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Ground-Motion Characteristics Estimated from Spectral Ratio

between Horizontal and Vertical Components of Microtremor

by Katsuaki Konno and Tatsuo Ohmachi

Abstract The spectral ratio between horizontal and vertical components (H/V ra-
tio) of microtremors measured at the ground surface has been used to estimate fun-
damental periods and amplification factors of a site, although this technique lacks
theoretical background. The aim of this article is to formulate the H/V technique in
terms of the characteristics of Rayleigh and Love waves, and to contribute to improve
the technique. The improvement includes use of not only peaks but also troughs in
the H/V ratio for reliable estimation of the period and use of a newly proposed
smoothing function for better estimation of the amplification factor. The formulation
leads to a simple formula for the amplification factor expressed with the H/V ratio.
With microtremor data measured at 546 junior high schools in 23 wards of Tokyo,
the improved technique is applied to mapping site periods and amplification factors

in the area.

Introduction

Near-surface sedimentary deposits significantly amplify
earthquake ground motion, which is often referred to as site
effects. Among present approaches to the site-effect evalu-
ation, an empirical one introduced by Kanai (1957) involves
microtremors at periods shorter than about 1 sec. The pri-
mary assumption of the Kanai method is that the source
spectra are white over the period range of interest. However,
the spectra of observed microtremors usually show a re-
markable daily and weekly change, indicating that the spec-
tra reflect the nature of the source as well as the site effects
(Udwadia and Trifunac, 1973).

A technique using horizontal-to-vertical spectral ratios
(H/V ratios) of the microtremors, which was first applied by
Nogoshi and Igarashi (1970, 1971) and popularized by Nak-
amura (1989), has sometimes been used to estimate the site
effects. Several recent applications of this technique have
proved to be effective in estimating fundamental periods
(e.g., Field and Jacob, 1993; Ohmachi et al., 1994) as well
as relative amplification factors (e.g., Lermo and Chavez-
Garcia, 1994; Konno and Ohmachi, 1995). However, in the
authors’ opinion, the technique lacks a rigorous theoretical
background still now.

Microtremors observed at the ground surface are
thought to consist of body and surface waves with their pro-
portion unclarified. However, there is a fact that the H/V
ratios of observed microtremors and those of fundamental-
mode Rayleigh waves estimated from geological date appear
very similar at many sites (e.g., Tokimatsu and Miyadera,
1992; Ohmachi et al., 1994). In addition, Lachet and Bard
(1994) indicated with numerical simulation that the H/V ra-
tios at the longer periods were governed by fundamental-

228

mode Rayleigh waves. Mainly based on these facts, in this
study, a large proportion of microtremors are thought to con-
sist of surface waves, mainly of their fundamental modes.

This article first deals with the peak period in the H/V
ratio of microtremors and its relation to the fundamental pe-
riod of the response to vertically incident S waves. Next,
peak values in the H/V ratio are related to the amplification
factors for the § waves. In this process, a new smoothing
function is proposed for getting a better cotrelation between
them. A simple relation between the amplification factor and
the H/V ratio, which is similar to a so-called Nakamura’s
method, is also formulated. Finally, the periods and the am-
plification factors estimated from microtremor measurement
at 546 stations in Tokyo are mapped as a demonstration of
practicality of the present study.

Estimation of Fundamental Period from H/V Ratio
H/V Ratio of Fundamental-Mode Rayleigh Waves

Single-Layered System. Let us consider fundamental-mode
Rayleigh waves in a single-layered model made up of an
elastic layer over an elastic half-space, as shown in Figure
1, and neglect damping properties for both elastic media. S-
wave velocity of the half-space is fixed at 500 m/sec, while
the velocity of the surface layer is changed from 50 to 400
m/sec. Thickness of a surface layer, H, is determined so as
to give fundamental periods of 1 sec as follows:

H = VyTil4, (1)
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Figure 1. Model of an elastic layer over a half-
space. Poisson’s ratios, v, were determined from Vg
as follows: v = 0.499, for Vi < 150 m/sec; v =
0.499-1.16-10* (Vg — 150), for Vs = 150 m/sec.

where Vy, is S-wave velocity of a surface layer and 7' is the
fundamental period of S waves. At the ground surface, hor-
izontal and vertical amplitudes of the jth-mode Rayleigh
waves excited by a vertical point force L(ew) applied at the
surface are expressed as (Harkrider, 1964)

ifw,r) = [Lw)2] [aw);A; HP (kr)- o, (2a)

wiw,r) = [L(w)214; HY (ki) - o, (2b)
where 4w, r) and Wi, r) are radial and vertical velocity
amplitudes at the surface, respectively, w is circular fre-
quency, r is distance between the point force and an obser-
vation station, [u/w]; is H/V ratio at a large distance r as
defined by Haskell (1953), A; is medium response, and k;is
wavenumber. As for L(w), the following is to be used here,
because it was found to give a good fitting for observed
specira of microtremors, especially at the longer periods:

L(w) < w2, 3

Figure 2 shows three types of particle orbits during
propagation of fundamental-mode Rayleigh waves in the
models shown in Figure 1. Type 1 appears when a velocity
contrast between the two layers is low (V,/Vy = 2.5), in
which the particle motion is retrograde at any period. Type
2 appears when the contrast is fairly high (V,/Vg = 2.5).
With an increase in the period, the motion changes in a va-
riety, such as retrograde, vertical only, prograde, vertical
only, and retrograde. Thus, at both periods T, and 7, shown
in Figure 2, the H/V ratjo becomes 0, although T, and T, in
type 2 are very close to each other. Type 3 appears when the
velocity contrast is very high (Vg,/Vs = 2.5). With the in-
creasing period, the particle motion is, in order, retrograde,
vertical only, prograde, horizontal only, and retrograde.
Therefore, the H/V ratio becomes 0 at T, and infinite at 7.
It should be noticed in type 3 that 7 is nearly half of T,,
which will be discussed in detail later. :

Figure 3 illustrates the three types of the H/V ratio men-
tioned above, which are identical to Haskell’s ratio [1/]g in
equation (2a). The curves for type 1 (thin solid line), type 2
(dotted line), and type 3 (thick solid line) correspond to S-
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Figure 2. Particle orbit of three types of funda-
mental-mode Rayleigh waves for the models in Fig-
ure 1.

|

——h
ol

T T TITIH

ST T T TTTN

111

l

Spectral Ratio, H/V

“.
.

" LN

e n

=

Period (sec)

Figure 3. Three types of H/V ratio of fundamental-
mode Rayleigh waves. Downward arrows show peak
periods, and upward arrows show trough periods:
type 1, Vg, = 250 m/sec, type 2, Vg, = 200 m/sec:
type 3, V5, = 50 m/sec.

wave velocities of the surface layer of 250, 200, and 50
nysec, respectively. Downward arrows indicate peak pe-
riods, while upward arrows trough periods. Sharp peaks do
not appear in type 1 and type 2, while two deep troughs
appear in type 2. Type 3 shows a sharp peak and a sharp
trough, and the trough period is nearly half of the peak
period.
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Figure 4 shows a comparison of four kinds of period for
ground models whose fundamental period for the vertically
incident S wave is set to be exactly 1.0 sec. Filled and open
circles represent, respectively, peak and trough periods in
the H/V ratio for the fundamental-mode Rayleigh waves,
while filled and open squares represent peak periods of the
H/V ratio for the first higher-mode Rayleigh waves and Airy
phase periods for the fundamental-mode Love waves, re-
spectively. When Vi, = 200 m/sec, the H/V ratio has two
troughs (type 2), as shown in Figure 3 with two trough pe-
riods very close to each other. It should be noted that Airy
phase periods for fundamental-mode Rayleigh waves are the
same as the trough periods in the H/V ratio of the modes.

In Figure 4, when S-wave velocity of the surface layer
is smaller than 150 m/sec, both the peak periods for funda-
mental-mode Rayleigh waves and Airy phase periods for
fundamental Love waves are almost identical with the fun-
damental periods of the S waves. Moreover, in this velocity
range, the trough periods are nearly half of the peak periods.
Note that peak periods of the H/V ratios of first higher-mode
Rayleigh waves are slightly shorter than the trough periods,
which implies that the trough of fundamental-mode Ray-
leigh waves may disappear from the microtremor H/V ratios,
when higher-mode Rayleigh waves significantly contribute
to microtremors. Otherwise, the fundamental periods are es-
timable from either the peak periods or the trough periods.

Multi-layered System. Now, let us consider realistic multi-
layered systems. The downhole method was applied to mea-
sure P- and S-wave velocities at 14 sites shown in Figure
Sa, with results shown in Figure 5b. In Figure 6, thick dotted,
thin dotted, and thin solid lines indicate, respectively, the
H/V ratios of fundamental-mode Rayleigh waves, those of
the first higher one, and transfer functions for vertically in-
cident § waves, calculated for the ground models shown in
Figure 5b. The transfer functions were calculated with the
quality factor Q set to 20 for all the layers. Thick solid lines
indicate the H/V ratios of observed microtremors, which will
be described in detail in the following section. As can be
seen in Figure 6, longest peak periods of the H/V ratios of
first higher-mode Rayleigh waves are slightly shorter than
the trough periods of those of fundamental-mode Rayleigh
waves. It would imply that troughs might not be seen in H/V
ratio of measured microtremors, if microtremors also include
higher-mode Rayleigh waves. Otherwise, the fundamental
periods are estimable from either the peak periods or the
trough periods. In this article, the longest period among peak
periods in the H/V ratio is called a peak period, and, among
peak periods in a transfer function, the longest one is called
a fundamental period, hereafter.

Simple ground models with high velocity contrast, such
as numbers 1, 2, 3, 4, 6, and 9 in Figure 5b, tend to give the
H/V ratios of fundamental-mode Rayleigh waves somewhat
similar to that of type 3 shown in Figure 3. Complex ground
models such as numbers 7 and 8 seem to give the H/V ratios
similar to type 1 at the longer periods and type 3 at the
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Figure 4. Comparison of four kinds of period.
Filled and open circles show peak and trough periods
of H/V ratios of fundamental-mode Rayleigh waves,
respectively. Filled squares show peak periods of H/V
ratios of first higher-mode Rayleigh waves. Open
squares show Airy phase periods of fundamental-
mode Love waves. Fundamental periods of transfer
function for vertically incident S waves are 1.0 sec.

shorter periods. Accordingly, with regard to the complex
models, the H/V ratio of fundamental-mode Rayleigh waves
is likely to show two peaks or more.

Figure 7 shows a comparison between the peak periods
in the H/V ratio of fundamental-mode Rayleigh waves and
the fundamental periods of S-wave transfer function, dem-
onstrating a good correlation between these two kinds of
period.

Figure 8 shows a comparison of Airy phase periods of
fundamental-mode Love waves and the fundamental periods
of the S-wave transfer function. There is a fairly good cor-
relation between these periods, except numbers 8, 10, and
12 sites. For numbers 8 and 10 sites, Airy phase periods
correspond to higher-mode fundamental periods of § waves.
For number 12 site, there is no Airy phase over the period
range of interest. The correlation suggests that the funda-
mental periods are estimable from the H/V ratios of observed
microtremor, even when the Love waves consist of the main
portion of the microtremors.

From the above discussions on Figures 4, 6, 7, and 8, it
can be said that the fundamental periods of the S-wave trans-
fer functions are in a good correlation with the H/V peak
periods of fundamental-mode Rayleigh waves and Airy
phase periods of fundamental-mode Love waves, as long as
the ground structure has high velocity contrast.

H/V Ratios of Microtremors

Microtremor measurement was conducted at the ground
surface of the 14 sites mentioned previously. A series of
three-component time histories was simultaneously ob-
served at a sampling rate of 1/50 sec for 40.96 sec, and the
observation was repeated four times to secure its accuracy.
As the Fourier spectra of the two horizontal components
looked similar, their horizontally combined spectrum was
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calculated first. The horizontally combined spectrum is de-
fined as the maximum Fourier amplitude in a horizontal
plane at an angular frequency, @. The combined and vertical
spectra were then smoothed separately with Parzen window
with a band width of 0.5 Hz before taking the H/V ratio.

Figure 5.

(a) Location
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of 14 sites where soil

profiles are available and microtremor mea-
surements were carried out. (b) Soil profiles at
14 sites.
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After calculating four sets of the H/V ratios at a site, the
ratios were averaged to obtain a site-specific H/V ratio.
Thick solid lines in Figure 6 indicate the averaged H/V
ratios of microtremors, and shaded bands indicate their stan-
dard deviations. Apparently, most of the H/V ratios of mi-
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Figure 6. Comparison of H/V ratios of microtremors (thick solid line), transfer func-
tions of § waves (thin solid line), and H/V ratios of fundamental (thick dotted line) and
first higher (thin dotted line) modes of Rayleigh waves. H/V ratios of Rayleigh waves
and transfer functions were calculated for the ground models shown in Figure 5. The
shaded regions represent = one standard deviations for H/V ratios of microtremors.
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crotremors show eminent peaks and troughs similar to those
of fundamental-mode Rayleigh waves (thick dotted lines).
At number 4, for example, the periods of the peak and the
trough of the microtremors are the same as those of funda-
mental-mode Rayleigh waves, and the peak period 1.2 sec
is equal to twice the trough period 0.6 sec.
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Figure 7. Comparison of H/V peak periods of fun-
damental-model Rayleigh waves and peak periods of
transfer function for vertically incident S waves. Each
number in this figure corresponds to site number
shown in Figure 6.
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Figure 8.  Comparison of Airy phase periods of
fundamental-mode Love waves and peak periods of
transfer function for vertically incident S waves. Each
number in this figure corresponds to site number
shown in Figure 6.

Figure 9 shows a comparison of trough period to peak
period ratios of both microtremors and fundamental-mode
Rayleigh waves at 14 sites indicated by open and filled cir-
cles, respectively. At number 11 site, the H/V ratio of fun-
damental-mode Rayleigh waves appears similar to type 2,
which has two troughs as shown in Figure 3. Therefore, two
filled circles are plotted for number 11. The period ratios for
microtremors vary between 0.14 and 0.62 with a mean of
0.41, while the mean for the Rayleigh waves is 0.54. Note
that these values are close to the period ratio 0.5 of a single-
layered system. This fact gives us a basis to estimate fun-
damental periods by means of not only peak periods but also
trough periods in the H/V ratios of microtremors.

Figure 10 shows a comparison between the H/V peak
periods of microtremors and fundamental periods of S-wave
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Figure 9. Comparison of ratios between trough
periods and peak periods of H/V ratios for 14 sites.
Filled and open circles show the ratios of fundamen-
tal-mode Rayleigh waves and those of microtremors,

respectively.
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transfer functions. A fairly good correlation can be seen be-
tween the two kinds of period, except for numbers 7, 10,
and 12. As can be seen in Figure 6, at these three sites, the
H/V ratios do not exhibit eminent peaks at around the fun-
damental periods, which seems to cause the low correlation.
Among others, the transfer function for number 12 has nei-
ther eminent peaks nor troughs because of low velocity con-
trast. In such cases, it is difficult to estimate a fundamental
period from microtremors.

Estimation of Amplification Factor from H/V Ratio

H/V Peak Value of Fundamental-Mode
Rayleigh Waves

Smoothing Function. As mentioned earlier, the H/V ratios
of fundamental-mode Rayleigh waves become infinite at
some peak periods, from which one may think it difficult to
find a correlation between amplification factors for S waves
and the H/V ratios of Rayleigh waves. The difficulty rising
from the infinity can be avoided when a smoothing process
is introduced before calculating the H/V ratio of the Rayleigh
waves, just like in the process of microtremor data analysis.
As for the smoothing, however, attention should be paid to
a smoothing function appropriate for the present purposes.

Let us consider and compare two smoothing functions.
One is a Parzen window function, and the other is a newly
proposed logarithmic one expressed as

Wi(f, £,) = [sin (logyo(fIf.)" ) logio(f1f)T%, “4)

where b, f, and £, are a coefficient for band width, frequency,
and a center frequency, respectively. Dotted and solid lines
in Figure 11 illustrate respectively Parzen windows with
band width of 0.5 Hz and the logarithmic ones with b = 20,
for several center periods. Periods are taken on a horizontal
axis on a log scale. Due to the log scale of the axis, with an
increase in the period, width of the bell-shaped Parzen win-
dow increases while that of the logarithmic one keeps con-
stant. Moreover, bell shapes of the Parzen window are un-
symmetrical with respect to each center period, while those
for the logarithmic one are symmetric. Effects of these dif-
ferences become apparent when these two functions are ap-
plied to H/V ratios.

Thick and thin solid lines in Figure 12 show the H/V
ratios of fundamental-mode Rayleigh waves in two single-
layered models having different thicknesses of surface layers
but the same velocity contrast with a fundamental period of
0.2 or 1.0 sec. Dotted lines in Figure 12a represent the H/V
ratios smoothed with Parzen window with a band width of
0.5 Hz, and those in Figure 12b, smoothed with the loga-
rithmic one with & = 10, 20, and 30. The smoothing was
performed for horizontal and vertical amplitudes separately
before taking these ratios, which caused a shift in a peak
period, as can be seen in Figure 12.

As illustrated in Figure 12a, the peaks in the H/V ratio
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Figure 11. Shapes of two types of smoothing
function at center frequencies of 0.5, 1.0, 2.0, and 5.0
Hz. Dotted line: Parzen window with bandwidth of
0.5 Hz. Solid line: newly proposed window, W, with
b = 20.

smoothed by Parzen window show a difference in height
whenever their peak periods are different, even for the
ground models with identical velocity contrast. This must
be an essential disadvantage for our present purpose of cor-
relating an amplification factor with a peak value in the H/V
ratios. Meanwhile, those smoothed by the logarithmic one
illustrated in Figure 12b show the same height irrespective
of the period as long as the b-values are the same. For this
reason, the logarithmic function in equation (4) is used for
the smoothing, and a correlation between amplification fac-
tors and H/V ratios is sought in the following sections.

Single-Layered System. Single-layered ground models
listed in Table 1 are considered here. S-wave velocity of the
half-space is fixed at 500 m/sec, while the velocity V/Vg,
of the surface layer varies from 67 to 400 m/sec. Thickness
of each surface layer is changed by equation (1), depending
upon fundamental periods T varied as 0.2,04,06,08,1.0,
and 1.2 sec. Poisson’s ratios, v, are determined from Vs as
follows:

0.499 for Vg < 150m/sec,
0.499 — 1.16-10"%Vs — 150) for Vg = 150m/sec.

I

The above relationship was obtained from Vg and V profiles
determined by the downhole method at 85 sites in and
around Tokyo.

Figure 13a shows the peak value Ry of the H/V ratio of
fundamental-mode Rayleigh waves plotted against the ve-
locity contrast Vg,/Vg,. Triangles indicate those for the pa-
rameter b = 10 in equation (4), squares for b = 20, and
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Figure 12.  Smoothed and not smoothed H/V ratios
of fundamental-mode Rayleigh waves for two cases
of ground model, which have a different thickness of
a surface layer, while Vg, are commonly 67 m/sec for
each model. The thickness was determined to give a
fundamental period of 0.2 and 1.0 sec. Thick solid
and thick dotted lines showing peaks at about 1.0 sec
represent H/V ratios for models having a fundamental
period of 1.0 sec. Thin solid and thin dotted lines
showing peaks at about 0.2 sec represent H/V ratios
for models having a fundamental period of 0.2 sec.
Solid lines represent [1i/w], as in equation (2). (a) The
dotted lines represent H/V ratios using Parzen window
with bandwidth of 0.5 Hz. (b} The dotted lines rep-
resent H/V ratios using smoothing function, Wy, for &
= 10, 20, and 30.

Table 1
Geological Structure for the Simple Simulation Models
Layer Thickness (m) Vs (m/sec) Density (kg/m®)
Surface H 67 to 400 1.9 x 10°
Half-space 0 500 1.9 x 10°

Thickness of a surface layer, H, was determined from equation (1) so as
to give fundamental periods, T of 0.2, 04, 0.6, 0.8, 1.0, an d 1.2 sec.
Poisson’s ratios, v, were determined from V.
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Figure 13.  Relation between H/V peak values, Ry,
of fundamental-mode Rayleigh waves and velocity
contrast, Vi,/Vy,. (a) Triangles indicate results for
b = 10, squares for b = 20, and circles for b = 30.
(b) Each line indicates results for Poisson’s ratio mod-
els in Table 2 and for » = 20.
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Figure 14. Relation between the normalized pe-
riod, Ty/T, and velocity contrast, V,/Vy,. Tg: HIV
peak periods of fundamental-mode Rayleigh waves.
Ty: Fundamental period of transfer function for ver-
tically incident S waves. Triangles indicate results for
b = 10, squares for & = 20, and circles for b = 30.

Table 2
Poisson’s Ratio for the Simple Simulation Models

Case Surface Layer Half-space
1 0.499 for Vg; < 150 m/sec  0.458

0.499-1.16- 10" %V, — 150)  for Vg = 150 m/sec
2 0.499 for Vg; < 150 m/sec  0.300

0.499-1.16-10"% Vg, — 150)  for Vs, = 150 m/sec
3 0.450 0.458
4 0.400 0.458
S 0.350 0.458
6 0.300 0.458
7 0.300 0.300

circles for » = 30. Evidently, the higher the velocity contrast
is, the larger the peak ratio Ry is. For b = 10, the peak ratio
Ry is almost linearly correlated with the velocity contrast,
but the linearity disappears for a larger b-value.

The b-value has a considerable influence not only on
the peak ratio but also on the peak period, as can be seen in
Figure 12b. Ratios of peak periods T of fundamental-mode
Rayleigh waves calculated from the smoothed H/V ratios to
fundamental periods T of the S-wave transfer function are
plotted against velocity contrasts Vg,/V; in Figure 14, in
which triangles indicate those smoothed with b = 10,
squares with b = 20, and circles with b = 30. The period
ratios from b-values 20 and 30 are almost unity for the ve-
locity contrast larger than 2.5.

Thus, in selection of an appropriate b-value, there seems
to be a kind of trade-off between the two factors; a smaller
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Figure 15.  Relation between H/V peak value, Rj,
of fundamental-mode Rayleigh waves and amplifi-
cation factors, Ag, for vertically incident § waves for
85 models obtained from soil data measured by the
downhole method. For the amplification factors, two
types of quality factor Q are taken into consideration.
Circles and squares indicate results for the O = 20
model and for the 0 = V/10 model, respectively.
Solid line shows Ag = 2.5R;. In addition, filled cir-
cles represent the results for models with a single
layer over a half-space (Q = 20 model).

b-value is preferable for obtaining a linear relation between
peak ratios and velocity contrasts, while a larger b-value is
preferable for reducing elongation in the peak period. Con-
sidering these factors, b = 20 has been selected for use in
the present study.

As the peak ratio R was thought to depend on Poisson’s
ratio, those for several Poisson’s ratios listed in Table 2 were
calculated with & = 20 and plotted in Figure 13b. Obvi-
ously, the peak ratio Ry tends to increase with a decrease in
Poisson’s ratio, especially of a surface layer. However, the
relations between Ry and Vi,/Vy,; are similar when the Pois-
son’s ratio of a surface layer is over 0.45 (cases 1, 2, and 3
in Fig. 13b). As Poisson’s ratio is known approximately to
be equal to 0.5 for soft saturated soils but to decrease with
increasing stiffness of soils (Ishihara, 1996), it seems rea-
sonable to try to formulate for case 1 as long as our primary
interest is toward such ground conditions.

Multi-layered System. Realistic ground models were ob-
tained by applying the downhole method at 85 sites in and
around Tokyo. When the H/V ratio of fundamental-mode
Rayleigh waves has two peaks or more, the peak at a longer
period was found usually to correspond to the fundamental
one of the S-wave transfer function (Fig. 7).

For the transfer functions, two types of quality factor Q
are taken into consideration. One is a constant Q set to
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Figure 5.
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Q = 20 for all the soils, and the other is a velocity-dependent
Q given by Q0 = V,/10. The peak ratios R, of fundamental-
mode Rayleigh waves at the longest period are plotted
against the amplification factor A at the fundamental period
of the S-wave transfer functions in Figure 15, in which cir-
cles are for the @ = 20 model and squares for Q@ = V,/10.
As can be seen in Figure 15, there are two main groups of
data, one with Rz = 1 to 3 corresponds to type 1 or 2 as
shown in Figure 3, another one with R; = 4 to 7 corresponds
to type 3. The amplification factor A¢ tends to increase with
an increase in the peak ratio Rp. These results are contradic-
tory with the poor correlation found by Lachet and Bard
(1994). At least two reasons for these differences might be
considered. One is that fundamental-mode Rayleigh waves
alone are taken into account here, while Lachet and Bard
(1994) took surface and body waves into account. The other
is their soil profiles with Poisson’s ratios different from those
used here.

Filled circles in Figure 15 represent the resulis for mod-
els with a single layer over a half-space (@ = 20 model).
The relations between Ay and Rj are not linear for single- or
multi-layered media. However, for simplicity, if we use the
following relation shown by the solid line in Figure 15, we
can get a simple formula proposed by Nakamura (1989), as
follows:

If microtremors consist of fundamental-mode Rayleigh
waves alone, amplification factors are estimable from the Ag
versus Ry relation shown in Figure 15 or equation (5). When
microtremors consist of fundamental-mode Rayleigh and
Love waves, the H/V ratio of the microtremors can be de-
composed as

Ru(T) = [Hg(T) + H(DVV(D), (6)

where T is period, Hg(T) and H,(T) are horizontal compo-
nents of the Rayleigh and Love waves, respectively, and
Vi(T) is a vertical component of the Rayleigh waves. The
proportion of the Rayleigh waves in horizontal components
of microtremors is expressed as

BT = He(DIHKT) + H(D)]. (7
Combining equations (6) and (7) leads to
Ry () = Hp(DIBHT)- Ve(T)] 3)
in which Hy(T)/Vg(T) denotes the H/V ratio of the Rayleigh
waves. After smoothing with the function Wy, H/V ratios of
microtremors are expressed as
Ryg(T) = Re(DB(T) 9

in which Ry5(T) and Ry(T) are the H/V ratios of microtre-
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Figure 17. Comparison of H/V peak value, Rym,
of measured microtremors and amplitude factors, Ag,
derived from transfer function of vertically incident §
waves. Solid line shows R,z = Ag. Each number in
this figure corresponds to site number shown in Fig-
ure 16.

mors and the Rayleigh waves, respectively. Substituting
equation (5) into equation (9) leads to
Ag = 2.5 BRy;p Qo

in which Ry and Ag are the values of Ryp(T) and A(T) at
their peak periods. If the value of f at each site is given,
amplification factors can be estimated by using equation
(10). However, there has been little knowledge available
about in situ f(T). According to a spatial autocorrelation
study by Miyadera and Tokimatsu (1992), § in the field tends
to vary from site to site but lies between 0.3 and 0.5. Thus,
even if it is a very strong assumption, § = 0.4 is tentatively
assumed irrespective of site in this article. Then, substituting
B = 0.4 in equation (10) leads to a very simple formula for
Ag, which is equivalent to Nakamura’s method.
Ag = Ryp. an

Figure 16 shows a comparison of H/V ratios of measured
microtremors plotted by thick solid lines, fundamental-mode
Rayleigh waves plotted by dotted lines, and transfer func-
tions for vertically incident § waves plotted by thin solid
lines. Numbers of the sites are identical to those mentioned
for Figure 5, and the transfer functions were calculated with
Q = 20. Note that the two tronghs in Figure 6k are unified
in Figure 16k by smoothing the H/V ratio of fundamental-
mode Rayleigh waves. The peak ratios Ry of measured
microtremors and amplification factors Ag that were read
from Figure 16 are compared in Figure 17, in which a solid
line indicates R,z = As. As a whole, there appears a fairly



Ground-Motion Characteristics Estimated from Spectral Ratio between Horizontal and Vertical Components of Microtremor 239

E B ~ S |
0 5 okm
! R
-+ H HHH 3
N &
o h&i E » reaSiaRan
el H(H . i H i i
AT | ) 1oL \ e -
L5 1SRN SR 1]
ol “ '.: Bt Wl *) HHHH .‘H:: &iaz Eé
o Hile b » H H Aol H
bl o s H 8 1 H
il ﬁ- o
e L § HEH
N ol H‘ ) -t H B
4 ?miln « !9 i HH :E:\Q H
LR e O
1 o | 9 M » > HEEE X H
A g 4| B0 o] Ll® X
E * Y " »| T
& ST
o 111 1el ‘l .' > "' " 3
¢ " ’ B '
o Y11 13 ﬁ
o| 4 b k
N :" [ o N b
i N\
A y ,r;un_dgmental
1 eriod (sec
== NEEETRE . 0.2
N e = [hitiale e 04
NN  sand H E_ N\ AN o 06
i HHEN b (5Lt . o
E= cravel NN 0.8
X it ® 1.0
Mﬂ] Loam § % : ® 12
SRR R wananans H]
139°40' 13950

Figure 18. Distribution of 546 fundamental periods estimated from H/V ratios of
microtremor. Size of circles shows fundamental periods. Patterns of hachure show

subsurface geology.

good correlation between Ry; and Ag. However, although
the values of Ry and Ag are almost the same, there is a
considerable difference between peak periods and funda-
mental periods at numbers 7, 10, and 12, as can be seen in
Figures 6 and 16. Thus, this is a limitation of the present
technique that needs to be solved.

Application to Mapping of Periods
and Amplification Factors

As a practical application, the present technique was
applied to mapping fundamental periods and amplification
factors after estimating them from microtremor data at 546
junior high schools in 23 wards in Tokyo.

Figure 18 shows a map of the estimated fundamental
periods. In the period estimation, peaks in the H/V ratios of
the microtremors were used in most cases, but troughs were
sometimes used depending upon which was clearer. Size of
a circle is proportional to the periods. Hatched square pat-
terns indicate the subsurface geology. Apparently, the esti-

mated fundamental periods are shorter at loam sites and
longer at clay sites, which is consistent with the existing map
by Tajime et al. (1977).

Figure 19 shows a map of the estimated amplification
factors, which was also found to be consistent with the ex-
isting map by Shima (1987). It is interesting to note that the
distribution of the amplification factors seems to be corre-
lated with the surface geology to some extent but that the
correlation is not as high as that of the fundamental periods.

Conclusions

In this study, assuming that microtremors consist of sur-
face waves, the H/V technique has been formulated in terms
of Rayleigh and Love waves in layered soils.

First, peak periods in the H/V ratios of fundamental-
mode Rayleigh waves agree well with fundamental periods
of transfer functions for vertically incident S waves, and the
H/V ratio tends to show a trough at half of the peak period
when a site has soft surface soils. Based on these, it is rec-
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ommended to use the periods of not only the peaks but also Acknowledgments
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