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Use of Microtremors for Site Response Characterization
Project Summary

U.S. Navy Contract No. N47408-94-C-7416
Leighton and Associates, Inc. Project No. 2940013-01
Principal Investigator: Dr. Mehrdad Mahdyiar, Vortex Rock Consultants, Inc.

The primary objective of this project is to investigate the feasibility of using
microtremors to obtain information on the local site conditions for site-specific ground
motion analysis.  Microtremors and microseisms have been used by many
investigators for site response investigation. One of the old and rather neglected
techniques is Aki’s (1957) “Circular Array” method. It uses microtremor data on a
small scale circular array to infer information on the wave propagation properties of
the local site materials. Aki successfully used this technique at a site in the University
of Tokyo to obtain the information on the shear wave velocity profile for the site. The

most attractive feature of this technique is its simplicity in data requirement and field
operation. We conducted theoretical, numerical, and field investigations of the

Circular Array technique to evaluate its potential for site investigation. The results of
this study clearly indicate that the Circular Array technique can provide general
information on the seismic wave propagation properties of the local site materials. the

data requirements, i.e. microtremors, and the field instrumentation are fairly simple.

The data processing and interpretation can be simple or sophisticated depending upon
the detail of the velocity model that is desired for a particular application. However,

it is possible to automate different aspects of the data processing in order to make the
interpretation the least time consuming. It is our conclusion that the Circular Array
technique has the potential to be a practical method for site investigation.

The ultimate objective of any site response investigation is to predict site-specific
ground motions for future earthquakes. Therefore, we formulated a methodology that
simplifies the integration of the weak motion and nonlinear strong motion site
response into the ground motion simulation of large earthquakes. The proposed
methodology is a practical way of simulating the response spectra and time histories
of scenario earthquakes under controlled rupture mechanisms, path effects, and local
site response. The final chapter of this report looks into the site response of sites in
the Los Angeles area during the Northridge, 1994, earthquake. The objective of this
aspect of the study is to evaluate the application of the soil-to-rock site spectral ratio
technique for site investigation. The results indicate that the spectral ratio analysis of
ground motions of earthquakes at pairs of soil-rock sites could provide general
information on the possible ground motion amplification at soil sites. However, the
information is site-specific and in many ways earthquake-specific and cannot be easily
applied to other sites for site response analysis of engineering applications.
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Executive Summary

The primary objective of this study is to identify a practical technique for site
investigation for seismic engineering analysis. ~We seek techniques that can be
applied locally, are not based on the availability of earthquake data, and are
relatively inexpensive and simple to apply in both data gathering and processing.
Most site-specific seismic hazard analyses rely on simple models of wave
propagation through layered medium to account for the response of local site
materials to earthquake ground motions. However, methods that use earthquake
data for site response characterization are preferable since such data include the
most realistic information on site response to earthquake ground motions. The
major problem with using earthquake-related data, either strong motions or weak
motions such as coda waves, for routine site response studies is that earthquake
data are not readily available at specific sites of interest. Microtremors and
microseisms have been used by many investigators for site response investigations.
The results of studies that use spectral amplitudes of microtremors to determine
the site characteristic period have not been conclusive to have practical
applications in seismic engineering analysis. However, microtremor data on two-
dimensional arrays have provided useful information on the direction and velocity
of wave propagation on regional and local scales. Aki (1957) introduced a site
investigation technique based on the recordings of microtremors on a small scale
circular array. He successfully used this technique at a site in the University of
Tokyo to obtain information on the phase velocities for Rayleigh waves and then

interpreted the results in terms of the shear wave velocity profile for the site. The
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most attractive feature of this technique is its simplicity in data requirement and

field operation.

We have conducted theoretical, numerical, and field investigations of Aki's (1957)
"Circular Array” technique to evaluate its potential for site investigation. The
results of this study clearly indicate that the Circular Array technique can provide
general information on the shear wave velocity for the site of investigation. The
results also indicate that under ideal situations the interpretation of data from a
Circular Array experiment can lead to the construction of the shear wave velocity-
depth profiles for the site. The data requirements, microtremors, and the field
instrumentation are fairly simple. The data processing and interpretation can be
simple or sophisticated depending upon the detail of the velocity model that is
desired for a particular application. However, it is possible to automate different
aspects of the data processing in order to make the interpretation the least time
consuming. It is our conclusion that the Circular Array technique has the

potential to be a practical method for site investigation.

The ultimate objective of any site response investigation is to predict site-specific
ground motions for future earthquakes. Therefore, our second issue of concern is
to integrate the site response information into the response spectral analysis of
earthquakes for site-specific studies. =~ We have formulated a methodology for
ground motion simulation of large earthquakes based on the weak motion site
response, such as coda waves amplifications. The propose methodology is a

practical way of simulating the response spectra and time histories of scenario

/ VortextRock Consultants, Inc. 4




earthquakes on faults with specific consideration for the rupture mechanisms, path

effects, and local site response.

The final chapter of this report looks into the site response of sites in the Los
Angeles area during the Northridge, 1994, earthquake. The objective of this
aspect of the study is to evaluates the application of the soil-to-rock site spectral
ratio technique for site investigation. The results indicate that the spectral ratio
analysis of ground motions of earthquakes at pairs of soil-rock sites could provide
general information on the possible ground motion amplification at soil sites.
However, the information is site-specific and in many ways earthquake-specific
and can not be easily applied to other sites for site response analysis of

engineering applications.

Dr. Mehrdad Mahdyiar of Vortex Rock Consultants, Inc., is the Principal
Investigator of this study. Mr. Gan Mukhopadhyay of Leighton and Associates,

Inc., is the Project Manager.
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Chapter 1

Introduction

The dramatic effects of local site conditions on the damage potential of
earthquakes have been observed and documented for almost all major
earthquakes around the world.  The most recent examples are the 1985
Michoacan, Mexico, earthquake (Singh et al., 1988), 1988 Armenian earthquake
(Borcherdt et al., 1989), 1989 Loma Prieta, California, earthquake (Borcherdt
and Glassmoyer, 1992) and Northridge, California, earthquake (EERI Report,
1994). Yet, the issue of site response analysis for engineering design purposes has
remained as one of the major challenges in engineering seismology. The
earthquake ground motions at a site reflect the nature of the ground motions at the
source, the wave propagation through the Earth between the source and the site,
possible focusing or defocusing effects of large scale geologic structures on
seismic waves, topography of the site, possible resonating effects of shallow
reflectors, and the nonlinear response of the local site materials. Isolating the
effects of the local site materials on earthquake ground motions from other effects
is a major problem in all site response studies. The technique of spectral ratio
analysis of ground motions at soil sites to the related adjacent rock sites is the
most common technique to isolate the site effects from the source and path effects
(Borcherdt, 1970; Andrews, 1986; Jarpe et al, 1989; Shakal et al., 1990; Darragh
and Shakal, 1991; Field et al., 1992, Field, 1994; Steidle, 1993). Methods that
use earthquake data are specially attractive since such data include the most
realistic information on the site response to earthquake ground motions. The
basic assumptions are that 1) the earthquake radiation pattern at the adjacent

sites are similar and 2) the rock site has relatively flat site response as a function
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of frequency. However, in reality most pairs of soil-rock sites with earthquake
data are kilometers apart and depending upon the epicentral locations of
earthquakes may experience ground motions of different radiation patterns.
Furthermore, earthquake recordings are not available for most sites of
engineering interest. This makes the spectral ratio technique mostly useful for
understanding the phenomena of soil site response rather than for site response

characterization for engineering design purposes.

In recent years, attempis have been made to use coda waves to develop maps of
regional site amplification factors (Phillips and Aki, 1986; Sue et al., 1992;
Mayeda et al., 1991; and Chin and Aki 1991). Coda waves are the late arrivals of
earthquake ground motions, tails of seismograms, at a site. Ti hey carry
information on both the regional attenuation properties and the local site response
to earthquake weak ground motions. Phillips and Aki (1986) and Chin and Aki
(1991) used earthquake recordings at northern, central, and southern California
and developed maps of coda waves amplification factors for different frequency
bands. Earthquake data at rock sites were used to establish the reference coda
waves amplitudes for the region. The amplification factors at soil sites were
determined by comparing their corresponding coda waves amplitudes with the
reference values. They used the correlation between the surface geology and the
coda waves amplification factors at the sites with and without earthquake data to
construct the site amplification maps. An important issue with using coda waves
amplification values for earthquake strong ground motion simulation is that coda
waves represent the site response to weak ground motions. There is ample

evidence that the soil materials show strong nonlinear behavior under strong
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ground shaking that should be taken into consideration for strong ground motion
simulations (Seed & Idriss, 1969; Idriss, 1990; Hryciw et al., 1991, and Chin and
Aki; 1991)

The characterization of site response based on soil to rock site spectral ratio or
coda waves require earthquake data that are not readily available for many
regions and at specific sites of interest. Microtremors and microseisms, long
period microtremors with T 2 2 s, have been used by many investigators for site
response studies. The early work by Kanai (1957) and Kanai and Tanaka (1961)
and subsequent work by Udwadia and Trifunac (1973), Ohta et al. (1978), Kagami
etal. (1982 and 1986), Celebi et al. (1987), Field et al (1990), and Dravinski et al.
(1992) have not yet produced a conclusive result that could be used in practical
applications. It is argued, Udwadia and Trifunac (1973), that the nature and the
propagation path of earthquake ground motions are totally different from those of
microtremors and thus the spectral amplitudes of microtremors can not provide

meaningful information on site response to earthquake ground motions.

Another approach to the use of microtremors for site investigation has been to
record microtremors on two-dimensional arrays to obtain information on the
direction and velocity of wave propagation on regional and local scales (Capon,
1969; Lacoss et al., 1969; Asten and Henstridge, 1984; Horike, 1985; and Okada
and Matsushima, 1986). In this type of studies the recordings of microtremors are
used to determine the frequency-wave number, F-K (k =2x/ A, where A is
wavelength), content of microtremors. The F-K data provide information on the

direction and the apparent velocities of different frequency components of
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microtremors. Assuming that microtremors are mainly composed of surface
waves the apparent velocities are translated into models of shear wave velocity-
depth profiles. The array-recording technique because of the results that it
produces is very attractive. However, the required instrumentation and the

dimension of the array make it less suitable for most typical engineering analysis.

Aki (1957) introduced a site investigation technique based on microtremor data
on a circular array. He showed that the azimuthal average of the spatial
correlation coefficients of microtremors on a circular array can provide
information on the propagation velocity of microtremors across the array as a
function of frequency. Assuming that microtremors are dominantly composed of
surface waves, he successfully used this technique at a site in the University of
Tokyo to determine the phase velocities for Rayleigh waves. He interpreted the
results in terms of the shear wave velocity profile for the site. The results of recent
studies of Aki's technique at sites in Italy and Hawaii ( Ferrazzini et al., 1991;
Hough et al., 1992; and Malagnini et al., 1993) are encouraging. The most
attractive feature of this technique is its simplicity in data requirement and field

operation.

Nakamura (1989) suggested an alternative method for site characterization by
dividing the horizontal to vertical spectral components of microtremors. He
argued that taking the ratio of the horizontal to vertical spectral components will
remove the effects of the source and Rayleigh waves from the records and thus
provides information on site response to the S-waves. Theoretical and numerical

studies by Lachet and Bard (1994) and Dravinski (personal communication)
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suggests that Nakamura's hypothesis is not strictly valid for all situations. Lachet
and Bard (1994) indicated that the peak amplitudes in the horizontal to vertical
spectral ratios are more related to the polarization of Rayleigh waves rather than
the site response. ~ However, there are reports of successful applications of this
method to microtremors and microseisms data in identifying the site characteristic
period (Nakamura, 1989; Omachi et al., 1991; and Field et al, 1993, Field, 1994).
Field et al. (1993) used Nakamura's technique to study the site response in
Giumri, Armenia, using the aftershocks of the 1988 Spitak earthquake and the
recorded ambient noise at the corresponding sites. Theodulidis et al. (1994)
studied the application of Nakamura's technique by using microseisms data from a
downhole array in Garner Valley in the San Jacinto fault zone. These studies
reported good agreements between the observed resonant frequencies based on
Nakamura's technique and the theoretical S-wave transfer functions derived from
the geotechnical profile. However, they also reported strong differences in the
levels of site amplification for the S-waves and those from the Nakamura's

technique.

The primary objective of this study is to identify a practical technique for site
investigation that can provide reliable information on site conditions for routine
seismic engineering analysis.  This requires to identify techniques that can be
applied locally, are not based on the availability of earthquake data since such
data are not available for most sites, and are relatively inexpensive and simple in
both data gathering and processing. Certainly, these criteria limit the choices.
However, first it is necessary to characterize what is meant by the reliable

information on site conditions. The state-of-the-practice for site response

yA11
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analys.s is to use the results of one dimensional SH-wave propagation in a layered
mediun with known shear wave velocity-depth profile. In recent reports by
Borcherdt (1994), that reflects the view of the USGS and to some degree the
CDMG, the site response to earthquake ground motions is characterized based on
the average shear wave velocity of the top 30 m of the site materials. This concept
is also taken by different authors of attenuation equations for the purpose of
categorizing site conditions, e.g. Boore et al. (1994).  Borcherdt (1994) has
developed a series of graphs and tables for the site amplification values for short
period (0.1 - 0.5 s) and mid-period (0.4-2.0 s) in terms of the input ground
motions and the average shear wave velocity of the top 30 m of the site materials.
This set of data and, in general, this type of data are being accepted by the
geotechnical earthquake community and are being used for routine site response
characterization and analysis. In that respect, our objectives becomes to obtain
the most representative value for the shear wave velocity of the shallow materials
and if possible to construct a general picture of the local shear wave velocity

profile for one-dimensional site response analysis.

Nakamura's technique because of its simplicity is very attractive for site response
characterization. However, the results are controversial, its theoretical basis is
questionable, and the type of results that it provides can not be easily used for the
site response analysis. Aki's (1957) "Circular Array” technique is also attractive
in the sense that it provides information on the velocity of wave propagation Jor
the investigation site, it is based on microtremor data that can be obtained from
surface measurements, the instrumentation for data gathering is relatively simple,

and there is a theoretical basis for the methodology that can be tested. It is our
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believe that the Circular Array technique has the potential to be a practical

method for site investigation.

The first three chapters of this report review the theoretical basis of the Circular
Array technique, validate the theory based on both numerical simulation of typical
case studies and field investigations at different sites. Chapter 4 will discuss the
integration of site response into the site-specific time history and response spectral
analysis. A methodology for using the weak motion site response, such as coda
waves amplification values, for ground motion simulation of large earthquakes
will be discussed. In Chapter 5 the results of the site response investigation of the
Northridge, California 1994 earthquake at few selected soil-rock sites will be
discussed. The manual for the computer programs that are prepared for data
processing and interpretation of typical Circular Array experiment are

documented in Chapter 6.
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Chapter 2

Application of the Circular Array Technique for Site
Investigation

Aki (1957 and 1965) demonstrated that microtremor data on a set of instruments
with a circular array configuration, with an instrument at the center, can be used
to obtain information about the wave propagation properties of the recording site.
The primary assumptions in formulating the "Circular Array"” technique are that
microtremors are temporally and spatially stationary within the time period and
over the region of observation. Based on these assumptions it can be shown that
the azimuthal average of spatial correlation coefficients of microtremors on the
peripheral instruments, circular array, with respect to the center station would
have predictable patterns as a function of frequency that could be used to obtain
information on the seismic properties of the medium. Assuming that microtremors
are composed of surface waves the Circular Array technique could provides
information on the phase velocity, dispersion curve, of surface waves which can be
translated into the shear wave velocity-depth profile for the site. This is a very
attractive scenario that from the measurements of microtremors at a site one could
obtain information on the shear wave velocity profile for that site. In this report
we examine the application of the Circular Array technique for site response
characterization. We present the theoretical formulation of the problem and
evaluate its application to site investigation through both numerical simulation,

this chapter, and field investigation, that will be discussed in the next chapter.
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2.1. Theoretical Formulation of the Circular Array
Technique

The setting is a circular array of instruments with one instrument at the center
recording microtremors. Here, we refer to the circular array and the station at
the center as the peripheral and reference instruments, respectively. Let us
assume that for the time period of observation microtremors are stationary. From
the mathematical point of view, a stationary ground motion can be modeled as the
sum of an infinite number of plane waves of different frequency and wave
numbers. For a single frequency and wave number the equation for propagating

plane waves can be written as |
g(%,t) = G(w,k, §).e' @+ 2.1)

where G(@,k, @) is the amplitude at frequency @ and wave number k=2 /A
(Ais the wavelength) and ¢ is the direction of wave propagation. The ~ sign onx
and k is used to indicate that these terms are vectors and that the equation
represents one, two, or three-dimensional wave propagation. For a two

dimensional case equation (2.1) can be written as

g(x,y, t) — G(w, k, ¢).ei[mt-k.cos(¢).x—k.sin(¢).y} (2.2)

Microtremors, in general, are composed of waves of different frequencies and
wave numbers traveling in different directions. Equation (2.2) can be generalized

to represent such wave forms:

1 7 VortextRock Consultants, Inc. 14




gy 0= [ [ G,k ge*xexdrrintr ok gk dg. doy

(2.3)

where the integration over the wave number domain is taken in polar coordinate

system. & @, @) is a random phase that represents the statistical independence

of the wave components of microtremors. The range of variation for K @,9) is
2 7 and as a random variable it is assumed to have a uniform probability density

function:

Ao, 9l=5-, 0<8@.9)S2

/4

) (2.4)
=0, otherwise

Microtremors are assumed to be predominantly composed of surface waves (Aki,
1957 Lacoss et al., 1969; Tokimatsu et al., 1992). Surface waves, in general,
propagate with frequency dependent phase velocities and could have different
modes of propagation.  However, obtaining information on the direction and
modes of propagation for surface waves requires data on a relatively large
aperture array for F-K analysis. Here, as is common in most practical
applications, it is assumed that microtremors are predominantly composed of
single mode surface waves. This gives a unique relationship between the
frequency and wave number that is essential for relating the spatial and temporal

spectral parameters. Based on this assumption, the spectral density function can

be simplified as

)
/
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G(w,k,¢) = G'(@,4).8k - o/ C)

where &(.) is delta function

Nk-w/c)=1 k=w/c
=0 k+w/c

Substituting for G( @, k, @) in equation (2.4) and defining
G(w,9) =(0/C).G'(w,9)

gives

27 peo N .
g(,x’y’ t) = Io '[-wG(w,¢)el[at-k.xcos(¢)-k.ysm(¢)+0(a),¢)]d¢.da)

(2.7)

(2.5)

(2.6)

Equation (2.7) describes microtremors as composition of statistically independent

waves of different frequencies traveling in different directions. The spatial

autocorrelation function y(r,) is defined as

y(r,p) = E[g(x,y,t)* g(x+r.cos(@),y+r.sin(@),t)] (2.8

where E[.] represents the expected value for the terms in the bracket, r is the

distance between the two observation sites, @ is the direction between the two sites

with respect to the X axis, and *g(x,y,t) is the complex conjugate of g(x,y,t)

7 VortextRock Consultants, Inc. 16
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as is defined by equation (2.7).  Substituting for g(x,y,t) with appropriate

modification for the complex conjugate gives
0 27 0 27
reo=[_ [ [ [ . G@$Ga.$ (2.9)

gi(@t-krcos(¢)=kysin(9)).
e—i(a)'t—k'xcos(¢')—k'ysin( é))
TR CCOR TR
ei(k'rcos(¢).cos(¢')+k'rsin(¢).sin(¢')) dwdéde'dd

After carrying out the double integration with respect to @' and ¢ and taking into

consideration that

E{e1@9-0@ oy = {(1)’ ;Z : ZTZ: aannj Zf; (2.10) ‘

the spatial autocorrelation function can be simplified as

y(r.o)=[" [1G(0,9)do dg]er " (2.11)

Equation (2.11) in terms of spectral power density function can be written as

y(ro)= [~ ["5(,8)e* " Pdo dp (2.12)

. E 2L
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where

S(w,d) = G(w, §)* dwd ¢. (2.13)
The average of the spatial correlation function over different azimuths is

7y =% ([ [ 5@.)e" <P dw dg}dg (2.14)

The azimuthal integration of the exponential term is a zero order Bessel function

of the first kind, i.e.

Joz”eikrcosw-¢)d¢ = 2xJ,(kr) (2.15)

Therefore, equation (2.14) for a dispersive medium with k = w/C(w) can be
simplified as

(1/27)[" S,(@)J,lre I C(o )do
7(r)= (2.16)

1/ 7)Y So(@)J,lre I C(o)do

where Sy (@) is the azimuthal average of the power spectral density

So(@)=1/22)[$(0.4)d¢ . (2.17)

For a narrow frequency band with the center frequency of @ the power spectral

density can be approximated as a constant value. Defining Sy(@,) as
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S, (@) = wSy(w) for @,-dw<w<@,+é® (218 ‘

equation (2.16) for a narrow frequency band can be written as

@y
C(a,)

Accordingly, the equation for the autocorrelation coefficient

7(r,@y) =S, (@,)Jo(r ) (2.19)

p(r,w,) =y (r,w,) 7(0,0) (2.20)

can be written as

—_ ,
@) =J, 0 2.21
p(r )= Jo(r C(wo)) (2.21)

Equation (2.21) is the basis for Aki's (1957) formulation of the Circular Array
technique. Equation (2.21) is for the case where the waves are not polarized such
as the vertical ground motions. The horizontal ground motions are polarized
either parallel or perpendicular to the direction of propagation. For the case of
parallel polarization, that corresponds to P, SV, or Rayleigh waves, equations for
the radial and tangential components of correlation coefficients, similar to

equation (2.21), can be developed as
B,(r0,)=Jlro,/C(@,)l-J,lre,/C(o,)] (2.22)

P,(r@,)=Jlre,/C(w,)]+ Jlro,/C(w,)] (2.23)
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where p, and p, are the radial and tangential correlation coefficients,
respectively, and J,|[.] is the second order Bessel function of the first kind. For

the case of perpendicular polarization, that corresponds to SH waves and Love

waves, the correlation coefficients are
p,(r.0,)=Jilro,/Cla,)]+ J,lre,/C(e,)] (2.24)

Po(r,wy)=Jy[rw,/C(w,)]- J,lre,/ C(,)] (2.25)

Equations (2.21) to (2.25) indicate that in an ideal situations the average of the
spatial correlation coefficients of microtremors on peripheral instruments of a
circular array with respect to the reference station at the center would have
predictable patterns as a function of frequency as are shown on Figure 2.1. The
interpretation of the average correlation coefficients, from a Circular Array
experiment, in terms of the Bessel functions, equations (2.21) to (2.25), provides
information on the apparent velocity of microtremor waves as a function of

Jrequency that can be used to develop velocity-depth profile for the site.
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2.2. Simulation of the Circular Array Experiments by Two
Instruments

Equations (2.21) to (2.25) are developed based on the concept that the recordings
of microtremors on all instruments of the circular array are simultaneous. Let us
examine the case where only two instruments are available for data collection.
This may be the situation for most typical site investigation for engineering
projects. By fixing one instrument and moving the other one on a circle one
could simulate a circular array configuration. However, the recorded ground
motions at different azimuths would not be simultaneous. This configuration was

used by Aki (1957) for his experiment at the University of Tokyo.

The equation for the correlation coefficients in the frequency domain (Bracewell,

1978) at a particular azimuth @ can be written as

p(r’w0:¢)=

@D g+ S0
2 IRe[S(x,y,w)S'(x +r.cosp,y+r.sing,w)ldo

o g-60

oo+ 60 ®y+60 172
(2 ISz(x,y,a))da) 2 ISz(x+r.cos¢,y+r.sin(p,w)dw]

o o-d0 °o-d0

(2.26)

where 3(x,y,®) is the Fourier transformation of g(x,y,t) and Re[.] indicates
the real component of the complex quantity. Malagnini et al (1993) in their site
amplification study in central Italy used similar equation to calculate the

correlation coefficients in different azimuths and then took the average of all
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azimuths to interpret the results in terms of equation (2.21). Substituting for ‘
S3(x,y,®) in terms of the inverse of equation (2.7), equation (2.26) can be

simplified as

2z
Re[ [ G"(a)o,¢).e"‘°'°°""".d¢]
0

p(r.o,,0)= (2.27)

2=z
[G*(@,.9).d¢
0

where G(@q, @) is the average amplitude spectrum, assumed to be constant, over
the frequency band of @—-38® 1o w+8w and ky=wy/C(@,). Taking the

average of p(r,@,,P) over the azimuth gives

(2x ' )
[ G* (@, 9).e*=.d¢
0

2z
P, @)= —!:Re (2.28)

[ G*(@0,9).d0

If Py (7, @), equation (2.28), is to be interpreted in terms of Jo(kr), equation

(2.21), the terms in the parenthesis in equation (2.28) should be approximated as

27
J‘G2(a)o,¢).eikorcos(¢-¢).d¢
0 .

ikorcos(u)

=e (2.29)

[G20,.0).d¢

J—\

; <A
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In that case, substituting for the left side of equation (2.29) in equation (2.28)
gives

2x

P(r.wo)z [e™r=®du = 27 J,(kor) (2.30)
0

The degree of approximation in equation (2.29) depends upon the azimuthal
distribution of G(w,,p). Equation (2.29) holds true for all frequencies if

G(wy,p) is independent of azimuth or is unidirectional. For all other cases, the

equality in equation (2.29) is an approximation.
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2.3. Simulation of Circular Array Experiments by Two
Fixed Instruments

Let us examine the case where instead of moving one instrument on a circle
around the other one to simulate a circular array configuration, the locations of
both instruments are fixed and the averaging of the correlation coefficients are
performed over different time windows rather than azimuths. We examine this

configuration since its field requirement is very simple and practical. For each

time window p(r, @, @) can be formulated by equation (2.27) as it represents one

azimuthal realization of the circular array data. However, in this case the

averaging of p(r,w,,®) is performed over different time windows rather than

different azimuths
p(r.0.)= (p(r,o,,0))= (Zp,-(r,woﬁ)) In (2.31)
j=1

where <> indicates averaging over time windows. Using a similar approximation
Jor equation (2.27) as was described by equation (2.29), p(r,m,) can be

Jormulated as

ﬁ(", a)o) = (eikd'cos(u) ) - (i ei[ko"cos(u)],] /n (2 32)

Jj=1

If equation (2.32) is to be interpreted in terms of Jy(kr), equation (2.21), the

Jollowing approximation should hold
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n 2z
3t | /= J‘ "W dy = 272 J o (kyr) (2.33)
J=1 0

This requires that the average of the correlation coefficients over different time

windows to be statistically the same as the average values over azimuth.

Both the azimuthal and time window averaging of the correlation coefficients for
two-instruments configuration can simulate a circular array with certain level of
approximation. It is not immediately apparent the degree of uncertainties in the
estimation of the apparent velocities because of these approximation. In the next

section we examine the application of these field configurations to site

investigation through numerical simulations of microtremor data under different

conditions.
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2.4. Numerical Simulation: Case Studies of the Application
of the Circular Array Technique for Site Investigation

In the previous section we discussed the formulation of the Circular Array
technique. We also reviewed the possibility that the data for a Circular Array
experiment can be collected using only two instruments. Two scenarios for data
collection were presented: 1) having one instrument fixed and moving the other
one on a circle and 2) having both instruments fixed and recording for a relatively
long period of time for time window averaging of the correlation coefficients. In
an ideal Circular Array experiment there are simultaneous recordings of
microtremors on all instruments. However, since the proposed alternatives use
only two instruments the recordings of microtremors at different azimuths or over
different time windows will not be simultaneous. In the first scenario the
correlation coefficients are averaged over different azimuths to simulate an ideal
Circular Array experiment. In the second scenario this objective is achieved by
averaging the correlation coefficients over different time windows. In order to
understand the effects of these different field configurations on the interpretation
of data we performed numerical simulation of microtremors on typical circular
arrays of specific configurations that were described. The results of the numerical
simulations also help to understand and evaluate the application of Circular Array

technique for site investigation.

Figures 2.2, 2.3, and 2.4 show the schematic diagrams for the three field

configurations that are considered in this study.

y41i
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(D

Figure 2.2. The configuration of an ideal Circular Array experiment. The
recording of microtremors on all instruments are simultaneous.

2,

Figure 2.3. The configuration of a Circular Array experiment with two
instruments. The location of the instrument at the center is fixed. The other
instrument is moved on a circular path to simulate the configuration of an ideal
Circular Array experiment. Obviously, the recordings of microtremors on
different pairs of reference-peripheral instruments are not simultaneous.

2

Figure 2.4. The configuration of a Circular Array experiment with two fixed
instruments. The locations of both instruments are fixed. The averaging of the
correlation coefficients are performed over different time windows rather than
azimuths.
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Here, we refer to these three configurations as case I, I, and 111, respectively. In
our numerical simulation and for all cases, microtremors are simulated by
integrating statistically independent wave forms from different directions. Figure
2.5 shows typical time histories.  Considering the stochastic nature of
microtremors, they are simulated using a random number generator. In case I,
Figure 2.2, the same set of time histories, each time history within a set represents
microtremors from different direction, are used to simulate microtremors on each
instrument. In cases Il and III different sets of time histories are used for
different pairs of reference-peripheral instruments or time windows. For each
pair of reference-peripheral instruments and each direction for wave propagation
appropriate phase shifis are applied to the time histories 1o account for the
passage of the wave front at these sites. The amount of the phase shift depends
upon the assumed direction for the wave propagation, azimuth and the distance

between the two stations, and the assumed apparent velocity of the wave front.

Let us denote g(x;,y,,9,t) as a component of microtremors at location (x;,¥,)
traveling in directiong. Let us denote the Fourier transformation of

g(x1,31,0,t) as 3(x;,¥,,9,@). Assuming that this wave form is not generated

in the immediate vicinity of the recording instruments, the frequency domain

amplitudes of this wave form at a site at (x, ,y, ), see the diagram, can be written

as

(2,32, 6, ©)=3(x1, 31, 4, @).€" 0!

29




Site 1

Diagram 2.1. The phase difference in the wave forms at two sites is the function
of the distance between the sites the relative direction of the wave propagation
with respect to the sites and the velocity of wave propagation.

where Ot =r.Sin( @) / C(@) is the phase shifi, r is the distance between the
sites, @ is the angle, and C(®) is the apparent velocity of the wave front. The

ground motions at the reference site is the sum of all ground motions arriving at

that site from different directions, i.e. ‘
g(x1,y1,)= Z g(x1,¥1,9,t) in time domain (2.35)
¢

3(x1,y1, @)= Z 3(x1,¥1, 9, @) in the frequency domain (2.36)
¢

The ground motions at site 2 in the frequency domain can be written as

(2,32, 0, 0)= Y. 3(x1, 1, 6, 0).¢ @01 ($:) (2.37)
¢

7 VortextRock Consultants, Inc. 39



where Ot (@, @) is the time shift for each direction. The symbol @ identifies the
direction between the reference and peripheral site. Based on equations (2.36)
and (2.37) and for assumed values for r, ¢, the apparent velocity as a function of
frequency, and the azimuthal distribution of microtremors 3(x,,y,,®) and

3(x,,Y,,) in the frequency domain can be simulated. Using this information

and equation (2.26) the correlation coefficients for each pair of reference-
peripheral sites can be calculated. This procedure is common to all three
configurations; i.e. case I, II, and III. In the numerical simulation for case I the
same set of input time histories are used for all pairs of reference-peripheral sites.

For cases 1I and 11 different sets of time histories are used for different pairs of
reference-peripheral sites. In case II the time shifi, 6t(@,p) in equation (2.37),

varies with @. In case III, 5t(@,p) does not vary with @ since the locations of

the instruments are fixed.

We will discuss the results of numerical simulation in terms of the plots of the
correlation coefficients versus frequency, CC-F curves or data. In the following
discussion the term "results of the analysis" means the average of CC-F for

different cases. Three types of input parameters could be identified:

Azimuthal distribution of microtremors
Ideally microtremors are composed of statistically independent wave
Jforms with a uniform azimuthal distribution. This might not always
be the case. For this reason, we allow for non-uniform azimuthal
distribution of microtremors, i.e. limiting the arrival of waves to

certain azimuths.




Wave propagation properties of the medium
The wave propagation properties of the medium comes into play
when calculating the phase differences between the Fourier spectral
amplitudes of waves at two stations, 6t(§,p)=r.sin(@)/ C(w) in
equation (2.37). In our simulation, as is apparent from equation

(2.37), C() is defined as a function of frequency.

The configuration of the Circular Array experiment
The configuration of the Circular Array determines the distance, r,
and angle, ¢ , that are used for the phase shift analysis. It also
determines how the averaging of the correlation coefficients over the

azimuth is performed.

In this report, we are using both metric and English units. We apologize for this.
However, since some of the analyses are performed using distances and velocities
in ft and fi/s, respectively, translating them to metric units would not be whole
numbers and look awkward. Therefore, we use English units in this chapter.
First, let us examine an ideal Circular Array configuration, i.e. case 1. Figure 2.6
shows the results of the simulation of a typical Circular Array, case I, experiment
with the radius of 45 ft. In this example, uniform azimuthal distribution for
microtremors and a constant apparent velocity of 1000 fi/s for wave propagation
in the medium are assumed. The solid line is the plot of Jy(@.r / C(w)) and the
jagged line is the plot of the averaged correlation coefficients, equations (2.26)

and (2.28), versus frequency. There is an excellent agreement between
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Jo(@.r | C(@)) and the average correlation coefficients that is what we expect
based on theory. Figure 2.7 shows CC-F for two different cases with C=100
ft/s and C=2000 fi/s. Again there are excellent agreements between the CC-F

results and the expected Jy(@.r | C(w)) values for both cases. Comparing the

results on Figures 2.6 and 2.7 indicates an increase in the correlation coefficients
within the frequency range of the first half cycle of the curve with increasing the
apparent velocity. This is expected since with increasing the apparent velocity of
the medium the time differences between the arrivals of wave fronts at the two sites
decrease which means a better correlation between the ground motions at the
sites. It is worth mentioning that the increase in the apparent velocity has the
same effects on the correlation coefficients as the decrease in the distance between
the recording sits. Figure 2.8 demonstrates this point. This figure shows the
results of the simulation for two different radii, r = 45 ft and r = 90 ft with the
apparent velocity of C = 2000 fi/s. The case of r = 90 ft and C = 2000 fi/s is
similar o the case of r = 45 ft and C = 1000 fi/s. Compare the results on Figures
2.6and?2.7.

Let us examine the effects of non-uniform azimuthal distribution of microtremors
on the estimation of the correlation coefficients from a typical Circular Array
experiment. Figures 2.9 and 2.10 show the results of two such cases where the
azimuthal distribution of microtremors are limited to 180 and 90 degrees rather
than 360 degrees. All other parameters are the same as those that are used in the
simulation of Figure 2.7. Both cases show practically no recognizable effects on

the results. This is interesting and needs explanation. The term Jy(k.r) appears

in the formulation of the Circular Array technique due to averaging the
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correlation coefficients over different azimuths as a part of recording process

rather than the azimuthal distribution of microtremors. This was shown in

equation (2.15) as
fz eikrcos(¢‘¢)d¢ — 2”‘]0 (kr) (2.15)

do identifies the variation in the azimuthal distribution of the reference-
peripheral instruments. The averaging on the azimuthal distribution of the wave
propagation was used to formulate the average power spectral density, equation

(2.17)
So(@) = (1/27)[ (0, $)dp. 1)

Therefore, the azimuthal distribution of microtremors would primarily affect the
power spectral amplitude rather than the shape of the correlation coefficients as a
function of frequency. To further demonstrate this point let us show the results of
two simulations for a single pair of instruments without any azimuthal averaging.
It should be emphasized that in these two simulations microtremors are assumed
1o be uniformly distributed. Figure 2.11 shows the results of these simulations.
All parameters are the same as those that are used in the simulation of Figure 2.7.
Figure 2.11 clearly shows that although the general pattern of the correlation
coefficients follow Jy(k.r) for each case, there are strong randomness in the
correlation coefficients. In other words, it is through azimuthal averaging that the

randomness of the correlation coefficients smooth itself out. This point is also
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related to the observed randomness of the correlation coefficients at high
frequencies in all previous figures. As @ increases the rate of variation of the
exponential term in equation (2.15) increases. Therefore, in order to obtain a
smooth correlation coefficients for high frequency ranges the averaging must be

done over many more azimuths than is necessary for the low frequency ranges.

Let us examine the cases where only two instruments are available for data
gathering, i.e. cases II and III. Figure 2.12 shows the results of simulation for
case II configuration with the same input parameters that are used in Figure 2.7
simulation. Figure 2.13 shows similar results for case III configuration where the
averaging of the correlation coefficients are performed over different time
windows. A comparison between these two figures and Figure 2.7 indicate that
both field configurations could provide very reasonable approximation of an ideal
Circular Array set up. Apparently, the randomness in the CC-F values are
smoothed out through the averaging process over different time windows or
azimuths. The effects of different time histories for each azimuth or time window
is apparent in Figure 2.12 and 2.13. However, it does not overshadow the
expected pattern for the CC-F in the context of the Circular Array experiment. It
is necessary to mention that the agreement between the results of case III, Figure
2.13, with the ideal Circular Array simulation, Figure 2.7, should not be taken as
a general rule. Under certain circumstances, due to the azimuthal distribution
and/or temporal variation of microtremors, the time window averaging might not
provide the adequate smoothing for the CC-F curve to simulate an ideal Circular
Array experiment. Figure 2.14 shows the CC-F curve for a case III experiment

where the results of an ideal Circular Array could not be simulated. The results
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of these simulation suggest that when there are only two instruments available a
combination of case II and Case III experiments, i.e. taking both azimuthal and

time window averaging, could provide the best results.

Let us examine a case where the phase velocity is frequency dependent. Figure
2.15 shows the results of CC-F for case I configuration with r = 45 ft and the
following phase velocity profile

C(w)=10001t /s for 3.0 Hz=f

C(@)=2000ft /s for 12.0 Hz>2f>3.0

C(w)=1500ft /s for 12.0 Hz<f

Figures 2.16 and 2.17 show similar results for the Case II and I1I configurations,

respectively. All figures show excellent agreements between the expected pattern
for Jo(k.r) and the calculated CC-F.

The results of these simulations indicate that the Circular Array technique, even
under less than ideal field configuration, show a very predictable pattern that
could be used for site investigation. However, it is necessary to emphasize that the
results of numerical analyses characterize ideal situations where the phase shift
between any two recording sites can be predicted by the distance between the sites,
the relative direction of the wave propagation with respect to the sites, and
frequency dependent apparent velocities that do not change with azimuth.
Furthermore the waves are assumed 1o be single mode, i.e. all waves of given
frequency band propagate with a unique apparent velocity. Certainly, the real
Earth does not comply. All these assumptions, in one way or another, could be

violated.  Therefore, whatever information that could be obtained from the
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‘ Circular Array technique is only an approximation of the reality. Nevertheless,

the results of numerical simulation are very encouraging.
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2.5. Interpretation of the Correlation Coefficient-Frequency
Data for Site Investigation

The objective of a Circular Array experiment, as is formulated here, is to obtain
information on the shear wave velocity profile for the site of experiment. Let us
examine how the correlation coefficient data as a function of frequency, CC-F
curve, can lead to the construction of the velocity depth profile for a site. We
demonstrate the proposed interpretation methodology through an example. In the
first part, for a known frequency dependent apparent velocity we simulate the CC-
F curve . Assuming that the simulated CC-F curve is the result of a Circular
Array experiment we reconstruct the input apparent velocity model. In the second
part, assuming that microtremors are composed of surface waves the apparent
velocities are used to construct shear wave velocity profile for the medium. We
review both theoretical and empiricdl techniques for interpreting the phase
velocity of surface waves into the shear wave velocity profile. The discussion on
the data interpretation is limited to the case of non-polarized components of
ground motions, i.e. the vertical components. The reason is that in real Earth
situation it is rather difficult to determine the polarization of microtremor waves
that is necessary for the interpretation of the horizontal components. The
determination of such information requi};e;c data on a rather large scale array and
a full scale frequency-wave number analysis.

Let us consider a hypothetical situation where the ‘apparent velocities for

microtremors as a function of frequency are known, as shown in the following

diagram.

414
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L
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Figure 2.18 shows the CC-F curve and the expected Bessel function values,
equation (2.21), as a function of frequency for r=43 ft and using the apparent

velocities that are shown on the diagram. In order to demonstrate the
methodology of data interpretation, let us assume that Figure 2.18 is the CC-F
curve from a Circular Array experiment for a site with the apparent velocities that
are shown on the Diagram. Each value in Figure 2.18 represents an average
correlation coefficient p(®) over a narrow frequency band.  p(®) can be
interpreted in terms of the Bessel function Jy(x = @.r | C(®)). Using the tables
of Bessel functions the values for variable x can be determined in such a way that
Jo(x)=p(®). Knowing the radius and the frequency, the apparent velocities
are calculated as C(w)=w.r / x. The procedure is simple. However, since the
function Jy(x) is not a single valued function the determination of x for a given
value of J(x) needs special attention. Figure 2.19 shows a typical example.

For certain ranges of Jy(x) different cycles of Bessel function give dijfkrent

estimates of x. Therefore, the interpretation of CC-F curves in terms of the

SAN! I
- |
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Bessel function requires that the half cycles of the Bessel function to which
different values of p(®) belong are identified. A practical approach to this

problem is to identify the maximum and minimum values on CC-F curves. Table
2.1 shows the p(®) values that are shown on Figure 2.18. The thick solid lines
identify where the maximum and minimum p(@)-values occur. Table 2.1 also
shows the x-values corresponding to each Jy(x)=p(@) over four cycles. The
cells without any value indicate that there is no possibility of having J,(x) value
on that cycle for the given p(@). The first minimum for p(®w) occurs at

f=7.75 Hz. Without knowing the cycles and half cycles of the Bessel function to

which p(w) belongs, p(®w) at f=825Hz could be interpreted as
Jo(x|x=3.577) or Jy(x|x=4.092). plw) at

f=8.25 Hz falls between the first minimum and second maximum enables us to

However, knowing that

correctly select x=4.092 for this frequency.

Table 2.1. The CC-F values and the estimated phase velocities for the first four

modes.

f{ p@) CG(@) G(w) G(w) Cy(w)
Z
U X 1 X2 2 X3 3 X4 4
Jo(x)
25 999
75| .989
1.25 967
175 | 930
225 | 874
275 .801
325| 708
3.75| .592
4.25| 454
475) 297 6871 195§ 7.161| 187
525 .138 5954 249| 8140 182] 12445 | 119.3
1] 4 |
7 : pratuy tuy, |
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5 |79 (@) (@) (@) Ca(@)
z U X 1@ x2 2{® x3 3 x4 4

J 0 (x)
5.75 -011
6.25 - 151
6.75 =270
7.25 -357
7.75 -.400
825 -.389
875 -.321
9.25 - 199
9.75 -.039
10.25 .054
10.75 .071
11.25 .087
11.75 .101
12.25 113
12.75 25
13.25 136
13.75 145
14.25 154
14.75 163
15.25 192
15.75 .236
16.25 .269
16.75 .291
17.25 .300
17.75 297
18.25 282
18.75 256
19.25 220
19.75 177
20.25 128
20.75 074
21.25 .019
21.75 -.035
22.25 -.087
22.75 -.134
23.25 - 175
23.75 -.208
24.25 =232
24.75 -.246
25.25 -250
25.75 =243
2605 | -.227
26.75 | -.203
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4 /_)(w) C C C,
Hz U X G(@) b o) 2(®) X3 3@ x 4 4(®)
Jo (x)
27.25 - 170} 2.764 2787 % 5.023 15338 9.363 822 it
27.75 - 131} 2675 293348 5.139 1526 § 9.175 855 &
28.25 -.088 § 2581 3094 5.265 1517} 8.990 888 |
28.75 - 0420 2487 32691 5.399 15053 8.809 922 |
29.25 0054 2.395 34534 5.536 1493 ) 8.634 957 I
29.75 0514 2308 36458 5.674 1482 § 8.465 993
30.25 0950 2.229 38381 5.809 1472 8.305 1029 i
30.75 .133 2.159 40261 5.938 1464 | 8.157 1065 |
31.25 1661 2.101 4205 § 6.056 1458 | 8.024 1101 |
31.75 91 2.057 43654 6.156 1458 ) 7.914 1134 §
32.25 2098 2.026 4499 6.230 1463 % 7.833 1164 }
32.75 2174 2.011 4603 § 6.270 1476 § 7.790 1188 |
33.25 2174 2012 4673 § 6.269 14994 7.791 1206 |
33.75 2080 2.027 4706 | 6.228 | 1532.2 ] 7.835 1217 || 13.018 733
34.25 918 2.057 4706 8 6.154 | 1573.58 7.916 1223 )| 12.820 755
3475 166 2.101| 4676 6.057| 1622.1} 8.023| 1224 12.624| 778
35.25 3540 2.156 46231 5.945| 1676.5§ 8.150 1223 | 12.431 801
35.75 0991 2221 4552 ) 5824 | 1735.7§ 8.289 1219 ) 12.240 825
36.25 0590 2.293 44708 5.698 | 1798.6 ] 8.436 1215 ) 12.053 850
36.75 .018% 2.370 4383 § 5573 | 1864.4) 8.588 12101 11.869 875

Finding the maximum and minimum values for the CC-F curve that is shown on

Figure 2.18 is simple since the curve is fairly smooth. In real situations the CC-F

curves might not be necessarily smooth. The local maximum and minimum values,

due to the raggedness of the results, could be misleading in terms of finding the

appropriate cycle of the Bessel function. Figure 2.20 shows a typical example

where certain degree of randomness is introduced to the CC-F curve of Figure

2.18. In order to interpret this data in terms of the Bessel function, the CC-F

curve must be smoothed. We use 3-poles Butterworth filter for this purpose. The

solid line on Figure 2.20 shows the filtered CC-F curve. The smoothed curve has

well defined maximum and minimum values that can be used for data

interpretation.
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2.6. Construction of Shear Wave Velocity Profile from the
Apparent Velocity of Microtremors

Microtremors are assumed to be predominantly composed of surface waves. The
vertical components of microtremors are often modeled as Rayleigh waves.

Accordingly, the estimated apparent velocities from the CC-F curves of the

vertical components of microtremors can be interpreted as the phase velocities,

dispersion curve, for the Rayleigh wave propagation across the site of
investigation. The inversion of the dispersion curve for shear wave velocity profile
is a complex and non-unique problem that has attracted a good amount of
research (e.g., Haskell, 1953; Harkrider, 1964; Nazarian, 1984; and Hossein and
Drnevich, 1989) There are different sophisticated techniques for inverting phase
velocities of surface waves. However, considering the degree of uncertainties in
the formulation of the Circular Array technique adopting a very sophisticated
methodology for the phase velocity inversion is not warranted. Furthermore, the
state-of-the-practice of the site amplification analysis, i.e. one-dimensional SH
wave propagation through layered medium, is overly simplified. The recent
reports by Borcherdt (1994) that reflects the view of the USGS and to some degree
the CDMG suggest characterizing the site conditions based on the average shear
wave velocity of the top 30 m (100 ft) materials. In that respect, our objectives are
1o obtain the most representative value for shear wave velocity of the top 100 fi
materials and if possible to construct a general picture of the local shear wave
velocity profile for one-dimensional site amplification analysis. Therefore, for
converting the phase velocities to the shear wave velocity profile we seek a
practical approach that could provide reasonable results with minimum amount of

time and effort.
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There are both theoretical and empirical approaches to the surface wave phase
velocity inversion to shear wave velocity profiles. The theoretical approach relies
on rigorous mathematical formulation of Rayleigh wave propagation in layered
medium. The optimum shear wave velocity profile is constructed by minimizing
the mismatch between the simulated and observed phase velocities. The empirical
or semi-theoretical approach simplify the inversion problem by making
assumptions about the effective depths that control the phase velocities of different
frequency bands. This assumption provides a tool for transforming the phase
velocity-frequency curves directly into a phase velocity-depth profile. Assuming
that the phase velocity is a fraction of the shear wave velocity of the site, the phase
velocity-depth profile is translated into the shear wave velocity-depth profile for
the site. This is a practical approach that can be used for our analysis. However,
for the purpose of fine tuning the results and also for better understanding the
relationship between the velocity-depth profiles and phase velocities, we also
present the theoretical formulation and sofiware for the phase velocity simulation

of Rayleigh waves in layered medium.
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2.7. Semi-Theoretical Approach to the Inversion of Phase
Velocities to Shear Wave Velocity Profiles

The semi-theoretical approach to the phase velocity inversion relies on two types
of information: 1) the relationship between the phase velocities and the shear
wave velocity of a site and 2) the effective depths that control the phase velocities
of different frequencies. Theory indicates that the ratio of the phase velocity of
Rayleigh waves to the effective shear wave velocity, C(w) / B, that control the
phase velocity of that frequency band has a relatively narrow range of variation.
Satoh et al (1991) reported the range of C(@)/ P between 0.874 to 0.955 for a
wide range of Poison's ratios. Verttos and Prange (1990) reported C(w)/ B =
0.932 for Poisson's ratio of 0.33. Satoh (1989), based on data from surface wave
experiments at many Japanese sites, developed the following empirical

relationship
C(w)=0.89* B+4 (2.38)

where the units are in m/s. On the issue of the effective penetration depth of
Rayleigh waves, it is commonly assumed that the effective depth is about half of
the wave length at any given frequency. =~ However, recent studies by Verttos
(1990) and Verttos and Prange (1991) on surface wave propagation in medium
with depth-dependent stiffness indicate that the effective depth of penetration for
Rayleigh waves may be less than half of the wavelength. These studies show that
the effective depth as a fraction of wavelength increases with increasing the

frequency and Poisson's ratio. Their results suggest that the effective depth may
be about 30% rather that 50% of the wavelengths. The information on C(®) / B
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ratio and the effective depth of penetration for Rayleigh waves are sufficient to
invert the Rayleigh waves phase velocities into a shear wave velocity-depth

profile.  Following, we demonstrate the application of this approach through an

example.

Let us consider a layered medium with known shear wave velocity profile as shown

in the following diagram.

B =800 fis

201t
B =600 f's

40 ft
B = 1000 Vs

The phase velocities for the first four modes of the Rayleigh waves for this medium
are shown on Figure 2.21. The velocities for the p-waves are assumed to be 1.73
times the shear wave velocities. We use the phase velocities for the first mode to
simulate the CC-F curve for a typical Circular Array experiment. Random values
are directly introduced to the simulated CC-F values, Figure 2.22, to simulate a
real field situation. As was discussed in the previous section the CC-F curve on
Figure 2.22 should be filtered to obtain a smooth representative CC-F curve for
the medium. Figure 2.23 shows plots of both simulated and filtered CC-F curves.
The values of the filtered CC-F curve are shown in Table 2.2. The table also
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shows the interpretation of Jy(x)=p,(@) on four different half cycles of the

Bessel function.

Table 2.2. The CC-F values, from Figure 2.23, and the corresponding apparent
velocities.

%3 |G@] x, |C@

7.85 207. % 12.96 125.
8.40 210.) 12.10 146.
8.88 215. 80 1133 166.
9.38 218. § 10.99 187.

9.72 327. 8 10.64 299.
9.35 355. 8 11.02 301.
9.06 382. 8§ 11.33 306.
8.80 410. 4 11.63 310.
8.56 438. | 11.91 315.
8.33 467. § 12.18 319.
8.11 497. | 12.49 323.
7.89 528. 0 12.87 324.

7.71 3559.
7.57 589.
7.45 616.

47



S | plw)
Hz U x |G@] xp Q@ | x3 |G@] x4 C4()
Jo (%)

16.75 .289 1.89 ) 2509.
17.25 313 185 2642.
17.75 336 1811 2779.
18.25 .339 1.80) 2864.
18.75 314 1841 2874.
19.25 271 192} 2837.
19.75 .220 2.01 ) 2783.
20.25 165 210} 2723
20.75 114 2.19) 2674.
21.25 .076 2.26 | 2657.
21.75 .053 2.30 | 2669.
22.25 018 2.37 | 2653.
22.75| -050 2.50) 2570.
23.25 | -.134 2.68) 2452
23.75 | -.201 2.84 ) 2366.
24.25 | -.233 2.921 2346.
24.75 | -235 293 2389.% 4.821 1452 Jiday:
25.25 | -221 2.89 | 2469.
25.75 | -205 2.85 | 2554.
2625 -.194 2.82 ) 2629.
26.75 | -187 2.81 ) 2696.
27.25| -177 2.78 ) 2770.
27.75 | -.154 2.73 | 2878.
2825 | -1l 2.63 | 3035.
28.75| -.054 251} 3237.
29.25 .008 2.39 1 3461.
29.75 .061 2.29 1 3675.
30.25 100 2.22 | 3854.
30.75 126 2.17 | 4002
31.25 143 2.14 | 4127.
31.75 151 2131 4219.
32.25 148 2.13 | 4276. 5.991 1522 8.10| 1126.) 1251 729.
32.75 144 2.14 1 4327. 5.981 1549. 811 1141. % 1248 742.

The shaded cells identify the accepted values, based on the appropriate half cycle
on the Bessel function, for different frequency ranges. Table 2.3 shows the
summary of the apparent velocities versus frequency. The apparent velocities for

frequency ranges less than about 1 Hz should not be considered since they are
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sensitive to the size of time window that is used for data processing. Certain

frequency ranges do not show values for apparent velocities. This is due to the
uncertainties in the CC-F curve that the estimated p{ @) values at these frequency

ranges are higher than the maximum or lower than the minimum values for J(x)

over the related cycle of the Bessel function. For these cases we assume linear

transition for the values of the apparent velocities between the lower and higher

Jfrequency ranges.

Table 2.3. The estimated apparent velocities ﬁ'om Table 2.2.

S S S S
H |G| H |G(@)] H |CG®)| Hz | Ci(w)

.25 329. 8.25 726. | 16.25 698. | 24.25 699.

T3 807. 8.75 739. | _16.75 702. | 24.75 712,
1.25 698. 9.25 777. | 17.25 _25.25 670.
1.75 878. 9.75 627. | 17.75 25.75 67J5.
225 | 1062. | 10.25 640. | 18.25 26.25 683.
2.75 906. | 10.75 649. | 18.75 26.75 694.
3.25 862. | 11.25 655. | 19.25 729. | 27.25 703.
3.75 851 | 1175 660. | 19.75 718. | 27.75 707.
4.25 845. | 12.25 664. | 20.25 713. | 2825 707.
4.75 835. | 12.75 666. | 20.75 713. | 2875 703.
5.25 820. | 13.25 669. | 21.25 718. | 29.25 699.
3.75 799. 1 13.75 672. | 21.75 727. 1 29.75 697.
6.25 777. 1 14.25 674. | 22.25 732. | 30.25 699.
6.75 756. | 14.75 676. | 22.75 728. 1 30.75 702.
7.25 739. | 15.25 679. | 23.25 716. | 31.25 708.
7.75 729. | 15.75 687. | 23.75 704. | 31.75 717.

At each frequency the wave length of the Rayleigh waves can be calculated
asA=C(w)/ f.

Let us consider the effective depth of Rayleigh waves as half of the wave length,
ie. dogopive=0.5%*A=C(@)/2f . Based on this assumption the apparent
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velocity-frequency data can be transformed into the apparent velocity-depth
profile, Table 2.4. Figure 2.24 shows the plots of the apparent velocities versus
depth. Each point on Figure 2.24 shows the apparent velocity for the Rayleigh
waves over the entire depth from the point of half wave length to the surface.

Here, we refer to this type of data as C — D data or curve.

The C — D data should be translated into a velocity-depth profile. Satoh (1989)
developed a simple technique for this purpose. Satoh's methodology is based on
the premise that the change in the material properties of different strata would
cause changes in the slope of C - D curve. He proposed two different equations
for estimating the Rayleigh wave velocity of different strata from different sections
of C = F curve with increasing or decreasing values with depth. Figure 2.25
shows a hypothetical example of C - Fcurve with three sections each having
different slope. For the segment of the curve with increasing C -values with depth
Satoh proposed the following equation to estimate the Rayleigh wave velocity fora

single representative strata

— Cy-Dy ~Cp-1-Dy-1

C 2.38

n D,—D,_, (2.38)
D -D

C, = —n_ —“n-l 2.39

"=, 1)~ Dy I Cpr) 3

AN
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Figure 2.25. A hypothetical phase velocity-depth profile to demonstrate Satoh's
empirical phase velocity inversion technique.

For the segment of the curve with decreasing C -values with depth the equation is

For example, from Figure 2.25
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C=e—=Ds
3"D,1C,-D, /G,

Let us use Satoh's methodology to interpret the C — F curve in our example. The

shallow segment of the curve show increasing C -values with depth. The first
change of slope occurs at depth of 20 ft at C,=800 fi/s. Assuming that this slope
extends to the surface, from equation 2.38 C,=800 fi/s. The location for the

second change of slope is not very clear but it should be at a depth below 35 fi.
Let us use D, =35 ft and C, =674fi/s. From equation 2.39, C,=568. The third
segment of the curve extends to the depth of about 162 ft with increasing velocity
with depth. Using D;=162 ft and C3=974f/s in equation 2.38 gives C;=1053
fi/s. The depths and the estimated phase velocities are shown in Table 2.4. Using
Satoh's (1989) empirical equation the Rayleigh wave phase velocities can be

translated into the shear wave velocities as are shown in Table 2.4.

Table 2.4. The phase velocities and shear wave velocities of the three layers
based on Satoh's empirical phase velocity inversion.

Depth : C B
It fts (mfs) fts (mfs)
0-20 770 (235) 849 (259)
20-35 568 (173) 623 (199)
> 35 1053 (321) 1168 (356)

The excellent agreement between the estimated velocity-depth profile, Table 2.4,
and the input model attests 1o the usefulness of Satoh's methodology for

interpreting the C — D data. It is specially interesting to notice the fact that the

i e E E 2 n l
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hidden low velocity layer was detected. However, in real situation the estimated
velocity depth profile from Satoh's simple methodology needs to be verified, i.e.
the model should simulate the observed phase velocities as a function of
frequency. This requires the capability of simulating phase velocity of Rayleigh

waves, dispersion curve, for layered medium.
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‘ 2.8 Theoretical Simulation of the Dispersion Curves for
Rayleigh Waves in Flat Layered Medium

Thompson (1950) and Haskell (1953) formulated the characteristic equations for
the dispersion of the Rayleigh waves. Haskell's approach is based on the matrix
Jormulation of the wave propagation in layered medium. This approach because
of its elegance and the efficiency in the numerical calculation has been the bases
for mo@t other later studies (Knopoff, 1964, Dunkin, 1965, Thrower, 1965, and
Watson, 1970). Following, we present the necessary formulation of the dispersion

characteristic equation for the Rayleigh waves.

Consider an elastic medium consisting of N parallel horizontal and homogeneous
layers overlying a homogeneous half space, Diagram 2.2. The plane waves (SH,
SV, and P waves) are incident on the (N-1)th interface from below. Each layer
. will sustain an upgoing and down going waves in such a way that the following

boundary conditions are met:

The traction on the free surface vanishes

The displacement and stresses at each interface are continuos.

Based on these assumptions and boundary conditions it can be shown (Haskell,
1953) that the dispersion characteristic equation for the Rayleigh waves satisfies

the following relaiionship

= (2.40)

T &1 - |
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where 1, and W, are the velocity components at the surface in the x and zZ ‘

directions, respectively, and

d1

jth layer

Diagram 2.2. A schematic diagram of a multi-layer model

A A
K=yynady+(yy —1)4y - e 232 +—2,
PnC PnC
A A
L=yynadn+(yy -4, - Lk 231 + 412 >
PNE PNC
A NavAn
M=—(yy =D A, + ¥y gy Aoy + 5+ ,
N 12 Y VN TgnAn o s
A Mav 4n
N=—(yy =DA; +yyNgdy +—25+ .
N 11 N YIBN 721 chz chz

(2.41)

. &1) 4 |
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The symbols « and [ identify parameters related to the P- and S-waves,

respectively. The other symbols are defined as follows

/R =1,2,...,N
“Tsin(f,)  sin(e,)’ (G=L2.... )

where o.; and B ; are the S- and P-wave velocities of the jth layer respectively.

Jie/a;)? -1, c>a,
7709' = . 2
~i\ll1-(c/a,)’], c<a,

(2.42)
| ler By -1, e> B,
nﬁ— . 2
-iyll-(c/B,)’], ¢<B,
_28'
Yi= 02
(2.43)
k=2
c

A, (k=1,4 and 1 =1,4) are components of a four by four matrix that is
defined as the product of N-1 four by four matrices as

A=a, . .a a....a (2.44)

E 1,
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The components of the matrix 4, for each layer is defined as

(a;), = 7, c08(P,)—(7; —1)cos(Q;),
(@), =il(y; - D, sin(P;)+ ;15 sin(Q)),
(a; )13 = —(p,c*) " [(cos(P; —cos(Q;)],
(@) =i(p;e®)[( Ny Sin(P;)+ 14 sin(Q;)],

(2.45)

(@;)yy = =il 1, sin(P) +(y, =175 sin(Q;)],
(a;)y =—(7; =1 cos(P;)+ y;cos(Q)),
@)y =i(p;c*) [ my sin(P,) + 75 sin(Q))],

(aj)24 =(a; )3

(a;)s, = p;c*7;(7; = DI(cos(P;) - cos(Q))],
(@,)s, =ip,Pl(y; — 1) 1" sin(P) + 7, 15 sin(Q))],
(aj )33 = (aj )22

(aj)34 =(aj)12

(aj a1 = ipjcz[?’jz Mo Sin(Pj) +(7j - 1)2 77/3,'_1 Sin(Qj)]
(a i Jip = (aj )31
(@) = (a ,-)21

(aj)44 =(a;)

where P, =kn,d;, Q; = k1d;, and d; is the thickness of the jth layer.

0 0 “ J
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A computer program, based on the above formulation, is prepared for the
simulation of Raerigh waves dispersion curves in layered medium. Figure 2.26
shows the simulated dispersion curves for the estimated velocity-depth profile
model in the previous example, Table 2.4, and the plots of the phase velocities that
are used for the simulation. The results on Figure 2.26 suggest slight
modifications to the velocity depth profile of table 2.4. Comparisons between the

simulated and observed phase velocities allow fine tuning the inverted velocity-

depth models.

var 11
)
/-
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Chapter 3
Field Experiments

In the previous chapter we reviewed the theoretical basis of the Circular Array
technique and through numerical simulations demonstrated its application and
limitation for site investigation. However, the Circular Array technique, like any
other methodology, must be validated through field experiments. We conducted
five different field investigations at four different sites in order to examine and
evaluate the application of the Circular Array technique to real Earth situations.
All filed experiments were conducted using two instruments, i.e. case II and III
configurations as were discussed in the previous chapter. The selections of the
sites were based on the availability of data on site conditions such as the velocity-
depth profile, phase velocity for surface waves, surface geology, and the

geotechnical boring logs.

All experiments were conducted using two three-components 2.0 Hz L-22E Mark
Products geophones and Terra Technology IDS-3602 16 Bit digital recording
systems. The sensors were mounted on small platforms allowing vertical
adjustments for leveling. In all experiments channels one, two, and three were the
vertical, north-south, and east-west directions, respectively.  Before each
experiment the internal clocks of the instruments were synchronized by one-shot
signal, see the IDS-manual for the detail, for accurate timing. At each setting, the
instruments were manually timed to start recording at the same time for about five

to ten minutes. Data was directly stored on the IDS’ 2 MB internal memory with




the sampling rate of 250 sample per second. A Lap-Top computer was used to ‘

communicate with the IDS units and for data transfer.

7 VortextRock Consultants, Inc. 82 — i i




3.1. Experiments No. 1 & 2: The Parking Lot of the St.
Aidams Episcopal Church, Malibu, California

The St. Aidams Episcopal Church is located at 28211 W. Pacific Coast Highway,
Malibu, California. In 1993, Vibration Instrument Company, VIC, conducted a
surface wave measurement survey at this site for the Department of Civil
Engineering of the University of Southem California. The VIC report provides
Rayleigh wave phase velocity-frequency information for the site.  The VIC
experiment was based on spectral analysis of surface waves generated by
controlled sources, referred to as CXW. The CXW uses a powerful electro-
magnetic vibration source to generate different forms of surface waves. The
vibration source generates frequency swap of repeated amplitude modulated
harmonic pulses at preselected frequency intervals. The recorded data, discritized
in the frequency domain, is a measure of the dispersion curve for the Rayleigh
waves in the medium. Figure 3.1 and 3.2 are from the VIC report showing the
estimated Rayleigh wave phase velocities and the phase velocity-depth profile
Jrom a CXW experiment at the parking lot of the church. It should be mentioned
that the results presented on these figures are not the raw data but gone through
different levels of smoothing. The dots on these figures are based on measured
data and the lines on Figure 3.1 show the simulated phase velocities for the first
three modes of the velocity-depth profiles that are shown on Figure 3.2.

The parking lot of the church is sitting on a bluff about 30 to 40 meters away from
and above the Pacific Coast Highway (PCH). A day-care center is very close to
the parking lot and there are occasional car traffic through the parking lot from
8:30 a.m. till 4:00 p.m. The site was instrumented at three different days. Each

‘7.,.,.,_
-5
)

1 _—
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survey took about eight to ten hours. The setting of the experiment was a
combination of case II and III configurations, i.e. keeping one instrument fixed

and moving the other one on a circle around the first one to simulate an ideal

Circular Array experiment.

The useful width of the parking lot is about 15 m that determined the radius of the
circular array. However, in two different directions data were collected with the
instruments-spacing of 27 and 37 m (90 and 120 fi, respectively). The Jfollowing
diagrams show the topography of the site and the setting of the experiments. The

diagrams are not in scale.

Parking Lot &
Road
Churck & o "
Day-Care 18m 30-40 m
PCH
30-40 m

Diagram 3.1. Topography of the site of the St. Aidams Episcopal Church
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Diagram 3.2. The setting of the parking lot and the data collection sites for the

Circular Array experiments. Station 1 refers to the fixed instrument.
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Data Processing

The first five minutes of each record is selected for data processing. Each record
is divided into nine overlapping one minute windows with 30 seconds of overlap
between the adjacent windows. The horizontal components are rotated to obtain
the radial and tangential components, parallel and perpendicular to the direction
connecting each pair of instruments, respectively. The Fourier transformation of
all time histories are calculated from which the spatial correlation coefficients,
equation (2.26), over different frequency bands are obtained. The correlation
coefficients are averaged over different time windows and azimuths to obtain the
CC-F curves. The setting of the experiments and the averaging represent a
combination of the case II and III configurations that were discussed earlier. The
plots of the selected time histories, spectral parameters, and correlation
coefficients from individual time windows are shown in Appendix A. Figures 3.3

and 3.4 show the CC-F curves for the vertical components of microtremors for two

Circular Array experiments with r=1 m that were conducted at two different
days. Figures 3.5 and 3.6 show similar results for the cases of r=27 and

r=37m, respectively. The solid line on each figure represents the expected

pattern for the vertical component of the CC-F curve based on equation (2.21)
using r = 15 m and the VIC's frequency dependent first mode phase velocities on
Figure 3.1. The vertical components are not polarized and have only one expected
pattern. The VIC's data do not cover frequencies below about 5 Hz. Therefore,
the CC-F values for f < 5 Hz can not be directly compared with the expected
pattern from the VIC data. All CC-F curves at the frequency of about 6 to 7 Hz

show abrupt jumps in values. However, it is interesting to note that the CC-F

|V VortextRock Consultants, Inc. g6 | —




curves at frequencies below about 6 Hz, for all cases, show similar trends as the
expected pattern from the VIC data if the VIC-related curves are extended to the
low frequency region. The observed jump in the CC-F values is specially clear on
Figures 3.3 and 3.4. On these figures the CC-F curves show higher values than
the VIC-related curve up to the frequency of about 12 Hz. At this frequency the
CC-F curve follows the VIC-related curve but only over a short frequency band.
The latter observation is not very clear on Figures 3.5 and 3.6 because of the
many cycles of the Bessel function for these cases. The CC-F curves on Figures
3.3 and 3.4, that are based on data collected at two different days, show
remarkable similarity. This suggests that there could be a physical reason for the

unusual shape of the CC-F curve for the frequency band of 6 to 12 Hz.

Let us examine a possible scenario to explain the behavior of the CC-F curves for
the frequency range of 6 to 12 Hz. As mentioned earlier, the parking lot is sitting
on a bluff about 30 to 40 meters away from and above the PCH. The observation
of the time histories and the related spectral amplitudes, Appendix 4, indicate that
the traffic-related ground motions dominate the spectral amplitudes of most
records in the frequency range of 5 to 12 Hz. Figure 3.7 shows a typical example
from the Appendix A. The high spectral amplitudes at the frequency range of 6 to
12 Hz are dominantly from traffic. Our analyses show that the waves from traffic
disappear on low pass filtered, f,=5 Hz, time histories. Also comparisons
between the spectra of time windows with and without traffic signals indicate that

the high spectral amplitudes in the frequency band of 5 to 12 Hz are from traffic.
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The propagation paths of the waves from traffic on PCH to the site of the
experiment are not horizontal as is the assumption in the formulation of the
Circular Array technique for the wave propagation of surface waves. The CC-F
curves, in general, reflect the amount of phase shift that microtremor waves of
different frequencies experience traveling the distance between the reference site
1o each of the peripheral stations. The phase shift in the frequency domain, as was
discussed in the previous chapter, can be formulated as x=r.w/C(®w). A
decrease in the value of x means a better correlation between the ground motions
at recording sites and below certain frequencies, i.e. within the frequency range of
the first half cycle of the CC-F curve, cause higher CC-F values. This can occur
either due to shorter propagation-distance for the wave fronts or higher
propagation velocity for waves. The probable propagation paths for traffic on
PCH to the parking lot suggest shorter propagation distances for the wave front

Jfrom one site to another than the radius of the circular array, see Diagram 3.3.
Parking Lot

PCH

Diagram 3.3. Possible propagation paths for seismic waves from traffic on PCH
to the site of the parking lot of the church. The differences in the propagation
path for the traffic-related waves are shorter than the horizontal distance
between any two stations.
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Furthermore, the traffic waves may be predominantly composed of body waves
with higher propagation velocities than those of Rayleigh waves. Both conditions
would reduce the phase difference between the ground motions at the recording
sites and thus increase the related correlation coefficients. For example, reducing
the r |/ C(@) ratio by 50% over the frequency band of 6 to 12 Hz, implying
changes in either ¥ or C(®), can explain the observed behavior of the CC-F
curve for the parking lot, Figures 3.8 and 3.9. However, from the practical point
of view, the segments of the CC-F curves for the frequency range of 7 to 12 Hz do
not have any interpretation value. In general, we should not expect sudden
increase or decrease in the CC-F values under normal conditions if microtremors
are composed of horizontally propagating surface waves. Theory indicates that
the phase velocity of surface waves at a given frequency is controlled by the
seismic properties of materials to the depth of about half the wave length
corresponding to that frequency. Therefore, phase velocities represent the
average seismic properties over depth and are not expected to show rapid change
over a narrow frequency band. Assuming that C(@) is constant over a narrow
frequency band or changes very little the term .| C(@) for a given value ofr
should increase with increasing frequency. Within the first half cycle of the Bessel
function, this means a decrease in the values of the correlation coefficients with
frequency. In general, segments of the CC-F curves with rapid increase or
decrease in values with frequency, different from the expected randomness for this

type of data, should be treated very carefully or be rejected completely.

Our objective is to interpret the CC-F values in terms of the velocity-depth profile
for the site. Because of the abnormal pattern of the CC-F curves for [ > Hz, the
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interpretation of the data is limited to the frequency ranges of f <7 Hz. The

interpretation procedure as was discussed in the previous chapter is as follows

e Filter the CC-F data to obtain a smooth CC-F curve
o Interpret the CC-F curve asJy(x) to obtain the corresponding x-values

e Calculate the phase velocity as C(w)=r.@/x using the radius and the

estimated value for x for each frequency band
e Transform the phase velocity-frequency values to phase velocity-depth values
o Interpret the phase velocity-depth values to phase velocity of layered medium
 Construct a shear wave velocity-depth profile
e Theoretically simulate the phase velocities for the constructed model
e Compare the simulated and calculated phase velocities and if necessary repeat

the cycle

Figures 3.10 to 3.13 show the filtered CC-F curves corresponding to Figures 3.3
to 3.6, respectively. Table 3.1 shows the CC-F values and the estimated phase

velocities for these four cases.
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Table 3.1. The CC-F values and the corresponding phase velocities over
different frequency bands.

m— ——

r=13m r=15 m r=27Tm r=37m

f Jo(x) [ C(@) | Jo(x)] C(@)| Jo(x)} C(@) | Jo(x) C(@)

Hz m/s m/s m/s m/s
25 .83 31 35 14 .49 30 24 31
.75 85 99 .97 237 91 227 .97 565
1.25 | .91 221 .96 344 .92 424 .96 777
1.751 .93 350 .94 372 91 551 .92 792
225 .96 613 .97 678 .92 753 .90 872
2.75| .93 558 .92 501 85 656 77 705
325\ .91 549 .87 459 77 616 .64 645
3.75| .88 565 .82 458 .69 608 J2 631
4251 .86 578 .78 464 .61 608 41 634
475 .82 580 .73 465 52 603 .30 637
5.251 .79 581 .68 468 42 595 .19 640
5.75| .77 602 .65 485 .34 600 A1 654
6.25| .76 653 .65 523 .30 628 .07 690
6.75 ) .78 732 .66 577 .29 676 .08 749

' The estimations of the phase velocities below 2 Hz are not reliable. This is
specially the case for r=15m experiments. The small aperture of the array can
not provide information on long period waves. In fact, the larger size arrays
show more stable results for frequencies below 2 Hz. However, for the purpose of
interpretation we do not use the phase velocities below f < 2 Hz. Assuming that at
each frequency the phase velocity of Rayleigh wave is predominantly controlled by
the seismic properties of materials to the depth of about half the wavelength at
that frequency, the phase velocity-frequency values in T able 3.1 can be translated

into the phase velocity-depth as

Sk
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Aefctive =A12.=C(@)/2f

Figure 3.14 shows the plots of phase velocities versus depth, dog, 4., for the four

cases. The line on the figure represents the average of the four phase velocity-

depth profiles. The values for the cases of r=15 m show very similar results

about 100 m/s lower values than the cases of r=27 and 37 m. It appears that the

estimated phase velocities from experiments with larger radius arrays
systematically are higher than those from the smaller radius arrays. However, the
pattern of the phase velocities with depth for all cases are very similar. Figure
3.15 and 3.16 show the plots of phase velocities versus depth for the two cases of
r=15 m and for r=27 and 37 m, respectively. The shallowest depth with phase
velocity information is about 46 m. This is based on the assumption that the
effective depth is about half of the wave length at each frequency. A study by
Satoh (1989) suggests that the effective depth for surface waves may be about 30%
of the wavelength rather than 50%. This puts the shallowest depth to about 28 m.
In our interpretation we assume the effective depth to be 50% of the wavelength

with the understanding that this assumption requires more investigation.

In order to interpret the phase velocity-depth information into phase velocity of
layered medium we have to identify the depths at which significant changes in the
slope of such data occurs. For the cases of r=15 m, Figure 3.15, two breaking
points on the average phase velocity-depth profile at d = 46 and 74 m with the
phase velocities of 500 and 483 m, respectively, are identified. Using the

appropriate empirical equations, equation 2.38 or 2.39, the data on Figure 3.15
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can be interpreted as phase velocities for layered medium as are shown in Table ‘
3.2. The table also shows the shear wave velocity profile using C(@) / f=0.9 for

all frequencies.

Table 3.2. The velocity-depth profile for a layered medium based on the
observed phase velocity-depth profile that is shown on Figure 3.15.

Depth Phase Velocity Shear Wave Velocity
m m/s m/s
<46 500 556
46-74 457 508
>74 775 861
In a similar way we can interpret the phase velocity-depth values for the cases of ‘

r=27 and 37 m, Figure 3.16, and the average of all four cases, Figure 3.14. T he

results are shown in Tables 3.3 and 3.4, respectively.

Table 3.3. The velocity-depth profile for a layered medium based on the
observed phase velocity-depth profile that is shown on Figure 3.16.

Depth Phase Velocity Shear Wave Velocity
_m m/s m/s
<94 . 618 687
>94 920 1022
| E ) |
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Table 3.4. The velocity-depth profile for a layered medium based on the
observed phase velocity-depth profile that is shown on Figure 3.14.

Depth Phase Velocity Shear Wave Velocity

m m/s m/s
<86 550 611
> 86 872 969

-

The estimated velocity-depth profiles should be validated against their related
phase velocities. Figures 3.17 and 3.18 show the results of phase velocity
simulation of Rayleigh waves for the velocity-depth profiles in Tables 3.3 and 3.4,
respectively. The simulated phase velocities based on the empirical data are good
approximation of the observed phase velocities, however, they are not the best
possible fit to the data. The primary reason may be that there is no information
on the velocity depth profile at shallow depths. The detail of the velocity depth
profile at shallow depths would affect the shape of the phase velocity curve. Using
a low velocity layer at shallow depths would reduce the phase velocities and bring
them closer to the observed values. Tables 3.5 and 3.6 show two examples of the
velocity-depth profiles and Figures 3.19 and 3.20 show the simulated and

observed phase velocity values, respectively.

el
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Table 3.5. A modified velocity-depth profile corresponding to the model in
Table 3.2. ‘

Depth Shear Wave Velocity P-Wave Velocity
m m/s m/s
<40 600 1038
40-74 400 692
>74 861 1489

Table 3.6. A modified velocity-depth profile corresponding to the models in
Tables 3.3 and 3.4.

Depth Shear Wave Velocity P-Wave Velocity
m m/s m/s
<40 800 1384
40-94 550 951
> 94 1022 1768

The simulated phase velocities for these models are in very good agreement with
the observed values. However, if we add a low velocity layer at the surface to
these models the shape of the simulated phase velocity curve would change
drastically, Figure 3.21. This figure shows the effect of adding a surface layer
with the depth of 14 m with the shear wave velocity of 270 m/s, as suggested by the
VIC's velocity-depth profile, to the model in Table 3.6.
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Let us examine how the phase velocities from the VIC's velocity-depth profile
compare with those from our experiment. —However, before making such
comparison it is necessary to mention that the VIC's velocity-depth profiles at
depth because of the limitation in their frequency range is not well constrained.
For this site, the VIC's shear wave velocity-depth profile, the table on Figure 3.2,
shows a high velocity layer at the depth of 34.6 m. It is not immediately clear how
this depth is calculated. The fact that VIC data do not show any phase velocity
values below the depth of 50 m suggests that perhaps the depth and velocity of the
last layer; i.e. 34.7 m and 1500 m/s, respectively; are not well constrained. To
demonstrate this point, we simulated the phase velocities for two modified VIC's

velocity-depth profiles that are shown in Table 3.7.

Table 3.7. The VIC's and two related modified velocity-depth profiles. Pand @
are the shear and pressure wave velocities.

VIC Model Model 1 Model I1

Depth B a || Dept ﬂ a || Dept ﬁ a
m m/s m/s h m/s m/s h m/s m/s

m m

<1.6 | 113 185 || <1.6 | 113 | 185 || <1.6 | 113 | 185

<I14.1| 270 441 || <14.1| 270 441 || <14.1| 270 | 441

<346 753 | 1229l <94 | 753 | 1229 || <74 | 753 | 1229

>34.6| 1500 | 2449 || >94 | 1200 | 2449 || > 74 | 1200 | 2076




Figure 3.22 shows the plot of the first mode phase velocities for these three
velocity-depth profiles. The phase velocities are different al low frequency ranges
below about 5 Hz. However, there are no significant differences between the
phase velocities for frequencies above 5 Hz where all VIC phase velocity data
exist. This means that all models are reasonable scenarios to VIC data.
However, the phase velocities from the Circular Array experiment at low
frequencies, as are shown on Figures 3.22, support the choice of either model I or
1I for the velocity-depth profile of the site. Except for the shallow low velocity
layers the velocity-depth models I and II in Table 3.7 are fairly similar to the
velocity-depth proﬁlev models that are constructed from the Circular Array

experiment, Tables 3.5 and 3.6.

Figures 3.23 and 3.24 show plots of the CC-F curves for the radial and tangential
components of microtremors. The thick and thin solid lines on these figures show
the expected patterns for the radial and tangential components, equations (2.22)
to (2.25), depending upon the predominant direction of polarization for the
horizontal components of microtremors. The CC-F curves for the horizontal
components do not resemble either of the expected patterns. It is practically
impossible to characterize the direction and the degree of polarization for the
horizontal components of microtremor ground motions without a full scale
frequency-wave number analysis.  However, assuming that the horizontal
components of microtremors are composed of some combination of Rayleigh and
Love waves it is possible 1o infer the probable fraction of the polarization of the
horizontal components and the phase velocities of the Love waves, Ferrazzini et al

(1991). The procedure is rather involved and require a more in-depth analysis
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that might not be warranted for a routine site investigation studies. Here, we limit

our interpretation to the CC-F curves from the vertical components of

.microtremors with the understanding that the interpretation of the horizontal

components needs further investigation.
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3.2. Experiment No. 3: The Mazda Parking Lot, Port of
Hueneme, Oxnard, California

This site was suggested by Mr. Ferritto, the project manager of this project. A
boring log with SPT blow counts and a soil-depth classification for the site are
available, Table 3.8. A Circular Array experiment at this site with r = 14 m (45
J1) was conducted. The general description of the field investigation is very
similar to what was described for the experiment at St. Aidams Episcopal Church.
Unfortunately, due to the unexpected malfunction of one of the vertical sensors
only a small portion of the collected data is usable that will be presented here.
The site of the experiment is located in the parking lot of the Mazda storage area.
The parking lot is a paved flat open space that is located relatively close to the
shore. The experiment was conducted using two instruments. Microtremors at
five different azimuths were simultaneously recorded on the two instruments for six

to ten minutes.

The plots of time histories and the related spectra for selected records are shown
in Appendix B. Figure 3.25 shows the average CC-F curve for the vertical
component of microtremor ground motions. The immediate observation on this
figure is that it does not show the abnormal pattern for the frequency ranges
above 6 Hz that were observed on the CC-F plots for the St. Aidams Episcopal
Church. This supports our arguments regarding the effects of topography and
traffic on PCH at that site. The solid line on Figure 3.25 is the best fit to the
data. Following the same procedure for the data interpretation, as was described
in the previous section, the CC-F values are transformed to the phase velocities.

Table 3.9 shows the estimated phase velocities as a function of frequency. We
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‘ Table 3.8. Continued i
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limit the interpretation of data to the first cycle of the CC-F curve. The high
frequency components are less reliable. As was demonstrated in the chapter on
the numerical simulation, obtaining a reliable data for high frequency components
of the CC-F curve requires averaging the correlation coefficients over many
azimuths and time windows, more than what is necessary for getting stable results

for low frequency components of the CC-F curves.

Table 3.9. The estimated phase velocities for different frequency bands based on
the CC-F values on Figure 3.25.

f Phase f Phase f Phase Velocity
Hz Velocity I Hz Velocity Hz m/s
m/s I nvs i

2.25 251.18 7.25 194.18 12.25 132.96
2.75 277.61 7.75 196.01 12.75 137.64
3.25 274.64 8.25 197.85 13.25 142.34
3.75 272.72 8.75 199.68 13.75 111.22
4.25 272.61 9.25 201.51 14.25 114.39
4.75 266.79 9.75 191.67 14.75 116.65
5.25 252.44 10.25 188.81 15.25 118.33
5.75 233.59 10.75 189.54 15.75 120.12
6.25 214.04 11.25 193.59 16.25 122.94
6.75 192.35 11.75 200.83

The estimated phase velocities are transformed into the phase velocity-depth
profile using dygcive =4 / 2. Figure 3.26 shows the results. Two break points on

this figure at the depths of 9.4 m and 15.3 m can be identified. Using Satoh's
(1989) empirical interpretation of the phase velocity-depth profile the data on
Figure 3.26 are interpreted as a three-layered medium, Table 3.10.
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Table 3.10 The velocity depth profile of a three-layered medium representing the
Pphase velocities that are shown on Figure 3.26.

Depth Phase Velocity Shear Wave Velocity
m m/s m/s

<94 193 214

<15.3 177 197

>15.3 364 404

A comparison between the simulated phase velocities for this model, the top curve
on Figure 3.27, and the observed values suggest that slight modification for the
velocity-depth profile is needed. Lowering the shear wave velocity of the second
layer to 170 m/s gives phase velocities with very good agreements with the

observed values, the bottom curve on Figure 3.27.

The velocity-depth models of Table 3.10 are constructed based on the initial
assumption that the effective depth for the phase velocities are about half of their
corresponding wave lengths. Let us consider the case where, as Satoh (1989)
suggested, the effective depth is about 30% of the wave length. In that case the
estimated velocities for the layers remain the same but the depths of boundaries
between different layers change, Model I of Table 3.11. The top curve on Figure
3.28 shows the simulated phase velocities for this model. The simulated and the
observed values are not in good agreement. Increasing the thickness of the low
velocity layer bring the simulated values closer to the observed values. The
simulated values for two cases are shown. Table 3.11, Models II and III, show

the velocity-depth profiles for these two cases. The results from Model III are in

HiZ
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very good agreement with the observed values. Both Model III and the model in
Table 3.10 with B=170 m/s for the second layer are reasonable scenarios for the

velocity-depth profile of the site based on the observed phase velocities. This
shows the non-uniqueness of the phase velocity inversion process. Both models
identify a low velocity layer, a shallow and thick layer in one model and a deeper

and relatively thin layer in the other model.

Table 3.11. Model 1 is the velocity-depth profile for a layered medium based on
the assumption that the effective depth that controls the phase velocity of
Rayleigh wave is about 30% of the wavelength at all frequency ranges. Models
II and III are the modified version of Model I with phase velocities that better fit
the observed data than those of Model I.

Model 1 Model 11 Model 111
Depth B a | Depth | B a | Depth | B a
m m/s | mhs m mis | ms m m/s | m/s
<5.7 214 | 370 <5.7 214 | 370 <5.7 214 | 370
<9.2 197 | 341 <I15.3 197 | 341 <17 197 | 341
>9.2 404 | 699 >15.3 404 | 699 >17 404 | 699

The thickness of the low velocity layer for these two models are different but both
models have similar site response to ground motions. Figure 3.29 and 3.30 show
one-dimensional site response for these two models to weak and strong, magnitude

6.5 earthquake at distance of 15 km, ground motions.

Let us compare the two constructed velocity-depth profiles with the boring log

information for the site. The SPT blow counts, Table 3.8, can be translated to the

)
L
1
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shear wave velocity profile for the site using one of the empirical equations for
such conversion. It is a common knowledge that the estimation of the shear wave
velocities based on the SPT blow counts are not very precise. However, it could
provide us with the general picture of the velocity depth profile for the site. Table
3.11 shows a representative velocity-depth profile based on the SPT blow counts
and the velocity-depth profiles from the Circular Array experiment. The results
are in fairly good agreements specially for the velocity-depth profile of Table
311

Figures 3.31 and 3.32 show the CC-F curves for the radial and tangential
components of microtremor ground motions. The CC-F curves on these figures
show remarkable similarities that may suggest that the horizontal components of
microtremors consist of waves equally polarized parallel and perpendicular to
their directions of propagation. In that case, it is expected that the CC-F curves of
the horizontal components have similar patterns as the vertical component, i.e.
the zero order Bessel function Jy(x). The radial and tangential CC-F curves
show relatively similar pattern with the vertical CC-F curve on figure 3.25.

However, the match is not perfect and requires interpretation.




Table 3.12. Shear wave velocity-depth profiles based on the boring-log data and
the Circular Array experiments.

Model Based on Model from Table 3.11 | Model from Table 3.10

Boring Log Data

35| B =197 fi's

P =197 fi/
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3.3. Experiment No. 4: The basketball Court of the McBride
School, Los Angeles, California

The McBride school is located at 3960 Centinela St., Los Angeles, California.

The school is located in a very busy section of town. About 30 m from the site of
experiment there is a main road with heavy traffic. The basketball court is located
within a large open area. There is a swimming pool in one corner of the school.

We were assured by the maintenance people that the water pump was not
operating during our experiment. However, the recorded data show strong high
Jrequency component of ground motions. The effects of this high frequency
oscillation is clear on the recorded time histories. However, since our analysis is

in the frequency domain and the pump oscillation is limited to a very narrow
Jfrequency band beyond the frequency range of our interest we processed the data

and will present the results.

Similar to the site of the St. Aidams Episcopal Church the Vibration Instrument
Company in 1993 conducted a surface wave measurement survey at this site.
Figures 3.33 and 3.34 are from the VIC report showing the estimated Rayleigh
wave phase velocities and the phase velocity-depth profile for the site. The time
histories and the Fourier spectra of selected records are shown in Appendix C.
Two Circular Array experiments with r=15 and r=30 m were conducted.
Figures 3.35 and 3.36 show the plots of CC-F curves for the vertical components
of the ground motions for these two cases, respectively. The thick solid lines are
the expected pattern based on the VIC data and the thin solid lines are the best fit
to the observed data. The VIC-related data are limited to frequencies higher than
about 5 Hz. The CC-F and VIC-related curves show similar values for the

k il I
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frequency range of 5 to 7 Hz. However, they show different values and patterns
for higher frequencies. It should be mentioned that the VIC data, Figure 3.34,
shows rather strong scattering in the measured phase velocities for frequencies
below 10 Hz. This would affect the expected patterns that are shown on Figures
3.35 and 3.36, i.e. J,[r.@/C(®)). Tables 3.13 shows the estimated phase

velocities from the CC-F values on Figures 3.35 and 3.36.

Table 3.13 The estimated phase velocities based on the CC-F values shown on
Figures 3.35 and 3.36.

Caseofr=15 Caseof r=15 Case of r =30
m m m

f | Phase Velocity| f Phase Velocity f Phase Velocity
Hz m/s Hz m/s Hz m/s

2.25 549 875 382 2.25 410
2.75 432 9.25 391 2.75 380
3.25 401 9.75 396 3.25 372
3.75 393 10.25 394 3.75 376
4.25 390 10.75 383 4.25 383
4.75 385 11.25 369 4.75 391
5.25 381 11.75 354 5.25 399
5.75 375 12.25 325 5.75 411
6.25 368 12.75 327 6.25 436
6.75 363 13.25 320

7.25 363 13.75 313

7.75 367 14.25 303

8.25 374 14.75 293

The CC-F values for the case of r=15 m are within the first cycle of the Bessel
function up to the frequency of 15 Hz. This makes the interpretation of data up to
this frequency relatively easy. We use the phase velocities from this case,
construct the velocity-depth profile for the site, and then validate the phase

velocities against the observed phase velocities for both cases. Figure 3.37 shows
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the phase velocity-depth profile for the site using dygcve =A/2. Two break
points at 19.5 and 26.3 m with the phase velocities of 400 and 363 mys,

respectively, can be identified. Using Satoh's (1989) empirical inversion method a

velocity depth model, Table 3. 14, is constructed.

Table 3.14. The phase velocity and shear wave velocity-depth profiles for the
layered medium based on the phase velocity-depth profile on Figure 3.37.

Depth Phase Velocity B
m ms m/s
<10 270 300
<19.5 400 444
<26.3 287 319
>26.3 550 610

Figure 3.37 shows decreasing phase velocities with decreasing depth with the
velocity as low as 290 m/s at the depth of about 10 m. This indicates low velocity
layers at shallow depths. However, no information is available to identify these
layers. Arbitrarily, we included a 10 m layer with the shear wave velocity of 300
m/s to the model.  Using the information in Table 3.14, the phase velocities for
Rayleigh waves, Figure 3.38, are simulated. Obviously, the velocity-depth profile
in table 3.14 needs modification. The changes in the veldbigz—depth profile should
be in such a way that it gives high phase velocities at low frequencies. This
implies a high velocity layer at depth. Figure 3.39 shows simulated phase

velocities for three velocity-depth profiles that are shown in Table 3.15.
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Table 3.15. Three velocity-depth models for simulating and testing the estimated
phase velocities.

Model 1 lr Model I1 Model 111

Depth B WDepth | B | Depen | B
m m/s m m/s m m/s
<10 300 <10 300 || <10 300
<26 444 <40 444 <60 444
> 26 610 " <80 610 <80 610
" >80 | 1200 Ir >80 | 1200

The phase velocities for the original model are also shown. Model 11 and III give
the best fit the observed phase velocities. Figure 3.40 shows the same results on
Figure 3.39 with the added data points from the Circular Array experiment with
r=30 m. This data adds to the scattering of the observed phase velocities with
respect to the simulated values. However, models 11 and 111 still can be considered
as reasonable scenarios for the velocity-depth profile for the site based on the

observed phase velocities.

The VIC's velocity-depth profile for this site, the table on Figure 3.34 shows
similar values as those for Models II and III on Table 3.15. However, the
transition depths for the high velocity layers are very different. It can be shown
that because of the limitation in the frequency range of the observation in the VIC
data their velocity-depth model at depths is not well constrained. Figure 3.41

shows the simulated phase velocities for the VIC's alternative model, the table on
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Figure 3.34, and for another model with similar velocities but different transition

depths for the layers, Table 3.16.

Table 3.16. The VIC's velocity-depth profile and an alternative model with the
same velocity values but different thickness for layers.

VIC Model " Alternative Model |
Depth B Depth B
m m/s m m/s
<11 100 <11 100
<5.6 180 “ <5.6 180
>22.2 410 <60 410
> 272, 610 <80 610
<27.2 1220 >80 1220

The scattering in the VIC's phase velocities, Figure 3.33, are well within the range

of the simulated phase velocities on Figure 3.41. Figure 3.42 shows the simulated

phase velocities based on the VIC's velocity-depth profile and two modified

profiles as are shown in Table 3.17.
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Table 3.17. The VIC's velocity-depth profile and two alternative models with the
same velocity values but different thickness for layers.

VIC Model Model 1 Model 11
Depth B | Depth | B | Deprn | P
m m/s m m/s m m/s
<11 100 <11 100 <11 100
<5.6 180 <5.6 180 <5.6 180

>22.2 410 <40 410 <60 410
> 272. 610 <60 610 <80 610
<27.2 1220 > 60 1220 > 80 1220

The simulated velocities from these three models give similar results as the
estimated phase velocities from the Circular Array experiment for frequencies
below about 5 to 6 Hz. The estimated phase velocities at high frequencies show
much higher values than the simulated results. If the observed phase velocities
are accepted the velocity-depth profiles in Table 3.17 without the low velocity
layers are reasonable scenarios for the site, Figure 3.43. However, if the VIC
data are accepted then there should be an explanation for the higher phase
vélocity values from the Circular Array experiment with respect to the VIC data,
Figure 3.43. The site of experiment is close to a major road with heavy traffic and
is exposed to traffic related ground motions. The situation is similar to the case of
the St. Aidams Episcopal Church experiment except that the site in this case has a
flat topography. The microtremors at the site of experiment for certain frequency
ranges might have been composed of body and surface waves. T his means that the

estimated apparent velocities for those frequencies are representative of that state
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and will be higher than the expected phase velocities for Rayleigh waves. For
example, just for the purpose of demonstration, reducing the calculated apparent
velocities by 50%, implying the possibility of contamination of microtremors by
body waves, brings the "modified phase velocities” much closer to the simulated

phase velocity curves, Figure 3.44.

Figures 3.45 and 3.46 show the CC-F curves for the radial and tangential
components of microtremor ground motions. The CC-F curves on these figures ,
similar to the previous case, show remarkable similarities that may suggest that
the horizontal components of microtremors consist of waves equally polarized
parallel and perpendicular to their directions of propagation. In that case, it is
expected that the CC-F curves of the horizontal components have similar patterns
as the vertical component. The radial and tangential CC-F curves show relatively
similar pattern with the vertical CC-F curve on figure 3.25. However, the match

is not perfect and requires interpretation.

i

yaili
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3.4. Experiment No. 5: The Palm Spring Site

The selection of this site was based on the general information about the surface
geology of the area that it is characterized as the region with stiff soil/bedrock site
conditions, Chin and Aki (1994) coda waves database. The site is located about
one mile north of Highway 10 near the Palm Spring area. The experiment at this
site included three circular array configurations with radii of 15, 27, and 37
meters. Figures 3.47 to 3.49 show the CC-F curves for the vertical components of
microtremors for these three cases, respectively. The estimated phase velocities
are shown in Table 3.18. The phase velocities for the case of r=1 m do not show
stable values up to the frequency of 4 Hz. In other experiments similar pattern
was observed for frequencies below about 2 Hz. Apparently the higher phase
velocities for this region cause relatively smaller phase shift to microtremors
crossing the reference and the peripheral sites. The phase shift is not large
enough to give stable correlation coefficients at low frequencies. It is interesting
to notice that the frequency below which this instability is observed decreases with

increasing the radius of the array, Table 3.18.

Figure 3.50 shows the phase velocity-depth profiles for the three experiments. The
slopes of two of the velocity-depth profiles are very similar and are in a relatively
good agreements with the slope of the third velocity-depth profile. This is
expected since they all represent the same region. Two of the profiles suggest a
low velocity layer at the possible depth of 40 m. Using the most representative
break points for the phase velocity profiles, velocity models for a layered medium

with two layers is constructed, Table 3.19.
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Table 3.18. The estimated phase velocities based on the CC-F data on Figures

3.47 to 3.49.
r=15m r=27m r=37m
f Phase Phase Phase
Hz Velocity Velocity Velocity
m/s m/s m/s
.25 16 28 40
75 49 90 137
1.25 82 189 319
175 156 296 741
2.25 209 466 982
2.75 282 612 1025
3.25 374 694 942
3.75 497 712 874
4.25 642 700 816
4.75 741 680 758
5.25 740 659 698
5.75 689 644 644
6.25 638 635 600
6.75 600 628 562
7.25 573 621 526
7.75 557 616 526
8.25 552 619
8.75 554
9.25 561
9.75 564
10.25 563
10.75 559
11.25 559

Table 3.19. The phase velocity and shear wave velocity for layered medium
based on the phase velocity-depth profile on Figure 3.50.

Depth Phase Velocity B
m m/s m/s
<20 600 667
<40 466 518
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> 40

1177

1310

Figure 3.51 shows the plot of the simulated phase velocities, the top curve on the
figure, for the above model. The bottom curve shows the phase velocities for a
similar model except that moving the boundary of the second layer to the depth of
350 m. The simulated phase velocities for these model are in good agreements with

the calculated phase velocities. The estimated shear wave velocity profile for the

site certainly supports the stiff soil/bedrock site characterization.

Figures 3.52 to 3.54 show the CC-F curves for the radial and tangential
components of microtremors for the cases of ¥ =15, 27, and 37 m. The CC-F
curves for the radial and tangential components show remarkable similarities with
each other and with the CC-F curves for the vertical components of the ground
motions. As was discussed earlier this can be the case if the horizontal

components of microtremors consist of waves equally polarized parallel and

perpendicular to their direction of propagation.
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Chapter 4

Simulation of Strong Ground Motion Parameters Based on Weak
Motion Site Response

There are ample evidence from theoretical, experimental, and earthquake observation
studies that soil materials under strong ground shaking show nonlinear behavior (Boore
et al.,, 1989; Darragh and Shakal, 1991a ,b, Jarpe et al., 1988, 1989; Seed, 1988; Chang
etal., 1990; and Chin and Aki, 1991; Mohamadian and Pecker, 1992). The state-of-the-
practice for site response analysis is to model the site as layered medium and calculate
the strong motion site response by one-dimensional SH wave propagation through the
medium. In general, the results of such analysis may not adequately represent the
complexity of the wave propagation through the local subsurface materials. In that
respect, methods that use real earthquake data to characterize the site response, such as
coda waves amplification technique, could provide a more realistic information on the
site response to earthquake ground motions. However, except for sites that have been
instrumented and recorded moderate or large earthquakes, most available information
on site-response including those from the coda waves represent the weak ground motions
and thus are the linear site response. The weak motion site response (WMSR) can not be
directly translated into the strong motion site response (SMSR) unless the nonlinear
mechanisms that control the amplitude and the frequency content of strong ground

motions are known.

AN I
.'(",:’ ’.’ e |
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The SMSR is a nonlinear problem that depends upon the frequency content and
amplitudes seismic waves. The earthquake ground motions at a site reflect the nature of
the ground motions at the source, the wave propagation through the Earth between the
source and the site, possible focusing or defocusing effects of large scale geologic
structures on seismic waves, topography of the site, possible resonating effects of shallow
reflectors, and the nonlinear response of the local site materials. Therefore, the SMSR
analysis can not be separated from the detail of the earthquake source parameters and
path effects. Following is a block diagram of a pypical earthquake ground motion

phenomena.

Strong Motion

Site Conditions

| VortextRock Consultants, Inc. 178




The left column shows the simplified block diagrams of the major parameters that control
earthquake strong ground motions. In a typical strong ground motion simulation the
missing link is the nonlinear site response. Although, there are uncertainties in all other
parameters, we can make reasonable assumptions about the source, path effects in terms
of the quality factor, and weak motion site response such as coda waves amplification
factors. However, we do not know how the site would respond to earthquake strong
ground shaking. Therefore, the issue becomes how to simulate the strong ground
motions using the weak motion site response information. As is shown in the diagram, we
need to design a filter to transform the WMSR to the SMSR. However, as it will be shown
shortly the design of such filter depends upon the source and path parameters and thus
requires to be integrated into the whole process of ground motion simulation. Following
we will discuss the state of the practice of the ground motion simulation within which we

will introduce a simple methodology for transforming the WMSR to SMSR.

During the last fifteen years, a number of modeling techniques for earthquake rupture
mechanisms and earthquake ground motion simulation have been developed that have
direct application in engineering seismology. The most notables are the Barrier and
Asperity models for fault rupture mechanisms (Papageorgiou and Aki 1983a and 1983b;
Kanamori, 1978; and Lay and Kanamori, 1981), the empirical Green's function
technique (EGFT) for simulating ground motion time histories (Hartzel, 1978), and the
random vibration technique to predict the statistical mean of peak ground motion and
response spectra based on an assumed earthquake source spectrum (Hanks and

McGuire, 1981 and Boore, 1983). The EGFT is a practical way of simulating ground

J—

l\H=
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motions from a large earthquake (target earthquake) by using the recorded ground
motions of smaller events (sub-events) which share the common propagation paths as the
target earthquake. However, for most site locations and fault systems, strong motion
recordings are not available. To overcome this difficulty, one could take the advantage
of the coherent deterministic properties of the long period spectral components of the
sub-events and treat the high frequency components as the results of a stochastic process.
Therefore, peak ground motions and response spectra could be determined by using the
random vibration technique (RVT). Such a procedure could have a broad engineering
applications because it could efficiently incorporate the complexities of the rupture
mechanisms, the regional and local site effects, and the structural response into the
ground motion analysis. Furthermore, the use of RVT is specially suitable to determine
the design seismic parameters, since it eliminates the need for performing the analysis
for different input motions. Following, we present a model for earthquake strong ground
motion simulation based on the concept of empirical Green's function and random

vibration techniques.

Based on the concept of the empirical Green's function technique, the Fourier amplitude
74 D q D

spectrum of ground motions for a target earthquake at a site can be formulated as

y(@)=3 1, (@)e™G(a) X

Al
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where Y;(a)) is the Fourier amplitude spectrum of sub-event j at the site, @ is the
natural frequency, 1 is the delay time for the arrival of the seismic waves from sub-event
J to the site; t; =X, /V +R; /B where Xj is the distance from the rupture
initiation point to the element j, Rj is the distance from the element j to the site, V is the
rupture propagation velocity, B is the shear wave velocity for the medium, and G( @) is

the response of the local site materials.

Using the @’ - model Jor the source spectrum (Hanks and McGuire, 1981) and including
the terms for the path effects and fmax (Papageorgiou and Aki, 1983; and Hanks, 1982)

the spectral amplitudes for each sub-event can be written as

Y ()= Kj (MO)j Qrfy IR
J 4ﬂpﬂ3 Rj 1+(f/f;)1)2 \/1+(f/fmj)8

(4.2)

Initiation
Point

Diagram 4.1. A schematic diagram of the sub-event model as is formulated in
equation (1)
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where K is a coefficient representing the combined effects of the radiation pattern, free
surface effect, and the partition of energy; p is the density; M is the seismic moment; Jo

is the corner frequency; Q is the quality factor; and fp, is the high frequency cut-off. My,
fp andf,, are defined for each sub-event. The power factor n takes the value of 0, 1, or

2 for displacement, velocity, or acceleration, respectively.

The displacement spectrum of a structure with a single-degree-of-freedom and linear

damping properties can be written as

2

_ @
RS(w)=| (@ — o)) -2 Ean)i Y (@) (4.3

where RS () is the displacement spectrum of the structure, Y, (@) is the displacement

spectrum of the ground motion, and @, and & are the natural frequency and the
damping ratio of the structure, respectively. Substituting for Y, (@) from equation (4.2),

using n=0 for displacement, the displacement spectrum of an oscillator with a single-

degree-of-freedom could be written as

2

(0}
(@, - @) -2 E0.)i

J .
RS(@)=Y Y, (@) """ G(a)| | (4.4)

J=1

For most engineering analysis the design structures should be checked against many

different input ground motions. In that respect, the random vibration technique is an
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effective way to determine the design peak ground motions and response spectral
parameters. Results of a number of investigations have indicated that RVT successfully
predicts the peak ground motion at both local and regional distances (Hanks and
McGuire, 1981; Boore, 1983; Hanks and Boore, 1984; Joyner, 1984). The RVT relies on
relating the root-mean-square (rms) amplitude, in time domain, to the peak ground
motions as a function of the number of cycles of vibration over the strong motion

duration.

Cartwright and Longuet-Higgins (1956) derived an asymptotic expression for the ratio of
the expected peak ground motions to the corresponding root-mean-square amplitude for

the case of large number of extrema in a time interval T as

ms

EQumd _ 210 ()12 + y /1210 (W] (4)

where E(y_.. ) is the expected value of the largest of N extrema, y, _ is the root-
mean-square amplitude, and y=0.5772.. is Euler's constant. Boore (1983) stated that

this equation is good approximation even for small values of N. From the Parseval's

theorem Y, . can be written as

y(o) do (4.6)

© Sy 8

1
Yoms =
b4
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where | y(®)| is the absolute spectral amplitude. The expected number of extrema for

N can be estimated from
N=2fT (4.7)

where _f is the predominant frequency of the motion and T is the duration of the

motion. The factor 2 appears because there are two extrema in each cycle of motion.

However, for the asymptotic equation (4.5) N is the number of zero crossings and j~r

can be estimated from the following expression

: [o® y(o) do
0 (4.8)

| p(@) do

Boore and Joyner (1984) proposed two different time windows to estimate the number of
extrema (N) and rms amplitudes for the response spectral estimation based on RVT.
They obtained corrections for the rms duration of a damped oscillator in terms of the
earthquake source duration and the natural period and damping properties of the

oscillator.

Equation (4.4) is the basis for the strong motion response spectral simulation of large
earthquakes using sub-event models. The term G( ) represents the overall local site

response. We write G( @) in terms of linear and nonlinear site response as follows
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G(w)=G,(w)e™*f (4.9)

where G,( @) represents the weak motion, Iinear, site response and e/ represents the
response of the filter in Diagram 4.1 for transforming the WMSR to SMSR. The
exponential decay term is equivalent to the response of a dashpot with a constant
damping ratio. It also represents a constant Q-model that is commonly used in
earthquake seismology for modeling the attenuation properties of materials. It is
understood that a simple dashpot model would not capture the complex nature of the
nonlinear behavior of the local soil materials. However, the realization of more

sophisticated models require information that would not be available in most real case

situations. Substituting for G( @), equation (4.4) can be written as

a)Z

(@, — @* )= (2 bw)i

J .
RS (@)=Y Y,(0)e ™G (w)e ™ | | @
j=1

In a similar way the equation for the free surface ground motion can be written as

»(@)= Y (@)™ G (0)e™ (4.11)

j=1

It should be mentioned that the ground motion time histories can be easily calculated
Jrom equations (4.10) and (4.11) using the inverse Fourier transformation since these

equation provide both the amplitude and phase of the spectral components. Substituting
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for y(w) and y, . in equation (4.5) the equation for the expected peak ground motion

can be written as

EQ) =121 (] +7 /210 (W] [I37,(0)e™*"G (@)™ /[ do

(4.12)

where

) J ) 1/2
r IwzlzYj(a))e"”"G,(a))e‘“fizdaJ
N = 0 j=1

I [ 7,(@)e ™ G (@)e [ do

1

©
o J=
For a given design earthquake and WMSR the only unknown in the right hand side of
equation (4.12) is the coefficient &@. Knowing @, the response spectra and time histories
for the design earthquake can be simulated. We propose to determine the coefficient
in such a way that equation (4.12) for a given design earthquake and WMSR predicts an
assumed peak ground acceleration (PGA) for typical soil sites based on empirical

relationships between PGA of soil and rock sites. Shortly, we will discuss the procedure

in more detail.

The central point of the proposed methodology is that for any given source-site scenario
a reliable estimate of a PGA at the soil site is available. ~ Figure 4.1 shows summary

plots of PGA at soil sites versus PGA at rock sites. These curves represent the results of
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both the observed and simulated data and could be used for our purpose. However, in
order to gain more insight on the nonlinear behavior of soil materials we complement
this data with the results of strong ground motion simulation of various source-site
scenarios. For this purpose we use the - point source model, equation (4.2), for
earthquakes and randomize the source and site parameters by using the Monte Carlo

simulation technique. The - point source model, equation (4.2), is

Y.(a))-_— KJ’ (Mo)j(Zn'f)" e-frijlﬁQ
j 4npﬂ3Rj 1+(f/fo,.)2 \/1+(f/fmj)8

(4.13)

The subscript j in equation (4.13) identifies the variables that are used in the Monte
Carlo Simulation of the ground motions. The variation in the corner frequency is
controlled by the stress drop and the magnitude as follows (Kanamori, 1977; Knopoff,
1957; and Brune, 1970 and 1971)

log(M,)=15* M_+9.05, (4.14)
_1M
Ao= T (4.15)
and
2.34p

E o __(n
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where M, is the moment-magnitude, A o is stress drop, and r is the radius of the

equivalent circular rupture area for the earthquake. The unit for seismic moment in
equation (4.14) is N-m. A single earthquake source model with no direct account of the
directivity and rupture propagation is used for the simulation with the idea that statistical
variation of different parameters specially the radiation coefficient, K, would account for
these effects. The local site condition is modeled by a single layer of soil materials over
a base-rock-type materials. It is understood that a single layer model for the site
conditions is a very simple representation of a complex system. However, the concept is
that each one-layer model is the realization of different multilayer models with similar
SMSR. We use the word base-rock instead of rock to emphasize the fact that in the
geotechnical earthquake engineering the bedrock-type materials are considered as those
with the shear wave velocity of 760 m/s (2500 fi/s). This is very different than the concept
of the bedrock in earthquake seismology where the bedrock materials are assumed to
have very high shear wave velocities. Table 4.1 shows the list of parameters and the

range of values that are considered in the simulation.

The depth of the soil materials is limited to 150 ft since at such a depth the shear wave
velocity of different soil type materials, even if normally consolidated, will approach the
shear wave velocity of the base-rock materials. The equivalent linear method is used to
simulate the nonlinear behavior of the soil materials. The last parameter in the table, the

damping factor, is the ratio of the equivalent to peak particle velocities that is used to

yaaii
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obtain the equivalent damping ratio for the soil materials. The total of five thousand
simulations are performed. The random vibration technique is used to obtain the peak

ground accelerations and 1.0 second spectral acceleration values. For each scenario the

Table 4.1. List of parameters and their range of values that are used in ground motion

simulation

Variable Lower Value Upper Value
M., - Moment-Magnitude 6.0 8.0
R - Distance (km) 10.0 30.0
A o - Stress Drop (bars) 50.0 100.0
K - Radiation Coefficient 0.8 1.0
Depth - m 3.0(1011) 46 (150 f1)
Shear Wave Velocity m/s 133 (400 ft/s) 457 (1500 fi/5)
Damping Factor 0.6 0.8

ground motion parameters are calculated with and without the effects of the local site
materials corresponding to the base-rock and soil site conditions, respectively. A direct
comparison between the ground motion parameters of these two site conditions provide
information on the nonlinear behavior of the soil site in response to the scenario
earthquake. Figure 4.2 shows plots of the PGA values at soil sites versus those at rock

sites. The two lines represent the amplification factors of 1.0 and 1.5 for the PGA at the

vaiii
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soil sites. All points above the line with the slope of 1.0 represent the source-site
scenarios with relatively linear site amplification.  The apparent conclusion from this
figure is that the strong motion PGA at soil sites show a broad range of both
amplification and de-amplification.. However, a close investigation of the results
suggests that the depths of the soil materials have dominant effects on the estimation of
the PGA values. Figures 4.3-a to 4.3-g are similar to Figure 4.2 except that the data are
partitioned based on the depth of the soil materials. Each figure shows a distinctive
pattern for the PGA values. The results suggest that at low levels of ground motions,

base-rock PGA < 0.3 g, the soil site could respond almost linearly with the possibility of
ground motion amplification. However, at high level of ground motions the PGA at
shallow soil sites, less than about 40 fi, show amplification whereas the PGA at deep soil
sites show de-amplification. The results also suggest a definite saturation of the PGA

values with increasing the level of the base-rock motions for deep soil sites. However,

the degree of saturation of PGA varies with the depth of the soil materials. Figure 4.4
shows the best fit to the simulated soil-base-rock PGA values and the corresponding one
standard deviation of error for seven depth intervals. The best fit for the depth range of
100-120 ft show a sudden increase in the soil PGA values. This reflects the lack of data
in this depth range rather than the physics of the problem. The plots of 1.0 s acceleration
spectral values, Figure 4.5 also show the strong depth dependency. However, the pattern
of the behavior for the PGA and 1.0 second spectral acceleration values are different.

Considering that 1.0 second spectral acceleration values could be strongly affected by
the regional large scale structures, such a basins, that are not related to the local site

effects we use soil-rock PGA relationships for WMSR to SMSR purposes.
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We propose to characterize the site conditions into three different depth categories as
shallow, less than 40 fi, intermediate, between 40 and 80 fi, and deep, greater than 80 ft.
Figure 4.6 shows the best fit and one standard deviation of error for the PGA values for
the three depth categories. These curves provide predictive relationships for the PGA at
soil sites in terms of their corresponding values at base-rock sites. These depth ranges
are selected since their lines of one standard deviation of error, for most cases, do not

cross each other,

In order to design a nonlinear filter for the soil material, first we estimate the base-rock
PGA for the design earthquake from equation (4.12) without any site effects and using
RVT. We characterize the soil site as shallow, intermediate, or deep and identify a
predictive relationship for rock-soil PGA from Figure 4.6. Using the simulated rock-site
PGA and one of the curves on Figure 4.6 we estimate the most probable PGA at the soil
site (PGA_S). We estimate the coefficient &, using a trail and error solution of equation
(4.12), in such a way that the PGA_S at the site is predicted, see Diagram 4.2. The value
for the coefficient & is unique for the given source, WMSR, and the nonlinear PGA
scenario. Knowing the value of coefficient & for the given design earthquake the

response spectral parameters and time histories for the site could be calculated from

equations (4.10) and (4.11) and using the RVT.

Coefficient ¢ is the key parameter that links the linear to nonlinear site response and

enables us to estimate the strong ground motion spectral parameters. The fact that the

28,

)

L
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value for the coefficient ¢ is obtained based on an assumed base-rock-soil site nonlinear
PGA relationship does not mean that the estimated response spectra from the subsequent
analysis is scaled by the PGA. The determination of the PGA and response spectral
parameters from equations (4.10), (4.11), and (4.12) based on RVT takes into
consideration the spectral amplitudes of all frequencies. Certainly, the high frequency
components of the ground motion make more direct impact on the estimation of the PGA
than the long period components. Nevertheless, the shape of the response spectral

parameters would change with increasing or decreasing the level of the PGA_S since the

nonlinear term, e’ , affects all frequency components.
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VortextRock Consultants, Inc. 193

yailii




Application

In order to show the application of the proposed methodology in earthquake ground
motion analysis we simulated the response spectral parameters for the Landers (1992)
earthquake at five CDMG sites. The selected sites are Barstow, Desert Hot Spring,
Joshua Tree, Palm Springs, and Yermo. The weak motion site response of these sites are
obtained from a coda wave amplification database for southern California that is
compiled by Chin and Aki (1993). The database is a GIS-based map of weak motion
amplification factors for southern California based on the coda waves amplification
Jactors and the information on the regional surface geology. Sites are characterized into
two general groups namely the alluvium and bedrock. Using the similarity between the
surface geology of sites with and without coda waves data a regional distribution of the
coda waves amplification factors over 5x5 km grids for four frequency bands with center
Jfrequencies of 1.5, 3, 6, and 12 Hz are obtained. Figure 4.7 shows the location of sites
underlain by the Quaternary-age alluvial materials. Figures 4.8-a to 4.8-d show the
inferred weak motion amplification factors relative to a homogeneous half-space for
different frequency bands. Regions of Imperial Valley and central Los Angeles basin

show the greatest amplification values in southern California.

The source of the Landers earthquake was modeled by four sub-events with @°-source
model. The Landers earthquake has the moment magnitude of M,,=7.4 and stress drop

of Ao = 100 bars. The choices of the number of sub-events, stress drop, and Jmae cOme

Jrom the results systematic studies on these parameters by Papageorgiou and Aki (1983b)

E il |
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and Chin and Aki (1992). The rupture of the Landers earthquake starts from the
southern end of the fault and propagates to the north. The attenuation properties of the
region are modeled by a frequency dependent quality factor of Q = 100 [ (chin

and Ald, 1992).

Figures 4.9-a to 4.9-e show the horizontal component response spectra for 5% damping
ratio at these stations. The CDMG response spectral values are calculated using the
published time histories for these sites. The simulated response spectra are shown by
symbols. The mid curve in Figure 4.6 is used to estimate the expected PGA at soil sites

from those at rock sites. Three sets of response spectra are shown including
fm = 5 Hz andf,, = 10 Hz with a frequency dependent exponential decay, e/ , and

for f,, = 5 Hz with a frequency independent exponential decay, e . The thick line

represents Boore et al. (1993) empirical response spectra based on the magnitude of the
earthquake and the closest distance from each site to the surface trace of the fault
rupture area. Spectral values at 2 seconds (0.5 Hz) are calculated based on coda waves
amplification factors at 1.5 Hz. This assumption may not be warranted as the results of
the simulation suggest. Table 4.2 shows the summary of observed and simulated PGA
and duration parameters at these sites. The Husid duration is defined as the time
between 5 and 95% of the cumulative energy of the time history. The simulated PGA and

duration values at these sites show excellent agreement with the observed values.

4l
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Table 4.2. A comparison between the observed and simulated PGA and the Husid
duration at five of the CDMG recording stations.

Station Observed Simulated
PGA | Duration | PGA | Duration
g Seconds g | Seconds
Barstow A4 22 .10 23
Desert Hot Springs 16 35 A2 41
Joshua Tree .28 30 21 35
Palm Springs .09 43 .08 42
Yermo .21 20 14 22

All five CDMG stations reportedly are deployed on alluvial materials. The Boore et al.
empirical equation, as expected, represents the regional average response spectra. It
appears that for these sites if the estimated PGA based on the empirical equation is in
good agreement with the recorded PGA at a site, the empirical and the time histbry-
related response spectra also show good agreement. It must be kept in mind that the
results of the simulated response spectra are not strictly site specific. The nonlinear
relationships shown in Figure 4.‘6 do not reflect the effects of a particular local site
conditions on the peak ground acceleration. Furthermore, the damping effect of the site
materials on seismic waves of different frequencies is possibly different than the simple

exponential decay term, e or e used in equation (4.5). The details of the local site

Yyl
)
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conditions will determine the amplification and attenuation of ground motions for
different frequency bands. However, the good agreement between the observed and
simulated PGA and response spectral values suggests that a "semi-site-specific” response
spectra for future earthquakes could be obtained, with reasonable accuracy, by using
typical source parameters for a given magnitude earthquake and knowing the WMSR
such as coda waves amplification factors for the site. This simulation technique is
specially attractive since one could introduce different levels of the complexity on the
source parameters, rupture directivity, path effects including the basin response, and
local site and structural response into the ground motion analysis. Another interesting
aspect of the model is that both the frequency domain spectral parameters and time
domain ground motions including the duration of shaking could be estimated. However,
in order to fully appreciate the potential of this simulation technique and to evaluate its
limitation and shortcomings more investigation on its application on past earthquake

data at various sites is needed.

)
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Figure 4.9.a to 4.9.e. Horizontal component response spectra for 5% damping
ratio at five CDMG sites. Symbols represent the estimated response spectra
based on the sub-event/RVT simulation using the proposed methodology, see the
text for detail, to transform the weak motion coda waves amplification factors to
strong motion amplification values. Stars are for a nonlinear frequency

dependent exponential decay e ) and fm =10 Hz, triangles. are for a
nonlinear frequency dependent exponential decay e %’ and fm =5 Hz, and

circles are for a nonlinear frequency independent exponential decay e % and
fn=5 Hz The thick line on each figure shows Boore and Joyner (1993)
empirical response spectra for M, ="1.4 and using the closest distance from
each site to the surface trace of the rupture areaq.
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Chapter 5

Site Response Investigation based on the Spectral Ratio
Analysis of the Northridge Earthquake Data

Investigating the response of soil sites to past earthquakes is important for better
understanding the phenomena of site response to earthquake ground motions. The
Northridge earthquake of January 1994 with moment magnitude 6.7 and its aftershocks
have generated good quality data on the USC and Caltech networks at a number of sites
in southern California. It is the objective of this study to investigate the response of a
number of soil sites in southern Célg'fomia to the ground motions from the Northridge

earthquake and its selected aftershocks.

The earthquake ground motions at a site reflect the nature of the ground motions at the
source, the wave propagation through the Earth between the source and the site, possible
Jocusing or defocusing effects of large scale geologic structures on seismic waves,
topography of the site, possible resonating effects of shallow reflectors, and the nonlinear
response of the local site materials. Isolating the effects of the local site materials on
earthquake ground motions from other effects is a major problem in all site response
studies. In that respect, the spectral ratio technique has been successfully used by many
investigators for site response analysis using earthquake data (Borcherdt, 1970;
Andrews, 1986; Jarpe et al , 1989; Darragh and Shakal, 1991; Field et al., 1992, Field,
1994; Steidle, 1993). The basic assumptions are that 1) the earthquake radiation pattern
at the adjacent sites are similar and 2) the rock site has relatively flat site response as a
Junction of frequency. In this study we use the spectral ratio technique to investigate the
response of soil sites to the ground motions of the main shock and few of the aftershocks

of the Northridge earthquake.

L 8 l
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The Department of Navy provided us with two sets of ground motion data from the USC
" and California Institute of Technology (Caltech) networks for the Northridge main shock
and its aftershocks at different pairs of stations with soil/rock site conditions. Tables 5.1
and 5.2 show general information on the sites and earthquakes from the USC network.

Table 5.1. General information on earthquakes from USC network. The data from
earthquake #4 is not used in this study. It is shown here for the consistency in IDs
with the Navy Report and original USC data.

Earthquake Latitude | Longitude | Magnitude | Depth

ID km
0 34.2133 118.5369 6.7 18.4
1 34.2786 118.4728 5.9 .0
2 34.2611 118.5339 4.5 14.8
3 34.2544 118.5450 4.6 .0
4 34.2144 118.5094 4.5 17.2
5 34.2314 118.4750 5.3 13.1

Table 5.2. General information on the recording stations of the USC network that are
used in this study. The distances from each station to the five earthquakes are shown.

Site Latitude | Longitu | EQ#0 EQ#1 EQ#2 EQ#3 EQ#5
ID de Distance | Distance | Distance | Distance | Distance
km km km km km
13 34.1317 118.4394 13 17 17 17 11
16 34.0894 118.4347 17 21 21 21 16
18 34.0875 118.3653 21 23 25 25 19
49 34.0419 118.5536 19 27 24 23 22
60 34.2378 118.2536 26 21 26 27 20
61 34.2864 118.2253 30 23 28 30 24
63 34.2000 118.2311 28 24 29 29 23
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‘ Table 5.3 shows the lists of soil and rock sites and the earthquakes that are recorded by
each pair. The general description of the site conditions for the USC recording stations

are shown in Table 5.4.

Table 5.4. List of Soil and Rock sites for the USC network that are used in this study.

Soil Site Rock Site Events
Main Shock
USC 63 USC 61 A ﬁershock 1
Aftershock 4
Aftershock 5
Main Shock
USC 18 USC 16 Aftershock 1
Aftershock 2
Aftershock 5
USC 60 USC 61 Main Shock
Aftershock 1
Aftershock 4
Aftershock 5
USC 49 USC 16 Main Shock
. Aftershock 1
Aftershock 2
Aftershock 5
USC 13 USC 16 Main Shock
Aftershock 1
Aftershock 2
Aftershock 3

Table 5.4. The site conditions for the USC stations.

Site ID Site Classification | Site Conditions

13 C Stiff soil over sediments
16 B Rock

18 B Stiff soil over sediments
49 C Stiff soil over sediments
60 C Stiff soil over rock

61 B Rock

63 C Stiff soil over rock

)
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* Soil classification are from the Department of Navy's report.
A: B > 760 m/s B: 360 m/s < B <760 m/s

C: 180 m/s < 3 <360 m/s D: <180 m/s

Table 5.5 shows the general information on earthquakes from the Caltech network.

Table 5.5. List of earthquakes from the Caltech network that are used in this study.

Soil-Rock Site Pair
ID*
Earthquake | Latitude | Longitude | Magnitude | 1 | 2| 3 | 4 5
ID
1 34.2785 118.4727 5.9 X | x| x|{x|Xx
2 343172 118.4548 4.7 X X
3 342848 | 118.6238 44 X
4 34.3263 | 118.6983 5.6 X
5 34.3425 | 118.6655 4.0 x| x
6 343787 | 118.5632 4.4 X
7 34.3575 118.6223 43 X
8 343787 | 118.5607 4.8 X
9 34.3785 | 118.7107 5.1 X X
10 343010 | 118.4662 4.6 X
11 34.2983 | 118.4523 4.1 X X
12 342937 | 118.4613 42 X
13 34.2992 118.4282 4.1 X
14 34.3452 118.5522 4.6 X
15 342735 | 118.5625 4.6 X
16 343743 | 118.4948 4.2 X
17 34.3053 118.5793 5.1 X
18 342782 | 118.6108 43 X
19 34.3570 118.4798 4.1 X
20 34.3400 | 118.4800 3.6 X

* For the description on the ID for the soil-rock sites pairs refer to Table 5. 7.
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The lists of the stations and their site conditions Jor the Caltech network are shown in
Table 5.6. Table 5.7 shows the list of the pairs of soil-rock sites in terms of their ID
number that are shown on Table 5.5. The identification numbers for earthquakes and

their distances to the recording sites are shown on Table 5.8.

Table 5.6. List of the selected recording stations from the Caltech network.

Site | Latitude | Longitude Site conditions
ID
1 34.1062 | 118.4542 | Pre-Tertiary Jurassic marine bedrock at dam
2 34.0630 | 118.4180 | Pleistocene non marine terrace deposits
3 34.0900 | 118.3390 | Pleistocene non marine deep alluvium 130 m, sandstone
and shale
4 34.0700 | 118.1500 | Pleistocene non marine few hundred feet of alluvium,
siltstone
5 34.3120 | 118.4960 | Quaternary sedimentary bedrock Saugus Formation
6 34.3880 | 118.5332 | Alluvium
7 34.148 118.170 | Weathered Mesozoic granitic rock tonalite diorite
8 34.019 118.285 | 400 ft of alluvium over clay and shale
9 33.650 117.009 | Rock, Dominigoni Reservoir
10 34.104 117.097 | Alluvium, Seven Oaks Dam inside tunnel

Table 5.7. List of soil-rock sites pairs.

Soil-Rock Sites pair ID Soil Site ID Rock Site ID
from Table 5.5 from Table 5.5
1 4 7
2 2 -1
3 3 8
4 9 10
5 6 5
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Table 5.8. List of earthquakes and their distances for the recording stations. ‘
Station ID
(stations are grouped as pairs
Earthquake ID 4 7 | 3 8 |
1 37 | 31 24 | 33
2
3
4
5 56 | 50 | 32 | 38
6 32 | 37
7 32 | 37
8 51 | 44
9 62 | 56 47 | 56
10 39 | 32
11 37 | 31 25 | 34
12 3 34
13 6 14
14 6 5
15 7 13
16 7 4
17
18 11 | 14

The epicentral locations of earthquakes that are recorded by each pair of soil-rock sites
on the USC network are shown on Figures 5.1. The time histories for this data set,
except for the main shock, are mostly less than 30 seconds. For each record the
complete time history was used for the spectral ratio analysis. The time histories and
spectral amplitudes for all records are shown in Appendix E. The spectral ratios of
individual pair of stations are shown in Appendix F. Figures 5.2.a to 5.2.e show the
results of spectral ratio analysis for different earthquakes at different pairs of rock-soil
sites. The thick shaded lines show the spectral ratios for the main shock and the thick

solid lines show the average of the spectral ratios for all earthquakes. The scattering in
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the results for each pair of sites is large. However, the spectral ratios for each pair as a
function bf frequency show a recognizable pattern. For example, the results on Figure
5.2.a for the station pair 13-16 show a factor of ten amplification for the soil site around
2 Hz on both transverse and vertical components. The average spectral ratios indicate a
factor of two amplification for the soil site for most frequency ranges consistent with the
C-type site conditions for the station 13, Table 5.4. The average spectral ratios, Figure
5.2.b, for the station pair 16-18 show no significant site amplifications over any
frequency range. Station 18 is characterized as a site with B-type site conditions. The
spectral ratios show values less than one for the frequency ranges between 1 and 2 Hz.
The most consistent parts of the spectral ratio data are for the frequency range of 1 to 2
Hz. This is observed on all records.  Station 63 is characterized as a site with C-type
site conditions. The spectral ratios for the station pair 63-61 show amplifications at all
frequency ranges, except around 1 Hz. All records show consistent results with high
amplifications around 2 - 3 Hz and around 5 Hz. Station 60 is characterized as a site
with B-type site conditions. The spectral ratios for the station pair 60-61 show
amplifications only around 2 Hz with no significant amplifications over other frequency
ranges. The spectral ratios for the station pair 49-16 show de-amplifications between the
frequency range of 1 to 2 Hz with no significant amplifications over other frequency
ranges. Station 49 is characterized as a site with C-type site conditions. The distance
ranges for the earthquakes-sites combinations in this study are between 12 and 30 km.
The magnitudes of earthquakes range between 4.5 to 6.7. Within these magnitude and
distance ranges there are no recognizable consistent differences between the soil-to-rock
site spectral ratios for the main shock versus the aftershocks that might indicate any

nonlinear site response at these sites.
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Figures 5.3 shows the epicentral distribution of earthquakes and site locations for
different pairs of stations from the Caltech network. The time histories are mostly 60 s
long. On some records there are few seconds of noise before the onset of earthquake
ground motions. These records are divided into three time windows for noise, S-waves
and coda waves. Other records are identified by S-waves and coda waves. The time
histories and the spectral parameters of these records are shown in Appendix G. The

spectral ratios for selected records are shown on Appendix 1.

The spectral ratios for all pairs show consistent pattern for the records within each pair
with very reasonable amount of scattering. However, pair number 4 shows the strongest
variation on spectral ratios for the horizontal components. The long period of the
vertical component show the least amount of scattering. In general, the vertical
components for all cases show less scattering than the horizontal components. It is worth
mentioning that earthquakes for pair #4 are close to, within 4 to 12 km, and surrounding
the recording stations. This is in contrast to the situation for all other stations where the
earthquakes are at distance and to the one side of the recording stations. The strong
scattering in the spectral ratios of pair #4 might be due to the effects of the near field
radiation pattern. In fact, the coda waves spectral ratios for the pair #4, Figure 5.4.4,
show less scattering than the S-wave spectral ratios. The coda waves are the scattered
and back scattered waves from heterogeneities in large volume surrounding the source
and the recording stations. Therefore coda waves amplitudes are less sensitive, than the
S-waves, to the source radiation pattern and the seismotectonic properties of the
materials between the source and the recording station. It is interesting to notice that the
general patterns and amplitudes of the coda waves amplifications up to the frequency of
about 10 Hz are very similar to those of S-waves, Figure 5.4.e. Tl his in part supports the
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concept that coda waves are composed of S-waves and more importantly that the coda
waves amplifications at a site may be good representative for the site response to

earthquake ground motions.

All soil sites show site amplifications over a wide frequency band. Pair #2, Figure 5.3.b,
shows strong amplifications for long periods up to about period of .5 s. Similar patterns
but with less amplifications at long periods are observed on the coda waves spectral
ratios, Figure 5.4.b. The recording stations for pair #2 are close to the edge of the LA
basin. The long period amplification of the soil site might be due to the basin effects.
However, we do not observe similar response on the spectral ratios of pair 49-16 of the

USC network that are at similar locations as the pair #2 of the Caltech network.

The coda waves spectral ratios show very good agreements with the S-waves spectral
ratios. This indicates that for the magnitude ranges of earthquakes and the source-site
distances the site response to the earthquake ground motions were almost linear, similar
to the coda wave weak motion site response. As was discussed earlier, this also supports
the hypothesis on the nature of coda waves being of scattered and back scattered S-waves
(Phillips and Aki, 1986; Sue et al., 1992, Mayeda et al., 1991; Chin and Aki 1991 and
1994). Furthermore, It supports the idea that coda waves amplifications reflect the weak
motion site response to earthquake ground motions and can be used for the earthquake
ground motion simulations after taking into the consideration the possible nonlinear site

response as was discussed in the previous chapter.

As was discussed in the previous paragraph, the results of this study provides interesting

observation on the coda waves and S-waves soil site responses that are useful for better
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understanding and formulating the phenomena of site response to earthquake ground .
motions. However, the variation in the spectral ratios of different earthquakes at each
pair of soil/rock sites and the differences in the average spectral ratios among different
pairs suggest strong variability for soil site responses to earthquake ground motions.
The complexities of the rupture mechanisms, possible focusing or defocusing effects of
large scale geologic structures on seismic waves, topography of the site, and the effects
of local site materials on ground motions all add to the difficulty of the problem of site

response characterization.
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Chapter 6

Computer Programs for Data Processing and Interpretation

During the course of this study a series of computer programs for data processing
and interpretation were developed. These programs can be considered as the
basic tools for processing the data from a Circular Array experiment by the
instruments that have been used in this study. However, in order to make the
programs useful for data processing from other instruments the format of the time
history files, that are the primary input data to all programs, are discussed. It
should be emphasized that these programs were designed as the necessary tools
for our investigation. Therefore, no attempt to automate the data processing or
interpretation was made. The user needs to manipulate the input and output data

and perform some hand calculation.

Following, a brief description of different steps of data processing and
interpretation is presented. Each program and its related input-output data are
described in the following section. The application of different programs will be

demonstrated by processing a data set from a typical Circular Array experiment.
Data Processing & Interpretation

Step 1. Transform the IDS binary files of time histories to ASCII files:
Program IDSMENU (This program is provided by the IDS manufacturer)

Step 2. Resample the recorded time histories and change the format of the
IDS ASCII files: Program RESAMPLE

Step 3. Perform the Fourier spectral analysis of the time histories:
Program FFT (Program FFT P plots time histories and spectral
amplitudes) '
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Step 4. Perform the spatial cross correlation analysis of the circular array
data: Program CROSS

Step 5. Interpret the correlation coefficients in terms of the surface wave
phase velocities: Program PHASE

Step 6. Edit the output of the program PHASE 1o select the appropriate
phase velocities for each frequency range: No Program

Step 7. Transform the frequency-phase velocity values to depth-phase
velocity values: Program F_DEPTH

Step 8. Interpret the depth-phase velocity values to the depth- shear wave
velocity profile of a layered medium using Satoh's empirical technique: No
Program: Hand Calculation

Step 9. For the constructed velocity-depth profile simulate the phase
velocities for Rayleigh waves: Program RAYLEIGH (Program R_Plot
plots the frequency-phase velocities)

Step 10. Compare the calculated and simulated phase velocities and if ‘
necessary modify the velocity-depth profile. Repeat step 9 if necessary: No
Program

St | J
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Step 1. Program IDSMENU

Program IDSMENU is the IDS driver software that allows communicating with the
IDS instrument. The IDS instrument stores time histories in a binary format. The
binary files can be transformed to ASCII files using the program IDSMENU.

Step 2. Program RESAMPLE

The ASCII files from step 1, in general, require a large amount of computer
memory. In order to minimize the memory requirement the time histories are
resampled and are stored in a "random access" format.

Input Data:

Input
Angle
ID-line
output

Input: Name of the IDS ASCII file

Angle: The azimuth of the connecting line between the center and
peripheral sites related to this record. The azimuth is taken with respect to
North drawn at the center site. The same angle must be used for both the
center and peripheral sites. This angle is used to rotate the horizontal
components. Therefore, if the horizontal components are not used or are
not rotated then this parameter does not have any significance.

ID-line: One line of site identification

output: Name of the output file

Output file:

E 1 l
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The output file is a "random access-unformatted” file with the recording .
blocks of 5000 Bytes. The first block is used to store the general

information. The file has the following format:
1st Block:
ID-line:  character*80

nsample: integer*4
ksample: integer*4

ksize: integer*4
nch: integer*4
nlast: integer*4
ang: real*4

header: 12 lines of character*80

3*nch Blocks of data each of 5000 Bytes

nsample:  Total number of samples per channel

ksample: ~ Sampling rate (125 samples per seconds)

ksize: Size of each block in second (10 s ~ 10*125*4 = 5000
Bytes)

nch: No. of blocks per channel

nlast: No. of samples in the last block

ang: Azimuthal angle

header: Header lines read from the IDS file

L d

Step 3. Program FFT

Program FFT performs Fourier spectral analysis of time windows.
Input Data:

A file containing the following information:

name

kwin krot
kwin set of fwinl win2}

E &) |
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name: Name of the time history files
kwin: No. of time windows to process
krot: ID to rotate the horizontal components

krot <> 0: Rotate the horizontal components
krot = 0: Do not rotate the horizontal components

Output:

Random Access files that contain the Fourier amplitudes of the input time
histories. The name of each output file corresponds to the name of each input file
and the sequence of the time history window within the list as follows:

If "name" includes an extension, i.e. "name = [name].abc", the name of the
output file becomes "[name].cij” where "c” is the third letter of the input
file extension and ij is the window ID that takes the value from 01 to kwin.

If "name" does not include extension, i.e. "name = [name]", the output file
becomes "[name].sij".

Program FFT_P

Program FFT P plots the time histories and Fourier amplitude spectra of different
channels.

Input Data:
A file containing lines of the following information:
namel name2

namel: Name of the spectral amplitude files
name?2: Name of the time history file corresponding to the file namel

)

Y&l
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Output:

Plots of time histories and spectral amplitudes for different channels
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Step 4. Program CROSS

Program CROSS calculates the cross correlation of two time histories in the
frequency domain

Input Data:
Name

af

Jf_max

ID

Radius

Qutput

Name: Name of the file that contains the list of spectral files. Each line of
the file should contain the following information:

namel name2

namel: Name of the 1st spectral amplitude file
name2: Name of the 2nd spectral amplitude file

df: The frequency band over which the correlation coefficients are
calculated, equation 2.26 of Chapter 2.

f max: The maximum frequency to plot the spectral amplitude data
ID: An ID for plotting the results

ID = I: Plot time histories and correlation coefficients

ID = 2: Only plot the correlation coefficients

ID = 3: Do not plot anything

Radius: Radius of the circular array

Output: Name of the output file that will contain the correlation coefficients
as a function of frequency for each set of input time histories

Vil
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Qutput:

A file containing the correlation coefficients as a function of frequency for each
set of time histories and the corresponding phase velocities based on the first four

half cycles of the Bessel function.
Note: For the cases of ID = 1 or 2 the program creates a number of plot files by
the names of "TTm.PLT" where m is the sequence number that starts from 01 and

increments with each set of records in the input data file. The plot files can be
sent to the HP or other compatible printers using the following line command.

pp TTm.PLT set0

The file "set0" includes different plotting information. It can be changed by using
the following line command.

pp set)

Py oy

Step 5. Program PHASE

Program PHASE calculates and plots the average of the correlation coefficients of
different time windows and the estimated phase velocities based on the first four

half cycles of the Bessel function.
Input Data:

Input

output

f_max

ID

Input: Name of the file containing the correlation coefficients for different
sets of time histories. This file is the output of program CROSS.

Output: Name of the output file

 f_max: The maximum frequency to plot the spectral amplitude data

Yaiali
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ID: An ID for filtering the correlation coefficient data

ID = 1: Filter the correlation coefficients and plot the results
ID = 2: Do not filter the correlation coefficients

Note: The interpretation of the correlation coefficients in terms of the first four
half cycles of the Bessel function may not always be possible. In such cases the
program sets the value of the phase velocity to zero.

QOutput:

A file that contains the average correlation coefficients and the corresponding
DPhase velocities based on the first four half cycles of the Bessel function. The file
will contain four sets of data corresponding to the vertical, horizontal, and the
average of the horizontal components of the ground motions.

Step 6. Edit the output of the program PHASE to select the
appropriate phase velocities for each frequency range (No Program).

The output of the program PHASE are sets of values for the average correlation
coefficients for different frequency bands and the related phase velocities
corresponding to the first four half cycles of the Bessel function. The appropriate
Dphase velocity for each frequency band must be determined by identifying the half
cycle of the Bessel function to which the correlation coefficient belongs, see
Chapter 2 for more detail. For our analysis, we manually examine the output file
Jrom the program PHASE to sort out the phase velocities. In cases that the
estimated correlation coefficients are beyond the range of Bessel function for the
corresponding cycle, the phase velocities are interpolated. The output of step 5
must be a series of frequency-phase velocity values, i.e. a single phase velocity
value for each frequency band.

1V VortextRock Consultants, Inc. 252
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Step 7. Program F_DEPTH

Program F DEPTH transforms the frequency-phase velocity values to depth-
Pphase velocity values.

Input Data:

Input

ID_velocity

Z max

v_min, v_max, n_div
ID plt

Input: Name of the input file. The file must have the following format:
np, k, ncol
np lines of {depth, velocity}
Note: np identifies the number of data points for a layered
media to be plotted.

k sets of {
ncol lines of {frequency, correlation coefficient, phase

velocity}
/

ID velocity: ID to define the unit of the phase velocities in the file

ID velocity = 1: Velocities in m/s
ID velocity =2: Velocities in fi/s

z_max: Maximum depth to plot

v_min: Minimum velocity to plot
v_max: Maximum velocity to plot
n_div: No. of division for velocity axis

ID ) plt: ID to plot individual set or the average of all sets

Output:

Plots of phase velocity-depth profile. A plot file is generated.
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Step 8. Interpret the depth-phase velocity values to depth-shear wave
velocity profile of a layered medium using Satoh's empirical
technique (No Program)

The plot of the depth-phase velocity values, from step 7, must be interpreted in
terms of the shear wave velocity-depth profile of a layered medium using Satoh's
empirical technique, see Chapter 2 for more detail.

Step 9. Program RAYLEIGH

Program RAYLEIGH simulates the phase velocities of the first four modes of
Rayleigh waves as a function of frequency for a given velocity-depth profile.

Input Data:

An input file with the following format:

nlayer

damping, dv

Jmax, df, nc

nlayer lines of {depth, density, B, o}

nlayer: Number of layers

damping: % damping ratio for the medium corresponding to the wave
related strain level

dv: An increment in the phase velocity to search for the zero
crossing of certain equation. Velocities corresponding to
different zero crossings are the phase velocities of different
modes. dv = 1 gives satisfactory results.

Jmax: Max frequency to be considered for the analysis
df: frequency increment
nc: Number of modes to be considered
depth: Depth to the top of the layer in an appropriate unit
density: Density of the materials for this layer in an appropriate unit
B: Shear wave velocity for this layer in an appropriate unit
a: P-wave velocity for this layer in an appropriate unit

Vsl
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Output:

A file that contains the phase velocities of different modes as a function of
Jfrequency

Program PLOT_R

Program PLOT R plots the simulated phase velocities versus frequency. The
program could also plot individual velocity data points on the same plot.

Input Data:
A file that contains the following information
ID, n_point, n_column

n_point lines of {frequency, n_column of velocity}
if ID <> 0 lines of

Jfrequency, velocity ‘

ID: ID that identifies if there are individual velocity points to plot

ID = 0; No data point to plot
ID <> 0; There are data points to plot

n_point: No. of frequency values
n_column:  No. of different phase velocities for each frequency

[ Lo

Step 10. Compare the calculated and simulated phase velocities and if
necessary modify the velocity-depth profile. Repeat step 9 if
necessary: No Program

yaraii
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6.1 Application

This section demonstrates the application of the programs through processing the
data ﬁ'om a typical Circular Array field experiment with the radius of 45 ft. The
transformation of the IDS binary files to ASCII files is relatively straight forward.
The accompanied floppy disc includes three typical IDS-binary files. In order to
convert these files to ASCII files start the program IDSMENU. Under the
"SETUP-PC" menu-item select "EVENIS FILE IN PC". Select "TRANSFORM
EVENTS" from the menu and under that title select "ASCII OUTPUT". The
software brings the list of IDS files in that directory from which different files can
be selected for binary to ASCII format transformation. The size of each ASCII file
corresponding to the IDS files on the floppy disc is about three to four Méga—
Bytes. Using the program RESAMPLE the time histories in the ASCII files will be
resampled and the results will be stored in random access unformatted files.
Considering the memory requirements for all the IDS and the corresponding
ASCII files and the simplicity of the procedure we skip the resampling process and
begin the data processing from step 3.

The files P1 3.0Ul, Pl 4.0U1, P1_10.0Ul, P2 3,0U2, P2 4.0U2, and
P2 _10.0U2 on the floppy disc are the output files of the program RESAMPLE for
six different ASCII files. These files contain the resampled time histories from a
Circular Array experiment. The files with OUl extension are for the center
station and the files with QU2 extension are for the peripheral sites. The
Jollowing section demonstrates the application of different programs for data

processing and interpretation.

E 1 I
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Step 3. Perform the Fourier spectral analysis of the time histories

The file "SPEC.DAT" on the floppy disc contains the input data for program FFT
for the Fourier spectral analysis of the time histories. For each time history file
nine overlapping time windows for spectral analysis are selected. The beginning
and end of each time window in the SPEC.DAT file are in seconds. For each
selected time window program FFT performs the spectral analysis and creates an
output file. The name of each output file takes the name of the input time history
file as its root with an extension that corresponds to the sequence of the time
window in the SPEC.DAT file. For example, the third time window corresponding
10 the file P1_4.0U1 will be P1_4.103. The total of 6*9 = 72 spectral files will be
generated. Program FFT_P plots the time histories and the spectral amplitudes.

e d

Step 4. Perform the spatial correlation analysis of the circular array
data

Program CROSS performs the cross correlation analysis of two time histories in
the frequency domain. The file CROSS.DAT on the floppy disc is constructed as
the input file to the program CROSS based on the set of files that will be generated
from step 3. Program CROSS can be run with or without plotting the correlation
coefficients and time histories. The output of the program CROSS will be a file
that contains the correlation coefficient values in terms of frequency and the

corresponding phase velocities based on the first four half cycles of the Bessel

v -
)
/-
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function. The file CROSS.OUT on the floppy disc is the output file for our

example.

L

Step 5. Average the individual spatial correlation coefficients and
interpret the results in terms of the phase velocity

Program PHASE performs the averaging of the spatial correlation coefficients on
the output of the program CROSS. The program calculates and plots the mean
and the standard deviation of error of the correlation coefficients as a function of
frequency. The program filters the correlation coefficient data to obtain an
smooth curve. This makes the interpretation of the results easier. The file
PHASE.OUT is the output of the program PHASE in our example. The file
contains four sets of data one for the vertical, two for the horizontal, and one for
the average of the two horizontal components of the ground motions. Each set

contains the correlation coefficient values in terms of frequency and the

corresponding phase velocities based on the first four half cycles of the Bessel

Junction.

g oy
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Step 6. Edit the output of the program PHASE to select the
appropriate frequency-phase velocity values

The output of the program PHASE must be edited to identify the phase velocities
corresponding to the appropriate half cycle of the Bessel function to which each

correlation coefficient belongs. The following table shows a typical example.

VortextRock Consultants, Inc.
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S | plw)
Hz U b o G(@) x2 G (o) x3 G(w) X 4 C4(@)
Jo(x)

.25 .999

75 .989

1.25 .967

1.751  .930

225 874

2.75|  .801

3.25| .708

3.75|  .592

425 | 454

475 | 297 6871 195 7.161 187

5.25 | .138 5954 2498 8140| 182} 12.445) 119.3
5.75| -011 5.487 296§ 8.695 187§ 11.743 | 138.4
6.25| -.151 5.081 | 347) 9.266] 1908 11.1111 159.0
6.75 | -270 4698 | 406

7.25 | -357 4.323 474

7.75 | -.400 | i 3.950] 554

Beginning of the second half cycle

825| -389) 35771 652

875 -321}) 32031 772§

9.25| -199) 2834 922 9.530| 2741 10.831 241
9.75| -039) 2482 1110] 8800 313§ 11.623] 237
10.25) .054f 2302 1258 ] 8.455| 342012030 240
1075 071} 2.271| 1338} 8.393| 362§ 12107| 251
11.25] 087} 2.243| 1418 8336 381112179 261
11.75| 101§ 2.218| 1498 8.283] 401§ 12248 271
1225 .113f 2.195| 1578 ) 8235 420§ 12313| 281
1275 | 125) 2.174| 1658 |} 8.189 | 440§ 12375 291
13.25| .136]| 2.155| 1738 8148 4598 12434 | 301
13.75 | 145 2.137| 1818 8109 479 | 12491 | 311
1425 154 2.122| 1899} 8.072| 499| 12546 321

et 0




S | o)
-Hz U X G(w) x2 G (@) x3 Gi(w) X 4 Cs(@)
Jo(x)

14.75 63§ 2107 1979 12.600 331
15.25 1924 2.055 2098 12.832 336
15.75 236 1.979 2250
16.25 269 1.922 2391
16.75 291 1.885} 2512
17.25 .300) 1.869 2609

Beginni,
17.75 2970 1.875} 2677
18.25 2828 1900} 2715
18.75 256 8 1.945 2725
19.25 220 2.006 | 2712
19.75 177§ 2.082 2682 12.703 439
20.25 128 ) 2.169 2639 12.389 462
2075 | .074) 2.266 | 2589 12.121 484
21.25 0191 2.368 2537 11.874 506
21.75| -.035) 2474 2485 11.640 528
22.25| -.087} 2580 2438 11.414 551
22.75] -134% 2682 2398 11.193 574
23.25| -175§ 2776 | 2367 10.977 | 598
23.75| -208% 2.857| 2350 10.765 623
24.25 1 -232) 2920 2347 10.557 649
24.75 | -246Q 2.959 2364 10.350 676
25.25| -250§ 2.970| 2403 +{ 10.196 700

Beginning of the fourth cycle

25.75 | -243) 2952) 2466 4.790] 15191 9.948
26.25 ) -227) 2908 2552 ) 4.843 1532 9.750
2675 -203) 2844 20591 4.923 1536 1 9.555
27.25} -170) 2.764 2787} 5.023 1533 § 9.363
27.75 1 -131) 2675 29334 5.139 1526 § 9.175
28251 -088) 2581 30948 5.265 1517} 8.990
28.75| -.042] 2487 3269} 5.399| 1505} 8.809
29.251 .005) 2395| 34531 5536 1493} 8.634
29.75 051§ 2308 36450 5.674 1482 8§ 8.465
3025 .095% 2229 3838 5809 1472 8.305
30.75 133§ 2.159 4026 ) 5.938 1464 | 8.157
31.25 166§ 2.101 4205 6.056| 1458 8.024
31.75 J91) 2.057 | 43651 6.156| 1458) 7.914
32.25 209 2.026| 4499} 6.230 1463 ) 7.833
32.75 2178 2.011 46038 6.270 1476 )} 7.790
3325 217 2012) 4673§ 6269 | 1499 7.791
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Please see the discussion in Chapter 2 for more detail.

Step 7. Transform the frequency-phase velocity values to depth-
phase velocity values

The output of the step 6 is a series of frequency-phase velocity values. This
information must be translated into the phase velocity-depth values. Program
F _DEPTH performs such transformation and plots phase velocity-depth profile.
The file PHASE_V.OUT on the floppy disc contains the input data for the vertical
components of ground motions in our example. Figure 6.1 shows the

corresponding plot of the phase velocity-depth profile.

P s

Step 8. Interpret the depth-phase velocity values to depth-shear wave
velocity profile of a layered medium using Satoh’s empirical

technique

In order to demonstrate the application of Satoh's empirical technique to the
velocity-depth data interpretation the data on Figure 6.1 is modeled by two slopes.
The phase velocity-depth values for the end points from the shallowest to the

deepest points are:

C,=2037 ft/s C,=1636 ft/s] [C,=2300 ft/s
d, =40 ft d,=99 ft d, =232 ft

SAM| I
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Using Satoh's technique the data on Figure 6.1 can lead to the following velocity-
depth model.

C;=2037 ft/s, p;=2263 ft/s, and a;=3915 ft/s

dl =40ﬂ
C,=1364 fils, B, =1515 fils, and a,=2622 fils

=99 f
C;=3295 ft/s, B3 =3661 ft/s, and a3;=6333 ft/s

where B and O are the shear and pressure wave velocities, respectively. In
constructing the above velocity-depth model it is assumed that ¢/ f=0.9 and
a/B=17 . Itis also assumed that the top 40 ft of material, where no data is

available, can be modeled by a single layer.

[ da
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Step 9. For the constructed depth-velocity profile of step 8 simulate
the phase velocities for the Rayleigh waves

Program RAYLEIGH simulates the Rayleigh wave phase velocities for a given
velocity-depth profile. The file RAYLEIGH.DAT on the floppy disc is the input
data file to the program for our example. The output of the program is a file that
contains the simulated phase velocities versus frequency. The corresponding
frequency-phase velocity plots can be made using the program PLOT_R. This
program also allows plotting the calculated phase velocities on top of the
simulated ones for the purpose of comparison. The file PLOT.DAT on the floppy
disc is the input file to the program PLOT-R for our example. Figure 6.2 shows
the plots of the simulated and calculated phase velocities. Obviously, the high
frequency components of the phase velocities do not agree with the simulated
values. It might be the case that the high frequency components of microtremors

are dominated by the higher modes of Rayleigh waves.

g g

Step 10. Compare the calculated and simulated phase velocities and if
necessary modify the velocity-depth profile. Repeat step 9 if
necessary.

E 1] |
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Appendix A

Section |

Time Histories and Spectral Parameters for Selected
Records from Experiments 1 & 2 at the Parking Lot of the
St. Aidams Episcopal Church, Malibu, California
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Appendix A
Section Il

The Correlation Coefficients for Selected Records from
Experiments 1 & 2 at the Parking Lot of the St. Aidams
Episcopal Church, Malibu, California
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Appendix B
Section |

Time Histories and Spectral Parameters for Selected
Records from Experiments No. 3 at the Parking Lot of
Mazda Storage Area, Port Hueneme, Oxnard, California

@

Y&ili
T

=
)

VortexRock Consultants, Inc.




\

QU] ‘SIUDIINSUO)) YI0YX}I0A

MOpUTM BWT3} 8 09 :J UOTIRIS
s/W2 g2-3°F GOF° PUB ‘E8F° ‘GIE" 40 SanieA Xey € ¥ ‘2 ‘tU2 :do} wodd
s/uo z-3°7 .03 6-3°7 :@BueH "ZH 02 03 }°0 SaBNIBA A3TI0[aA TeJ3dadg

L§ 1

7 4:._ _ | V ! I __:* ) i 1R

1
1
1

| TR I AT

I
1

sl 11 X1

I T O |

B-i-1



- DUT ‘SIUDINSUO) YO0 X140

MOpUTM BUWT} & 09 :J UAT}BIS
s/wW2 g-3°7 €B0° pue ‘I11° ‘TGg° 40 sanieA xeN € 3 ‘2 ‘Tuo :do3 woud
s/wd g-3°7 0% g-3°7 :80UBH “ZH 02 03 F'0 SanieaA AlTacraA TeJlaadg

[ I I B B )

Litas o3

B-I-2




—r

S/W2 2-3°F ¥EF  PuUe ‘0GT°

U] ‘SIUDINSUO) YOOYXIIIO0A 4

MOpUTM BUWT} S 09 .} Uatlelg
‘GEE- 40 SanIeA XBW € N ‘2 ‘tyo :dol woud4

s/Wd g-3°7 03 G-3'Y

:abued "zZH 02 03 T°0 SanTeA A3TaaraA [BJyjydadg

B--3

1 | IS O T S N

LI S B S s T T T T T T T

1 | PRI I I
lees e s o 4~ | PRI S LI S




MOPUTM aWT3} S 09 :J UOTIBIS

s/W2 2-3°V ¥I2° pue ‘EGT° ‘JTEG" 40 sanieA XeNy € 8 ‘2 'Tyo :dol wodd
S/Wo 2-3°7 03 G-3°7 :@buey "zH Q2 03 F°0 SanTeA A3TI0[8A [eJldadg

QU ‘SJUDINSUO)) YO0 X104 ,@;

i o3 1
Yoa0 901 &

Lig

| WIS
Yoeaa s

Livs s ¢4

T B |

B-I-4



\

DU ‘SIUDINSUO,) YI0YXIP0A

©®

—r

| ) MOpUTM BUIT3 & 09 ] Uarjlels
| s/w2 2-3°v 22F° Ppue ‘g2’ ‘G62° 40 sanieA XBN € 8 ‘2 ‘TUo :dol woud
| S/W3 §-3°F7 03 p-3°7 :@buBH "ZH 02 03 T°0 SanTeA A3}TI0[a8A IeJjodadg

|
|
| : _ ! _ |
| Bt | il , A

B-I-5

| SRR I I
| PRI A
Livsg s o

[ T T |
Lt st 1
210 8 3 % 3

loves s o s 1
ligss a2 [
Livs s s 4




\

—r

S/wd 2-3°F ISV pue ‘yBI’
S/WJ3 1-3°'T 03 ¥-3°%

JUJ ‘SPUDINSUOY) YI0Y X340

"0 sanTeA A1TO0TI8A TeJldads
‘TPE" 40 S8NTEA XBN E § ‘2 ‘Tyd :doj woudd
:afiued "ZH 02 03 T°0 SanIBA A3TOO0TI3A TeJ333ds

B-I-6

legaa e 1

il
1

208 1 8.1 1
[ 0 T B )




— DUJ ‘SIUDIINSUO)) YI0YXI1I04

‘0 sSanieA A3TI0TaA [eJdjaads
/w2 2-3°7 207" Pue ‘QET’ ‘22" 40 sanieA XeN € ¥ ‘2 ‘Tyo :dojl wodg
s/W3 7-3°'7 03} p-3°7 :@bueyd "zZH 02 03 T°'0 SanI[eA A3TaaraA [eudiodadg

1

1 lovss s 3
| I W B [ Lites s v v

lisss s o 3

TR T8 T O O |
I T B |

2 Lisss s 1 1 b a1 1

W T I |

B-I-7



r
4

L

DUT ‘SIUDINSUO)) YI0YXI1I0A

"0 sanieA A3TaareA TeJjoads
/W3 2-3°F 1707  PuUe ‘per- ‘’eg" 40 sanieA xeN £ 3 ‘2 'TUd :do3 woug

S/Wo }-3°F 03 p-3°7 :abued "zZH 02 03 1°'0 SanIBA A3}T0o0TaA [RJ3}dadg

B-I-8

ligg sz o ¢
Loses ¢0 ¢

Live ot 01
Liets o4 ¢
lasen o 3 1

[ B I B )




{

DU ‘SIUDYNSUO)) YO 0YXIP40A

_r

‘0 sanTeA A3TO0[8A [BJ3dads
s/W2 2-3°F €8T Ppue ‘yGr° '‘88G° 10 SanieA XeN £ 8 ‘2 ‘Tyo :do3 waou4
s/W3 7-3'7 03 p~3°7 :8Bued "zZH Q2 03 T'0 SanIBA A3Ta0r[8A IBJ32ads

1 lovs vy 0 2 Lisaq s s o

_.....

A

1 Legs e s 4 1 | TR IR B R 1

[T O |

_.....

] Loy vy g 3 1 | KR IR S

B-I-9



!

—r

§/W2 2-3°7 €8T pue
s/Ws 1-3°7 0%} p-3°

‘TGT

‘886"
T :abBued "zZH 02 03 }°0 SanTeA

QU ‘SJUDINSUO) YI0YXI)L0A

‘0 SanTeA A3Ta0raA TeJdjoadsg
40 SanieA XeN € N ‘2 ‘tyo :dol wodd
A3Ta0T8A TBJlI8dS

T ]

1 eersa s g [

| FEW I A

Lttt 11

—...a.

' | P ITETER S W T | legs e s v 4 g1

lesssa v L feea 3 3 3 1 1

b T T T |

B-I-10



Appendix B
Section Il

The Correlation Coefficients for Selected Records from
Experiments No. 3 at the Parking Lot of Mazda Storage
. Area, Port Hueneme, Oxnard, California

il

<¢ |/ VortexRock Consultants, Inc.
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Appendix C

Section |

Time Histories and Spectral Parameters for Selected
Records from Experiments No. 4 t the Basketball Court of
the McBride School, Los Angeles, California
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Appendix C
Section Il

The Correlation Coefficients for Selected Records from
Experiments No. 4 t the Basketball Court of the McBride
. School, Los Angeles, California

VortexRock Consultants, Inc.
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