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Analysis of Spectral Ratios for Estimating Ground Motion in Deep Basins

by M. Dravinski, G. Ding, and K.-L. Wen

Abstract Use of Nakamura’s spectral ratio (horizontal versus vertical compo-
nents) is investigated theoretically for deep sedimentary basins by considering semi-
circular and semi-spherical valleys. The ratio is evaluated from the steady-state sur-
face response for different incident waves. Based on this ratio, both the resonant
frequencies and ground motion amplification are determined. The results based on
Nakamura’s ratio are compared with those based on the sediment-to-bedrock spectral

ratios (Kagami’s ratio).

The results show that for both two- and three-dimensional rnodels Nakamura’s
technique predicts well the fundamental resonant frequency, but it could not deter-
mine higher resonant frequencies of the basins. The error in Nakamura’s estimate of
the fundamental resonant frequency increases for stations near the valley center. For
alluvial valieys considered in this article, Nakamura’s ratio failed to predict accu-
rately surface ground-motion amplification.

Introduction

Local site response atop sedimentary basins can be de-
termined either theoretically or experimentally. Theoretical
approach permits parametric analysis of the problem. How-
ever, the method requires detailed description of the subsur-
face geology and sources, and it is characterized by consider-
able complexities for realistic sedimentary basins (Dravinski
et al., 1991). Experimental methods rely on measurements
of strong ground motion at sediment sites that are then com-
pared to a “reference” bedrock site response in order to es-
timate the relative amplification (Lermo er al., 1988). The
advantage of this approach is that it does not require detailed
subsurface geological structure of the basin. Still, there are
considerable difficulties with this method as well. Namely,
since local site effect can change considerably within a short
distance (Aki, 1988), ground-motion records must be ob-
tained at multiple sites throughout the basin. Consequently,
simultaneous strong ground motion recerdings at an array of
sediment sites and a reference bedrock site for multiple seis-
mic events may be difficult to achieve, especially in regions
with moderate to low seismicity.

An alternative experimental approach is to utilize re-
cords of ambient seismic noise. For periods greater than 2
sec, the seismic noise is usually categorized as microseisms,
and for short periods, as microtremors. Ewing ef al. (1957)
divided the problem of microseisms into four parts: nature
of the source, mechanism of transmission over oceanic
paths, effects of continental margin, and the type of propa-
gation over continental paths. As for the source, Hasselmann
(1963) showed that microseisms can be generated through
the action of ocean waves on the coast, change of atmos-
pheric pressure variations over the ocean, and nonlinear in-
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teractions between ocean waves. Analysis of transmission
over oceanic paths shows that ocean areas beyond the con-
tinental margins transmit microseisms poorly and that large
microseisms occur only when the portion of storm (or its
swell) reaches shallow water (Ewing et al., 1957). The con-
tinental margin was found to favor microseism propagation
toward the continent rather than toward the ocean (Guten-
berg, 1951). The mechanism of microseism propagation
over continental paths is one aspect of the microseisms prob-
lem that is best understood. In this region, microseisms prop-
agate as Lg and Rg phases (Ewing er al., 1957).

Short-period microtremors, on the other hand, may con-
sist of both body and surface waves. However, sometimes it
is found that they consist mainly of Rayleigh waves excited
locally near the recording site (Nogoshi, 1978; Lermo and
Chavez-Garcia, 1994; Yamanaka et al., 1994). As the mi-
crotremors’ period decreases, their dependence on the local
sources increases, making it very difficult to interpret their
variations from site to site (Aki, 1988).

Presently, there are still major problems in interpretation
of both microseisms and microtremors. Still, use of seismic
noise in estimating ground-motion amplification is attractive
since it can be recorded daily at multiple sites. Consequently,
numerous studies have attempted to use it in order to inves-
tigate the site effects. Kagami et al. (1982, 1986) and Ya-
manaka et al. (1993, 1994) investigated the problem by mea-
suring microseisms while Kobayashi et al. (1986), Lermo et
al. (1988), Lermo and Chédvez-Garcia (1994), and Field et
al. (1990) considered the same problem using microtremors.
From these investigations, it is apparent that seismic noise
may be an effective tool to determine the predominant period



Analysis of Spectral Ratios for Estimating Ground Motion in Deep Basins 647

of motion (Kobayashi et al., 1986; Lermo ef al., 1988). It is
considerably more difficult to infer from it the amplification
of ground motion (Gutierrez and Singh, 1992). Further re-
search is needed to settle the question of applicability of
seismic noise in estimation of site effects.

Methods for Ground-Motion Amplification
Using Seismic Noise

Three different approaches are commonly used to esti-
mate ground-motion amplification of microtremors and mi-
croseisms: (1) direct computation of amplitude spectra at
sediment sites, (2) evaluation of sediment-to-bedrock spec-
tral ratio for horizontal components of motion (Kagami’s
ratio), and (3) calculation of spectral ratios between hori-
zontal and vertical components of motion at the same site
(Nakamura’s ratio). Since spectral amplitude, in addition to
site effect, incorporates source and path effects, it is used
only to qualitatively assess ground-motion amplification.
More precise site-effect estimates are obtained in terms of
spectral ratios.

Kagami et al. (1982, 1986) proposed that the ratio of
the horizontal components of the velocity spectra at the sed-
iment site to those at the rock site can be used as a measure
of microseism ground-motion amplification (Kagami’s ra-
tio). This proposition assumes a common source and similar
paths for sediment and bedrock sites. Therefore, Kagami’s
ratio is defined as

Ksb = _S’ (1)

where (H,, V,) and (H,, V,) denote Fourier spectral ampli-
tude for horizontal and vertical components of motion at
sediment site and the reference site, respectively.
Nakamura (1989) proposed a hypothesis that microtre-
mor site effects can be determined by simply evaluating
spectral ratio of horizontal versus vertical components of
motion observed at the same site. The method implies the
following assumptions (Lermo and Chdvez-Garcia, 1994;
Lachet and Bard, 1994): microtremors consist of Rayleigh
waves propagating in a single layer over a half-space, the
motion is entirely due to local sources and all deep sources
are neglected, and local sources do not affect microtremor
motion at the base of the soil layer. Consider now an estimate
of site effect of interest in earthquake engineering given by
Sg(w) = H{(w)/H (). Since in addition to body waves mi-
crotremors contain surface waves, it is necessary to make
corrections to remove the effect of surface waves. Nakamura
(1989) assumes that the effect of Rayleigh waves is included
in the vertical spectrum at the surface (V;) and not at the base
ground (V},) and consequently that it can be defined as A (w)
= V. (w)/V,(w). In order to compensate S; by the source
spectrum, a modified site-effect spectral ratio is defined by
Sylw) = Sw)A(w) = (HJV)I(H,/V,). Nakamura (1989)

demonstrated experimentally using records from a borehole
that if microtremors consist mainly of Rayleigh waves, then
the assumption

H
o) ~ )
V(@)
is nearly valid for a relatively wide frequency range, and the
modified site-effect spectral ratio becomes

L)

5,(@) VS((;") = Ny). 3)

Therefore, Nakamura (1989) concluded that the spectral
ratio between horizontal and vertical components for micro-
tremors can be used as an estimate of the site effect for body
waves. Equation (2) is the so-called Nakamura’s hypothesis,
and the ratio given by equation (3) is known as Nakamura’s
ratio. Nakamura’s estimate appears attractive since it elim-
inates the problem of source and path effects. However, at
this point, the validity of Nakamura’s estimate has not been
completely established, especially for deep sedimentary
basins.

Field and Jacob (1993) modeled microtremors by con-
sidering a three-dimensional model consisting of a single
elastic layer over a half-space subjected to random distri-
bution (in space and time) of point forces located on top of
the layer. The random forces were to represent microtremor
sources. Using the Green’s function approach, horizontal
and vertical spectral amplitudes were evaluated at the top
surface of the layer. Nakamura’cs ratio was calculated as a
function of frequency and then compared with the surface
response spectra for vertically incident plane SH waves. It
was found that the frequency of the most prominent peak,
in both horizontal-component noise spectrum and Naka-
mura’s ratio, agrees with the fundamental resonant fre-
quency for vertically incident shear waves. The peak of hor-
izontal noise spectrum was shifted slightly (=~10%) toward
higher frequencies relative to the peak in Nakamura’s ratio.
The peak amplification in Nakamura’s estimate was found
to be =1.5 times that of the earthquake response. Attempts
to compare relative noise amplitudes between sediment and
rock sites were unsuccessful.

Recently, Lermo and Chédvez-Garcia (1994) modeled
microtremors as Rayleigh waves propagating in a layer over
a half-space. Nakamura’s ratio and hypothesis were exam-
ined for this model. The results show that the underlying
assumptions of Nakamura’s technique are consistent with
propagation of Rayleigh waves.

Similarly, Lachet and Bard (1994) investigated numer-
ically and theoretically the applicability of Nakamura’s tech-
nique by considering single-station recordings of horizon-
tally stratified mediom when subjected to random noise
sources. They concluded that Nakamura’s method can be
used to determine the fundamental resonance frequency of



648

a given sediment site but that it failed to predict the ampli-
fication of surface ground motion. Furthermore, they showed
that the fundamental resonant frequency obtained through
Nakamura’s ratio using noise simulation was independent of
the source excitation function and that the ratio is largely
controlled by the polarization curve of fundamental Ray-
leigh waves.Yamanaka et al. (1994) investigated applicabil-
ity of microseisms in inferring subsurface structure by mea-
suring them in the Kanto Plain, Japan. They found that
Nakamura’s ratio (ellipticity) at each site is stable with time.
Good agreement was found between Nakamura’s ratio at a
sediment site and the same ratio computed for Rayleigh
waves in which the structure of the sediment beneath the site
was taken into account. They showed that Nakamura’s ratio
for Rayleigh waves in earthquake ground motions was con-
sistent with that of microtremors. These results provide
strong evidence that microseisms in the area studied consist
mainly of Rayleigh waves. The subsurface structure was de-
duced by trial-and-error fitting of observed Nakamura’s ratio
with corresponding theoretical ratios calculated assuming
Rayleigh waves. The results suggest that Nakamura’s ratio
from microseisms may be used in some cases for deducing
subsurface structure.

The above studies did not address the problem of dip-
ping layer structure of sedimentary basins. For that purpose,
the validity of Nakamura’s approach is examined next for
deep sedimentary basins. Two models are considered: a two-
dimensional valley (plane strain model for a semi-cylindrical
shape) and a three-dimensional valley (a semi-spherical
shape).

Since the spectral ratios in addition to ground-motion
amplification allow estimation of the sediment resonant fre-
quencies (Lermo et al., 1988), this study will address both
by using Kagami’s and Nakamura’s ratios.

Methods of Solution

Calculations of surface response spectra for deep sedi-
mentary basins are based on boundary integral equation
(BIE) methods (Dravinski and Mossessian, 1987; Mosses-
sian and Dravinski, 1990; Eshraghi and Dravinski, 1989).

The resonant frequencies, on the other hand, are eval-
uated using two different methods: an eigenvalue method of
Zhou and Dravinski (1994) and a spectral search method. A
brief outline of the eigenvalue method is presented next.

Resonant Frequencies Based
on an Eigenvalue Method

The geometry of the general three-dimensional problem
is depicted by Figure 1. A sedimentary valley D is perfectly
embedded in an elastic half-space D, along the interface S;.
The surface of the half-space is marked by S;. (Throughout,
the variables with subscript 0 correspond to the half-space.)
The density, S-, and P-wave velocities are denoted by p, §,
and a, respectively, while v and u describe Poisson’s ratio
and shear modulus, respectively. Impedance contrast I; and
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Figure 1. Geometry of the general model: an al-
luvial valley D embedded within an elastic half-space
Dy. Sg: surface of the half-space; S;: the valley-bed-
rock interface; ¢: azimuthal angle; &: off-vertical
angle; ¢;,., ;.. azimuthal and off-vertical angles of
incidence.

dimensionless frequency 2 are defined according to (Zhou
and Dravinski, 1994):

Pobo
=2 4
_ L _ %k
Q _f,f 7 ’ (5)
iy

where 4 is the maximum depth of the valley, k is the shear
wavenumber, and f§ denotes the shear-wave velocity. Here,
13 is the fundamental frequency of a flat layer, with thickness
h corresponding to a vertical S-wave incidence. It should be
noted that for geophysical problems, the impedance contrast
is greater than one; i.e., Iy > 1. Throughout the article, Q,
denotes the fundamental resonant frequency, and Q, i = 2,
3, ..., represent higher-order frequencies.

The wave fields in the valley and the half-space satisfy
the following equations of motion and boundary conditions:

(4 + wVV-u + uV?u + po*u = 0, x € D; @)
(o + o)VV -ty + 1oV + pow’uy = 0, X € Dy;  (8)
" =t=20, x€S8g )]
"=, m=u, X€S; (10)

where x = (x, y, z) is the position vector, u = (u, v, w) is
the displacement vector, A and u are the Lamé constants, t"
is a traction vector along the unit normal n of the surface Sy
or §; (Fig. 1), and w is the circular frequency. The steady-
state solution is obtained by using an indirect boundary in-
tegral equation method (Dravinski and Mossessian, 1987).
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Zhou and Dravinski (1994) have shown that the reso-
nant frequencies for the valley correspond to the eigenvalues
of the problem involving equations of motion (7), with
stress-free boundary conditions (9), and rigid displacement
boundary conditions:

u=0 x¢S,. (11)

The key features of the resonant frequencies are sum-
marized as follows: (1) They are properties of the valley and
not the incident waves; i.e., the valley resonance takes place
at the same frequencies for different incidence although
some modes may not be excited by a particular incident
wave. (2) The dimensionless resonant frequencies are in-
dependent of the impedance contrast I, between the valley
and the half-space. (3) The resonant frequencies correspond
to the eigenfrequencies of the eigenvalue problem defined
by equations (7) through (11).

Resonant Frequencies Based on Spectral
Search Method

The valley resonant frequencies can be determined us-
ing spectral search methods as well. This requires steady-
state solution of the problem for a range of frequencies and
different incident waves. Since the displacement field has in
general three components of motion that may be out of phase
across the top surface Sy (Fig. 1), it is insufficient to consider
only one component of motion in order to identify the res-
onant frequencies. Instead, the total surface displacement
amplitude of the inclusion should be used. Furthermore, for
a particular incidence, some modes of motion may not be
excited, therefore several incident waves must be considered
to excite all the modes in the range of frequency of interest.
Finally, in order to avoid possible nodal points, it is neces-
sary to calculate the surface response at multiple locations.
Once the spectral amplitudes are calculated for a set of ob-
servation points along the valley surface S, it is possible to
construct a histogram of all the spectral peaks as a function
of frequency in order to determine the resonant frequencies.

Resonant Frequencies Results

Two-Dimensional Problem

For this model, the valley is of semi-circular shape of
unit radius. For the plane strain model, the motion takes
place in the y = 0 plane; i.e., the displacement vector field
is described by u = (u, 0, w), where u# and w denote dis-
placement components along the x and z axes, respectively.

Two-Dimensional Frequencies Based on Eigenvalue,
Spectral Search, and Kagami’s Ratio Methods

Using the eigenvalue approach, Zhou and Dravinski
(1994) found the first four resonant frequencies to be as fol-
lows: Q; = 2.15,Q, = 2.25,Q, = 2.67, and Q, = 3.25.

Through the spectral search method based on an indirect
BIE approach (Dravinski and Mossessian, 1987), a histo-
gram of all spectral peaks is evaluated, as shown by Figure
2. Nine incident plane harmonic waves are considered: P,
SV (@, = 0% 30°% 60°, and 85°) and a Rayleigh wave. From
this histogram, the first four dimensionless resonant fre-
quencies are determined to be Q, = 2.0, Q, = 2.2,Q, =
2.6, and 0, = 3.3. Therefore, the resonant frequencies based
on the eigenvalue method and the spectral search method are
summarized in Table 1.

Apparently, the results based on the two methods are in
good agreement. It is interesting to point out that sediment-
bedrock spectral ratios can be used to produce a “sharper
estimate” of fundamental resonant frequency than the one
obtained through the spectral amplitude approach. To illus-
trate this, Kagami’s ratio is evaluated for a set of sediment
sites and incident Rayleigh waves. The ratio for three sedi-
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Figure 2. Histogram of maximum peaks for sur-
face displacement spectral amplitude for a semi-cir-
cular valley of unit radius embedded in an elastic half-
space (plane strain model). Nine plane harmonic
incident waves are considered (Rayleigh wave and P
and SV waves with angles of incidence 0°, 30°, 60°,
and 85°). The response is evaluated at 21 equally
spaced stations along the valley surface Sy Unless
stated differently, the following parameters are as-
sumed: § = 1/2;a = 1,v=13,u = 116, =
Lay=2,vg=13pu =11I=38

Table 1
Resonant frequencies of different order for a semi-cylindrical
valley of unit radius based on eigenvalue method (EM) (after
Zhou and Dravinski, 1994) and the spectral search method

(SSM).
o @ Q, Q,
EM 2.15 2.25 2.67 3.25
SSM 2.0 2.2 2.6 33
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ment sites and the reference bedrock site (1, 0, 0) is dis-
played in Figure 3. Fundamental resonant frequency Q; =
2.15 can be determined for all three sediment sites, confirm-
ing the fundamental frequency calculations based on the ei-
genvalue and spectral amplitude methods. It should be noted
that while the second resonant frequency (£2,) can be ob-
served as well, the third resonant frequency (€2;) is not ex-
cited by this incident wave, and consequently, it does not
appear in Figure 3.

From the presented results, it is evident that for the the-
oretical model, the eigenvalue, spectral search, and Kaga-
mi’s ratio methods all provide the exact value of the fun-
damental resonant frequency. Nakamura’s estimate of the
resonant frequencies for the same model is considered next.

Two-Dimensional Frequencies Based
on Nakamura’s Estimates

The implicit assumption in Nakamura’s approach is that
the microtremors consist mainly of Rayleigh waves (Naka-
mura, 1989). This has been observed by Lermo and Chivez-
Garcia (1994) for microtremors in three cities in Mexico and
by Yamanaka et al. (1994) for microseisms in Kanto Plain
in Japan. Therefore, Nakamura’s ratio for a semi-circular
alluvial valley is evaluated for incident Rayleigh waves only.
Figure 4 depicts this ratio for three sediment sites. The fun-
damental resonant frequency is clearly identified only for the
site near the edge of the valley. In order to clarify this phe-
nomenon, Kagami’s and Nakamura’s ratios are evaluated for
10 sites located between the center and the edge of the val-
ley. From these results, the fundamental resonant frequency
estimates based on the two ratios are presented in Table 2.

Spectral Ratio {Sediment/Bedrock) for 2D Semicircular Basin {(R=1): Rayleigh wave
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Figure 3. Kagami's ratio U,/U, for a semi-circular
alluvial valiey of unit radius and incident plane har-
monic Rayleigh wave for three sediment sites (x, 0,
0). The sediment sites are located at (0.3, 0, 0), (0.5,
0, 0), and (0.7, 0, 0). Reference bedrock site: (1, 0, 0).
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Here, x denotes the x coordinate of different stations (x, 0,
0) at the surface of the half-space, while the superscripts K
and N correspond to Kagami’s and Nakamura’s estimates,
respectively.

It is evident from Table 2 that Nakamura’s estimate for
first resonant frequency is more accurate near the valley’s
edge than near the center of the valley. The higher-order
frequencies, on the other hand, are not consistently predicted
by this ratio. The error in Nakamura’s estimate results in
downward shift of the fundamental frequency. For the site
at the center of the valley, this shift is about 7%. Field and
Jacob (1993) reported a 10% shift in resonant frequencies
when using Nakamura’s estimate.

From the presented results, it appears that for deep two-
dimensional sedimentary basins, the fundamental resonant
frequency determined through Nakamura’s ratio agrees well

Nakamura Spectral Ratio for 2D Semicircular Basin (R=1): Rayleigh wave
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Figure 4. Nakamura’s ratio U,/W, as a function of
frequency for three sediment sites on the surface of a
semi-circular alluvial valley subjected to incident
plane harmonic Rayleigh wave. Sediment sites are lo-
cated at (0.3, 0, 0), (0.5, 0, 0), and (0.7, 0, 0).

Table 2
Fundamental resonant frequency for a semi-circular valley of unit
radius subjected to an incident Rayleigh wave based on Kagami’s
and Nakamura’s ratios for 10 surface sites (x, 0, 0).

* of af

0 2.15 2.00
0.1 2.15 2.05
0.2 2.15 2.05
0.3 2.15 2.05
0.4 2.15 2.05
05 2.15 2.05
0.6 2.15 2.05
0.7 2.15 2.10
0.8 2.15 2.15
8.9 2.15 2.15
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with the resonant frequency obtained through the eigenvalue
and spectral search methods (with a small downward shift).
The accuracy of the resonant frequency estimate based on
Nakamura’s ratio increases for the sites away from the center
of the valley. Higher-order resonant frequencies are not pre-
dicted well with this method.

Three-Dimensional Model

The three-dimensional model consists of a semi-spher-
ical valley of unit radius embedded within an elastic half-
space z = 0 subjected to different incident waves (Fig. 1).
Resonant frequencies of the valley are determined using (a)
an eigenvalue method (Zhou and Dravinski, 1994), (b) spec-
tral search methods (one based upon surface displacement
spectra and the other on sediment-bedrock spectral ratio),
and (c¢) Nakamura’s estimate.

Three-Dimensional Frequencies Based on Spectral
Search, Figenvalue, and Kagami’s Ratio Methods

For the three-dimensional problem, it is convenient to
solve the eigenvalue problem defined by equations (7), (9),
and (11) by using the finite-element technique. For that pur-
pose, the finite-element package COSMOS/M, V.1.65A was
used. The finite-element mesh incorporated 1695 ten-node
tetrahedral elements with a total of 2882 nodes. The first
three resonant frequencies are determined to be Q; = 2.54,
Q, = 2.58, and Q; = 2.86.

The spectral search methods for the three-dimensional
problem utilized BIE techniques (Eshraghi and Dravinski,
1989; Mossessian and Dravinski, 1990a, 1990b). Following
Eshraghi and Dravinski (1989), Zhou (1993) determined the
resonant frequencies for a semi-spherical valley to be Q; =
245, Q, = 275, and Q; = 2.95. In this study, the spectral
ratio calculations are performed along three rings on the sur-
face of the valley Sz using an indirect BIE method (Moss-
essian and Dravinski, 1990). The radius R of the rings was
assumed to be 0.3, 0.5, and 0.7. Each ring has 36 stations in
10° increments. The reference bedrock site was assumed at
(—1.05, 0, 0). Sediment-bedrock spectral ratios were cal-
culated for the resultant displacement field (U* + V? +
W2 and 10 incident waves [P, SH, and SV waves (with
6., = 0°, 30° and 60° and ¢,,, = 0) and a Rayleigh wave].
From the spectral ratio peaks, the histogram for ring of ra-
dius R = 0.5 is depicted by Figure 5. Similar histograms
were obtained for stations along the other two rings. From
these histograms, the dimensionless resonant frequencies are
determined to be ; = 2.40, Q, = 2.64, and Q3; = 2.88.

Therefore, the resonant frequencies for the semi-spher-
ical valley obtained through the spectral search, eigenvalue,
and spectral ratio methods are summarized in Table 3.

Apparently the first three resonant frequencies obtained
by the three different methods agree well. Consequently, the
resonant frequencies for a semi-spherical valley are taken to
be the average values from the three calculations: Q; =
246, Q, = 2.66, and Q; = 2.90. These will be compared
with the resonant frequencies based on Nakamura’s ratio.

INCIDENT P SV R WAVE
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Figure 5. Histogram of the resultant displacement
sediment-bedrock spectral ratio peaks for a unit semi-
sphere subjected to different plane harmonic incident
waves. Reference bedrock site is located at (—1.05,
0, 0). Surface sites along z = 0 are placed with 10°
increments along a ring of radius R = 0.5. Unless
stated differently, the material properties of the valley
and the half-spacearea = 1,8 = 1/2,v = 1/3,p =
15,0 = 120anday = 2, By = 1, vy = 113, po =
Lpy,=1

Table 3

First three resonant frequencies for a semi-spherical valley based
on spectral amplitude (SA; after Zhou, 1993), eigenvalue (EM:
1695 ten-nodes tetrahedral elements with total of 2882 nodes);

and spectral ratio (S/R) methods.

i [5a OEM QSR
1 245 2.54 240

275 2.58 2.64
3 2.95 2.86

2.88

Three-Dimensional Frequencies Based
on Nakamura’s Estimate

Nakamura’s ratio U/W (horizontal versus vertical spec-
tral amplitude) is calculated for the three rings along the
surface of the valley defined earlier. Based on these calcu-
lations, corresponding histograms of the main peaks for the
U/W estimates were evaluated analogously to the sediment-
bedrock calculations. The dimensionless fundamental fre-
quencies determined from these histograms are listed in
Table 4.

Comparison- of the resonant frequencies obtained
through the spectral search methods and Nakamura’s esti-
mate is shown in Figure 6. Evidently, only the fundamental
resonant frequency is accurately predicted using Nakamu-
ra’s approach for stations away from the valley’s center.
Near the valley’s center, the error in Nakamura’s prediction
for fundamental resonant frequency increases. Furthermore,
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Table 4

Resonant frequencies based on Nakamura”s estimate for a unit
semi-sphere and surface sites along three rings of different

radius R.
R of o o
0.3 2.76 2.96 3.12
0.5 2.60 2.80 2.96
0.7 2.52 2.88 3.68

Resonant Frequencies for a Unit Semisphere
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Figure 6. Comparison of the first three resonant
frequencies for a unit semi-sphere based on spectral
search method (solid circles) and Nakamura’s esti-
mate for surface sites along three circles of radii R =
0.3(X), 0.5(+), and 0.7(*).

higher-order resonant frequencies are not predicted accu-
rately using Nakamura’s approach.

Ground-Motion Amplification

Surface ground-motion amplification at each site is
evaluated in terms of Kagami’s and Nakamura’s spectral
ratios for a semi-circular and semi-spherical alluvial valleys.
The two ratios are compared for different sites for a range
of frequencies.

Two-Dimensional Model

For this model, Kagami’s and Nakamura’s ratios are
evaluated at 10 stations uniformly spaced along the surface
of a unit semi-circular valley and incident plane harmonic
Rayleigh wave. Reference bedrock site is chosen at station
(1, 0, 0). The numerical results for the two ratios are depicted
by Figure 7. Apparently, both ratios are strongly frequency
dependent. While Kagami’s ratio predicts the fundamental
resonant frequency accurately for all nine stations, Naka-
mura’s ratio determines the fundamental resonant frequency
approximately with the accuracy of the estimate improving
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for the sites away from the center of the valley. At funda-
mental resonant frequency, Kagami’s ratio increases with
increase of sediment depth while Nakamura’s ratio de-
creases. Overall, Nakamura’s ratio failed to predict accu-
rately surface ground-motion amplification.

Therefore, two-dimensional results demonstrate that
Nakamura’s ratio predicts well only the fundamental reso-
nance frequency of the valley. The ratio failed to describe
properly surface ground-motion amplification.

Three-Dimensional Model

In order to compare ground-motion amplification in
terms of Kagami’s and Nakamura’s ratios for a semi-spher-
ical valley, the two ratios are evaluated for a range of fre-
quencies at three surface sites (0.3, 0, 0), (0.5, 0, 0), and
(0.7, 0, 0) for a unit semi-sphere embedded in a half-space.
Reference bedrock site is chosen at station (—1.05, 0, 0),
and the incident wave is assumed to be a plane harmonic
Rayleigh wave. Numerical results for the two ratios and
three-dimensional model are depicted by Figure 8. Appar-
ently, the two ratios are strongly frequency dependent, and
they are significantly different from each other for a wide
range of frequencies. Therefore, both three- and two-dimen-
sional results show that for the type of valley considered in
this article, Nakamura’s ratio failed to predict accurately sur-
face ground-motion amplification.

Conclusions

For the valleys considered in this article, both two- and
three-dimensional models demonstrate that Nakamura’s
technique predicts well the fundamental resonant frequency
of deep sedimentary basins. The technique is inadequate in
determining higher-order resonant frequencies. Presented re-
sults show that for stations near the valley center, the error
in Nakamura’s estimate of the fundamental resonant fre-
quency increases.

As a measure of ground-motion amplification, Naka-
mura’s ratio appears to be inadequate. Its value was signif-
icantly different from the corresponding sediment-to-bed-
rock ratio for a wide range of frequencies. Consequently,
while Nakamura’s ratio may be a useful tool in estimating
the fundamental resonance frequency of the valley, the ratio
appears to be inadequate in estimating ground-motion am-
plification in deep sedimentary basins. The above results are
in agreement with those obtained by Lachet and Bard
(1994), who investigated the validity of Nakamura’s tech-
nique in horizontally stratified media.
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Figure 8. Comparison of Kagami’s and Naka-
mura’s ratio for a unit semi-spherical alluvial valley
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top; (0.5, 0, 0), middle; and (0.7, 0, 0), bottom. Ref-
erence bedrock site is chosen at (—1.05, 0, 0). Ka-
gami’s ratio: thin solid line; Nakamura’s ratio: thick
solid line.
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