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ABSTRACT

The assessment of local site effects is one of the most important subjects in Engineering Seismology.
In order to perform an assessment, it is necessary to determine the S-wave velocity structure of the site.
Additionally, in some basins, it is very important to know the deep sedimentary structure, due to the
amplification phenomena of low frequency waves. There are several techniques to achieve this purpose;
probably the most inexpensive technique is using the vertical component of microtremors measured with an
array of seismographs. The phase velocity of Rayleigh waves is inverted to an S-wave velocity (Vs) profile
using optimization techniques. Most of the time, least square methods have been applied in the inversion.
Recently, heuristic methods have also been used for the estimation of the S-wave velocity structure from
microtremor.

In this study seven arrays of microtremors in the city of Tsukuba city were performed, located to the NE
edge of Kanto Basin, in order to estimate the deep S-wave velocity structure. The spatial autocorrelation
method SPAC was used to determine phase velocity dispersion curves in the frequency range from 0.3-2.5
Hz. The determination of Vs profiles reached a depth of 750 m. Two methods were used to estimate the S-
wave velocity structure: Inversion method and a heuristic method via the combination of Downhill Simplex
Algorithm with a Very Fast Simulated Annealing Method. Comparisons with Vs from the existent results
from PS-logging tests at the center of the array showed the reliability of the heuristic method.

Key words: Heuristic Method, Annealing Method, Inversion, Kanto basin, Tsukuba, SPAC, shear wave
velocity.

RESUMEN

La evaluacion de los efectos locales es una de las labores mas importantes en la Ingenieria Sismoldgica. Con
el fin de realizar una evaluacion es necesario determinar la estructura de velocidades de ondas S del sitio.
Adicionalmente, en algunas cuencas, es importante conocer la estructura de los sedimentos profundos, debido
al fendbmeno de amplificacion de ondas de baja frecuencia. Existen varias técnicas para lograr este proposito,
probablemente la menos costosa es el uso de la componente vertical de los microtemblores registrados mediante
un arreglo de sismografos. La velocidad de fase de las ondas Rayleigh se invierte para estimar un perfil de
velocidades de ondas S (Vs) usando técnicas de optimizacion. En la mayoria de los casos se ha aplicado el
método de los minimos cuadrados en la inversion. Recientemente, los métodos heuristicos también han sido
utilizados para la estimacion de la estructura de velocidad de las ondas a partir de microtemblores.
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En este estudio se desplegaron siete arreglos para microtemblores en la ciudad de Tsukuba (Japén), ubicada
en la parte Nororiental de la cuenca de Kanto, con el fin de determinar la estructura profunda de velocidad
de las ondas S. Para determinar las curvas de dispersion de velocidad de fase en el rango de frecuencias
0.3-2.5 Hz se utilizo el método de la autocorrelacion espacial SPAC. La determinacion de los perfiles de
Vs alcanzo una profundidad de 750 m. Se utilizaron dos métodos para estimar la estructura de velocidad
de las ondas S: un método de inversion y un método heuristico via la combinacion del método Downhill
Simplex Algorithm con el método Very Fast Simulated Annealing. Las comparaciones de la estructura de
velocidades Vs con los resultados existentes de pruebas PS de registros de pozo en el centro del arreglo
demostraron la confiabilidad del método heuristico.

Palabras clave: Método Heuristico, Método de Annealing, Inversion, Cuenca de Kanto, Tsukuba, SPAC,

Velocidad de Cizalla.
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INTRODUCTION

The geometry of the subsoil structure, the soil
types and the variation of their properties with
depth, along with the lateral discontinuities and the
surface topography can produce large amplifications
of ground motion and increase the damage during
destructive earthquakes. For this reason the accurate
knowledge of the geometry and the Vs structure of
alluvial—diluvial deposits and the basement are very
important in microzonation studies.

The Vs structure is usually determined in the
field by using conventional seismic prospecting
techniques (reflection, refraction, boreholes) and in
the laboratory through dynamic tests on soil samples.
The use of conventional seismic exploration methods
presents some difficulties when the deep sedimentary
structure needs to be determined. For example, in
reflection and refraction surveys, the use of artificial
sources such as explosives or vibrators is necessary,
practices that sometimes are not easy in urban
areas. Furthermore, the dimensions of the required
arrays are large according to the desired penetration
depth and therefore it is difficult to be deployed in
populated areas. Additionally, the cost of large scale
deep geophysical prospecting is high, and for this
reason, in most cases during site effect studies, the
depth of the seismic basement is limited to a layer
with Vs larger than 400 m/s (Engineering bedrock)
and not the real very deep underground reflector
of the incident waves (Vs > 3000 m/s, Seismic
bedrock). Additionally, the cost for implementing a
deep borehole is also high and the results are valid
only for a single site.
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Microtremors techniques have been accepted
during the last decades as a really good tool for
reconnaissance and research of both shallow and
deep soil structures (Alfaro, 2005a, 2005b; Alfaro
and Yokoi, 2005; Alfaro 2006). There are several
techniques using microtremors, during the last
years, however Horizontal Vertical Spectral Ratio
techniques (HVSR) have been used all over the
world after Nakamura’s classical paper (1989)
to determine the soil’s predominant periods and
dynamical classification soil (Alfaro et al. ,2001;
Bhattarai, 2005 ); HVSR has prompted several
discussions due to the lack of robustness in the
theory (Horike et al., 2001), Arai and Tokimatsu
(2000, 2004) however, developed a technique that
allows the determination of Vs Structure by means
of inversion of HVSR. They developed a complete
formulation assembling surface waves to achieve the
inversion. In this research, however a microtremor
array technique was used, because it has a robust
theory and it has been used all over the world,
mainly in Japan.

The method uses the microtremor records obtained
at stations deployed in a triangular array. The
measurements are taken simultancously at all
stations, which are operating for a short duration
of time. The analysis of the microtremor records
is performed through the spatial autocorrelation
coefficient method (SPAC method) introduced by
Aki (1957, 1965) and established by Okada (2003).
It is important to mention another technique for
arrays analysis, Frequency-wavenumber spectrum
method (F-K), developed by Capon (1969) and
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applied to microtremors by Horike (1985) and Okada
(2003). The F-K method is used to estimate the
dispersion curve of Rayleigh waves and the velocity
structure. The weakness of this method is the need of
simultaneous measurement with several stations.
The SPAC method is based on the theory of the
Stationary Random Functions, according to which,
microtremor is considered as a stationary stochastic
process both temporally and spatially. In this study,
microtremor measurements were performed at one
site, representative from the geological point of
view, in the city of Tsukuba, where information of a
deep borehole of 1300 meters is available (Hayashi,
2005; Hayashi et al., 2005). The practical aim of
this study is to estimate a Vs profile, especially for
depths larger than 500 m, reaching bedrock depth.
To examine the efficiency and the accuracy of the
method the results are compared with the borehole
Vs profile at the site.

THEORETICAL BACKGROUND
Conventional Spac Method

Aki (1957, 1965) presented a theoretical background
for estimating phase velocities by means of the SPAC
method. For this research Yokoi (2005a, 2005b, and
2005c) developed a set of computer codes following
Okada (2003) and Morikawa et al. (2004) in order
to obtain the S-wave velocity structure.

The phase velocity at frequency w will be obtained
as the argument of the Bessel function. In this study
we used a software b_fit developed by Yokoi (2005a)
to find the optimum value for phase velocity. That
program uses the Levenberg-Marquardt method
and some subroutines from Press et al. (2003). To
perform the inversion two programs were used:
disp_smal (Yokoi, 2005b) and surf96 (Herrmann
and Ammon, 2004). disp_smal is a program to
obtain the optimum underground velocity structure
for a given dispersion curve of Rayleigh waves based
on the Downhill simplex method combined with the
simulated annealing approach.

Simulated Annealing Method

The Simulated Annealing method is based on the
idea of thermodynamics in which a metal melt
reaches to a low-energy state through gradual

decrease in temperature (Metropolis et al., 1953).
After that Kirkpartrick et al., (1983) applied the idea
to optimization problems with an analogy between
thermodynamics and optimization as shown in Table
1. The misfit to be minimized during inversion
corresponds to energy in thermodynamics, and
parameter changes due to variations of material state.
This move of parameters is controlled by cooling
schedule of the system with decrease temperature.

TABLE 1. ANALOGY BETWEEN THERMODYNAMICS AND
OPTIMIZATION

Thermodynamics Optimization

Material state Possible model

Energy Objective function

Change of material state Move to neighbor model

Temperature Control parameter

Heuristic solution

Freezing state

The algorithm of the Simulated Annealing Method is
shown in Figure 1. First, a cooling schedule and an
initial Temperature are defined, 7. Search areas for
all the unknown parameters are also defined before
calculation. Then, an initial model, m,, is randomly
generated within the defined parameter spaces. The
misfit, £ (m,) for the initial model is calculated using
equation (1).

N

E(m) =%Z

Co)-Coy)
o(t))

(1

Where (1) and C”(tj ) are calculated and initial
phase velocities at a period of L. o) and N are the
standard deviation and number of observations.

Next, a random perturbation is added to the initial
model to generate a neighbor solution, m . The
misfit order is calculated again, E(m,) for the
neighbor model. If the difference of the misfits of
the two models, AE = [E(m, )-E(m,)], is negative,
m, becomes the present model. If the difference is
positive (m, is the worse model), m, is still chosen
as the present model with a probability P = exp(-
AE/T). Because of the temperature-dependent
probability, a model with high misfit is frequently
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chosen at high temperature. At low temperature, a
not suitable model is not often selected and only a
good model becomes the present model. After these
processes have been repeated for all the parameters
at predetermined times, the temperature is decreased
according to the cooling schedule. The present model
can be modified to the neighbor model near the
global solution by repeating the above processes.
Although, the Simulated Annealing Method is one
of various local search methods using a perturbation
of the model parameters, the Simulated Annealing
Method works as a global search method at high
temperature, because it allows an incremental change
on the misfit surface. However, works as a local
search method at low temperature. This feature is
different from pure random search methods, such
as the Monte Carlo search method.

There are several algorithms used in the Simulated
Annealing Method. In this paper the Very Fast
Simulated Annealing ((VFSA) Ingber, 1989) is used.
In the Very Fast Simulated Annealing, a perturbation
is generated using equation (2).

I Initial model (m) and temp 7,= T I

l
[ Calculation of E (m,) |
1

mll = m(t) + yi (mliwx - mliﬁn) (2)
Where y, is defined in (3)
[20,-1|
vy, =sgn(u, —0.5)T [1+TkJ -1 3)
k

y, is generate from a u' from the uniform
distribution

u' e Ulo,1]
The cooling schedule is based on (4)

T, =T, exp(—ck®) 4)

Where ¢ and a are constants, in this study
To=1.0, a=0.06 and c=1.3 to achieve a fastest
convergence.

¥
Generation of neighbor model

m, =m,+ uAm

| Calculation of E (m) |

!
[ Calculation of AE=E (m)-E (m,) |

Y

Iteration at T1?

YES
I Decrease temperature |

Number of temp. ?

Save m, as new model
(m,=m,)

Save m1 as new model
with prob. of exp (A E/Ti)

YES
| Near global model , |

®

Figure 1. Algorithm for S-wave velocity structure assessment using the Simulated Annealing Method (Yamanaka, 2004).

Downbhill Simplex Method
The Downbhill simplex method developed by Nelder

and Mead (1965) method, requires only function
evaluations, not derivatives. According with Press
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et al. (2003) the method is not very efficient in
terms of the number of function evaluations that it
requires. However, the Downhill simplex method
may frequently be the best method to use if the figure
of merit is “get something working quickly” for a
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problem whose computational burden is small. In
this study some subroutines from Press et al. (2003)
were used.

OBSERVATION OF MICROTREMORS

The data of microtremors were recorded in the
North-Eastern part of the Kanto Basin, in the city
of Tsukuba (Japan), where the depth to bedrock
was found to be about 600 m with a deep borehole.
Observations were performed on July 27 and 28
2005; additional measurements were done on
August 4 and 16 to improved some data sets of non
acceptable quality. Observations included seven
arrays: one with 29 m radius (largest side of 50 m);
two with 115 m radius (largest side of 200 m); two
with 290 m radius (largest side of 500 m) and two
with 520 m radius (within largest side 900 m). The
geometries of the arrays are shown in Figures 2 and
3. Hereafter, these configurations are called R and
B arrays. The smallest arrays (50 m side) and the
middle array (200 m side) are shown in Figure 2.
There were simultaneous observations at four sites,
with vertical-component velocity type seismographs
(VSE12-CC manufactured by Tokyo Sokushin Ltd.),
with a natural period of 7o = 10 s, also the short
period velocity seismometers (HS-1, manufactured
by OYO-Geospace) with 2 Hz natural frequency.
The microtremors were recorded by digital recorders
McSeis-MT (manufactured by OYO Corporation)
with a resolution of 24 bits for A/D conversion,
finally converted with an analog band pass filter,
which was from 0.1 s to 5.0s, the sampling frequency
was 100 Hz. When applying the SPAC method it
is only necessary to gather the vertical component
to obtain Rayleigh waves and avoid any kind of
interference due to the presence of Love waves,
making the analysis easier (Aki, 1957). The records
were synchronized with the time code generated by
Global Position System (GPS) clocks. Three sets
of data on 200 m array, 10 sets of data with 500 m
array (total duration 2 hours) and 10 sets of data with
900 m array (total duration 2 hours) were gathered.
To ensure to check the stability of environmental
conditions and instruments, data was gathered for all
sensors in a single place. After this, stability analysis
sensors were deployed in the field, starting with the
smallest array.

On the other hand, data quality depends on the
amount of interferences from anthropogenic sources
like vehicles; in this study 500 m arrays recorded
the highest interference due to the location of BS
and R5 stations, close to an Avenue with intense
traffic, particularly trucks. An example of waveforms
can be observed in Figure 4, which corresponds to
microtremors recorded with a 900 m array.

Using the SPAC method it is possible to assess
SPAC coefficients, as shown in Figure 5, which
are functions of distance and frequency. For low
frequencies, SPAC coefficients have maximum
values.

The next step in the analysis is to fit a zero-order
Bessel function of the first kind for every frequency,
this procedure implies the verification of the values
that could be used for fitting. Figure 6 shows some
examples of fitting Bessel functions. For certain
frequencies it is possible to use data from various
distances, in the case of low frequencies, however, it
is possible to use only data from the largest array. The
b_fit program by Yokoi (2005a) was used. By means
of inversion it is possible to assess the dispersion
curve; examples are shown in Figure 7.

Figure 2. Location of the observation sites. The observation
sites are located in the northern part of the Kanto Basin, Japan,
in Tsukuba city, where the depth of bedrock is known to be
about 600 m by a deep borehole (Hayashi ez al., 2005). Arrays
dimensions are 50 m side x 200 m side.
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Figure 3. B8 is the center of the B Arrays and R4 is the center of the R arrays. B5-B6 length is 500m. R1-R2 length is 900m.
Observations were carried out during workdays. Note that B5 and R5 are located in an Avenue.
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Figure 4. An example of the microtremor records for 900 m array; stations R4, R1, R2 and R3 respectively. Each trace indicates
vertical ground velocity component.
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DETERMINATION OF VS STRUCTURE

The phase velocity was inverted to Vs structure
using two methods: The least squares method
(Herrmann and Ammon, 2004) and the combination
of Downhill Simplex Algorithm with Very Fast
Simulated Annealing Method (Ingber, 1989; Yokoi,
2005¢). The misfit to be minimized during inversion
corresponds to energy in thermodynamics, and
parameter change does to move of material state.
This move of parameters is controlled by cooling
schedule of the system with temperature decrease.
Figure 7 shows dispersions curves obtained with sets
of 50 m data array plus R200 m data arrays plus sets
of R900 m array. Figure 8 shows one example of
results using surf96 (Herrmann and Ammon, 2004),
and Figure 9 shows the results obtained using: The
Very Fast Simulated Annealing Method, which are
in good agreement with existing PS logging and
borehole data, and the results derived by Herrmann
and Ammon (2004).. Results using both methods
are suitable, however one advantage of the heuristic
method via the combination of Downhill Simplex
Algorithm with Very Fast Simulated Annealing
Method is the possibility of assessing thickness and
Vs, meanwhile in Herrmann and Ammon (2004)
it is necessary to fix either the thickness or the Vs
of each layer. Advantages of the surfer96 software
include the calculation of: standard error (km/s);
mean residual (km/s); average residual (km/s) and
percent of signal power fit in percentage.

These results indicate that the combination of
Downhill Simplex Algorithm with Very Fast
Simulated Annealing Method is a promising tool
in phase velocity inversion. Probably, this is also
true for other inversion problems in Engineering
Seismology.
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DISCUSSION AND CONCLUSIONS

Among several geophysical prospecting methods,
passive methods have the advantage they do not need
either artificial sources that could disturb people or
expensive drilling.

Judging from the waveforms obtained, mainly
for station RS and BS in 500 m arrays, they
recommend avoid large avenues or roads, because
waveforms could include interferences and results
could be not suitable. Also, it is advisable perform
the measurements during hours with minimum
interferences due to punctual loads, like heavy
trucks, or follow the recommendation of Apostolidis
et al. (2004) to locate the stations at least 50 m far
from avenues or roads.

The most significant advantage, of estimation of
Shear Wave Velocity structure, using arrays of long
period microtremors, is that the method allows for
the reliable determination of Vs profiles down to large
depths (about 600 m) with relatively small apertures
ofthe deployed arrays (900 m). This is significant for
accurate soil response studies in large cities, where
open free spaces suitable for deployment of large
conventional arrays are difficult to find and high
energy sources cannot be easily used. .
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Figure 9. Comparison of the obtained Vs structure with the information from PS-logging data. a) Data from Ps-logging (Hayashi,
2005); b) Vs structure using a combination of Downhill Simplex Algorithm with Very Fast Simulated Method (Yokoi, 2005a); c)

Vs Structure using inversion (Herrmann and Ammon, 2004)
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