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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. Aid 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 ofAki'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 
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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. 

VortextRock Consultants, Inc. 



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 ah, 1988), 1988 Armenian earthquake 

(Borcherdt et ah, 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 ah, 1990; Darragh 

and Shakal, 1991; Field et ah, 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, attempts 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. They 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 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 

et al. (1982 and 1986), Celebi et al. (1987), Field et al (1990), andDravinski 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; Ästen andHenstridge, 1984; Horike, 1985; andOkada 

andMatsushima, 1986). In this type of studies the recordings of microtremors are 

used to determine the frequency-wave number, F-K (k = 2nl 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 ofAki's technique at sites in Italy and Hawaii ( Ferrazzini et ed., 1991; 

Hough et al, 1992; and Malagnini et ed., 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) 

VortextRock Consultants, Inc.     g 



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 ofRayleigh 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; Omachietal, 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-ofthe-practice for site response 
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analyse is to use the results of one dimensional SH-wave propagation in a layered 

medium 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 for 

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(x,t) = G(a),k,0).e i(a)t-k.x) 
(2.1) 

where G(a>,k,(ß) is the amplitude at frequency CO and wave number k=27ilX 

(Ais the wavelength) and (f> is the direction of wave propagation. The ~ sign on x 

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(6),k,<fi).e i[a>t-k.cos(#).x-k.sin(fl).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 waveforms: 
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JO       J—00 J—CO 

(2.3) 

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

system. 6(a), (fi) is a random phase that represents the statistical independence 

of the wave components of microtremors. The range of variation for 6(a>,(f>) is 

2 K and as a random variable it is assumed to have a uniform probability density 

function: 

2n 

= 0,     otherwise 

(2.4) 

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(a),kj) = G'(<Dj).ö(k - öl C) (2.5) 

where ö(.) is delta function 

ö(k-(o/c) = l 

= 0 

k=6)/c 

k*6)/c 

Substituting for G(ü),k,$) in equation (2.4) and defining 

G((D,<fi) = ((D/C).G\G)J) (2.6) 

gives 

In coo 
g{x,y,t) = \J\j}{a>^)ei la)t-kxcos(.4)-k.ysin(.f)+0(a>,t)] d$.d(D 

(2.7) 

Equation (2.7) describes microtremors as composition of statistically independent 

waves of different frequencies traveling in different directions. The spatial 

autocorrelation function y(j,(p) is defined as 

y(r,<p) = E[g(x,y,t)*g{x + rxos{q>\y + r.sm{(p)>t)]   (2.8) 

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

distance between the two observation sites, q> is the direction between the two sites 

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

(2.9) 

/'0?-fcccos($)-£ysin($)) 

e-i{tit-k'xQOs(<P)-Vysm{<P)) 

E{ei[(Ko>,<f>)-(K<»',<P)]} 

e/(Ä:ycos(^).cos(^)+Ä:Vsin(^).sin(^))^^^«^ 

After carrying out the double integration with respect to co> and $ and taking into 

consideration that 

E{e 
■<a, ^ at .*■>,      fO, for 6)±co' and <f>±<j> 

1 1, for <D=0)' and <j>=$ 
(2.10) 

the spatial autocorrelation function can be simplified as 

r(r,<p)= I" r[G(a>J)da>d<!,]2eik~°s«-* 
«7 — oo «0 

(2.11) 

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

r(r,<p)=r rS(cDj)eikrco^-^d<od^ 
•»—oo »0 

(2.12) 
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where 

S((D, <fj) = G(o), <f>f dad (f>. (2.13) 

The average of the spatial correlation function over different azimuths is 

V(r) = £■//{ \*Jo'
rS(a>J)eikreo^da)d<f>}d<p (2.14) 

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

of the first kind, i.e. 

Jo 
ilcr cos(p - # ) d<p   = 2nJ0 (kr) (2.15) 

Therefore, equation (2.14) for a dispersive medium with k = a I C(co) can be 

simplified as 

r(r) = - 

(l/27r)j^S0(o))J0[rco /C(a>)]da) 

(1/ *■)/" S0(o))J0[ro) /C(ü))]do) 
(2.16) 

where S0((D) is the azimuthal average of the power spectral density 

S0(a>) = {\l2x)\l§{a> ,<t>)d<l> (2.17) 

For a narrow frequency band with the center frequency of 0)0 the power spectral 

density can be approximated as a constant value. Defining SQ{COQ) as 
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S0(o)0) = 7rS0(o))      for       O)0-Sü)<O)<O)0 + Sü)     (2.18) 

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

CO. 
f(r,(D0) = S0{(DQ)J0{r7-f-) 

C(6?0) 

Accordingly, the equation for the autocorrelation coefficient 

(2.19) 

p(r,ü)0) = y(r,<DQ)/r(0,ü)0) (2.20) 

can be written as 

COn 
p(r,co0) = J0(r—f—) 

C(co0) 
(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 

pr(r,o)0) = J0[rco0/C(to0)]-J2[ra)0/C(a)0)] (2.22) 

P9(r,6)0)=J0[rco0/C(<D0)]+J2[ra>0/C(<o0)] (2.23) 
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where pr and p^ are the radial and tangential correlation coefficients, 

respectively, and Ji[] is the second order Bess el function of the first kind. For 

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

waves, the correlation coefficients are 

PrMo)=>/oNo/C(Oo)]+'/2No/C((8o)] (2.24) 

P9(rta>0) = J0[ra>0/C(a)0)]-J2[r(D0/C(a>0)] (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 

frequency 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 

ofmicrotremors 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 AM (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 <p can be written as 

p(r,a>0,<p) = 

to o + Sa> 

2    \ Re[3(x,y,co)3*(x + r.coscp ,y + r. sin q> ,co)]d CO 

&<i-8(B 

'      a> „ + Sa> a>n + S<o 
1/2 

2    f 32(x, y,co)dco  .2   j 32(x + r.cosp,y + r.sin q>,a>)d CO 

V      a> a - Sa> toB-Sa> 

(2.26) 

where 3(x,y,co>) is the Fourier transformation ofg(xtytt) 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 

3(jt,jy,tf)) in terms of the inverse of equation (2.7), equation (2.26) can be 

simplified as 

Re 
p(r,a)0,q>) = 

jV(<ö0,<*).e/Vco8(>-*).<ty 

\G2(a>0J).d<i> 
(2.27) 

where G(ö>0,^) is the average amplitude spectrum, assumed to be constant, over 

the frequency band of &-S(0 to &+öü) and k0 = O)0 / C((O0). Taking the 

average ofp(r, <D0 , <p) over the azimuth gives 

{2it 

2x 

p(r,a)0)= jRe 

's 
JG^oJvjye^^.dt 

2n 

JG2(ü)0J).dt 
dq> 

(2.28) 

Ifpo(r,ü)0), equation (2.28), is to be interpreted in terms of J0(kr), equation 

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

\G 2(a> 0,^).e'*«>rcos(*-'').^ 

fo2(a>0,t).dt 
~    _ ik0r cos(u) 

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

gives 

p(r,co0) =    Jc'*.'...(.)rfM = ln J0(k0r) (2.30) 

The degree of approximation in equation (2.29) depends upon the azimuthal 

distribution of G{a>Q,(p). Equation (2.29) holds true for all frequencies if 

G{ee>Q,<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 Circuiar 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, C0Q , <p) 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(rta)0,g>) is performed over different time windows rather than 

different azimuths 

f 

P(r,(O0)= (p(r,6)0,<p))=  Y,Pj(r,a)Q,<p) 
> 

In (2.31) 

where (.) indicates averaging over time windows. Using a similar approximation 

for equation (2.27) as was described by equation (2.29), p(r,co0) can be 

formulated as 

Vy=i J 
In (2.32) 

If equation (2.32) is to be interpreted in terms of J0(kr), equation (2.21), the 

following approximation should hold 
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( n ^ 
v^»   i[V«>s(«)]> 

V,-=i J 

2n 

I n = J e*<^s(tt) <fe = In J0(k0r) (133) 

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

The 

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. 

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, II, and III, 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 II 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 shifts are applied to the time histories to 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(jCj ,yl, $,t) as a component of microtremors at location (xl,yl) 

traveling  in   direction 0.      Let   us   denote   the  Fourier   transformation   of 

g(xl,yl,$,t) as 3(xl,yl,$,(D). Assuming that this waveform is not generated 

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

amplitudes of this waveform at a site at (x2 ,y2 ). see the diagram, can be written 

as 

3(x2,y2,0,G>)=3(xi,yi,0,G>).e i.CD.St (2.34) 

VortextRock Consultants, Inc.     29 



Site 2 

Sitel 

Diagram 2.1. The phase difference in the waveforms 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 öt = r.sin(<p) I C(co) is the phase shift, r is the distance between the 

sites, <p is the angle, and C(ü)) 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(Xh);ht) = T,g(xhyhM intime domain (2.35) 

# 

3(*1 > y\ > *°) = X ^(xl 9 y\' & ®) in *hefrequmcy domain        (2.36) 

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

3(*2 ,y2, co, 9) = £3(*! ,n, * m).ei<oSt^ (2.37) 
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where St^foqj) is the time shift for each direction.    The symbol <p identifies the 

direction between the reference and peripheral site.    Based on equations (2.36) 

and (2.37) and for assumed values for r, <p, the apparent velocity as a function of 

frequency, and the azimuthal distribution of microtremors 3(xl,yliG)) and 

3(Jt2,J>2>ö,) 7W 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 II and III different sets of time histories are used for different pairs of 

reference-peripheral sites. In case II the time shift, St ((/>,$>) in equation (2.37), 

varies with (p. In case III, öt^foqi) does not vary with <p 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 

forms 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. 
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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, St{^(p)=r.sm{(p) IC(G>) in 

equation (2.37). In our simulation, as is apparent from equation 

(2.37), C((o) is defined as a function ojfrequency. 

The configuration of the Circular Array experiment 

The configuration of the Circular Array determines the distance, r, 

and angle, (p , 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 andft/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 I. 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 ft/s for wave propagation 

in the medium are assumed The solid line is the plot ofJ0{co.r I C{cd)) 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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J0(ti).r I C((D)) and the average correlation coefficients that is what we expect 

based on theory. Figure 2.7 shows CC-Ffor two different cases with C=100 

ft/s and C =2000 ft/s. Again there are excellent agreements between the CC-F 

results and the expected J0(a).r I C(co)) 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 ofC = 2000 ft/s. The case ofr = 90ftandC = 2000 ft/s is 

similar to the case ofr = 45 ft and C = 1000 ft/s. Compare the results on Figures 

2.6 and 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 J0(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 

£e*r*«9-f>dq, =2x70(kr) (2.15) 

d(p 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(a)) = (l/2x)fs(cD,0)d0. (2.17) 

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 

to 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 J0(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 a> 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-Ffor case I configuration with r = 45 ft and the 

following phase velocity profile 

C(co)=lOOOfiIs   for   3.0 Hz>f 

C(cD)=2000fi Is  for    12.0 Hz>f>3.0 

C(o))=l500fi / s   for    12.0 Hz<f 

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

respectively. All figures show excellent agreements between the expected pattern 

for J0(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 to 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 empirical 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 requires 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. 

VortextRock Consultants, Inc.     38 Sb 

prr 



Apparent Velocity 

I 

20 30 

Frequency Hz 

40 so 

Figure 2.18 shows the CC-F curve and the expected Bessel function values, 

equation (2.21), as a function of frequency for r=45 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((D) over a narrow frequency band. p(aji) can be 

interpreted in terms of the Bessel function J0 (x = (o.r I C(co)).   Using the tables 

of Bessel functions the values for variable x can be determined in such a way that 

J0(x)=p(ct)). Knowing the radius and the frequency, the apparent velocities 

are calculated as C(a>)=co.r I x. The procedure is simple. However, since the 

function J0(x) is not a single valued function the determination of x for a given 

value of J0(x) needs special attention. Figure 2.19 shows a typical example. 

For certain ranges of J0(x) different cycles of Bessel function give different 

estimates of x.    Therefore, the interpretation of CC-F curves in terms of the 
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Bessel function requires that the half cycles of the Bessel function to which 

different values of p(ü)) 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(co) values that are shown on Figure 2.18. The thick solid lines 

identify where the maximum and minimum p(coi)-values occur. Table 2.1 also 

shows the x-values corresponding to each J0(x)=p((D) over four cycles. The 

cells without any value indicate that there is no possibility of having J0(x) value 

on that cycle for the given p(co). The first minimum for p(a>) occurs at 

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

which p(oji) belongs, p(a)) at f-%.25Hz could be interpreted as 

J0{x\x=3.577) or J0(x\x=A.Q92). However, knowing that p(o}) at 

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

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 
Hz 

p(ai) 
X Q(fl>) *2 Q(») *3 

C3(G>) x4 
C4(a,) 

.25 .999 .069 II«! 

.75 .989 .212 1000 
1.25 .967 362 llllll 
1.75 .930 .535 -   n$ 
2.25 .874 ,730 1IIÜ! 
2.75 .801 915 850 
3.25 .708 1125 Sill 
3.75 .592 1354 793 
4.25 .454 ■Him iliÄ 
4.75 .297 L874 Ulli 6.871 195 7.161 187 
5.25 .138 llllll ■1 5.954 249 8.140 182 12.445 119.3 
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/ 
Hz 

p(eo) 
X Ci(a>) *2 

C2(a>) »3 C3(ö)) #4 Q(ffl) 

5.75 -.011 2427 illiH 5.487 296 8.695 187 11.743 138.4 

6.25 -.151 2J19 650 5.081 347 9.266 190 11.111 159.0 

6.75 -.270 3 029 iiiiii 4.698 406 

7.25 -.357 3.361 ÜÜÜ 4.323 474 

7.75 -.400 3JI5 llllül 3.950 554 

8.25 -.389 3.577 652 '"im. $70 
8.75 -.321 3.203 772 4.49$ niiii 
9.25 -.199 2.834 922 4.93S illilll 9.530 274 10.831 241 

9.75 -.039 2.482 1110 5,405 SB 8.800 313 11.623 237 

10.25 .054 2.302 1258 $.m iiiii 8.455 342 12.030 240 

10.75 .071 2.271 1338 5 735 nini 8.393 362 12.107 251 

11.25 .087 2.243 1418 5J83 550 8.336 381 12.179 261 

11.75 .101 2.218 1498 5J&29 Ulli 8.283 401 12.248 271 

12.25 .113 2.195 1578 wi' im 8.235 420 12.313 281 

12.75 .125 2.174 1658 V 5.910 flÜÜI 8.189 440 12.375 291 

13.25 .136 2.155 1738 5.947 «Uli 8.148 459 12.434 301 

13.75 .145 2.137 1818 SMt 1111111 8.109 479 12.491 311 

14.25 .154 2.122 1899 m*. SMi 8.072 499 12.546 321 

14.75 .163 2.107 1979 6044 iiri§i 8.038 518 12.600 331 

15.25 .192 2.055 2098 6J60 üiiü 7.910 545 12.832 336 

15.75 .236 1.979 2250 6.362 fllllil 7.691 579 

16.25 .269 1.922 2391 M6.564-: liliüi 7.477 614 

16.75 .291 1.885 2512 6J66- 700 7.268 651 
17.25 .300 1.869 2609 6 969 lllüil 7.063 690 

17.75 .297 1.875 2677 6.863 731 l«Ül 700 
18.25 .282 1.900 2715 6.666 774 7371 HHi 
18.75 .256 1.945 2725 6.473 819 7,573 SB 
19.25 .220 2.006 2712 6.283 866 :-%77S, ■tfü 
19.75 .177 2.082 2682 6.099 915 7977 ÄÜ 12.703 439 

20.25 .128 2.169 2639 5.919 967 8179 9fiH 12.389 462 

20.75 .074 2.266 2589 5.744 1021 ::^&38§ 700 12.121 484 

21.25 .019 2.368 2537 5.577 1077 &5$2 700 11.874 506 

21.75 -.035 2.474 2485 5.417 1135 liiHi 700 11.640 528 

22.25 -.087 2.580 2438 5.267 1194 8 987 700 11.414 551 

22.75 -.134 2.682 2398 5.129 1254 9J8& 700 11.193 574 

23.25 -.175 2.776 2367 5.007 1312 mm 7M 10.977 598 

23.75 -.208 2.857 2350 4.905 1368 959$ 700 10.765 623 

24.25 -.232 2.920 2347 4.829 1420 9JP5 700 10.557 649 

24.75 -.246 2.959 '   2364 4.782 1463 9.998 iPiüi 10.350 676 

25.25 -.250 2.970 2403 4.769 1497 1015Z 7m 10.196 700 

25.75 -.243 2.952 2466 4.790 1519 9.948 731 10.401 7M 

26.25 -.227 2.908 2552 4.843 1532 9.750 761 10603 ilÄH 
26.75 -.203 2.844 2659 4.923 1536 9.555 791 10 80S 700 
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f 
Hz 

pia) 
X Q(») *2 C2{(0) *3 C3(fi>) XA 

C4(ß>) 

27.25 -.170 2.764 2787 \ 5.023 1533 9.363 822 11007 llliii 
27.75 -.131 2.675 2933 5.139 1526 9.175 855 11209 7m 
28.25 -.088 2.581 3094 5.265 1517 8.990 888 11.411 iiiüi 
28.75 -.042 2.487 3269 5.399 1505 8.809 922 U.6B jm 
29.25 .005 2.395 3453 5.536 1493 8.634 957 iiiitt ?w 
29.75 .051 2.308 3645 \ 5.674 1482 8.465 993 12.017 lliiti 
30.25 .095 2.229 3838 5.809 1472 \ 8.305 1029 12 219 ?m 
30.75 .133 2.159 4026 5.938 1464 8.157 1065 si Äüi 
31.25 .166 2.101 4205 6.056 1458 8.024 1101 12.623 lIÄi 
31.75 .191 2.057 4365 6.156 1458 7.914 1134 12825 7m 
32.25 .209 2.026 4499 6.230 1463 7.833 1164 13027 WMM& 
32.75 .217 2.011 4603 6.270 1476 7.790 1188 13 229 ?w 
33.25 .217 2.012 4673 6.269 1499 7.791 1206 1SJW HHi 
33.75 .208 2.027 4706\ 6.228 1532.2 7.835 1217 13.018 733 
34.25 .191 2.057 4706 6.154 1573.5 7.916 1223 12.820 755 
34.75 .166 2.101 46761 6.057 1622.1 8.023 1224 12.624 778 
35.25 .135 2.156 4623 \ 5.945 1676.5 8.150 1223 12.431 801 
35.75 .099 2.221 4552 \ 5.824 1735.7 8.289 1219 12.240 825 
36.25 .059 2.293 44701 5.698 1798.6 8.436 1215 12.053 850 
36.75 .018 2.370 4383 \ 5.573 1864.4 8.588 1210 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 Rqyleigh 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; andHossein 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 

to obtain the most representative value for shear wave velocity of the top 100 ft 

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 ofRayleigh 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 affine 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 software for the phase velocity simulation 

ofRayleigh 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{eo)lß, that control the 

phase velocity of that frequency band has a relatively narrow range of variation. 

Satoh et al (1991) reported the range ofC(a>) Iß between 0.874 to 0.955 for a 

wide range of Poison's ratios. Verttos and Prange (1990) reported C(a>)l ß = 

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(<y) = O.89*)0+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(ü)) I ß 
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ratio and the effective depth of penetration for Rqyleigh waves are sufficient to 

invert the Rqyleigh 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. 

ß = 800ft/s 

20ft 

ß = 600ft/s 

40 ft 

ß = 1000 ft/s 

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 

MM 
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shows the interpretation of JQ{x)=p0{a)) 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. 

f 
Hz 

p{(0) 
X Q(ffl) x2 C2((») *3 C3(fi>) X4 C|(«) 

.25 .988 Hill 329 

.75 .983 Hiü 807 | 

1.25 .937 -5/ 6m. I 
1.75 .922 »iS 878. I 

2.25 .912 M 1062 | 

2.75 .824 ,86 906. | 

3.25 .735 liül ■ 
3.75 .648 rtül BSl 
4.25 .555 1,42 845. 
4.75 .451 IM ~* 835. 
5.25 .334 t'Ul ---8M 
5.75 .204 :    2.03 799, 6.21 262. 7.85 207. 12.96 125. 
6.25 .069 i     2.2$ 777 5.73 309. 8.40 210. 12.10 146. 
6.75 -.061 !   -2,53 756 5.34 357. 8.88 215. 11.53 166. 
7.25 -.174 :-   '2J7 ~w< 5.01 409. 9.38 218. 10.99 187. 
7.75 -.262 341 729. 4.73 464. [ 
8.25 -.323 3.21 726. 4.49 520. I 
8.75 -.354 3.35 739. 4.34 570. II 
9.25 -.358 3,37 777, 4.32 606. 

9.75 -.343 3.29 837. 440 627, 
10.25 -.314 3.18 912. 4.53 mm 
10.75 -.274 3.04 999. HUI 649< 

11.25 -.224 2.90 1097. 4.86 I11I 9.72 327. 10.64 299. 
11.75 -.168 2.76 1205. 5.03 ■I 9.35 355. 11.02 301. 
12.25 -.105 2.62 1323. HÜit 664. 9.06 382. 11.33 306. 
12.75 -.038 2.48 1454. 541 666. 8.80 410. 11.63 310. 
13.25 .027 2.35 1592. IAH! 669 8.56 438. 11.91 315. 
13.75 .088 2.24 1735. 5.79 IAS 8.33 467. 12.18 319. 
14.25 .145 2.14 1884. ■§§§  474A 8.11 497. 12.49 323. 
14.75 .196 2.05 2035. ä m<\ 7.89 528. 12.87 324. 
15.25 .233 1.98 2174. ■m 679A 7.71 559. I 
15.75 .257 1.94 2292. 6,48 687] 7.57 589. | 
16.25 .272 1.92 2397. '039 698. j 7.45 616. I 
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/ 
Hz X Ci(«) *2 

C2(ß>) *3 
C3(ö>) X4 C4(a>) 

16.75 .289 1.89 2509. 6J5 H&I 7.29 650.1 

17.25 .313 1.85 2642. ■:-:o:'>::>y-:::;:;:;::::::::: 1 

17.75 .336 1.81 2779. I 

18.25 .339 1.80 2864. I 
18.75 .314J 1.84 2874. 

19.25 .2711 1.92 2837. 6.58 828. 7.46 729. 

19.75 .220\ 2.01 2783. 6.28 889. ?.?$ 71$, 

20.25 .165 2.10 2723. 6.05 946. $.03 713. 12.62 454. 

20.75 .114\ 2.19 2674. 5.87 999. 8.23 IMHl 12.31 476. 

21.25 .076\ 2.26 2657. 5.75 1045. * %M 718. 12.13 495. 

21.75 .053 2.30 2669. 5.68 1083. s SM liHS 12.03 511. 

22.25 .018 2.37 2653. 5.57 1129. 8.59 ■m 11.87 530. 

22.75 -.050 2.50 2570. 5.37 1197. SM 728. 11.58 556. 

23.25 -.134 2.68 2452. 5.13 1281. 9.19 nöii 11.20 587. 

23.75 -.201 2.84 2366. 4.93 1362. 9M 1U> 10.82 621. 

24.25 -.233 2.92 2346. 4.83 1421. 9M 699. 10.55 650. 

24.75 -.235 2.93 2389. 4.82 1452. 9.S3 ÄlÄl 10.52 665. 

25.25 -.221 2.89 2469. 4.86 1468. 9.69 737. 10.66 IHK 
25.75 -.205 2.85 2554. 4.91 1482. 9.57 760. MW "" 675. 

26.25 -.194 2.82 2629. 4.95 1500. 9.50 781. iÜM \ '«83. 
26.75 -.187 2.81 2696. 4.97 1522. 9.46 800. l$M - m4> 
27.25 -.177 2.78 2770. 5.00 1541. 9.40 819. 109? '7m. 
27.75 -.154 2.73 2878. 5.07 1547. 9.28 845. UM ■■§ 
28.25 -.111 2.63 3035. 5.20 1537. 9.09 879. 1130 " y$z 
28.75 -.054 2.51 3237. 5.36 1516. 8.86 918. wrnm iüüt 
29.25 .008 2.39 3461. 5.54 1492. 8.62 959. 1183 ■" m. 

29.75 .061 2.29 3675. 5.70 1475. 8.43 998. 1206 \   m. 
30.25 .100 2.22 3854. 5.83 1468. 8.29 1032. 1224 «Ä» 
30.75 .126 2.17 4002. 5.91 1470. 8.19 1062. 1238 MIH 
31.25 .143 2.14 4127. 5.97 1479. 8.12 1089. 1248 «IÄ 
31.75 .151 2.13 4219. 6.00 1496. 8.09 1110. 1253 717. 

32.25 .148 2.13 4276. 5.99 1522. 8.10 1126. 12.51 729. 

32.75 .144 1    *" 4327. 5.98 1549. 1 . 811 
1141. 12.48 742. 

m 

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-Fcurve that the estimated p(a)) values at these frequency 

ranges are higher than the maximum or lower than the minimum values for J0(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 

frequency ranges. 

Table 2.3. The estimated apparent velocities from Table 2.2. 

f 
Hz Ci(m) 

f 
Hz q(ffl) 

f 
Hz q(«) 

f 
Hz q(«) 

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

.75 807. 8.75 739. 16.75 702. 24.75 712. 

1.25 698. 9.25 777. 17.25 25.25 670. H 
1.75 878. 9.75 627. 17.75 25.75 675. SHI 
2.25 1062. 10.25 640. 18.25 26.25 683. - fm 
2.75 906. 10.75 649. 18.75 ■ 26.75 694. -124. 
3.25 862. 11.25 655. 19.25 729. 27.25 703. 
3.75 851. 11.75 660. 19.75 718. 27.75 707. 
4.25 845. 12.25 664. 20.25 713. 28.25 707. 
4.75 835. 12.75 666. 20.75 713. 28.75 703. 
5.25 820. 13.25 669. 21.25 718. 29.25 699. 
5.75 799. 13.75 672. 21.75 727. 29.75 697. 
6.25 777. 14.25 674. 22.25 732. 30.25 699. 
6.75 756. 14.75 676. 22.75 728. 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 

asX=C((0)/f. 

Let us consider the effective depth of Rayleigh waves as half of the wave length, 

i.e. deß-ective =0.5* X=C((o) 12/ .    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 asC-D data or curve. 

TheC-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 ofC-D curve. He proposed two different equations 

for estimating the Rayleigh wave velocity of different strata from different sections 

0fC-F curve with increasing or decreasing values with depth Figure 2.25 

shows a hypothetical example ofC- 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 for a 

single representative strata 

Cn — 
Cn.Dn-Cn_\.Dn-\ 

AI-AI-I 
(2.38) 

o Dn-Dn-1 
n   (D„/Cn) -(£>„_! /<:„_!) 

(2.39) 
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A,C 

Dy ,    C2 

X^3,   C3 

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 

Q=C 

C, 
C2.D2-Cj.DL 

D2 -A 
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G = 
A/C,-A/C> 

Lef ws 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 Cx =800 ft/s. Assuming that this slope 

extends to the surface, from equation 2.38 ^=800 ft/s.   The location for the 

second change of slope is not very clear but it should be at a depth below 35 ft. 

Let us use D2 =35 ft and C2 =61Aft/s. From equation 2.39, C2 =568. The third 

segment of the curve extends to the depth of about 162 ft with increasing velocity 

with depth Using D3=162 ft and C3 = 974ft/s in equation 2.38 gives C3=1053 

ft/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. 

m 

Depth 

ft 

C 

ft/s  (m/s) 

ß 
ft/s  (m/s) 

0-20 770 (235) 849 (259) 

20-35 568(173) 623 (190) 

>35 1053 (321) 1168 (356) 

The excellent agreement between the estimated velocity-depth profile, Table 2.4, 

and the input model attests to the usefulness of Satoh's methodology for 

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

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 

formulation 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 most 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 Nparallel 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-l)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 relationship 

tin      K     M , 

w0    L    N 
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where ü0 and w0 are the velocity components at the surface in the x and  z 

directions, respectively, and 

dl 

jth layer 

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

K=yNJJa„Al2+(yN-l)A22 

L = yNriaNAu+{rN-\)A2^ 

VdNA 
32   .     ^*42 

PN°
2
     PN<? ' 

PNc2     PN°
2
 ' 

Av\ T]BN -^42 
M = -(yN-l)Al2+yNJjßMA22+-—2 +        2  , 

PN
C
       PN

C 

A\\      "HEIN  41 
N = -(yN-l)Au+yNTj^A21+^ + -f-r. 

PN
C
       PN° 

(2.41) 
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The symbols a and ß identify parameters related to the P- and S-waves, 

respectively.   The other symbols are defined as follows 

sm( fj)    sm(ej) 

where a^ and ßj are the S- andP-wave velocities ofthejth layer respectively. 

V, eg 

' ^{clajf -1],     oaj 

l0=i 
#/^)2-l]>     oßj 

-ift-(c/ßj)2l     c<ßj 

(2.42) 

2ß/ 

k= CO 
(2.43) 

Akl (k = 1,4 and l = 1,4) are components of a four by four matrix that is 

defined as the product ofN-lfour by four matrices as 

Ä = äN„1.äN_2 äj äx (2.44) 
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The components of the matrix aj for each layer is defined as 

(a.)n = ncos{Pj)-{y1,-l)cos(ß,), 

(^ )i2 = *T(ry " 1) V1 sin(p/ >+ *J % sin(ö;)j 

(fly)l3 = -(P/)_1[(C0S(P7. -COS(Öy)], 

(fly)14 = iO^r'K V1 sin(^)+ ^ sin(Öy)], 

(*,)2i = -»Try7* sin(Py) + (r, -1)%_1 sin(Öy)], 
(fly>22 = -irj - l)C0S(Py) + ry COS(Ö,.), 

(«y)23 =i(p/)~l[%sm(Pj)+ Tjf1 sm(Qj)], 

(aJ)2A=(aj)l3 

0,)3i =pjC2rj(rj -iXCcosC^o-cosCö,)], 

(«y)32 = <V[(r, -1)2 V1 sin(py)+ ^y V1 sin<^> 
(«y)33=(ap22 

(^)34=(ay)l2 

a^; 

(a,)41 =/p/[//^sin(P;.) + (ry-l)2%" sin(Öy)] 

(«y)42=(fly)3i 

(fly)43=(fly)21 

(fly)44=(fly)ll 

w/zere Py = fc^,, <2y = ^%^y *»**<*/ is the thickness ofthejth layer. 
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A computer program, based on the above formulation, is prepared for the 

simulation ofRqyleigh 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. 
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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 HI 

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

communicate with the IDS units and for data transfer. 
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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 Southern 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 

mSk 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 

from 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 
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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 ft, respectively). The following 

diagrams show the topography of the site and the setting of the experiments. The 

diagrams are not in scale. 

Church & 
Day-Care 

PCH 

Parking Lot & 
Road 

30-40 m 

30-40 m 

Diagram 3,1. Topography of the site of the St Aidants 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 ofmicrotremorsfor two 

Circular Array experiments with r=l 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=31m, 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 
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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 A, 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, fc=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 

to 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.col C(oS).     A 

decrease in the value ofx 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 

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

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 ofRayleigh 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 I C{co) ratio by 50% over the frequency band of 6 to 12 Hz, implying 

changes in either r or C(co), 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{co) is constant over a narrow 

frequency band or changes very little the term r. G)IC((ö) 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 f>l Hz, the 
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interpretation of the data is limited to the frequency ranges of f <1 Hz. The 

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

• Filter the CC-F data to obtain a smooth CC-F curve 

• Interpret the CC-F curve asJ0(x) to obtain the corresponding x-values 

• Calculate the phase velocity as C(co)=r.G)l x using the radius and the 

estimated value for xfor each frequency band 

• Transform the phase velocity-frequency values to phase velocity-depth values 

• Interpret the phase velocity-depth values to phase velocity of layered medium 

• Construct a shear wave velocity-depth profile 

• Theoretically simulate the phase velocities for the constructed model 

• 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. 

r=\5m r=15 m r=21 m r=37 m 

f 
Hz 

J0(x) C(a>) 
m/s 

J0(x) C(co) 
m/s 

M*) 0,(0) 
m/s 

^oW C{cS) 
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 

1.75 .93 350 .94 372 .91 551 .92 792 

2.25 .96 613 .97 678 .92 753 .90 872 

2.75 .93 558 .92 501 .85 656 .77 705 

3.25 .91 549 .87 459 .77 616 .64 645 

3.75 .88 565 .82 458 .69 608 .52 631 

4.25 .86 578 .78 464 .61 608 .41 634 

4.75 .82 580 .73 465 .52 603 .30 637 

5.25 .79 581 .68 468 .42 595 .19 640 

5.75 .77 602 .65 485 .34 600 .11 654 

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=\5m 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 ofRayleigh 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 Table 3.1 can be translated 

into the phase velocity-depth as 
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^ectfve=^/2.=C(6>)/2/ 

Figure 3.14 shows the plots of phase velocities versus depth, dejyective, 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 = l5 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 

VortextRock Consultants, Inc.   92 

«• Ö A 



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{(D) I ß=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 

m 

Phase Velocity 

m/s 

Shear Wave Velocity 

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-21 and 37 m, Figure 3.16, and the average of all four cases, Figure 3.14. The 

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 

m 

<94 

>94 

Phase Velocity 

m/s 

618 

920 

Shear Wave Velocity 

m/s 

687 

1022 
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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 

m 

Phase Velocity 

m/s 

Shear Wave Velocity 

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

Depth 

m 

Shear Wave Velocity 

m/s 

P-Wave Velocity 

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 

m 

Shear Wave Velocity 

m/s 

P-Wave Velocity 

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, ß and a 
are the shear and pressure wave velocities. 

VIC Model Model I Model II 

Depth 

m 

ß 
m/s 

a 
m/s 

Dept 

h 

m 

ß 
m/s 

a 
m/s 

Dept 

h 

m 

ß 
m/s 

a 
m/s 

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

<14.1 270 441 <14.1 270 441 <14.1 270 441 

<34.6 753 1229 <94 753 1229 <74 753 1229 

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

II 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 profile models that are constructed from the Circular Array 

experiment, Tables 3.5 and3.6. 

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 ofRayleigh and 

Love waves it is possible to 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 

ft) 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. The boring log information 
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Table 3.8. Continued 
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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 
Hz 

Phase 
Velocity 

m/s 

f 
Hz 

Phase 
Velocity 

m/s 

f 
Hz 

Phase Velocity 
m/s 

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 deffective -XI2. Figure 3.26shows the results. Two breakpoints 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. 

VortextRock Consultants, Inc.   JOO 



Table 3.10 The velocity depth profile of a three-layered medium representing the 
phase velocities that are shown on Figure 3.26. 

Depth 

m 

Phase Velocity 

m/s 

Shear Wave Velocity 

m/s 

<9.4 193 214 

<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 HI, show 

the velocity-depth profiles for these two cases.   The results from Model III are in 
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very good agreement with the observed values. Both Model HI and the model in 

Table 3.10 with ß=\10 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 I 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. 

M Well Modelll Model III 

Depth 

m 

ß 
m/s 

a 
m/s 

Depth 

m 

ß 
m/s 

a 
m/s 

Depth 

m 

ß 
m/s 

a 
m/s 

<5.7 214 370 <5.7 214 370 <5.7 214 370 

<9.2 197 341 <15.3 197 341 <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 
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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 

3.11. 

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

Model Based on 

Boring Log Data 

Model from Table 3.11 Model from Table 3.10 

18J' 

sr 
ß=170ft/s 

35' ß = 197fi/s 

56' 

ß = 197ft/s 

50' 

45r 

ß = 180 ß/s              50' 

75' 

■r^=^^^?-::)S^-:'-. 

Bedrock Type materials ? ? 
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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 mfirom 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 

frequency 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 

frequency 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 ofCC-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 
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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. J0[r.eo/C(co)].    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. 

Case ofr = 15 
m 

Case ofr -15 
m 

Case ofr = 30 
m 

f 
Hz 

Phase Velocity 
m/s 

f 
Hz 

Phase Velocity 
m/s 

f 
Hz 

Phase Velocity 
m/s 

2.25 549 8.75 382 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 dejrective =Z/2.   Two break 

points at 19.5 and 26.3 m with the phase velocities of 400 and 363 m/s, 

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 

m 

Phase Velocity 

m/s 

ß 
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 velocity-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. 

Modell Modelll Model III 

Depth 

m 

ß 
m/s 

Depth 

m 

ß 
m/s 

Depth 

m 

ß 
m/s 

<10 300 <10 300 <10 300 

<26 444 <40 444 <60 444 

>26 610 <80 610 <80 610 

>80 1200 >80 1200 

The phase velocities for the original model are also shown. Model II 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 II and III 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. 

VICM fodel Alternative Model 

Depth 

m 

ß 
m/s 

Depth 

m 

ß 
m/s 

<1.1 100 <1.1 100 

<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. 

VICM fodel Modell Modelll 

Depth 

m 

ß 
m/s 

Depth 

m 

ß 
m/s 

Depth 

m 

ß 
m/s 

<1.1 100 <1.1 100 <1.1 100 

<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 

velocity 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. This means that the 

estimated apparent velocities for those frequencies are representative ofthat 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 "modifiedphase 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. 
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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 AM (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 ofr=\   mdo 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 
Hz 

Phase 
Velocity 

m/s 

Phase 
Velocity 

m/s 

Phase 
Velocity 

m/s 
.25 16 28 40 

.75 49 90 137 

1.25 82 189 319 

1.75 156 296 741 

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 

m 

Phase Velocity 

m/s 

ß 
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 

50 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 ofr = 15, 27, and 31 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. 

VortextRock Consultants, Inc.   jj4 

K9& 
*•     H    1 ■s      U 

8 



009 09t- 00V 09E OOE 092 OOZ 09* 001 
(Das/ui) fuTDOien eseqd 

t 



a 
o 
CO 

w 
a» ID ^ cn cn 
M 03 1- M *■ 
~ a ** T N i- 
* z> -« (M 
u 
0 

r-< n a (0 o 
Qi - is in o 
3  in -* CM rs in 

D *-* 
i-H 

ai 
T3 VQ  -*   V) 
Q 0 *     •      • 
Z f- — r r co 

r ~ n 
i. «- 
a» a E *■* \0 -« \D 
J 0) 0 •    •     •    • 
«J Q L o ™ ^- r 
_i L. *-• n 

""I 

8 
(UJ) 

Z\      91      02     VZ     8Z     3£     S?E     OV     VV     8fr 
qi5ue-|   eABf-j   zy\    =   M*döQ 

^^>r 



• 

N 

U 
c 

cr 
cu 
c_ 
Li. 

O O i 

w 
•5 •t«» 

Yl 
*. 
© 
•£ «1 

<u 
.« •** *« 
•a •»» »•* 
Ö <*> •*s 
*1 

k. 

Ss Ü 
"^ £ 
*•>< w 
II •* •fc* 
k. 

»* § 
•5   2 
■Kj & 
g J8 S y •** f, >s »•* <u ^) 
8« >. 
8 1 ^ a 
a^ •ss 
fc a. 
^ w 

* v. *« 
.3 a 
a o 

-fa "8 
O § w •d 
« ä 
§ a 
© « 
^ >. 

§5 k 
.a G 
a o > *> 
k « 
0 fc. 
o < 

<4J a 
ß 1 a »s a. 
<n •a 
w Ä 
•K *> a w 

.95 ft, 
K; 3 



1              I
I

 

■ '—   —|    

V
e
rt

ic
a
l 
 C

om
po

ne
nt

 
i  

  
  

  
  

  
  

  
 I 

  
  
  
  
  
  
  
 i
  
  
  
  

  
  
  
  

I  
  

  
  

  
  

  
  
 i

 

1 0s-: 1 

l 

__ 

i 

-o- 
©■ 

1 

K 
o »>1 

o 
n 

I 
-fco 

o £ 
■ 

in «5 
tu 

o £ 
© 

o w 
C\J 1 

Ik 
N a 
X ,£f> 

o ^ 
■ :>. .52 

in u « 
Ti c x 

3 ^ 
CT | 

■8 
O Ü_ i 

■ S3 
o 

_ in 

o o 
o o o 

o C\] 10 o 
C\J ■ • ■ 

• o o ■rt 

o 1 1 1 

o 
10 
o 
luaiot^aoo uotq.BiajJ03 



N 
HZ 

>•> 
a c 
CD 

cr 
m 
c_ 

o o 
luaTot^aao uor^eiajjoo 

'S 

# 

<N». 

« 

-4» .8 

s 

1 
1-3 

9k 

a 

9k 

1 

8 
9k 

I 
«3 
ft, 
SI 



• 

• 

• 

o 
o n 

1 1   v s^H                1 

V
e
rt

ic
a
l 
 C

om
po

ne
nt

 
i  

  
  

  
  
  

  
  
 i 

  
  
  
  
  
  
  
 i 

  
  
  
  

  
  
  
 i 

  
  

  
  

  
  

  
  

i 

o 
■ 

in 
C\] 

o 

o 
C\J 

o 
■ 

in 

O 

O 

o 

in 

o 

o 

-©— 

—©- 

N 
X 

c 
CD 
3 
CX 
CU 
C_ 
U_ 

r^     t 
*-ö 

T5  ^r--> 1        .—s 

i             i 1 1 

—©— 
-e- 
e 

■    ■ 

c 
c 

» 

i 

o 
10 

o 
q.U3T 

o 
CM 

o 

o              o 
cu             to 
o               o 

1               1 

uot^eiajjoo 

c 
c 
^- 

1 

i 
i 

i - 

W 
•5 •fca 

>i 
£ 
© 

*P <a 
W 
K 

*«■* 

"a •«» ■»* 
o 
69 •K! 

Q) 9» 

ß 
O 

fr 
ik 

£P 
K s 
<*> <y 
II •si ■Si fc. 
* § 

i« »1 

§ 
§ 8 •** ^ 
<4J <s> 
& > 
d 1 ^ a 
ff •5! 
t ft, 
^ »5> 
h -««i 

-iäl a 
a Q 

.V. 1? c § 
<y •Ci 

« & 
§ 3 <ö a 
^ ^ 
8? fe< 
a O 
a O ». ^i 
^ « 
0) i. 

o ^ 
w a 

r** i. 
K £ a <5 ft 
<*> is 
w Ä v. «> a <u 

;»> ^ 

"-I 



si 



a 
««5 

3 
IS 
öS 

I 



-e- 
-e- 
-e- 

■©• 

o 
o 

o 
10 

o 
CM 

O O 

o 
C\J 

o 
i 

o 
to 

o 
I 

o 
u 

Co" 
u 
-H 

L. 

> 

O 
i 

o 

in 
aj 

o 
aj 

N 

■ >» 
in U 
■<rH c 

CD 
=J 
CX 
CD 

4-> O u_ 
C O 
CD c iri 

o a. 

o 
in 

o 
o 

uotieiajjoci 

ec .2 « -5* 

a ^ 
^^ 
*^ 
-a:   y 

^ >•« 
.-^ is 

& 



o o 

N x 
>> 
o 
c 
03 
n 
cr 

LL 

i 

*e .2 

8 I 

S    SS 

ff 
w 

rS 

^•3 

Kr" •*» 

3 

* IP 

'S S's 

s 

I a 
•8 

\'^&^f$&ß?^ i ISliSj 



o m 

N 

u 
c 
cu 

cr 
cu 
c 
u_ 

o o 
}U3Torj4ao3 uDt^exajJOG 



o 
' a 

O 
n 

o 
a 

in 
OJ 

of 
&\— 
—}-e  
—Je  

o 

in 

4-> 
c 
CD 
C" 
o 
a. 
E 
O 
u 

to' 
u 
-H 

£_ 
CD 
> 

N 

CJ 
c 
cu 
ex 
QJ 
c_ 

Li_ 

O 

ID 

O 

O o o 
10 

o 
o 

o 
i 

o 
ID 

o 
I o o 

o o 

I 

.a» 

««■> 



N 
IE 

U 
C 

CX 

c_ 

o o 

a 

H 

Ö 

Si 

Si 

a 
■8 

I 



— 

1           1 n    i 

V
e
rt

ic
a
l 
 C

om
po

ne
nt

 
i  

  
  
  

  
  

  
  

I  
  
  
  
  
  
  
  
 i 

  
  
  
  
  
  
  
 i 

  
  
  

  
  
  

  
  

i 

Jo   ' 

*A 
L 

\    Q 
lo 

to 
(— 

i l 1 

o n 

in 
C\J 

o 
aj 

N 

■ 2» 
in U 
iH c 

CD 
=3 
O" 
aj 
c_ 

o U_ 

_ in 

o o o 
o o o OJ 10 o 
o to OJ • ■ 

■ ■ • o o ^1 
<rt o o 1 1 1 

luatorj^aao uot^eisjjoo 

it. 

.1 

II 

1 
IN 

o 
V ^ 

-s; ^ £ 
S 5 

Sp 0<5 *) 5 
«ft Ö 

-5? <J 
K •£ u 

# Ö 

% 
«*5 8 
<y t: i» 

A S 



<y ^^ 
JA ^fl 
^    . H 

*■<< ^B 
<v$ ^O 
♦»i   &) 
»•  *~5 
*■>  <5 

B 

o 

ur
es

 3
. 

oc
iti

es
 

O 
01 

1                                1                                1                                1 III* on *z* 
© 

o 
o 
CD e 

da
ta

 o
n 

F
 

'.n
ci

es
 a

nd
 v

 

0 

O 
O sp

on
di

ng
 to

 th
 

e 
gi

ve
n 

fr
eq

ue
 

Q              / 
_ r^ to £« 

\ § fc A E 

/ 

°        / t      _, a e              # 

o 

5» 
+■> 
-H 
CJ is 

de
pt

h 
le

ng
th

s 

, i 
— — 

o 
CO 

O 
i—1 
(D 
> s 

ve
rs

u 
ew

av
e \ 

*                     -/ .S> •*; 7^                  X 

e . ^J •« «j 
© ©©© o 

o 3 
e        e 

_ in 5S   6j &? 
© ft. 5 5 ?ü a 
00e© 0 

1                  1                  1                   1 

o 
o 

[4
. 

P
lo

ts
 o

f t
h 

'e
pt

hs
 a

re
 c

al
c a 

s: 
a 
■8 

n o             o              o              o o 0^ 
O o              o              o              o o 1 
Q o              o              o              o o s» •- IS 

V                    CD                    CU                    CD a 
OJ S 

UJ qq.dsa 



• 
00 

^ 
© 
'S* 

■ ts 
« 
« 

■ 
o 
>»>l 

o 
o 
en 

v. 1                   1 1 i 1                              1 1 I a 

K 
Ö 
« o i o 

CD 

o 
o 

• 

© 

1^ 

o 

CD 

-p 

O 

1 

<*> 

/ 
— 

o 
CD 

O 
i—1 
CU 

Q f > 

/. h _  • 

^900 
/ 

o 
o ^1 3 

\          °         JS \ in *   ♦ „ «N .sy 3 « £ 
R Q 

°Q© 
^J "H « a©   © 

1                      1 1 1 

a 

O 
O 

P
lo

ts
 o

ft
h 

us
es

 o
fr

 =
 

3 

o O                    O o o o "> t o o             o o o o 
"5 5 ■ ■ 

o o               o o o o ^J     fci 
% T                    CD CM CO o 

• 

Ul illdsa 
■el ai 

F
ig

u 
fo

rt
t s 



O 
O 

o 
o 
CD 

o 
o 
r-> (D 

V* 
E 

>. 
-P 

. -ri 

o U 
o O 
CD i—1 

03 
> 

o o 
in 

o 
o 
NT 

o o 
CD 

O o 
to 
■*-l 

o o 
ai 

UJ  L|q.dsa 

s e 

•3 

«*5 w 



o 
o 
o 
CM 

ft« 

t 
I 

o 
o 

o 
o 
o 

o 
o 

o 
o 
en 

o 
o 

o 
o 
CO 

o 
o 
o o 

o 
o 
o o 
CO 

o 
o 
o o 
in 

o 
o 
o o 
■*■ 

s/ui A^TOOISA' sseiid 

1         1         1         1         1 <U 
^ V« 

Q 
■v» 

O 8P o 1 e 
CO © 
■c-J 

o 
o ci

ti
es

 c
or

re
sp

 
sh

ow
n.

 

OJ 
N 

•§ 8* 

5» 
O 
C 
CD ed

 p
ha

se
 I 

al
l c

as
es

 

o 
o 13 

im
ul

at
 

ie
sf

o
r * 

CD 
L_ 

S! «5» 
1 «   §> •      •   •      w 

"*   u •         •          •   /     • *)   ^ 
"      "          /        " o **   SB 

5S    « 0 
m      a                /•            • 

o •a *s 5 
a    •              / •            •            

•   •       /        *          • 
T 

ec
a
l 

la
te

d 

■         \^^^                     " •5 a « 
•                        •              +r                       m 5? 

yS O 
t» 

§ 2 /                      ', o •2 E? <J 
1                            1                            1                             1                            1 o 

Q^ E-H t 
Q 

*& 



o 
o 

• 

N 
X 

>> 
U 
£Z 
CD 
13 
CX 
03 

o o o 
^1 

o o 
CD 

O o 
CD 

O 
O 

o o 
to 

o 
o 
in 

o 
o 

s/w Aq.TaoiaA asend 



o 
o 

N 

O 
c 
<D 
ZJ 
CT 
CD 
C_ 

Li_ 

O 
O 

O 
O 
O 

o 
o 
o o 
CO 

o 
o 
o o 
CD 

o o 
o o 
Is-. 

o o 
o o 
to 

o 
o 
o o 
in 

o 
o 
o o 

S/Ul   Aq.T00t9A   asBLjd 

tp <u "«* 
5s 
k, 
ON 

«* 
t» 

8- •« 

£> 
y 
© »*» %> ^ 
y 

•« •*«> 
© 

■v» 

fee 
c 

"xs 
s o 
& 
<y 
k 
k 
© 
y SJ 

J3 £ 
© 

•ts •f u KS 

1 k 

1 1 •a: U 
a. "»» 

15 "3 

a 

k 

.8 3 
.5 
3 

"*s 
s •s» 

1 
s 
1 « « 

8 ft. 

1 
w .3 

•5 a 
«Si 

>i 
u 

*j 5» 

* ß 
ON' «r> 
*""H * 
«*j Sri 

1 
5 
.§ 

»»1 

S5 
IS 



* 

o 
o 
o 
C\J 

o 
o 
CD 

o 
o 
m 
•«H N 

X 

>. 
u 
c 
<I> 

O "1 o zy 
1 CD cu c_ 

u_ 

o 
o 

o 
o 

o 
o 
o 

o 
o 
en 

o 
o 
CD 

o o 
o o 
to 

o o 
in 

o 
o 

S/UI   A^TOOtBA   äsend 



1          1 1         u 
1 

a) 
>i 
(Ö 
H 

a) 
id 

M-l 
M 

CO 

_ 
-a 

^^ 

-a 
(Ö 

cu 
Ä 

4J 
•H 

*~™ 

s 
rH 
a) 
-a 
0 

—                                      / 

s 

— 

1 1 

o o o o o o o o o o o 00 ID -q- CM 
^f 

s/uj Aq.TGDt3A  aseqd 

'S *Ti 
^)  ■*» »-« 

•s: ^ ^5   ■*•> 

s *r ä ■« 

^ s s 
a 

o 

su
rf

ac
e 

oc
ity

-d
ep

 

• ä •> ^ w 
o 
CD 

o
f a

dd
in

g 
e 

V
IC

's
 v

 

O *•> y äS 
in 

th
ee

ff
e 

ge
st

ed
 b

 

i 
N ft© &c o IE 18 18 
u 
c 
CD .si 

o 
en CJ 

CD 
C_ 

ÜL 

as
e 

ve
lo

ci
t 

ci
ty

 o
f 2

70
 

■ •* .S o c^ 
C\J 'S» * 11 5 
o 'S § 
<«H 

o
f t

w
o 

th
es

h 

I 
o . 

P
lo

ts
 

m
 w

ith
 

«ft 

3 
IS 

F
ig

ur
e 

3.
21

 
de

pt
h 

o
f 1

4 

1 
I 



o 

o 
to 

o 
in 

o 

o 

o 
QJ 

N 
X 

>. 
CJ 
cr 
CD 

o o 
CM 

O o o 
O 
O 
CD 

o o 
ID 

O 
O 

O 
O 
CM 

s/ui  A^TGDISA  äsend 

O 



v© 

N 

U 
c 
CD 

CT 
CD 

O 
o 

O 
o O C\J 
10 CM ■ 

• - o 
o o 1 
}U3I 3IJJ.300 uot 

o 
10 

o 
I 

o 
o 

I 

<* 



m 

—€  

O o 
O 
to 

o 
C\] 

o 
C\J 

o 
I 

CD 
•i-l 

TD 
(D 

GC 
J Jo 

o 

in 

o 
aj 

N 

+J o 
X 

L_ ■ >» 
0) in O 
C ■rt c 
O cu 
Q. a 
E cr 
O cu 
o o LL 

I—1 o 
fU ■cM 

o 
to 
o 

I o o 

O 
O 

I 

I 

S 

<^ 

Ä 

.1 

3 



• 

1 
 
 
 
 

1 
 
 
 
 

1 
 
 
 
 

1 
 
 
 
 

1 

1    ^ r=^- 

R
a
d
i
a
l
 
H
o
r
i
z
o
n
t
a
l
 
C
o
m
p
o
n
e
n
t
 

i 
 
 
 
 
 

i 
 
 
 
 
 

i 
 
 
 
 
 

i 
 
 
 
 
 

i 

o   ^ 

<^    ° ̂
 "^^^ 
-J? 

z~K 
o^ 

-—-~' 

u 
_^-"*" 

^"o 

^s*^~-*-^- 

r    ^ *-» 

l               l 

-*£r 

i 

-©- 
■e- 

-e- 
-e- 

1 

o 

in 

o 
aj 

N 

• >> 
in CJ 
■<ri c 

CD 
^ 
CX 
CU 
c 

O U_ 

o 

o 
in 

o o o 
to 

o 
o w 
o 

i 

o 
10 

o 
i o o 

o o 
•«n 

I 

1 

a 

I 
I 
2^ 

Ä 



o 

«rl 

II - 

o o 

■ fc. .2 <y 
o o4 « « 
(«1 *V       *> 

v. 
£ If ̂  
2 s s 

o fc. « 
.Q  **» V. 

in 
^.« 
j?5« 5 

Ö cu fc 2 
1 * « 0) j» s 

£ 
.« ^ & o § § Is* 

o vs *>* 
ttJ *? § 

s ^ s 

o 
N 

co
m

po
 

ex
pe

ct
 

ft. 
in CJ 

c 
CD 

"a *> 

1 1 Z3 Ö 

CU & 
c_ "** & 6* 

o U_ w s> .SJ 

o 

fo
rt

h
 

ef
ig

ui
 

S     £ •^s    . 
W     %J ~   *5 a < 

T5 ^ 
§  5 ^ s 

■* s dg 
O ^  c a g 
in 

ft
h
eC

 
so

lid
 li

 
(2

.2
2)

 
of

m
ic

 

» &5     to 

o 
o 

24
. a

. 
P

lo
ts

 
ic

k 
an

d 
th

in
 

ts
, e

qu
at

io
n 

co
m

po
ne

nt
 

*5« 
&  ^ s s 

% 
£ £ o »si 

# 

a 



o 
o 
n 

o 
in 

o 

o 
N 

■ >. 
in u 
■<H c 

cu 
3 
cr 
cu 
c_ o LL. 

o 
TH 

in 

o o 

<N» 

II 

1 

a 

If 



SI 

o o 

N 

u 
c 
03 
ID 
cr 
OJ 
c 

a 

1 

Ik 

5 



• 

• 

• 

o 
B 

o 
n 

— 

"—                       . n 1              1 

V
e
rt

ic
a
l 
 C

om
po

ne
nt

 
i  

  
  
  

  
  

  
  

i  
  
  
  
  
  
  
  

i  
  
  

  
  
  

  
  
 i 

  
  
  
  
  
  
  
 i 

o 
■ 

in 
C\J 

o 
■ 

o 
aj 

o 
in 

O 

O 

O 

in 

o 

o 

1            O    f     ' 

N 
X 

>s 
CJ 
c 
CD 
Z3 
CT 
CD 
c_ 
|j_ 

L 

^0 In 
^"^ 

^^O Sa 
X 

o™ 
^ 

i          i 1                          1 
o 
o 
■<r1 

o              o 
O                   O                   C\J                   10 
ID                   CM 

O                   O 
O                   O                    1                      1 

o 
o 

1 

X 
Ö 

5- 

I 
<3 

I 

-S. 

1 

3 



3 

CO 
\ 
E 

-M 
u o 

1—1 

> 

ft. 

I 
-ft 

a 

ui qq.d9Q 



«f& ^1 ^A '—i   3 V <*"§ 
^   * 
•ft •* 
„a   *» 
K   Ss a 

'.Is
 in

 
m

/s
 

o i1^ 
■  ■    1         1         1 r ** 1              1             1 •5» a 

-5r a 

■ 

in 
m 

o 
m th

e 
ve

lo
ci

ty
-d

 
as

e 
ve

lo
ci

tie
s 

\ 

in 
N 
X 

e 
ve

lo
ci

tie
s f

o
r 

e 
si

m
ul

at
ed

 p
h 

• >. 8« o u •55    to 

• 
C\l 

in 

c 
CD 
ZJ 
C7 

C 

si
m

ul
at

ed
p 

cu
rv

e 
sh

ow
, 

  ■^ U_ 

*«   6 
i o &j A 

1% 

> *                                 _ 
i 

«rt 
ic

ul
at

 
Th

e 
la

ye
r.

 

^r                          m 

■ 

in 

P
lo

ts
 o

f t
he

 c
a 

on
 t

hi
s f

ig
ur

e,
 

o
f t

he
 s

ec
on

d 

" 1                  1                  1                  1                  1                  1 o 
K   S^ 

o       o o       o       o       o       o   ■    o  ■    a 2 * * O          LA o       in       o       in       o       in «*>«■» 
■sr       on en       oj       c\i       <n       TI 

s/w Aq.i3or3A  asBLid 

F
ig

ur
e 

th
e 

to
p 

w
av

e 
vi 

• 

#?&jgaB 

5 

a 
IS 



o 

ID 
m 

o 
en 

0 
0 

0 
in 
en 

0 
0 
en 

0000 
in       0       in       0 
CM         OJ         TH         -H 

f\U   A^TGDtSA   assLid 

0 
in 

o 

a 
• 

in *t 
c\i u 

N ^ 
X 

%1 
■ >. S2 

0 
CM •5S 

(D *« 
3 

in 
CD a 

.1 ■H Ll_ 

w  5 

Is 

$ 



"<3 

-Si 

JO;OBJ uo^BOjjHidiuv 



JOIOBJ UO^BOJÜldLUV 

•« ss 
ö 

*»i 
»-s 
«^ 
W •««* 

•Q 
.*» fc^ 
S •s 

t-H H 
»^ 
»»i 
*1 

"« 
G 

^ 
*» 
^ 
>l *) 
S »»» 
« >. 
s 
© ••* -v* 
« o c 

t & g **s 
13 s 
«1» 0 

>» 0 
85 % s w 
£ « 
© fc. 
§ ^ 

£ 
0 0 fc« ^ t* »Ü ua <y *•* >. 

5 s "« <u *» 
5 k. 

^ ■S 
<& Jfe s 

&B w *« »»* 
O •Q 

£ s 
c5 .s <n »»■» 

*n •s w Q s 
fix w 

65 « 

St 



N 
X 

>> 
CJ 
c 
cu 
Z3 
cr 
CD 
c_ 
Li. 

3 
« a 

M •S'fe. 

«"1 s 
§ 
1 

_  © s 

'S * © 

« Q 5 
^» •*"* *a s .2 5 

S *- .S § *> 'S y -S  a- 

*$* S ^ i 
t IS 

«o 

1 
<y 

o o 

55 8 | & 

*3 

I 
1 a 
IS 

I 



o 

luaior^aoo uot^eiajjoo 

N 

u 
c 
cu 
CX 
CU 
C_ 

Ll_ 

a >i V 
a 42 

a !3 a « ?T< © 
•fee <u ^ •a tf 
■fcj a o 
Pi) w «•a 

•a 1 3 
a 

<* Si 45? »J *o v. 
© y <a 

1 •2 
•ss 

S a 
^ 
Ö 

a 
«3 1 

a 
9» 

.3 
Ö PS © 
ft. fc. tft« r <u ^ © •5! o t« a <»* hi © 

•1 ^ *« w 
St 1« <y 

fee 1 4 
a a 

ft. 
45 

£ ä 
1 

5 
1 
k, 
ft. 

«i3 w <y « «s; •a ^ ■Ki ^B 

C*H jfc a .T Cs ^ 
U »5? S< (.) 6a a 

8 .a 

a 
*2 
^ 
^ t 5 $ 

A< •a •* 

^ 
^3 
S «N   2 

*n 15 N  S 
^ 
8 -2 43 
*s ^ Ö at •w £3 s 

■£f> as r^   u 

s § Cl s 

• 

tf 
.« 



8 s». 
« o £ 

CO '•*!    . 
V) 
r\ 

M «* 
l\ %> 

CO 1 ^ 
s 

r %) 
V3 

O **   k« 
"*■*    Ö ^ 

^0 
in 

ID sf
o

r 
th

e 
th

e 
V

IC
 

CO 
N ur

ve
 

ro
w

, 

T S .52 
T 'I  g 
n IP S 3» 
T u £^ c •S 48 
M3 n; 

'S* CO j 
rr 5 ^ 

(M a « 
m •a >ss 

&5    "U 
CO L. •w ^ 
fNj 

CM 1§ 
a ^ 

"^^ w s» s* 

Ä 
«<-> 

V) 

N 

CO 

_ r 

_l o 
ogg oog ogtr oo^ ose ooe ogz oos ogi ooi    og 

(Des/ui)    hiTDOjefi   eseqd 



U1 
\ 
c 

O 
o 
CM 

O 
O 
O 

O 
O 
00 

U 

T ° Qj  vo 

in g 

r 
Q 

o 
o 
CM 

o 

VI 

0> oi O 01 CD in oi o K 01 01 ■f oi in o CM CM 
H n oi CD in NO oi in CD CM CD in • • NO 01 K a oi 
♦* D. (N 01 01 r in ^ a) O f 01 in fll -* (M H) O 01 

u 
*-4 *-<  ~H CM 

o V 
»—« n o -« in V3 r o l\ CM CD in a o O 01 u 
Cu -H 01 CM V) CM 01 01 CM CM *■ r\ f—1 o CD ^ CM 
3 W «-H *-<  csj CM 01 01 T VI co ~ T Or —4   »-4 f NQ CM 
3 «-H H 

0 

Q 01 ■*- t\ 01 T CD 01 01 o •<-< \Q CM CM 
0 n • •  1 i »   •   t 1 »  • Ui •  1 f • 
E f- (N oi in r\ am-* o oi y) <ö *•* «-«in (M IS ÖÜ 

-< -1 CM 01 T in c 
(M CM 

a) a R •-I o en T r\ 01 ^r 03 01 01 o \. «-H *-* V) CM CM 
y tu 0 

n CM 01 in i\ d in 
• 
O 01 NO' 

•   • 
in CM r\ 

_) L. »-I »~« CN 01 f in 
<c 

CM CM 

48 

.52 

e 

8      31    91    03    VZ   83   38    98    OV 
< UJ)       q3.bue~i   eAefi   3/1    - 

VV   8*-   3G 
Midea 

C jj 

o 
^ 

• 



1 n n  \i i 

V
e

rt
ic

a
l 
 C

om
po

ne
nt

 
i  

  
  
  
  
  
  
  

i  
  

  
  

  
  

  
  

i  
  
  
  
  
  
  
  
 i 

  
  
  
  

  
  
  
  

i 

o       IN. 

i i 

                                 sS< 

I 1 

o 
o 
n 

o 
■ 

o 
■ 

o 

in 
-srl 

O 

O 

N 

u 
c 
OJ 
3 
cr 
CD 
c_ 
LL 

o 
in 

o o o 
o O o C\J 10 o 
o 10 cu • ■ ■ 

- • o o •<rt 
vi o o 1 1 1 

luaiDt^aoo uot^eiajJOG 

ii 
a» 

I 

-a, 
I 

.a 3 
^^ 

•5 «5S 

%) ^e 

w «. 

K.    69 

g e 

Si"* ° $ "«  2» 

J3 * ff 

•as .a 

j 



N 

a 
c 
CD 

£L 
Ll_ 

O O 

w 

5 



to 

-p 
-M 
o 
o 

r—I 
CD 
> 

O 
O 

O 
O 

O 

o o 
o 
DD 

O 
O 

O 

O o 
o 
CO 

o o 
o o 
OJ 

ui  L|q.d9Q 

II 

I 

«Cl 

5 

! 

I 1 
3 

Si "^ 

- & a;« 
K   ft, 

* 

«3 

I e 
ft? 



•8 « 

N 
X 

>. 
O 
c 
CD 
=J 
CJ 
cu 
c_ 

o 
o 
CD 

O o o o 
CD 

o o 
in 

o o o o n 
o o 
ai 

s/w  Aq.Taor3A  SSSLJd 

s 

SI 

1 

&5 

«<*> 



• 

o 

S1 

* 

T 1 1             1             1             1 •*» 
o 
Q >««» 

■ s» in > 

o 

ft, 

1 
n 

in 
OJ 

5 a 

1 
N 
X 

. >. ii 

• 

— 
o 
OJ 

o 
c 

ca
se

 o
fr

 
•3

.1
5.

 

■ CD <u ^ 

— 
in £_ 

Ll_ 

om
th

 
nT

ab
 

•7      / • /      / ■/      / •    £       / •      #       / 
H              •*      /    / 

o 
la

te
df

fr
 

sh
ow

n 
i 

0 £ 
H td         H          ■   //   / <S   «\ **»< 
H 

rH 

_           ^ 
0 

^      S x y A / H 
in th

e 
ca

lc
 

? t
ha

t a
rt 

s V  ^*C0*S\s~£                H Vs S &5 

1 i         i          i         f o P
lo

ts
 0

 
; p

ro
fi

t St 

a 
■a 

• 1 
c o o          o          o          o          o 

% c o o           o           o           o           o 
er r-» (D          in          T          m          c\i <U   £» * 

s/ui A^taotsA asBLid 

F
ig

ur
 

ve
lo

ci
 

£ 

• 



§ 

o 

in 

o 
CD 

lf] 
C\J 

N 
X 

. >. 
o o 
C\] c: 

CD 
ZJ 
CJ 

■ CD 
IT) c_ 
«rl U_ 

o o 
m 

o o 
o o 

o o 
in 

o o 
o o m 

o 
o 
cu 

s/ui ä^TGOI9A aseiid 

s 

<u 

.2 
s 
1 

•at 

I 

1 
S 
1k 
.3 

I 
> 

k. 

o 
.« 



o o 
GO 

O 
O 

O 
O 

O 
O 
ID 

O 
O 

O 
O 
re 

o o 
CM 

o 
o 

S/UI   Ä1T3DI3A   aSBLJd 

> <n 
^ 
w v. 
a 

S 
■ Ö 

o ^i 
^ 

<41 " >« 
CO « 
m 

• § 
CM 

'•S3 

, « 
CD S CM ÄS 

■ Ü 

01 N £ 
J_ <4) 

. >. tx 

o O .0 
CM c 'S 

CD .0 ZJ 

CD CD 
■«M £_ "5 

Ü- 
• 6g 

CM « 
■<r1 •5 

1 
^vd 

CD 

■ •S _« 
T 

o
ts

o
ft

 
el

 in
 T

 

" *»   'S 
O 

F
ig

ur
e 

3.
41

. 
P 

an
d f

o
r 

th
e 

m
o 

«0 

je 

1 
a 
•8 

i 



N 
3= 

3» 

c 
CD 
ZJ 
C7 
CU 
c_ 

o 
o 
03 

O 
O 
Is». 

O 
O 
[Q 

O 
O 
in 

o o o o o o 
OJ 

o 
o 

S/UI   AlTGDt9A   aSGLJd 

.1 
s 
ft 

•ft 

s 
ft 

1 
•ft 

! 

I 

• 



o 

1 1 1 1 1 

— 

— 

H 
Q) 

0 
2 

— 

•H 

-0 
— 

H 

0 
S I       ■ 

«   • 

_ 

H H ff ■ 1 • 
H H >   .7 
<D 0) 

U/l -"■ T3 
0 s 

<0 
0 s 

~"*' 

^/    • J 
-"•""""^          •/I 

■             Jl 

1 
m 

1 1 

•     PI 

^ f^t    a 

• 
■ 

1 | 

o 

in 
n 

o n 

in 
OJ 

o 
OJ 

in 

O 

_ in 

N 
x 
>. 
(j 
c 
13 

03 
C 

«  Ä 

o O o O o o o 
o O o O o o o 
CD h* CD in T m OJ 

S/UI   A^TGDtSA   asBLid 



^ 

o O o o o o o o 
o O o o o o o o 
CD r-s. ID in T m OJ *H 

S/Ul   A^TGOtSA   äsend 

s s f 
«     &5 

<:  Q 
*•  &• 
3  1 "a   © 
S*   ^ 
Si s» 
*>£ 

o 

in 

iti
es

 fo
r f

re
qu

en
c 

r 
th

es
e f

re
qu

en
ci

 

o 1^ n 1 s 

ha
se

 
tr

em
 

in ^ 2 OJ •« .3 
N 
X 

ul
at

e 
at

 m
i 

o 
£> «at 

C\l c ü .£» 
CD <u is A 
ZJ «C    5? 

•J2   &a 1 
in 

CD 
C- 

*s-i u_ 
y >-» 

öfl 
O 

re
 3

.4
2 

m
on

st
r 

O 
3 

a ^j Sa & s 
■ 

in 
*. «a> o &5 
««o.« s; 

§ «S4 a a 
o is 

. .    O   « ^ 

3.
44

 
re

du
 

d
ya

 

1 l s 



— 

—I"       1-, \ f   o^- 1 1         ° 

c 
f   °     > 
^ w ^ "^ 

*--* 
1 I       O        ' 

R
a
d
i
a
l
 
H
o
r
i
z
o
n
t
a
l
 
C
o
m
p
o
n
e
n
t
 

i 
 
 
 
 
 

l 
 
 
 
 
 

i 
 
 
 
 
 

i 
 
 
 
 
 

i >*0 sS    ° 
"^>* 

JS? "^ 

^v^ 

1 u 1          1 

o 
n 

in 

o 

in 

N 

:>> 
CJ 
c 
CD 
ZJ 
cr 
cu 
c_ 
L_ 

o 
in 

o 

o o o 
o o o OJ lO o 
o to CM • • ■ 

■ • • o o ■»rl 
^ o o 1 1 1 

q.uaTDt^303 uot^eiajJOG 

«n 

« 

5s" 



3! 

in 

o 
en 

o 
aj 

N 

o 
■ 

X 

UJ Lfl a c irl c 
o CD 
a ■n 
E □" 
O CD 
o £_ 

O U_ 
i—I o 
Hi ■«H 

o o 
luaior^aao uotq.BiajJ03 

I! 
v. 

1 
y 

•fca 
a 

«Cl 

a 
.00 

3 

I 

k. 



*r> 

NO 

N 
X 

>» 
CJ 
c 
CD 
ZJ 
or 
CD 
c 
Li. 

O O 

^ .s *» 
"   w   K 
»8P*. 

th
e 

a 
n
d
ta

 
at

io
n 

.0 *■"* *»• 

£ *«  © 
fe 2£ 

«   »5 -S 

■« s « s ^ « 
S «1 s 

**»   fcl   *> 
.S * 'S 
•»«*   ■»« 

s &.  s 
<u   ?   Ö 

ta
ng

 
ss

ho
 

g
u

p
 

fo
r 

th
e 

ef
lg

ur
e 

ep
en

di
n 

S   ft ^* w   y tr, 2 
0 

1   S <N § 

i1   ft 1 
s-> £ a 

o
f t

he
 C

 
so

lid
 li

 
s 

(2
.2

2)
 •a 

& 

St 
ä55 
^ « -S 

a.
 

PL
 

an
di

 
eq

ua
t Si 

1 
^f   «a    -W 

a 
u 

*5«  § •»•» 
8 ft  v  ss s* 

a 
K 

E £ 8 

J8 



m 
o 

o 
in 
C\J 

o 
nj 

N 
I 

>> 
in cj 
<<ri c 

CD 
ZJ 
cr 
CD 
c_ 

O u_ 

o 
in 

o o 
lU3TDt.jj.ao3 uotq.eTaJJOD 

1 o 

■ha a 

a 

I 
•eS 

s 



N 
n: 

a 
c 
CD 

CX 
CU 
C_ 

Ll_ 

O O 

•5- NO 

s I 
s 

I 



N 
n: 

CJ 
c 
CD 
r3 

CU 
c_ 

5 

«ft 

I 

5 

u 

.3 

• 

o o 

*£ 1 
& ^ 
^" U 

* F IS 
55 

^ % ^ <y>   53 8 dB     ** a ^ X 

^      A 

gfcSsgSp 



o o 
luaiot^aoo uot^eiajjoo 

'S >.» 
« 

o 
" •« o ^ 

n 

o *) 
« 

in **3 cu 

o * 
■ <5 

9k. o .« 
aj ••a 

N 
IE 

o a 
in CJ 1 •<ri C 

CU u 
Z3 
or .^ cu 1 

O LA- ^ 
. <u 

o « 
■<H 

4 
8 
5 
§ 

o b, 
in 

ts
 o

f t
he

 C
C

- 
37

m
. 

o s? " 
■ CL   v 

o 

ig
ur

es
 3

.4
9.

 
r 

th
e 

ca
se

 o
f 

o© 

G;^ 



• 

uj L|q.d3Q 

«*5 

1 
I 
! 

1 
•Si 
ft, 

•s 

t 
1 

J3 

1 
ft 

I 
<=5 



N 
X 

>. 
o 
c 
CD 

cr 
CD 
£_ 

*» 
S 

f 

•"I 

5 

g 

o o o 
o o o o 

CD 

o o 
Is-. 

o o 
CO 

o 
o 
in 

o 
o 

s/ui Aq.iGDt3A aseiid 



o o 
UDt^BTSJ^OD 

o 1 
■ Sk 

o 1«i 

PJ .0 

o s 
<y 

in 
aj 1 

1 
o v. 

<4) o ■Si 
aj <3 

N 
X ^ 

o ^ 
■ >. € in CJ Ö 

•^i c ■is 

*. 
or "te 
CU 

O U_ %> 
•« " ■»3 

o "« 
■rl 

o 6 
in 

lo
ts

 o
f t

he
 C

 
15

 m
. 

o ** II 
> ik 

o 

F
ig

ur
es

 3
.5

2.
 a.

 
fo

r 
th

e 
ca

se
 o

f 

m 

ü 
.« 



o R 

N 
X 

>> 
U 
c 
CD 
3 
cr 
CD 
c 
LL 

o o 
UDt^EiaJJOG 

h, 

1 

a 

<^ 

h, 

«a 

h. 

A 



# 

-p 
c 
o 
N 

-1-1 

L. 
O 
X 

CD 
-r-I 

O 
en 

in 

— 
o 

N 

c o 
(D in a 
$_ ■<H c 
O cu 
CL ^ 
E cr 
a cu 
o c_ 

O LL 
r—1 o 
(U •«H 

o 
m 

o 
o 

o 
10 

o 
CM 

o 

o 
I 

o 

o 
I o o 

1113131:14303   UOt^ETSJJOD 

o 
o 

I 

1 
y 

s 

.1 
»5 



o o 

N 

u 
c 
CD 
n 
cr 
cu 
c 
u_ 

^ 

M    <4) 
'S    *» «ft    « 
S *- 5 « 
&a »Si 

?  ö  £ 

i 2 8- 
ö s s 
« s u 

I g e.S 

"^1 ? 
-§|£^ 
«1-2 1 
S "^ Ä H3 ^  S $   g 

R 

«, 

8^ 8.8 
•S «s  o  « 

^^ P & 
P " -a *■ 

'*-» ä * «Sä 

s *>« 1 
s ^ Js ^ 

£ §« 8* 



o o 
luaiot^aao uot^EiajJOD 

£ 
Ä 

o ■5 
o 3 n 

.52 
o « 

■ v. 
in ^ cu 

F
cu

rv
es

 
nt

s.
 

o p 21 ■ o 1 o w  B< 
C'\J 

in
. 

Th
 

ca
l c

om
 

N 
IE 

<) ii     S> 
■ >> 11   s>. 

in U 
c ^1 
CD ^)  *^ 
13 
cr 

69   .« 
« 'S 

tu a 
c_ ^?5    öi 

O u_ 
O 

a 7^ xri 

•§ 13 
,3 * SP a <N   U 
N bn 

O Sd 
in 

la
r 

to
 F

ig
u 

w
ith

 t
he

 C
 

o Si
nt

i 
la

ri
ty

 

o 

F
ig

ur
e 

3.
53

. b
. 

ve
ry

 g
oo

d 
si

m
i 

£ 



o o 
q.uaTDtjjaao uotq.eiajJOG 

* 
© o ■58 > &5 

o g 
n i2 

1 
•S2 

o « 
■ »k 

F
 c

ur
ve

sf
o 

nt
s.

 

o 
■ o s o 

aj 

N g « 5    y 
IE ^   £ 

o 
■ >. II     ^ 

in CJ «k *« 
■<H c 

CD «1   "5» 
=3 S   .« 
cr 

ec
a 

ra
di

 

CD 

o ^ Ü 
• fc   *3 

o <fc 
■<ri 

2.
23

. a
 b

ut
 

F
 c

ur
ve

s ß
 

O £0 
• 3s O in 

«k «s 

o 

Si
m

 
ar

it)
 

o 

F
ig

ur
e 

3.
53

.C
. 

ve
ry

 g
oo

d 
si

m
il

 



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 andShakal, 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- 

practicefor 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. 
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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 typical earthquake ground motion 

phenomena. 

Strong Motion 
Site Conditions 
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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 Aid 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 
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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 

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

(4.1) 
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where Y((0) is the Fourier amplitude spectrum of sub-event j at the site, CO is the 

natural frequency, U is the delay time for the arrival of the seismic waves from sub-event 

j to the site; t- = X- / V + R • Iß, 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, Vis the 

rupture propagation velocity, ß is the shear wave velocity for the medium, and G{co) is 

the response of the local site materials. 

Using the CO - model for the source spectrum (Hanks andMcGuire, 1981) and including 

the terms for the path effects and fme0l (Papageorgiou andAki, 1983; and Hanks, 1982) 

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

Yj{a>) 
Kj     (M0)y(2^/)"    g-«/v*? 

-Anpß'Rj   IHf/fo/   Vl+C///.,)' 
(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; MQ is the seismic moment; f0 

is the corner frequency; Q is the quality factor; andfm is the high frequency cut-off MQ, 

fo, andfm are defined for each sub-event. The power factor n takes the value ofO, 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 

RS(ü))=\ 
Of 

(G)0-co2)-(24co0co)i :IW (4.3) 

where RS(fi>) is the displacement spectrum of the structure, Yg(ö?) is the displacement 

spectrum of the ground motion, and O)0 and % are the natural frequency and the 

damping ratio of the structure, respectively. Substituting for Yg O) from equation (4.2), 

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

degree-of-freedom could be written as 

G) 

^W-IW-^^-)^^.^^. (4.4) 

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 andBoore, 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 ofextrema in a time interval T as 

^(^max) =[21n(tf)]    +r/Pln(tf)l 
1/2 (4.5) 

rms 

where E^y^^) is the expected value of the largest of N extrema, yrms is the root- 

mean-square amplitude, and /= 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 v,„ can be written as ■s rms 

yrms = —]\y(<»)\2d<» (4.6) 
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where \y(ß))\ is the absolute spectral amplitude.  The expected number ofextremafor 

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 f 

can be estimated from the following expression 

*    In 

Jto2 \y(co)\2 da 
_0  

oo 

\\y(<o)\2d<o 

1/2 

(4.8) 

Boore andJoyner (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(co) represents the overall local site 

response. We write G(o)) in terms of linear and nonlinear site response as follows 
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G(ö?)=G/(ö?)ß-a/ (4.9) 

where G^GJ) represents the weak motion, linear, site response and e a*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((0), equation (4.4) can be written as 

M(<D)=YtYJ{aJ)elmt>Gl{a>)e'*f\ 
CO 

y-i (o)0-co )-(2%(oQ(D)i 
(4.10) 

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

yia^Y^-'GX^e-" (4.11) 
>=1 

It should be mentioned that the ground motion time histories can be easily calculated 

from 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(co) and y^ in equation (4.5) the equation for the expected peak ground motion 

can be written as 

*   J 

^am.x)=rt21n(^]l/2+^/[21n(^)],/2J|27/^)e"<ffl°G'^)e"a/l2^ 

(4.12) 

Jt o   >=i 

where 

T 
N = — 

n 

Jö)2E^(«)^",a"^/(«)e"a/i2 da 

y=i 

%   J 

JE 
o   ;=i 
jElry(®)«"to0G,(»)e-/|arf» 

1/2 

For a given ife^/gn earthquake and WMSR the only unknown in the right hand side of 

equation (4.12) is the coefficient a. Knowing a, the response spectra and time histories 

for the design earthquake can be simulated We propose to determine the coefficient a 

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 CO - point source model, equation (4.2), for 

earthquakes and randomize the source and site parameters by using the Monte Carlo 

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

Yj(co) = 
Kj      (M0)j(2xf)m     e-*'R>'K 

4*pß>R,   l+(///o,)2   JlHf/fmjy 
(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; andBrune, 1970 and 1971) 

log(M0) = 1.5*Mw + 9.05, (4.14) 

A        
7  Mo 
16 r3 (4.15) 

and 

fo = 
234ß 

(4.16) 
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where Mw is the moment-magnitude, A a 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 ft/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 
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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 

Mw - Moment-Magnitude 6.0 8.0 

R - Distance (km) 10.0 30.0 

ACT- Stress Drop (bars) 50.0 100.0 

K-Radiation Coefficient 0.8 1.0 

Depth - m 3.0 (10 fit) 46 (150 ft) 

Shear Wave Velocity m/s 133 (400ft/s) 457 (1500 ft/s) 

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 
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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 ft, 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 ft, intermediate, between 40 and 80 ft, 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 (PGAS). We estimate the coefficient a, using a trail and error solution of equation 

(4.12), in such a way that the PGAS at the site is predicted, see Diagram 4.2. The value 

for the coefficient a is unique for the given source, WMSR, and the nonlinear PGA 

scenario. Knowing the value of coefficient a 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 a 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 
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value for the coefficient a 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 PGAS since the 

nonlinear term, e~af, affects all frequency components. 
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Strong Motion Strong Motion 

Diagram 4.2.   A schematic diagram of the simulation procedure showing the WMSR 

toSMSR transformation 
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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 

factors 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 

frequencies 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 CO -source 

model.  The Landers earthquake has the moment magnitude ofMw=7.4 and stress drop 

of A(T = 100 bars. The choices of the number of sub-events, stress drop, ondfmax come 

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

f   = 5 Hz andfm = 10 Hz with a frequency dependent exponential decay, e   J, and 

for fm = 5 Hz with a frequency independent exponential decay, e'a.   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 and95% of the cumulative energy of the time history. The simulated PGA and 

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

Seconds 

PGA Duration 

Seconds 

Barstow .14 22 .10 23 

Desert Hot Springs .16 35 .12 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 history- 

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~a* or e'a used in equation (4.5). The details of the local site 
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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~af and fm=\0 Hz, triangles are for a 

nonlinear frequency dependent exponential decay e a and fm=5 Hz, and 

circles are for a nonlinear frequency independent exponential decay e a and 
f =5 Hz. The thick line on each figure shows Boore and Joyner (1993) 

empirical response spectra for MW=7A and using the closest distance from 
each site to the surface trace of the rupture area. 
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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 California 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 

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. 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 ah, 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 

function 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. 
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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 H4 is not used in this study. It is shown here for the consistency in IDs 
with the Navy Report and original USC data. 

Earthquake 
ID 

Latitude Longitude Magnitude Depth 
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 
ID 

Latitude Longitu 
de 

EQ#0 
Distance 

km 

EQ#1 
Distance 

km 

EQ#2 
Distance 

km 

EQU3 
Distance 

km 

EQ#5 
Distance 

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 Sou and Rock sites for the USC network that are used in this study. 

Soil Site Rock Site Events 

USC 63 USC 61 
Main Shock 
Aftershock 1 
Aftershock 4 
Aftershock 5 

USC 18 USC 16 
Main Shock 
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. 

Sue 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: ß > 760m/s B: 360m/s<ß < 760m/s 
C:180m/s<ß<360m/s D:ß<180m/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 
ID 

Latitude Longitude Magnitude 1 2 3 4 5 

1 34.2785 118.4727 5.9 X X X X X 

2 34.3172 118.4548 4.7 X X 

3 34.2848 118.6238 4.4 X 

4 34.3263 118.6983 5.6 X 

5 34.3425 118.6655 4.0 X X 

6 34.3787 118.5632 4.4 X 

7 34.3575 118.6223 4.3 X 

8 34.3787 118.5607 4.8 X 

9 34.3785 118.7107 5.1 X X 

10 34.3010 118.4662 4.6 X 

11 34.2983 118.4523 4.1 X X 

12 34.2937 118.4613 4.2 X 

13 34.2992 118.4282 4.1 X 

14 34.3452 118.5522 4.6 X 

15 34.2735 118.5625 4.6 X 

16 34.3743 118.4948 4.2 X 

17 34.3053 118.5793 5.1 X 

18 34.2782 118.6108 4.3 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. 

VortextRock Consultants, Inc.     223 



The lists of the stations and their site conditions for 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 
ID 

Latitude Longitude Site conditions 

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. 

Soü-Rock Sites pair ID Soil Site ID 
from Table 5.5 

Rock Site ID 
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) 

111 Earthquake ID 4 7 Sill iliii 3 8 III 
1 37 31 19 24 24 33 4 13 

2 23 28 
3 25 31 
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 of frequency show a recognizable pattern. For example, the results on Figure 

5.2.afor the station pair 13-16 show a factor often 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 ofl 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 I. 

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 U, Figure 5.4.d, 

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. This in part supports the 
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concept that coda waves are composed ofS-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 andAki, 1986; Sue et al, 1992; Mayeda et ed., 1991; Chin and Akt 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 to 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 
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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 RES AMPLE 

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 

Outputfile: 
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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 

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 '{winl win2J 
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name: 
kwin: 
krot: 

Name of the time history files 
No. of time windows to process 
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 = fnamej.abc", the name of the 
output file becomes "fnamej.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 "[namej.sij". 

Program FFT_P 

Program FFTPplots 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 
name2:        Name of the time history file corresponding to the file namel 
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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 
df 
fjmax 
ID 
Radius 
Output 

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. 

fjnax: The maximum frequency to plot the spectral amplitude data 

ID: An ID for plotting the results 

ID = 1: 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 Junction of frequency for each set of input time histories 
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Output: 

A file containing the correlation coefficients as a Junction 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 TTnuPLTsetO 

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

ppsetO 

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 

fmax: The maximum frequency to plot the spectral amplitude data 
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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. 

Output: 

A file that contains the average correlation coefficients and the corresponding 
phase 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 
phase 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 
from 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 
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Step 7. Program F_DEPTH 

Program FDEPTH transforms the frequency-phase velocity values to depth- 
phase velocity values. 

Input Data: 

Input 
ID_velocity 
zjnax 
v_min, v_max, n_div 
ID_pU 

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} 

} 

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

ID_velocity = 1: Velocities in m/s 
IDvelocity =2: Velocities inft/s 

zjnax: Maximum depth to plot 
vjnin: Minimum velocity to plot 
vjnax: Maximum velocity to plot 
ndiv: No. of division for velocity axis 
IDjplt: 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 
fmax, df, nc 
nlayer lines of {depth, density, ß,   CC} 

nlayer: 
damping: 

dv: 

finax: 
df: 
nc: 
depth: 
density: 
ß 
a: 

Number of layers 
% damping ratio for the medium corresponding to the wave 
related strain level 
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. 
Max frequency to be considered for the analysis 
frequency increment 
Number of modes to be considered 
Depth to the top of the layer in an appropriate unit 
Density of the materials for this layer in an appropriate unit 
Shear wave velocity for this layer in an appropriate unit 
P-wave velocity for this layer in an appropriate unit 
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Output: 

A file that contains the phase velocities of different modes as a junction of 
frequency 

Program PLOT_R 

Program PLOTR 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, njcolumn 
njpoint lines of {frequency, ncolumn of velocity} 
if ID <> 0 lines of 
frequency, 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 

njpoint:       No. of frequency values 
ncolumn:    No. of different phase velocities for each frequency 

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

This section demonstrates the application of the programs through processing the 

data from a typical Circular Array field experiment with the radius of 45 ft. The 

transformation of the IDS binary files to ASCII files is relatively straightforward 

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 "EVENTS 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 Mega- 

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 P1J.0U1, P1J.0U1, P1J0.OU1, P2_3,OU2, P2J.OU2, and 

P210.OU2 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 0U1 extension are for the center 

station and the files with 0U2 extension are for the peripheral sites. The 

following section demonstrates the application of different programs for data 

processing and interpretation. 
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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 

to the file P1J.OU1 will be P1J.103. The total of6*9 = 72 spectral files will be 

generated Program FFTJP plots the time histories and the spectral amplitudes. 

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 
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junction.   The file CROSS.OUT on the floppy disc is the output file for our 

example. 

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 junction 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 oj 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 jour half cycles oj the Bessel 

junction. 
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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. 

f 
Hz 

pia) 
X Ci(a) *2 C2(ß>) *3 C3(ß>) x4 

C4(a>) 

.25 .999 .069 Hull 

.75 .989 \m /00ft 
1.25 .967 .362 mi» I 
1.75 .930 J35 925 I 
2.25 .874 720 883 H 
2.75 .801 .91$ • ,m 1 
3.25 .708 tm 016 1 
3.75 .592 1354 m I 
4.25 .454 1602 750 I 
4.75 .297 im -   716 6.871 1951   7.161 187 

5.25 .138 &m 690 5.954 249 8.140 182 12.445 119.3 

5.75 -.011 wmm 00 5.487 296 8.695 187 11.743 138.4 

6.25 -.151 2719 650 5.081 347 9.266 190 11.111 159.0 

6.75 -.270 -xtm '  4SW 4.698 406 
7.25 -.357 1IÜI min 4.323 474 
7.75 -.400 3 715 min 3.950 554 I 

Be ginnim * of the second half cycle 
8.25 -.389 |   3.577 652 H WHK 
8.75 -.321 I   3.203 772 ■H ■i 
9.25 -.199 2.834 922 4L935 ■i 9.530 274 10.831 241 

9.75 -.039 2.482 1110 iÄ liöi 8.800 313 11.623 237 

10.25 .054 1   2.302 1258 wfflm lHÜil   8.455 342 12.030 240 

10.75 .071 2.271 1338 SJ35 530 8.393 362 12.107 251 

11.25 .087 2.243 1418 ' 5J83 ■H 8.336 381 12.179 261 

11.75 .101      2.218 1498 - $429\ . 570 8.283 401 12.248 271 

12.25 .113 2.195 1578 $.871 feül 8.235 420 12.313 281 

12.75 .125 2.174 1658 5310 610 8.189 440 12.375 291 

13.25 .136 2.155 1738 5.947 630 8.148 459 12.434 301 

13.75 .145 2.137 1818 üiiüi Ä 8.109 479 12.491 311 

14.25 .1541   2.122 1899 tiül 670 8.072 499 12.546 321 
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/ 
Hz 

p((o) 

u X Ci(ffl) *2 C2{co) *3 C3(a>) X4 C4(a>) 

14.75 .163 2.107 1979 6.044 ism 8.038 518 12.600 331 
15.25 .192 2.055 2098 Ulli ■i 7.910 545 12.832 336 
15.75 .236 1.979 2250 * 4UW2 *m 7.691 579 
16.25 .269 1.922 2391 6564 TOO 7.477 614 
16.75 .291 1.885 2512 6,766 700 7.268 651 
17.25 .300 1.869 2609 ■H 699 7.063 690 

Beginning of the third half eye le 
17.75 .297 1.875 2677 6.863 731 7.m 70/t 
18.25 .282 1.900 2715 6.666 774 - 7371 v ?m 
18.75 .256 1.945 2725 6.473 819 ■M -\ 7m 
19.25 .220 2.006 2712 6.283 866 7J7S 700 
19.75 .177 2.082 2682 6.099 915 7977 700 12.703 439 
20.25 .128 2.169 2639 5.919 967 ' &m ,, 7m 12.389 462 
20.75 .074 2.266 2589 5.744 1021 i!Si -  7W 12.121 484 
21.25 .019 2.368 2537 5.577 1077 liiiii 700 11.874 506 
21.75 -.035 2.474 2485 5.417 1135 8 785 7Q0 11.640 528 
22.25 -.087 2.580 2438 5.267 1194 8.987 ■ "-7m 11.414 551 
22.75 -.134 2.682 2398 5.129 1254 9189 -;.* m 11.193 574 
23.25 -.175 2.776 2367 5.007 1312 iHii 700 10.977 598 
23.75 -.208 2.857 2350 4.905 1368 9.593 700 10.765 623 
24.25 -.232 2.920 2347 4.829 1420 9.795 -., 7m 10.557 649 
24.75 -.246 2.959 2364 4.782 1463 fftlt -'7W 10.350 676 
25.25 -.250 2.970 2403 4.769 1497 HÜS 7m 10.196 700 

Beginn ing oft He fourth cycle 
25.75 -.243 2.952 2466 4.790 1519 9.948 731 1J4"1 MB 
26.25 -.227 2.908 2552 4.843 1532 9.750 761 10.603 ■; :?6* 
26.75 -.203 2.844 2659 4.923 1536 9.555 791 ffl&n > 7m 
27.25 -.170 2.764 2787 \ 5.023 1533 9.363 822 11007 :?m 
27.75 -.131 2.675 2933 5.139 1526 9.175 855 nü ?m 
28.25 -.088 2.581 3094 5.265 1517\ 8.990 888 11411 :.mmw 
28.75 -.042 2.487 3269 5.399 7505 8.809 922 11613 -700 
29.25 .005 2.395 3453 5.536 1493 8.634 957 11.815 f^SI 
29.75 .051 2.308 3645 5.674 1482 \ 8.465 993 12037 ÄÖ 
30.25 .095 2.229 3838 5.809 1472 1 8.305 1029 naip ■■ 
30.75 .133\ 2.159 4026 5.938 1464 8.157 1065 ■ m 
31.25 .166\ 2.101 4205 6.056 1458 8.024 1101 12623 ■ 788] 
31.75 .191 \ 2.057 4365 \ 6.156 1458 7.914 1134 jzm . , ?w 
32.25 .2091 2.026 4499 6.230 1463 7.833 1164 MM süi 
32.75 .217\ 2.011 4603 6.270 1476 7.790 1188 13.229 '~7W 
33.25 .217 \ 2.012 4673 6.269 1499 7.791 1206 13 218 721 
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Phase see the discussion in Chapter 2 for more detail 
i^0^p^*^t*n^m*m*m*m*m0m*m*m0m* 

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 PHASEV.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. 

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 ftls\     |C2 = 1636 ft I s 

dx = 40 ft J     \d2 = 99 ft 

C3 = 2300 ft I s 

J3 = 232 ft 
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Using Satoh's technique the data on Figure 6.1 can lead to the following velocity- 

depth model. 

Q = 2037 ft Is, ßx = 2263 ft I s, and ax =3915 ft Is 

d, =40 ft  

C2 = 1364 ft Is, ß2 = 1515 ft! s, and a2 =2622 ft Is 

d2=99fi 

C3 = 3295 ft Is, ß3= 3661 // /s, and cc3 = 6333 // /s 

where ß and (X are the shear and pressure wave velocities, respectively. In 

constructing the above velocity-depth model it is assumed that clß— 0.9 and 

al ß=\.l . It is also assumed that the top 40 ft of material, where no data is 

available, can be modeled by a single layer. 
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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 PLOTR 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-Rfor 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. 

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

VortextRock Consultants, Inc.     263 ±=y 
0 



• 

o 
o 
n 
ai 

iq
ue

 t
hi

s 
pl

ot
 s

ho
ul

d 
be

 
op

ed
 s

eg
m

en
t 

ar
e 

us
ed

 to
 

NO 

1           1 1 1 
/     s: •?» o /     .*  ^ 

o > 

:/ 
te

c 
ea

ch
 

•Si ^ 
'o •S  Ä 
o 5:-5 
cu 

■ 

o 5* 

-   \] o 
o 
OJ CO     S 

• 

\   ■ 

\ 
1 

K 
— 

o 
o 
O) 

o 
o 
CD >

la
c
it

y
  
f
t/

 
th

.  
 A

cc
or

di
ng

 
co

ns
ta

nt
 s

lo
pe

s.
 

■*\ 

— 
■ 

V
e 

' d
ep

, 
w

ith
 

m
en

t 

o 
o 

er
su

s 
en

ts
 

it 
se

g 

0 
— ■«rH 5 

6? o 
o 
CD ve

lo
c 

re
nt

, 
it

yf
o 

a 
o 
in e 

ph
as

e 
fe

w
 d

iff
e 

us
e 

ve
lo

c 

s; 
a 

1            1 1 1 ■ei « «P ^ 
o             o             o o              o              o *i| I o             o             o o              o              o 

■                                     >                                     • ■ ■                                     > * fc? 2 •Ä 
o              o              o o              o              o £ ä §> 1 T                    CD CM                    CO                    O fts   st   « 

Tl                                   *-|                                   CV1 •     *    ^ 
3J- iiictea *"• ^* •* M 

• 



o o 
ID 
CM 

O 

OJ 

o 
CO 
o 
ai 

o 
c\j 

o 
CO 
ID 

o o m 

s/ui Aq.TG0i8A aseiid 

1 *a 
a © •a •c 
ft, a 3 

"a •a >■ s a 3 i5 
•3 as 

© 
fr •« o •Q .05 

•31 

•* 3 a 
^5 
•a 

K 
W ^ 

S * &5 a <U a "a 
1 a i 

a 
S 

£ •ft ä «** 
•5r 
•a 

•»3 

1» 1 •Si 
*< tM 

^ 5T «a s *»- 1 "a Ä *a &e « a s a 
N       S © >. 

•3 

=c     S t8 Ö a <y *a 
>■ K. W •^  •».* t$ X 

CD      ^ 

a-    « s a 
I 

<P    ^ ä * 
© •3* Fi

 

ci
ti

es
 

•8.Q 
a1 ^ 

"a 
a 

•i is ^ B 
Si a 

a a 
^ 
w 

§ a 8* ̂ s 
•a 
a. ^ a 

a 

y 

•Sr 
•a 

a 

"5S 
a 
.1 
63 

^ •si 1 
f 

<3 

a § 
<u Ä rS •S •« a ■k« •*» 

^5 jg *S *a 
a 

be v. 

» .a 
<N< 

•** 

.1 

S"1 

<-< 

•Q 
IN» 

a1 

a a u 

# 



References 

AM, K., 1957. Space and time spectra of stationary stochastic waves, with special 
reference to microtremors, Bull. Earthq. Res., Inst. Tokyo Univ., 25, 415-457. 

Aki, K., 1965. A note on the use of microseisms in determining the shallow 
structure of the Earth's crust, Geophysics 30, 665-666. 

Andrews, D.J., 1986. Objective determination of source parameters and seismicity 
of earthquakes of different size, in Earthquake Source Mechanics, S. Das, J. 
Boatwright, and C. H. Scholz (Editors), American Geophys. Union, Washington, 
D.C., 259-268. 

Applied Technology Council, 1978. Tentative Provisions for the Development of 
Seismic Regulations for Buildings, ATC 3-06, National Bureau of Standards, 
Washington, D.C. 

Araya, R., and G. R. Saragoni, 1985. Earthquake accelerogram destructiveness 
potential factor, Proceedings of the Eight World Conference on Earthquake 
Engineering, pp. 835-842, Earthquake Engineering Research Institute, San 
Francisco, California. 

Asten, M.W., andJ.D. Henstridge, 1984. Array estimator and use of microseisms 
for reconnaissance of sedimentary basins, Geophysics, 49(11), 1828-1837. 

Boatwright, J, 1988. The seismic radiation from composite models of faulting, 
Bull. Seism. Soc. Am. 78, 489-508. 

Bolt, B. A., 1973. Duration of earthquake shaking, Fifth World Conference on 
Earthquake Engineering, Rome. 

Boore, D. M., 1983. Stochastic simulation of high-frequency ground motions 
based on seismological models of the radiated spectra, Bull. Seism. Soc. Am. 73, 
1865-1894. 

Boore, D. M., and W. B. Joyner, 1984. A note on the use of random vibration 
theory to predict peak amplitudes of transient signals, Bull. Seism. Soc. Am. 74, 
2035-2039. 

266 

VortextRock Consultants, Inc. 



Boore, D. M., L. Seekins, and W. B. Joyner 1989. Peak acceleration form the 17 
October 1989 Loma Prieta earthquake, Seism. Res. Lett. 60, 151-166. 

Boore, D. M., and W. B. Joyner, 1994. Prediction of ground motion in north 
America, ATC 35-1, Proceedings of Seminar on New Developments in 
Earthquake Ground Motion Estimation and Implications for Engineering Design 
Practice. 

Borcherdt, R.D., 1970. Effects of local geology on ground motion near San 
Francisco Bay, Bull. Seism. Soc. Am., 60, 29-61. 

Borcherdt, R.D., G. Glassmoyer, A. Der Kiureghian, and E. Cranswick, 1989. 
Results and data from Seismologic and geologic studies following earthquakes of 
December 7, 1988 near Spitak, Armenia, S.S.R, U.S. Geol. Surv. Open-File 
Report, 89-163A. 

Borcherdt, R.D., G. Glassmoyer, 1992. On the characteristics of local geology 
and their influence on ground motions generated by the Loma Prieta earthquake 
in the San Francisco Bay region, California, Bull. Seis. Soc. Am., 82, 603-641. 

Borcherdt, RD., 1994. New developments in estimating site effects on ground 
motion, ATC 35-1, Proceedings of Seminar on New Developments in Earthquake 
Ground Motion Estimation and Implications for Engineering Design Practice. 

Bracewell, R.N., 1978. The Fourier transform and its applications, McGraw-Hill 
New York. 

Brune, J.N., 1970. Tectonic stress and the spectra of seismic shear waves from 
earthquakes, J. Geophys. Res., 75, 4997-5009. 

Brune, J.N, 1971. Correction, J. Geophys. Res., 76, 5002. 

Capon, J., 1969. High-resolution frequency-wave number spectrum analysis, 
proc. IEEE, 57, 1408-1418. 

Cartwright, D.E., andM.S. Longuet-Higgins, 1956. The statistical distribution of 
maximum of a random function, Proc. Royal Stat. Soc, Vol 237, 212-232. 

Celebi, M., C. Dietel, J. Prince, M. Onate andG Chavez, 1987. Site amplification 
in Mexico City (determined from 19 September 1985 strong-motion records and 

267 

VortextRock Consultants, Inc. 

** 
l& 
q 

i 



front recordings of weak motions), Ground Motion and Eng. Seis, ed A.S. 
Cakmak, 141-152, Elsevier. 

Chang, C-Y., C. M. Mok, M. S. Power, Y. K. Tank, H. T. Tang, andJ. C. Stepp 
1990. Equivalent linear versus nonlinear ground response analyses at Lotung 
Seismic Experiment Site, inProc. 4th U.S. Natl. Conf Earthquake Eng., 327-336. 

Chin, B.H. andK. Aki, 1991. Simulation study of the source, path, and site effects 
on strong ground motion during the 1989 Loma Prieta earthquake: a preliminary 
result on pervasive nonlinear site effects, Bull. Seism. Soc. Am. 81, 1859-1884. 

Darragh, R B. and A. F. Shakal 1991a. The site response of two rock and soil 
station pairs to strong and weak ground motion, in Proc. 4th Intl. Conf. Seism 
Zonation, Vol 3, 359-366. 

Darragh, R B. and A. F. Shakal 1991b. The site response of two rock and soil 
station pairs to strong and weak ground motion, Bull. Seism. Soc. Am. 81, 1885- 
1899. 

Dobry, R, I. M. Idriss, and E. Ng, 1978. Duration Characteristics of Horizontal 
Components of Strong Motion Earthquake Records, Bulletin of the Seismological 
Society of America, 68 (5) 1487-1520. 

Dravinski, M., H. Yamanaka, H. Kagami, 1992. Site amplification through 
measurement of long period microtremors: predominant period of motion, 
Earthquake Eng. Tenth World Conf. Balkema, Rotterdam. 

Dunkin, J. W., 1965. Computation of modal solutions in layered elastic media at 
high frequencies, Bull. Seis. Soc. Am., 55, 335-358. 

Earthquake Engineering Research Center, 1994. Preliminary report on the 
seismological and engineering aspects of the January 17, 1994 Northridge 
earthquake, UCB/EERC Report No. 94/01. 

Everden, J. F, andJ. M. Thomson, 1988. Predictive model for important ground 
motion parameters associated with large and great earthquakes, US Geological 
Survey Bull. 1838. 

268 

VortextRock Consultants, Inc. 



Ferrazzini, V., K. Aki, and B. Chouet, 1991. Characteristics of seismic waves 
composing Hawaiian volcanic tremor and gas-piston events observed by a near- 
source array, J. Geophys. Res., 96, 6199-6209. 

Field, E.H., S.H. Hough, and K.H. Jacob, 1990. Using microtremors to assess 
potential earthquake site response: A case study in Flushing Meadow, New York 
City, Bull. Seis. Soc. Am., 80, 1456-1480. 

Field, E.H., K.H. Jacob, and S.H. Hough, 1992. Earthquake site response 
estimation: a weak-motion case study, Bull. Seis. Soc. Am., 82, 2283-2307. 

Field, E.H., and K. Jacob, 1993. The theoretical response of sedimentary layers 
to ambient seismic noise, Geophysical Res. Letters, 20-24, 2925-2928. 

Field, E.H., 1994. Earthquake site response estimation, PhD. Thesis, Columbia 
University, N.Y., N.Y.. 

Field, E.H., A.C. Clement, K.H. Jacob, V. Aharonian, S.E. Hough, P.A. Friberg, 
TO. Babiab, S.S. Karapetian, SM. Hovanessian, and H.A. Abramian, 1994. 
Earthquake site response in Giumri (formerly Leninakan), Armenia using ambient 
noise observations, Bull. Seis. Soc. Am. 

Hanks, T C, and R K. McGuire, 1981. The character of high-frequency strong 
ground motion, Bull. Seism. Soc. Am. 71, 2071-2095. 

Hanks, T. C, andD. M. Boore, 1984. Moment-magnitude relations in theory and 
practice, J. Geophys. Res. 89, 6229-6235. 

Hartzeil, S.H, 1978. Earthquake aftershocks as Green's functions, Geophys. Res. 
Letter, 5, 1-4. 

Harkrider, D.G., 1964. Surface waves in multilayered elastic media I. Rayleigh 
and Love waves from buried sources in a multilayered elastic half-space., Bull. 
Seis. Soc. Am., 54, 627-679. 

Haskell, N.A., 1953. The dispersion of surface waves on multilayered media, Bull. 
Seis. Soc. Am., 43, 17-34. 

Horike, M., 1985. The dispersion of surface waves on multilayered media, Bull, 
seis. Soc. Am., 43, 17-34. 

269 

VortextRock Consultants, Inc. >J- q 
0 

1*1 



Hossain, M.M., and V.P. Drnevich, 1989. Numerical and optimization techniques 
applied to surface waves for back calculation of layer moduli, Nondestructive 
Testing of Pavements and Back calculation of Moduli, ASTMSTP 1026, A.J. Bush 
andG.Y. Baldi, Eds., Am. Soc. of Testing and materials, Philadelphia, 649-669. 

Hough, S.E., L. Seeber, A. Rovell, L. Malagnini, A. DeCesare, G. Selveggi, and A. 
Lemer-Lam, 1992. Ambient noise and weak-motion excitation of sediment 
resonance: Results from the Tiber valley, Italy, Bull. Seis. Soc. Am., 82, 1186- 
1205. 

Housner, G. W., 1956. Limit design of structures to resist earthquake, Proceedings 
of the First World Conference on Earthquake Engineering, pp. 5-1 to 5-13, 
Berkeley, California. 

Husid, R L., 1969. Analisis de terremotos: Analisis general, Revista del IDIEM, 
8, 21-42, Santiago, Chile. 

Hryciw, RD., K.M. Rollins, M. Homolka, S.E. Shewbridge andM. McHood, 1991. 
Soil amplification at Treasure Island during the Loma Prieta earthquake, Proc, 
2nd Inter. Conf. on Recent Advances in Geotech Earthquake Engineering and 
Soil Dynamics, St. Louis, Missouri, 2, 1679-1685. 

Idriss, I.M., 1990. Response of soft soil sites during earthquakes, Proc. H. Bolton 
Seed Memorial Symposium, Berkeley, California, 2. 

Jarpe, S. P., C. H. Cramer, B. E. Tucker, and A. F. Shakal 1988. A comparison of 
observations of ground response to weak and strong ground motion at Coalinga, 
California, Bull. Seism. Soc. Am 78, 421-435. 

Jarpe, S. P., L. J. Hutchings, T. F. Hauk, and A. F. Shakal 1989. Selection strong- 
and weak-motion data from the Loma Prieta earthquake sequence, Seism, res. 
Lett. 60, 167-176. 

Joyner, W. B., andD. M. Boore, 1981. Peak horizontal acceleration and velocity 
from strong-motion records including records from the 1979 Imperial Valley, 
California, earthquake, Bull. Seism. Soc. Am. 71, 2011-2038. 

Joyner, W. B., 1984. A scaling law for the spectra of large earthquakes, Bull. 
Seism. Soc. Am. 74, 1167-1188. 

270 

VortextRock Consultants, Inc. 



Kagami, H., C. M. Duke, G. C. Liang, and Y. Ohta, 1982. Observation of 1 to 
5-second microtremors and their application to earthquake engineering. Part II. 
Evaluation of site effects upon seismic wave amplification due to extremely deep 
soil deposits, Bull, Seism. Soc. 72, 987-998. 

Kanai, K, 1957. The requisite conditions for predominant vibration of ground, 
Bull. Earthquake Res. Inst, Tokyo Univ. 35, 457. 

Kanai, K. and T. Tanka, 1961. On microtremors, VIIL, Bull. Earthquake Res. 
Inst., Tokyo Univ. 39, 97-115. 

Kanamori, H., 1977. The energy release in great earthquakes, J. Geophys. Res., 
82, 2981-2987. 

Kanamori, K, 1978. Use of seismic radiation to infer source parameters, 
Proceedings of Conference IV: Fault mechanics and its relation to earthquake 
prediction, USGS Open File Report 78-380, 283-318. 

Knopoff L., 1958. Energy release in earthquakes, Geophys. J. Roy. Astron. Soc, 
1, 44-52. 

Knopoff, L., 1964. A matrix method for elastic wave problems, Bull. Seis. Soc. 
Am., 54, 431-438. 

Lachet, C. andP.Y. Bard, 1994. Numerical and theoretical investigations on the 
possibilities and limitations of the Nakamura's technique, Journal of Physics of the 
Earth, accepted 

Lacos, R.T., E. J. Kelly, and M.N. Toksoz, 1969. Estimation of seismic noise 
structure using array, Geophysics, 34: 21-38. 

Lay, T. and H. Kanamori 1981. An asperity model of great earthquake sequence 
in Earthquake Prediction-An International Review, Maurice Ewing Series, vol. 4, 
D. Simpson and P. G. Richards, Editors, American Geophysical Union, 
Washington, D.C., 579-592. 

Malagnini, L., A. Rovelli, S.E. Hough, and L. Seeber, 1993. Site amplification 
estimates in the Garigliano valley, central Italy, based on dense array 
measurements of ambient noise, Bull. Seis. Soc. Am., 83, 1744-1755. 

271 

VortextRock Consultants, Inc. 



Mayeda, K., F. Su and K. Aki, 1991. Site amplification from S-wave coda in the 
Long Valley Caldera region, California Bull. Seism. Soc. Am. 

Mohamadian, B. and A. Pecker, 1984. Low-frequency transfer of seismic energy 
by superficial soil deposit and soft rocks, Earthquake Eng. Struct. Dynamics 12, 
537-564. 

Nakamura, Y, 1989. A method for dynamic characteristics estimation of 
subsurface using microtremor on the ground surface, QR ofRT.R, 30-1. 

Nazarian, S, 1984. In situ determination of elastic moduli of soil deposits and 
pavement systems by spectral-analysis-of-surface-waves method, PhD. 
Dissertation, University of Texas, Austin, Texas. 

Ohta, Y.H., H. Kagami, N. Goto, and K. Kudo, 1978. observation of 1- to 5- 
second microtremors and their application to earthquake engineering. Part I. 
Comparison with long-period accelerations at the Tokaci-Oki earthquake of 1968, 
Bull. Seism. Soc. Am., 68, 767-779. 

Okada, H. and T. Matsushima, 1986. Estimation of underground structures down 
to a depth more than several hundreds of meters using long period microtremors, 
Proc. 7th Japan Earthquake Eng. Sym., 211-216. 

Omachi, T., Y. Nakamura, and T. Toshinawa, 1991. Ground motion 
characteristics in the San Francisco Bay area detected by microtremor 
measurements, Proceedings of the Second International Conference on Recent 
Advances in Geotechnical Earthquake Engineering and Dynamics, March 11-15, 
St. Louis, Missouri, 1643-1648. 

Papageorgiou, A.S. and K, Aki, 1983a. A specific barrier model for the 
quantitative description of inhomogeneous faulting and the prediction of strong 
motion, Part I description of the model, Bull. Seism. Soc. Am. 73, 693-722. 

Papageorgiou, A.S. and K, Aki, 1983b. A specific barrier model for the 
quantitative description of inhomogeneous faulting and the prediction of strong 
motion, Part II applications of the model, Bull. Seism. Soc. Am. 73, 953-978. 

Phillips, W.S. and K. Aki, 1986. Site amplification of coda waves from local 
earthquake in central California, Bull. Seism. Soc. Am. 76, 627-648. 

272 

VortextRock Consultants, Inc. 



Satoh, T, 1989. On the controlled source spectra ofRayleigh wave excitation and 
measurement system, VIC, Tokyo. 

Satoh, T, K. Yamagata, C.J. Poran, J.A. Rodriguez, 1991. Soil profiling by 
spectral analysis of surface waves, Proc. second Inter. Conf on Recent Advances 
in Geotechnical earthquake Engineering and Soil Dynamics. 

Seed, KB. and IM. Idriss, 1969. The influence of soil conditions on ground 
motions during earthquake, J. Soil Mech. Found. Eng. Div., ASCE, No. 94, 93- 
137. 

Seed, K B., I. M. Idriss, and H. Dezfulian, 1970. Relationship between soil 
conditions and building damage in Caracas earthquake of July 29, 1967, Report 
No. UCB/EERC-70/2, Earthquake Engineering Research Center, University of 
California, Berkeley. 

Seed, H. B., and J. I. Sun, 1989. Implication of site effects in the Mexico City 
earthquake of Sept. 19, 1985 for earthquake-resistant criteria in the San 
Francisco Bay area of California, Report No. UCB/EERC-89/03, Earthquake 
Engineering Research Center, University of California, Berkeley. 

Seed, H. B. 1988. Discussion on non-linearity, presented at Conf Earthquake 
Eng. SoilDyn. U, Utah. 

Singh, S.K., J. Lermo, T. Dominguez, M. Ordaz, J.M. Espinosa, E. Mena, R 
Quass,   1988.   The Mexico  earthquake   of September  19,1985-A   study  of 
amplification of seismic waves in the valley of Mexico with respect to a hill zone 
site. Earthquake Spectra, 4, 653-673. 

Steidl, J.H., 1993. Variation of site response at the UCSB dense array of portable 
accelerometers, Earthquake Spectra, 9, 289-302. 

Sue, F., K. Aki, T. Teng, Y. Zeng, S. Koyanagi andK. Mayeda, 1992. The relation 
between site amplification factor andsurfacial geology in central California, Bull. 
Seism. Soc. Am. 82, 580-602. 

Theodulidis, N, RJ. Archuleta, P.Y. Bard, andM. Bouchon, 1994. Horizontal to 
vertical spectral ratio and geological conditions: the case of Garner valley 
downhole array in southern California, in preparation. 

273 

VortextRock Consultants, Inc. ä= 
8 



Thomson, W.T., 1950. Transmission of elastic waves through a stratified soil 
medium, J. Appl. Physics, 21, 89-93. 

Tokimatsu, K., Shinzawa, K., and Kuwayama, S., 1992. Use of short period 
microtremors for s profiling, Journal ofGeotech. Eng., ASCE, 118(10), 1544- 
1558. 

Trifunac, M. D., and A. G. Brady, 1975. A Study on the Duration of Strong 
Earthquake Ground Motion, Seismology Society of America Bulletin, Vol. 65, pp. 
581-645. 

Thrower, E.N., 1965. The computation of dispersion of elastic waves in layered 
media, J. Sound and Vibration, Academic Press, London, 2, 210-226. 

Uang, C.-M and V. V. Bertero, 1988. Implication of recorded earthquake ground 
motions on seismic design of building structures, Report No. UCB/EERC-88/13, 
Earthquake Engineering Research Center, University of California, Berkeley. 

Udwadia, F.E. and M.D. Trifunac, 1973. Comparison of earthquake and 
microtremor ground motions in El Centro, California. 

Verttos,  C,  1990.    In-plane vibrations of soil deposits with variable shear 
modulus: I. Surface waves., Int. J. Numer. Anal. Methods Geomech 
Verttos, C and B. Prange, 1990.   Evaluation of in-situ effective shear modulus 

from dispersion measurements, ASCE, J. ofGeotech Engrg, 116, 1581-1585,. 

VIC Report, 1993. Shear wave velocity profiling on instrumented sites in the 
greater Los Angeles area using surface waves measurements, Vibration 
Instruments Company, Tokyo, Japan. 

Watson, T.H., 1970. A note on fast computation ofRayleigh waves dispersion in 
layered elastic half space, Bull. Seis. Soc. Am., 60, 1761-1766. 

274 

VortextRock Consultants, Inc. m\ 



Appendix A 
Section I 

Time Histories and Spectral Parameters for Selected 
Records from Experiments 1 & 2 at the Parking Lot of the 
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Appendix B 
Section I 

Time Histories and Spectral Parameters for Selected 
Records from Experiments No. 3 at the Parking Lot of 

Mazda Storage Area, Port Hueneme, Oxnard, California 

VortexRock Consultants, Inc. 
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Appendix B 
Section II 

The Correlation Coefficients for Selected Records from 
Experiments No. 3 at the Parking Lot of Mazda Storage 

Area, Port Hueneme, Oxnard, California 

VortexRock Consultants, Inc. 
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Appendix C 
Section I 

Time Histories and Spectra! Parameters for Selected 
Records from Experiments No. 41 the Basketbali Court of 

the McBride School, Los Angeles, California 

VortexRock Consultants, Inc. 
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Appendix C 
Section it 

The Correlation Coefficients for Selected Records from 
Experiments No. 41 the Basketball Court of the McBride 

School, Los Angeles, California 

VortexRock Consultants, Inc. 
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