [none: 0]: 0 = 0 [Enter]
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10,

11.

e Sampling rate [max. 500 pts/sec]: 50 = 50 [Enter)
e Duration of sampling [max. 873 sec]: 50 = 300 [Enter]
e Duration of display on 1 stage [sec]: 10 = 10 [Enter]

Press the Space Bar to make corrections or changes, and/or press the Escape key
when the correct entries have been made. Note that typical recording of microtremor

signals is carried out for 5 minutes or 300 seconds.

In the following screen, specify the signal components — NOOE, N9OE, Vert. — and
select [5]: TAISEI to specify the amplifier type. The entries under the headings
“pickup” and “amplifier” should automatically show MTK-1C and TA-406
respectively. Press the Escape key to accept the entry.

The next screen shows the switch settings for sensor calibration. The settings for
amplifier TA-406 are shown in the last column. Check that all the amplification
factors on the amplifier type TA-406 are set to the maximum. This should have been
done in step 4 of the setup of data acquisition system as described in Section Al.5.
At the “Do you need to check calibration signal?” prompt, select Yes and press the
Escape key. The operator should see Calibration screen on the screen. The
calibration factors of the three channels are shown on the top right corner of the
screen. Check that the calibration factors are approximately 2000 mV £20 mV; else,
adjust the “gain” button (H in Figure A.4) using a 1.4-mm screw-driver. Also ensure
that the sinusoidal signals are approximately centered, 1.e., the maxima and minima of
the signals are at £1000 mV. Otherwise, a&justing the “zero” switch on the amplifier
(G in Figure A.4) using a 1.4-mm screwdriver to center the signals. Wait for the
signals to stabilize and the press the Escape key to complete the calibration process.

Sensor calibration should be checked or repeated at every measuring station.

Initialize the measurement mode by flipping the “calibration/measurement” switch of
the three channel slots of the amplifier to [measurement]. Adjust the period (1, 3 or 5
seconds) and amplification factors of each of the three channels until the screen
shows a reasonable magnitude of signals. Note that most measurements are

performed with the period of the sensors set at 5 seconds, attenuation 2 (x1 or x10)
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12.

13.

14.

15

16.

17.

18.

set at x1 and attenuation 1 (x1, x2, x5, x20, x50 or x200) set at x1, x2 or x5. Press

the Escape key once the adjustment is complete.
In the <<Calibration-amplification (p-p)>> screen, press the Enter key

In the following screen, input the Site Name, period and amplification factors for

each sensor. Press the Escape key to confirm entries.

The operator can dectde whether to start sampling immediately or 10 seconds later by
making the appropriate on-screen selection. Once sampling begins, it will last for the
entire duration specified in step 8. If at any time during sampling the signals become

saturated, e.g., due to a heavy truck passing by, the measurement should be repeated.

. After sampling is completed, the data acquisition computer will give out beeping

sounds to alert the operator. The operator can then choose to display the entire record

by pressing the Space Bar, or move on to check the spectrum and spectral ratio.

After use, set all amplification factors to maximum and set the

“Calibration/Measurement” switch to [Calibration].
Switch off the data acquisition computer, amplifier and AC/DC converter.

Repeat from step 1 for next measurement.
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Legend:

A: Base screws; B: Lense external to brass coil disc;
C: Case screws; D: External lock;

By Level; F: Cable connector;

G: Lense top of brass disc.

Figure A.1  Sensors used to measure vibrations in Horizontal (Sensors on Left and
Right) and Vertical (Sensor in the middle) directions.
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Legend:

o

Brass coil disc;

A: Level;
C: Internal lock; D: Internal lock plate;

E: Magnetic hollow cylinder.

Figure A.2  Sensor (with case removed) used to measure vibrations in the Horizontal
direction.
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Legend:

A:
C:
E:
G:

Figure A.3

Base Screw; B: Brass coil disc;
Internal lock; D: Internal lock plate;
Level; F: Cable connector;

Magnetic hollow cylinder.

Sensor (with case removed) used to Measure Vibrations in the Vertical
Direction.
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Legend:

A: Power switch; B: Attenuation I;

C: Vel./Dis. switch; D: Attenuation 2;

E: Period swtich; F: Cal./Mea. switch;
G: Zero switch; H: Gain switch.

Figure A.4  Amplifier Model TA-406.
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Figure A.5 Main Menu of Data Acquisition Program.
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APPENDIX B

MICROTREMOR DATA FILE CONVERSION

B.1 DESCRIPTION

Before the measured microtremor records can be read into the DADISP program for data
analyses, the input/data files (extension AD) must be converted to DADiSP readable
format (extension AMP). This appendix describes the data file conversion procedures.

Note that during the operations of the data acquisition computer, the selection of options
can be made by using either the Space Bar or the up/down arrow keys on the keyboard of

the data acquisition computer.

B.2 CONVERSION PROCEDURES

1. Insert the diskette labeled “DASam 2: Analysis System” into the disk drive of the
data acquisition computer. Switch on the computer by pressing on the POWER

switch on the top left corner of the computer.

2. After the initial boot-up sequence, a DOS screen emerges to prompt the user for date
and time. Note that most of the on-screen instructions are given in Japanese but the
key words are given in English. Press the Enter key or enter a new date and time to

change the default values.

3. An A/D File Conversion screen is then loaded onto the screen. If the first A/D File
Conversion screen that appears is in Japanese, press the Help key (located to the right'
of the Enter key) to switch to the English A/D File Conversion screen. The screen is
titled <<Menu of A/D Data Analysis>>.
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10.

Select Option 2. Calculate Real Amplitude using A/D-File using the Space Bar and
press the Enter key. Note that the other options shown on screen can be used to

display waveforms and perform preliminary data analysis of microtremor records.

In the following screen of <<Convert A/D File to AMP File Program>>, select A/D+
as the subscript of A/D (or AD) data files and press the Enter key. The user will be
prompted for the drive and directory of the location of the AD data files, followed by
the drive and directory of the location of the intended AMP data files. Input the
required information and press the Enter key. Néxt, select Manual at the Data Input

prompt and press the Enfer key.

The screen should now show all the files in the specified drive and directory of the
AD file location. Enter the common name of the input files. For example, if the
input files are ShellO1 to Shell20 (extension AD), the common part of the filenames is
Shell. Press the Enter key. The screen will prompt the user for filename number of
each input file and outpﬁt file. Specify all the input files intended to be converted and

press the Enter key when the specification is completed.

In the screen that follows, choose Option 2: Microtremor Explosion for data type.

Next, select Vel. (velocity) for the dimension type. Press the Escape key.

- The new screen shows the information about the microtremor measurement,

includiné the filename, date and time of the measurement, settings of measurements —
amplification factors and duration of measurement, sensitivity of the three
channels/components of data. Continue to press the Enter key to confirm the

conversion of the three components of the microtremor data.

The waveform of the microtremor record is shown on the screen, and the user is
asked to specify the first and end points of the part of the time history to be deleted.
Enter the specific points and press the Enter key, or press the Enter key to skip.

The file conversion begins and the entire process can take up a lot of time, with each
file requiring about 10 minutes to convert. When the file conversion ends, the user is

prompted to select whether to end the file conversion or to choose another input file
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for conversion. The converted data files with extension AMP can be found the drive

and difectory specified in step 5.

11. The converted data files can then be copied using low capacity (712 kb) diskettes to a
data analysis computer for further data processing and analysis. Low capacity
diskettes are used because the data acquisition from Japan which is used for data file

conversion can only read diskettes in low-capacity format.
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APPENDIX C

MICROTREMOR DATA ANALYSIS —
PROGRAM OPERATING INSTRUCTIONS AND
DOCUMENTATION

C.1 DESCRIPTION

Most steps of the microtremor data analysis are performed using the DADiSP software.
The final step of estimating site predominant period and relative amplification ratio is
performed through visual inspection of the processed results of the microtremor record.
This appendix describes the installation of the DADISP program and macros files,
program requirements and operating instructions of using DADISP to carry out batch
processing of the microtremor data. A set of macros, modified based on the Automated
Data Analysis System (ADAS) developed by Hao ef al. (1995), are used to automate and
facilitate the entire data analysis processes, such as reading in microtremor data',
extracting header information and time histories of microtremor data, performing Fourier
transformation of the data, calculating~ average Fourier spectra and spectral ratios,
printing output files and etc. The DADISP macros are consisting of the following files,
and their respective functions are described as follows. Copies of the macro files are also

enclosed in sequence listed below following Section C.3.1.

e MIC2.DSP initializes all SPL (Serial Processing La.nguage) functions, macros and
the file called ADAS.DAT (sée next file); ‘

e ADAS.DAT specifies parameters required for Fourier spectral analysis, as well as
location of the source data files; it also controls batch processing of the data files;

! The microtremor data files which can be read into DADiSP have extension AMP.
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FLNMTIT2.COQ calculates the Fourier spectra by calling the macro files:
SMOOTH, SP, SSET, and performs Fourier transformation of the data by automating
DBLTIT.COQ and MAXTIT.COQ); finally, it controls the printing of the output files;

DBLTIT.COQ reads in header file information and scales amplitudes of the three
channels of microtremor data for each measured microtremor record, returns time
histories of microtremor data, and setups window headings;

MAXTIT.COQ calculates Fourier spectral ratios based on Nakamura’s H/V method,
SMOOTH.MAC smoothes curves of Fourier spectra using Hamming windows;

SP.MAC - calculates Fourier response spectrum of each segment of data and
calculates the average Fourier spectrum; '

SSET.MAC spéciﬁes formats for displaying windows of the Fourier spectral ratios;
M_FRAME.COP specifies display formats of the general windows;
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! Filename: MIC2.DSP

1 sk sk sk sk 3k ok sk ok sk 3k ok sk ok ok >k ok sk sk ok 2k ok sk ok sk ok ok sk sk ok ok sk sk sk sk sk ok sk sk sfe sk ske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skook skoske sk sk sk sk sk sk ok

! Functions: [Initializes all DADISP SPL functions and macros, and runs ADAS.DAT

! to initialize batch processing of microtremor data files.
12k 3k 3k sk 3k 3k 3k sk >k sk ok >k sk 3k >k ok >k ok ok ok vk sk ok ok vk 2k 3k sk ok vk ok sk ok sk ok sk sk sk 3k ok sk 3k vk sk ok sk ok sk ke sk e sk ok ok sk ok sk sk ok vk ok ok sk ok sk 3k ok sk sk ok

removewin(-1) @cr
clearall @cr
Addwindow(15) @CR ! Add 15 Windows

@CNTL_HOME ! goto W1

! Declare location of SPL functions and macros
Dsploc = strcat("c:\Dsp4\com\") @cr

! Initialize macros
macread(strcat(Dsploc,"SSET.MAC")) @cr
macread(strcat(Dsploc,"sedtitAM.MAC")) @cr
macread(strcat(Dsploc,"SP.mac")) @cr
macread(strcat(Dsploc,"Smooth. MAC")) @cr

! Run ADAS.DAT to start batch processing of data files
call (strcat(Dsploc,"adas.dat")) @cr

@return
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! Filename: ADAS.DAT

1 3k sk sk sk ok sk ok 3k 2k sk sk sk sk 2k sk sk 3o s sk sk sk sk sk sfe sk sk sk sk sk sk ofe ke sk sk sk sk sk sk sk sk i sk sk sl s s sle sk sle ske sk sk sfe s sk ke sk sk sk sk sk sk sk ke sk sk e sk sk sk ok

! Functions: Declares locations of DADISP and data files, specifies parameters

! required for Fourier Spectral Analysis, and controls batch processing
! of data files.

1 3k sk 3k 3k ok ok 3k ok 2k ok ok ok ok sk sk ok sk sk ok sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk s sk sk sk s sk sfe sk ok sk ok sk sk ofe e sfe sk sk sk ok sk sk ke sk sk sk skeoske sk sk sk skoske ks sk sk

! Declare the location of DADiSP program
Dsploc = strcat("c:\Dsp4\com\") (@cr

I Declare data set location and name without series #
flnmcat = strcat("c:\Dsp4\com\shell") @cr

! Declare the number of characters in the parameter: finmcat
! Ex. There are 17 characters in the string "c:\Dsp4\com\shell"
sensors = strextract(flnmcat,17,1) @cr

! Declare the number of data per channel
chnum = 15000 @ecr ! Number of each channel

! Declare data range in time histories of microtremor records
bg=1 @cr ! The start of data set
be = chnum @cr ! The end of data set

1 sk ok sk s sk sfe sk ok sk sk sk 3k s sk sk sk sk ok sk ok vk 3k ok sk vk sk sk sk ok sk ok sk sk sk A sk 3k sk sk sk sk ok sk ok sk sk sk sk ok s ok sk ok sk sk ok sk ok sk ok ke ok ke sk sk sk ok skok sk ok

! Declare parameters for Fourier Spectral Analysis
sptm =8 (@cr ! sptm is # of segments
splnum = 50 @cr !' splnum is frequency
spnum = 4096 @cr ' ! spnum is # of points per segment
ddurs = (spnum/splnum) @cr ! ddurs is duration of segments
adcat = strcat(".AMP") @cr ! adcat is data filename extension
defmacro("Nb",1) @Cr

! Declare the first data file's series number as N
defmacro("N",3) @CR

!' Declare the # of data files to be processed
call(strcat(Dsploc,"flnmtit2.coq"),1) @cr

moveto(wl) @cr

! Write results of analysis to output file
writetable("k18.dat",w15) @cr

@return
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| Filename: FLNMTIT2.COQ

| 3k sfe sk sk sk 3k 3k sfe s sk sk sfe sfe sfe sk sfe sk sfe ok sk 3k 3k ke sk sk sk sk sk sk sk sk sk sk ske sk sk sk ok ok sk sk sk sk sk sk sk sk sl sk sk ke sk sk ke s sk ke seske sk ske ke sk sk sk sk ok sk sk ok

! Functions:  Controls data processing by calling DBLTIT.COQ and MAXTIT.COQ,
! generates average Fourier spectra using SMOOTH, SP and SSET

! macros, and prints results of analysis.
1 2k sk st sk sk sk ke ke sk ok st sk sk sk ke ok st sk s ke ok sk sk sk sk e st ok sk ke ok st sk sk sk sk st ok ok ok s st s e ke ok st sk s ke ke s st ok sk ke sk sk s sk sk ok sk sk sk s sk ok sk skok

défmacro("j",l) @cr

! Call DBLTIT to read in header information, scale amplitudes of microtremor
! time histories, and setup windows of time histories
call(strcat(Dsploc,"dbltit.coq"),3) @cr

1 Call MAXTIT to generate Fourier spectral ratios based on Nakamura's H/'V

! method
call(strcat(Dsploc,"maxtit.coq"),1) @ecr

moveto(wl) @ecr

! Call M_FRAME to specify general formats of windows in worksheet
call(strcat(Dsploc,"m_frame.cop")) @cr

! Print worksheet containing results of analysis
printws (@cr

! Reset worksheet for processing of next data file

pause(5) @cr
clear(wl..w15) @cr
display(wl..w15) @cr

! Define new values for Nb and N
defmacro("Nb",Nb+1) @cr
defmacro("N",N+1) @cr

@return
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! Filename: DBLTIT.COQ

1 3k 3k 3k 3¢ s 2k sk e sk 3k s ok ok 2 ok sk sk sk sk 3k sk ok sk she sk s Sk 3k 2k sk s sk sfe ke ke sk sk sk sk sk sk sk sk ok sk sk ke sk sk ok sk sk ok s sk ok sk sk ok she ke skske sk sle st ke sk sk sk ok

! Functions: Adjust amplitudes of time histories of microtremor records based on
! header information and returns correct time histories, and generate

! Fourier spectra.
|***********************************************************************

! Scale amplitudes of data based on header information

!' Calculate amplitude correction factors
akm = 256+((J-1)*256*INT(1.99+chnum*2/256)) @cr
Amax = GETPT(Readb(strcat(flnmcat,strnum(N),adcat),UINT,2,akm),1) @cr
Kmax = GETPT(Readb(strcat(flnmcat,strnum(N),adcat),UINT,2,akm),2) @cr
Rmax = Amax*10"(-kmax) @cr
Akf=rmax/Amax @cr

! Nbbt information confirmed by T. Samano
Nbbt = 512+((J-1)*256*INT(1.99+chnum*2/256)) @cr

! Extract data from time histories and adjust amplitudes of data
extract(readb(strcat(flnmcat,strnum(N),adcat), SINT,chnum,nbbt)* Akf, bg, be)
@CR

STWAVE2 @CR

if(splnum == 100,stwave,getwcolor) @cr
Setplotstyle(0) @cr

!' Setup titles for windows w1, w4 and w7
if((J*3-2)==1 PROTECT(WI strcat("NS {Velocity [. OOl*cm/s] vs. time

[sec]}™),getwcolor) @cr
if((J*3-2)==4, PROTECT(w4,strcat("EW {",flnmcat, strmnum(N),adcat,"} ")),

getwcolor) @cr
if((J*3-2)==7,PROTECT(w7,strcat("Vert. {",strnum(be)," Data in Each Time History}"
)),getwcolor) @cr

defmacro("JJ",strcat("w",strnum(J*3-2))) @cr
wincolor(JJ,Ired) @cr

@rt ! Move to next window, e.g., w2, w5, w8

!' Calculate Fourier response spectra
TMT1(ddurs*Sp(JJ,spnum,sptm)) @cr STFFT2 @cr

if(splnum==100,setdeltax(0.1219512),getwcolor) @cr
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! Continuation of DBLTIT.COQ

§ sk sk sk sk ok sk sk sk sk sk sk ok sk ok ok sk 3k sk sk sk ok ok sk ok sk sk vk ok sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk s sk s sk sk sk ok sk sk sk ok sk ok

! Specify window display format for Fourier spectra

setvunits("cm/s*s") @CR setx(0.0,10.0) @CR sety(0.0,max) @ecr setxtic(1)
@CR

setytic(Int(max+.91)/5) @er

! Setup titles for Fourier response spectra
i1f(J*3-1==2,PROTECT(w2,strcat("NS [.001*cm/s*s vs. Hz]" )),getwcolor) @ecr
if(J*3-1==5,PROTECT(wS,"EW {Avg. Fourier Spectra}"),getwcolor) @cr
if(J*3-1==8 PROTECT(w8,strcat("Vert. {using ",strnum(sptm)," Segments of ",
strnum(ddurs),"s.}") ),getwcolor) @cr

@rt
@rt

defmacro("J",J+1) @cr

@return
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! Filename: MAXTIT.COQ

1 3k 3k sk sk ok sk ok sk 3k sk ok ok ok 3k 3k 3k sk sk sk ok 5k ok ok sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk ok sk sk sk sk sk skosk sk sk ke skeosk sk sk sk sk sk

! Functions: Returns Fourier spectral ratios based on Nakamura's H/V method

! using horizontal to vertical spectral components.
!***********************************************************************

moveto(w10) @cr

! Calculate spectral ratio using NS to vertical component
w2/w8 @cr STFFT2 @cr

@rt

! Setup title for Fourier spectral ratio
PROTECT(W10,strcat("Ratio of NS/Vert. [Hz]")) @cr

Setplotstyle(4) @cr
@rt

!' Calculate spectral ratio using EW to vertical component
W5/W8 @cr STFFT2 @cr @rt

! Setup title for Fourier spectral ratio
PROTECT(W12,"Ratio of EW/Vert. [Hz]") @cr Setplotstyle(4) @cr

! Specify W2 as bold and solid line chart
moveto(w2) @cr nscolor @cr

! Specify W5 as thin and dotted line chart
moveto(wS) @cr ewcolor @cr

moveto(wl0) @cr nscolor @cr

! Turn on log scale for spectral ratios in W10
rtFFT @cr

moveto(w12) @cr ewcolor @cr
! Overplot W10 in W12 - normal scale

overplot(w10,9) @cr ! blue
if(max<2, setytic(Int(max+.91)/5),setytic(int(Int(max+.91)/2))) @cr

moveto(w10) @ecr




! Continuation of MAXTIT.COQ

2k 3k sk sk 2k ok ofe ke sk sk ok sk ok 3k sk sk sk ok ok ok ok sic ke sk ok ok sk sk sk sk sk sfe sk sk sk sk sk sk sk sk s sk sk sk sk sk ook sk e sfe sk sk skeosk sk sk sk sk sk sk sk ke sk sk sk sk sk sk sk ok

! Overplot W12 in W10 - log scale
overplot(w12,14) @cr ! yellow

@RETURN
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! Filename: SMOOTH.MAC

1 sk sk ke 3k ok s sk 3k 3k sk sk sk 3k s vk ok s ok ok s ok sk 2k sk sk sk sk sk sk sfe sk sk sk ske ke sk sk sl sk sl sl sk sk sk sk sk she s sk ske sk sfe ok sk sk ok sk sk ok sk sk ke sk ke sk sk sk sk sk sk ok

! Functions: Filters data and smooth curves.
1 3k s sk s oo sk ok ke sk she sk sk sk s ok o sk sk sk sk 3k sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk st skoste sk sk sk s sk sk sk sk sk sk ok

REGRAV(wn)region(ravel(wn,10,1,5),1,10,1,500) ! 0.012207*5

TG transpose(ghamming(10,.012207))
MM(wn) mmult(TG,REGRAV(wn))
TM(wn) transpose(MM(wn))/5 ! to ravel(wn,10,1,5)

TMT1(wn) concat(extract(TM(wn),1,1), TM(wn)); setdeltax(0.0610351)




! Filename: SP.MACV

| 3k sk sk sk ok 3k sk sk sk vk sk sk ok sk 2k ok sk sk sk sk sk ok sk sk 3k sk ok ok ok sk sk sl sk sk sk ok sk ok ok sk sk sk sk sk sle sk she st sk sk ofe sk ske e sk ok ok e sk ke sksle sk sk sk ke skoke sk ok

! Functions: Calculates average Fourier response spectrum.
| 3k ok 3k 3k ok 3k ok sk 2k ok sk sk sk ok sk sk ok ok sk sk sk ok 3k ok 3k sk sk sk ok 3k ok 3k 3k 3k sk sk ok sk sk Sk sk ok sk ok sk sk sk ke ske sk sk sfe ke sk ke sk sk sk sk sk sk sk sk ke sk sk sk sk ok sk sk

'SP = average FFT spectrum

' DC = mean-value

' RV = ravel function to ravel specified series into multiple segments

! which overlaps the previous segment by some specified points

' RG = region define numbers of groups

! HM = hamming window to filter time-history

! SSP = Fourier spectrum of each segment

'SP = rowreduce(SSP(wn,sl,sn),"+")/sn; returns average of FFT spectrum
DC(wn) wn-mean(wn)

RV(wn,sl) ravel(DC(wn),sl, 1,int(sl/2))
RG(wn,sl,sn) region(RV(wn,sl),1,sl,1,sn)
HM(wn,sl,sn) hamming(RG(wn,sl,sn))
SSP(wn,sl,sn) spectrum(HM(wn,sl,sn))
SP(wn,sl,sn) rowreduce(SSP(wn,sl,sn), "+")/sn




! Filename: SSET.MAC

§ 3k 3k sk 2 3k sk ok sk 2k ok sk s sk sk sk ok e sk sk sk sk sk sk sk sk sk sk sk ok sk ske sl sk sfe sie sk sk ske sk sk sk e st sk ol st sk ok sk sk ok sk sk sl sk sk ke sk ske sk sk ok sk s sk sk ok sksk ke sk

! Functions: generates formatting functions for windows of spectral ratios.
1 3k 3k 3k 3k 3k 3k ok ok 3k ok sk 3k ok 3k sk sk ok sk 3k sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sl sk ok sk sk sk sk sl sk ke sk ke sk sk ok sk ok sk sk sie sk ke sk sk sk sk sk sk ok sk

STWAVE2 setxoffset(0.0); sety(min,max); setdeltax(0.02); griddot; gridhv;
setplotstyle(3); setxtic(20)

RtFFT setxlog(1); setylog(1); setxtic(1); setytic(1); setx(0.2,20);
sety(.1,10)

STFFT2 setxlog(0); setylog(0); setx(0,10); sety(min,max); griddot; gridhv,
setxtic(1); setytic(5); setplotstyle(0) '

Nscolor setlinewidth(4); setline(1); setcolor(9)
Ewcolor setlinewidth(2); setline(3); setcolor(14)
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! Filename: M FRAME.COP

°
1 38 3k 3k 3k Sk sk sk 3k 3k 3k ok ok ok sk ok ok sk sk ok 3k ok sk ke sk ok sk sk sk sk sk sk ok sk sk sk sk sk ke sk sk sk sk ok sk sk 3k sk ok sk sk st sk sk sk sk ke sk sk sk sk sk sk ke sk sk sk sk sk ke sk sk

! Functions: specifies general display formats of windows.
13k 3k 3k sk s 3k sk ok sk ok ok >k sk sk sk sk sk ok ok ke ok 3k sk sk ok 3k ok sk ok sk sk ok ok 3 sk sk sk ske s ok sk ok s 3k sk >k sk sk ok sk ok sk sk sk sk ke sk ok sk sk ok sk sk ok sk sk sk sk sk ke sk

display(wl,w2,w4,w5,w7,w8,w10,w12) @cr

collayout(2,2,2,2) @ecr

Setwsize(w1,0.01,0.01,.735,.16,-1) @cr
Setwsize(w4,0.01,0.17,.735,.16,-1) @cr
Setwsize(w7,0.01,0.34,.735,.16,-1) @cr

@CNTL_HOME ! goto W1
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C.2 INSTALLATION AND SYSTEM REQUIREMENTS
The DADISP software, version 4.1, should run on any computer wﬁh a 80486 processor
or higher, a SVGA monitor and sufficient amount of disk space (>20 Mb). The author
found that DADiSP works well in both Microsoft Windows 95 and Windows 98

operating systems.
C.2.1 Installation of DADISP 4.1

The installation of the DADIiSP software is fairly straightforward. The setup of the
DADISP software can be done by running the setup file (filename: setup.exe) on the
setup disk which contains the DADISP software. The remaining steps are carried out by
‘following the on-screen instructions. It should be noted that the location of DADISP
installation 1s referred to in the DADiISP macro files used to automate the microtremor
data analyses. For the DADISP macro files used by the author to process the
microtremor data, the specified location of DADISP installation is “c:\dsp4”, i.e.,
directory “dsp4” on hard disk C. If the DADiSP 4.1 is installed in a location other than

“c:\dsp4”, the user should make appropriate changes in the parameter called DSPLOC in

the macro files called ADAS.DAT and MIC2.DSP.

C.2.2 Installation of DADiSP Macro Files

The installation of the DADiSP macro files is carried out by copying all the macro files
as described in Section C.1 into the subdirectory called “com” under the directory where
DADISP 4.1 was installed. The complete path to which the macro files should be kept is:

“c:\dsp4\com”.
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C.3 PROGRAM EXECUTION

C.3.1 Storing the Data Files for Batch Processing

Prior to running the data analyses using DADIiSP, the data files (of extension .AMP)
which contain the measured microtremor records must first be stored into a subdirectory
specified by the parameter called flnmcat in the file ADAS.DAT. The directory 'path
specified in the file ADAS.DAT is “c:\dspd\com”. In addiﬁon, minor modifications
must be made to fhe codes in ADAS.DAT as follows. Examples of modifications are
shown assuming a collection of three data files: shell0l.amp; shell02.amp and
shell03.amp.
e To specify the common part of the filenames of the data ﬁles:

finmcat = streat(“c:\dsp4\com\common part of filenames™)

e.g., since the data files are shell0l.amp, shell02.amp and shell03.amp, the common

part of filenames is shell.
e To specify the first data file number:

Defmacro(“Nb”, first data file number) @cr

e.g., using the same example as before, the first data file number is 1 (or 01).
o The number of times the data analyses are to be performed equals the number of data

files to be processed. To specify the number of data files:

Defmacro(“N”, number of data files) @cr

e.g., using the same example as before, the number of data files 1s 3.
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C.3.2 Running the Programs

The data analyses of the microtremor data files are performed by first loading/starting the
DADISP program. This can be done by double-clicking the DADiSP program icon on
the desktop (if it is there already) or click on Start/Programs/DADiSP for computer
systems using Window 95/98 operating system. A DADiSP worksheet would be loaded
onto the computer screen (see Figure C.1). Assuming that the microtremor data files are
stored in the location specified in the mncro files and appropriate modifications have
been made to the macro files as described in Section C.3.1, only one final step is required
to begin the data analyses using DADIiSP - click on the command line box on top of the
worksheet and type: Call(“é:\dsp4\com\mic2.dsp”) and press the Enter key. The data
processing for the entire batch of data files should be carried out automatically, with each
output file printed after each data file is processed. Once the output files are ready, the
remaining work is to estimate the site predominant periods and relative amplification

ratios from the output files through visual inspection.

C.3.3 Example of Experimental Analytical Results

An example of a processed microtremor output file is shown in Figure C.2. The location

of the site, K15, is near the entrance to the Northeast wing of the Civil and Mechanical

Engineering Building, University of British Columbia as shown in Figure C.3. The site
predominant frequency is estimated from the peak Fourier spectral H/V ratios to be 0.8
Hz, whereas the peak spectral ratio is approximately 3.0. Both of these values are very
similar to those obtained by Dr Hao X.-S. on a different occasion for the same K15

station.
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Figure C.1

DADISP Worksheet Layout.
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