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ABSTRACT

Four-station spatial autocorrelation (SPAC) array measurement to record microtremors was conducted in 2012 at
West Park of ITB Ganesa Campus, Bandung, Indonesia. The measurement was aimed at revealing the shallow seismic
velocity profile beneath the measured site. Autocorrelation and cross correlation calculations among the center station and
the tripartite stations were carried out to provide coherence functions from which the SPAC coefficients were obtained.
The SPAC coefficients were fitted to a Bessel function of the first kind of order zero yielding a dispersion curve describing
relation between the phase velocity and frequency. Least-squares inversion scheme was applied to invert the dispersion
curve into seismic parameters (P and S velocities, density and thickness of layers). The inversion resulted in a shallow
four-layer stratified model of shear wave velocity. The shear velocity values are 342, 304 and 468 m/s for the first three
layers from the surface down to 30 m deep and 1209 m/s for the half space. Based on the NEHRP classification, the Vs30
value is equal to 366 m/s indicating that the soil profile beneath the measurement site is categorized as very dense soil or

soft rock.

Keyword: spatial autocorrelation (SPAC) array, microtremors, SPAC coefficients, dispersion curve, shears wave velocity.

INTRODUCTION

Microtremors are naturally occurring, low
amplitude constant vibrations at the earth surface whose
displacements are in the order of 10 - 10> mm. These
vibrations are caused by all human-related daily activity
such as machineries in factories, movement of cars on the
road and even people walking on the ground as well as
natural phenomena such as ocean wave, rain, atmospheric
pressure and river flow [24]. Microtremors are basically
consisted of body waves and surface waves. However,
since their sources are located at the surface, microtremors
comprise mainly surface waves and the vertical
components of them can be regarded as Rayleigh waves
[30]. Bard [6] presented that microtremors are
predominantly surface waves (about 70%) in which low
frequency tremors below 0.5 Hz are due to oceanic waves,
intermediate frequency tremors between 0.5-1 Hz are
generated near coast and from the sea, and high frequency
tremors above 1 Hz are associated with human activities.
Natural vibrations below 1 Hz are usually termed
microseisms.

Records of microtremors generally contain
information on complex sources, information on the
transmission path, and information on the subsurface
structure beneath the observation site [24]. Surface waves
which mainly constitute the microtremors are dispersive,
that is their velocity varies depending on the frequency.
Since dispersion is controlled by subsurface structure, in
principle we are able to infer subsurface structure once we
have the dispersion curve depicting phase velocity vs.
frequency at a station. Micrometremor data have been
widely used for site effect studies investigating dominant
period and amplification pioneered by Kanai et al. [13]. In
its development, study of microtremors has been focused

on utilization of the spectral ratio of horizontal to vertical
components of microtremors know as H/V or HVSR
method suggested by Nogoshi and Igarashi [23] using
Rayleigh-wave ellipticity as a tool for identification of
fundamental frequencies and amplification factors of a
particular site especially in urban areas. The H/V method
was then extensively promoted by Nakamura [20] [21]
[22], followed by the development of numerical schemes
to invert the HVSR curves into shear velocity v, profile
depicting vertical stratigraphy of the site [11] [4] [5] [3].
Complex mechanism of microtremors generation
are viewed as a stochastic process yielding certain
characteristics of surface waves both in time and spatial
domains [24]. Surface waves are well understood to
exhibit dispersion where the velocity of the surface waves
depend on the frequency of the waves, and dispersion
itself is controlled by the subsurface structure. Based on
this comprehension it is possible to reveal the subsurface
structure based on the dispersion. Nowadays, methods of
surface waves measurement can be grouped into two main
categories: first is the frequency-wavenumber spectral
method (f~k method) and second is the spatial
autocorrelation (SPAC) method. Both methods require an
array of stations for a particular site, the minimum number
of stations is seven for the f-k method and four for the
SPAC method. The array of stations can be irregular or
scattered for the f-k method, whereas the array geometry
of the SPAC method must have a centered circular shape.
The f-k method and its processing algorithms were
introduced by several authors such as Toksoz and Lacoss
[30], Lacoss et al. [15] and Capon [8]. The SPAC method
was firstly developed by Aki [1] based on the assumption
that microtremors are isotropic waves approaching the
measurement site from all directions. SPAC method has
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been applied for example in estimating earthquake site
effects in urban areas like Mexico City [10] [27];
identification of 2D effects and shear-wave velocity
profile in valleys [9]; identification of fault and permeable
zones in geothermal areas [32]; inferring subsurface
structure of volcanoes such as Vesuvius [18] and
characterization of SPAC spectra as a function of source
distance.

This paper discusses spectral analysis of
microtremor data recorded using four-station triangular
array of SPAC method and the inversion of the associated
dispersion curve into a 1D layered model of vertical shear
velocity structure. The least-squares scheme was applied
in the inversion yielding a best model within an acceptable
misfit between the observed dispersion curve and the
theoretical one.

S3 S1

Figure-1. Configuration of four-station array of SPAC
method. Center (C), S1, S2 and S3 denote the
seismometers and their locations. The distance from
Center to all its tripartite stations is r.

METHOD

SPAC method

The theoretical basis of SPAC method is
originated from a study developed by Aki [I] to
understand the relations between the temporal and spatial
spectra of microtremors and their phase velocity
characteristics.  Spectra obtained from field seismic
recording can be converted be into phase velocity at
certain frequencies. This relationship has become the
foundation for the SPAC method dealing with extraction
of information from the dispersive Rayleigh waves
contained in microtremors. In microtremor records, the
recorded waves can be represented by the following
equations:

ue =u(0,0,m,1) M

uy =u(r,0,m,1). )

Equation (1) represents the wave propagation
velocity observed at the center station C(0, 0) whereas
Equation (2) represents the wave propagation velocity
recorded at the tripartite station X(r, 8). The illustration of
SPAC four-station array is shown in Figure-1.

The SPAC function is the correlation function
that measures the covariance at frequency between the
microtremors observed at the center C and each tripartite
station X [10] [25]:

#(r.0,0)=u(0,0,0,t)-u(r,0,w,r) 3)

where u(t)is the average value of velocity in

the time domain. From the SPAC function, SPAC
coefficient can be derived which is the average of the
SPAC function from all directions contained in the
circular array,

27

I ¢(r.0,0)d0 (4)

0

pre)= 27-$(0,0)

where #(0, o) is the SPAC function at the center
of the array or C(0, 0).

Ideally, all the seismometers in a circular array
have the same frequency response which is seldom
obtained in a realistic condition. To cope this issue,
Equation (4) is expressed as

Sex (f,r,H)

do 5)
(£,0).8(f.r.0)

1 2w
p(r’f)zﬂi\/sc

where Scx(f, r, 6) is cross spectrum between
measured microtremor signal at station X (the tripartite
station) and measured signal at the center C. S(f, 0) is the
power spectral density (PSD) of the measured signal at C.
Sc(f, r, 6) is the PSD of the measured signal at X.

Sex (f,r,@)
JSc(£,0).8, (£.7.0)

between the measured signals at C and at X. In practice,
the SPAC coefficient is calculated by averaging the
coherence values of the center and all the tripartite
stations.

is the coherence function

Dispersion curve

The coefficient of SPAC is related to the seismic
phase velocity through the Bessel function of the first kind
of order zero [1] [24] [25].

27 fr

c(f)

where c(f) is the phase velocity at frequency f.
The curve of SPAC coefficient is fitted to the Bessel
equation in order to obtain the argument for the Bessel
function (x) which is correlated with the value of 2 zfr/c(f).
Therefore for each argument of Bessel function x; we can
find phase velocity at frequency f;,

p(r.f)=J, ©)
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c(f)=2xfr/x,. @)

The procedure of extracting phase velocity from
the SPAC analysis basically ends here. The illustration of
this procedure is depicted in Figure-2. The obtained
dispersion curve represents the values of Rayleigh wave
phase velocity beneath the center station. The subsurface
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structure based on shear-wave velocity distribution is
revealed by an inversion scheme to transform the
dispersion curve (phase velocity vs. frequency) into profile
of shear velocity vs. depth. The inversion scheme requires
observed dispersion curve from the field and theoretical
curve resulted from forward model calculation.

1.0

Figure-2. Flowchart for estimating microtremor phase velocity using the SPAC analysis
(modified from Okada [24]).

MODELING AND INVERSION

Forward modeling

The phase velocity of Rayleigh wave for a
stratified 1D earth can be calculated as a function of wave
frequency, medium density, seismic wave propagation
velocity in the medium, and thickness of the medium. In a
stratified model, each layer is considered to be
homogeneous and isotropic. The phase velocity of
Rayleigh wave Cp; is determined by an implicit non-linear
characteristic equation:

F=(f.Cpov,ov,.p.h)=0, i=12,.M, 8

where f; is the linear frequency in Hz, Cy; is the
phase velocity of the Rayleigh wave at frequency f;, v, =
(Vs1, Vs2p -ovs Vv) @nd v, = (Vp1, Vo, ..., Vpy) are S and P
waves velocity vectors respectively with v is the §
velocity on j-th layer and v,; is the P velocity on the j-th
layer. p = (p1, p», ..., o)) is the density vector representing
density value at each layer, whereas h = (hy, hy, ..., hy.1)
represents thicknesses at each layer. The phase velocity at

frequency f; can be determined from the input parameters
(vs, vp, P, ) as the square root of Equation (8). To obtain
all the phase velocities at frequencies f; (i = 1, 2, ..., M), a
number of M equations are simultaneously solved in form
of Equation (8).

Inverse modeling

In the inversion scheme, the accuracy of partial
derivation of phase velocity with respect to the model
parameters is the important aspect in modification of
model parameters. Low accuracy in determination of
partial derivatives may lead to the non-convergence in the
inversion scheme [31]. For a 1D stratified earth model, the
phase velocity of the Rayleigh wave can be calculated by
the Knopoff method [28] using the Taylor expansion on
Equation (8) and omitting the second and higher order
terms, the residuals between the observed and theoretical
data Ac, can be approximated by first order partial

differential equation.
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Figure-3. (a) Comparison between the synthetic data
generated by the Test Model and the theoretical data. At 5-
th iteration the theoretical data converge to the synthetic
data giving a minimum misfit. (b) Comparison between
the shear-wave velocity v of the test model and the
inverted model. At the 5-th iteration the inverted model
equally converges to the test model.
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Partial differentiation can be carried out

numerically by Ridder’s method [26] or analytically using
variational technique and eigen function calculation of the
surface wave equation [2]. It is usual to incorporate
constraints on the inversion scheme to simplify the
calculation, such as making the thicknesses constant and v,
and p are regarded as functions of v, and that the phase
velocity is dominated by v, [24]. The relations between v,
v; and p have been proposed empirically by several
authors (e.g. Hayashi et al. [12]; Kitsunezaki et al., [14];
Ludwig et al. [17]). In this paper, the empirical expression
of v, is taken from Kitsunezaki et al. [14],

v, =1.29+1.11v, (10)
and density is taken from Ludwig et al. [17],

p=1.2475+0.399v +0.026v,”. (11

v, and v, are in km/s whereas p is in gr/cm’.
Using the above expressions, Equation (9) can be written
in simpler form:

o[ oc \dv, | oc oc, 1dp;
e :Z (av Jdv " ov " 0 W] Avy: 12)
= v ) Vs 5 Pj ) @V

i=1,2,..M

where Avg becomes the only unknown variable,
which suggests that it is only shear-wave velocity structure
that can be determined directly from the phase velocity of
Rayleigh waves.

There are several assumptions applied in the
inversion: 1) the observed phase velocity of microtremors
is resulted from the fundamental mode of Rayleigh waves
and 2) The structure under the array of observation is
parallel or having stratified layers and physical properties
in each layer are homogeneous and isotropic. Data to be
inverted are the residual of phase velocities as in Equation
(12) denoted by an (M x 1) column vector P and the
sought parameters are the value of Av, in each layer,
denoted by an (N x 1) column vector V; whose relation
between both vectors is expressed as:

P=GV,, (13)

G is an (M x N) coefficient matrix containing the
partial derivatives. The inversion is carried out by the
least-squares method, which finds model parameters that
minimize residuals expressed by the misfit between the
observed and theoretical data.

The least-squares solution is
minimizing the square sum of the residual,

obtained by

e’ =(P-GV,) (P-GV,), (14)

yielding the estimated solution matrix:
C T\ ' (T
V,=(G'G) G'P. (15)

The solution updates the values of the initial v
setting up new values of Equation (12) enabling the
iteration to be repeated until an acceptable misfit the
observed and theoretical data is achieved.

Test of the inversion’s performance was carried
out by inverting synthetic data in form of dispersion curve
generated by a velocity and density structure shown in the
Table-1. The generated synthetic data is shown in Figure-
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3a. A numerical code developed by Rix and Lai in 2004
(introduced in Lai and Wilmanski [16]) was used to
calculate the dispersion curve and the partial derivatives of
the phase velocities with respect to the model parameters.
The thicknesses are kept fixed and the initial model
parameters guessed to initiate the iteration of the inversion
are p= 1873 kg/m’, v, = 1790 m/s and v, = 450 m/s. At the
5-th iteration, the values of v, for the test model are fully
recovered by the inverted model as shown in Figure 3b,
ensuring the validity of the inversion scheme to be used
for the analysis of data obtained from the real
measurements in the field.

DATA ACQUISITION AND PROCESSING

Location

Microtremor data acquisition for the purpose of
this study was carried out at West Park Ganesa Campus of
Institut Teknologi Bandung (ITB), Bandung, Indonesia on
August 2012. The coordinates of the SPAC array is listed
in Table 2 and the surface condition is shown in Figure-4.
ITB Campus is situated in an urban area of Bandung City,
surrounded by busy streets and commercial activity
centers as well as apartments and housing complexes.
Previous geotechnical studies in Bandung City indicate
that in the northern part of Bandung including the ITB
campus, the upper layer is dominated by coarse-grained
sand, medium dense to dense, followed by lower layer that
is dominated by silty sand to conglomerate and breccia
with sandy matrix. Depths of Tertiary base rock vary from
70 to 100 m on west-east direction and from 100 to 120 m
on north-south direction [29].

Raw data

Four-station SPAC array with radius of 55 m was
placed at the measurement site to record the vertical
component of vibrations using four geophones all with a
natural frequency of 1 Hz mounted on land-streamer
(Figure-4). Each geophone is connected with take-out
cables which are also connected to a Seistronix
seismograph. The length of the recorded signal is 32
seconds and the sampling rate is 4 ms. The recorded
microtremors at all stations are depicted in Figure-5.
Microtremors recorded at all stations exhibit almost
similar pattern of vibration. Outlier removal was applied to
the signals before further processing to remove the
unwanted spikes which may not related to the earth’s
responses. The unwanted spikes tend to concentrate
between 0.5 and 1 s and near 3 s.

PSD and SPAC coefficients

Calculation of microtremor PSD from the above
mentioned array has resulted four plots of auto spectrum
(C-C, S1-S1, S2-S2 and S3-S3) and three plots of cross
spectrum (C-S1, C-S2, and C-S3). For examples, Figure
6a depicts the auto spectrum of C-C whereas Figure-6b
shows the auto spectrum of S1-S1. The cross spectrum of
C-S1 is shown in Figure 6¢c. The plot of coherence
function between the C and S1 is shown in Figure-3d.
Basically it indicates the degree of relation between
signals recorded at C and at S1. The SPAC coefficient plot
as function of frequency is obtained by averaging the three
coherence plots. The coherence coefficients are shown in
Figure-6e.
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Figure-4. (a) Map of ITB Campus where the SPAC array was deployed at coordinates shown in Table-

(b) Photographs of the field setup and instruments used during the measurement of microtremors.

Table-1. Parameters of test model for the inversion.

1.

Layer Thickness (m) p (kg/m’) v, (m/s) v, (m/s)
1 8 1822 1623 300
2 10 1856 1734 400
3 12 1890 1845 500
half space infinite 1923 1956 600
Table-2. Coordinate of the four-station array for SPAC measurement.

Station | Latitude (°) Longitude (°) Easting - UTM (m) Northing - UTM (m)
C 6.89285 S 107.60934 E 788367.001 9237307.710
S1 6.89310 S 107.60977 E 788414.402 9237279.786
S2 6.89234 S 107.60934 E 788367.310 9237364.146
S3 6.89310 S 107.60890 E 788318.191 9237280.312
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Table-3. Inverted model parameters based on micritremors recorded by SPAC array at ITB West Park.

Layer Thickness (m) p (kg/m’) v, (m/s) v (m/s)
1 8 1836 1670 342
2 10 1823 1627 304
3 12 1879 1809 468
half space infinite 2113 2632 1209
Table-4. Typical rock velocities and density [19].
Type of formation P wave S wave Densigy Density of constiguent
velocity (m/s) | velocity (m/s) (g/cm’) crystal (g/cm”)
Scree, vegetal soil 300-700 100-300 1.7-2.4 -
Dry sands 400-1200 100-500 1.5-1.7 2.65 quartz
Wet sands 1500-2000 400-600 1.9-2.1 2.65 quartz
Saturated shales and clays 1100-2500 200-800 2.0-2.4 -
Marls 2000-3000 750-1500 2.1-2.6 -
Saturated shales and sand 15002200 500-750 2124 :
Porous and saturated 2000-3500 800-1800 2.1-2.4 2.65 quartz
sandstones
Limestones 3500-6000 2000-3300 2.4-2.1 2.71 calcite
Chalk 2300-2600 1100-1300 1.8-3.1 2.71 calcite
Salt 4500-5500 2500-3100 2.1-2.3 2.1 halite
Anhydrite 4000-5500 2200-3100 2.9-3.0 -
Dolomite 3500-6500 1900-3600 2.5-29 (Ca,Mg) CO52.8-2.9
Granite 4500-6000 2500-3300 2.5-2.7 -
Basalt 5000-6000 2800-3400 2.7-3.1 -
Gneiss 4400-5200 2700-3200 2.5-2.7 -
Coal 2200-2700 1000-1400 1.3-1.8 -
Water 1450-1500 - 1.0 -
Ice 3400-3800 1700-1900 0.9 -
Oil 1200-1250 - 0.6-0.9 -

RESULTS AND DISCUSSIONS

Dispersion curve

The dispersion curve was obtained by fitting the
SPAC coefficients with the values of Bessel function of
the first kind of order zero. In this work, fitting was carried
out if the misfit is below 10, resulting an array of data
containing frequencies and Bessel arguments. These
variables were used to calculate the phase velocity as a
function of frequency or dispersion curve using Equation 7
as shown in Figure-7. At the lowest frequency the phase
velocity is about 1050 m/s, whereas at about 48 Hz the
phase velocity is about 375 m/s, and the slowest phase
velocity is about 225 m/s at 16 Hz. This feature indicates
that the shear velocity structure is not consistently
increasing towards depths. Instead, the smallest shear-

wave velocity lays in a layer between the first layer and
the deeper half space.

Inverted shear-wave velocity model

The inversion scheme is intended to transform the
dispersion curve (phase velocity vs. frequency) into
velocity structure (shear wave velocity vs. depth) using the
least-squares method. There are 4 layers (n = 4) of shear
velocity involved in the inversion: the first three layers
whose thicknesses are variable overlying a homogeneous
half space. The total number of sought model parameters
is 4n - 1 or 15 in this case (3 parameters of h, 4 parameters
of vy, 4 parameters of v, and 4 parameters ofp). The initial
model is a homogeneous structure having v, = 450 m/s. At
the first iteration the root mean square (rms) misfit is 32%
and the minimum rms misfit of 4% is achieved at 17-th
iteration before bouncing up and down between rms
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misfits of 4 - 5% up to 26-th iteration. The comparison
between the observed dispersion curve and the theoretical
one and the inverted model shear velocity layers at 17-th
iteration are shown in Figure-8. The overall inverted
model parameters are listed in Table-3. It is confirmed by
the inverted parameters that the lowest value of velocity
layer lays between two higher velocity layers as suggested
by the observed dispersion curve. Density and seismic
velocities can be used to estimate the types of subsurface

materials. Values of these physical parameters for several
types of rocks are listed in Table-3.

Based on the inverted seismic parameters and
those listed in Table-4, the first two layers may be
attributed to dry sand, the third layer may represent
saturated shales and sand sections, followed by saturated
sandstone representing the half space. The presence of dry
sand and saturated sandstone indicates that the area of
measurement is situated on a recharge area.

u(t)
o

—— Center Station

15 2
t(s)

—— Station1

—— Station2

2.5 3

0 0.5 1 1.5 2
i) x 10
S I I Station3 I I
=0
=

25 3
x 10

Figure-5. Raw microtremor signals recorded at stations C, S1, S2, and S3 on ITB
Campus, Bandung, Indonesia.

Besides the information of types of subsurface
materials, information of soil profile is also important
from geotechnical point of view, which emphasizes the
soil characteristics down to 30 m deep in term of shear
velocity which is called Vs30. Soil profile is intended to
classify the strength level of soil associated with risk of
ground shaking to buildings built on it. Soft soil (low shear
velicity) amplifies ground shaking caused by earthquake.
The National Earthquake Hazards Reduction Program
(NEHRP) classify soils into six types based on their Vs30
[7]: (A) hard rock > 1500 m/s; (B) rock 760 - 1500 m/s;
(C) very dense soil/ soft rock 360 - 760 m/s; (D) stiff soil
180 - 360 m/s; (E) soft soil < 180 m/s; and (F) special soil,
requiring site specific evaluation. Vs30 calculation was
carried out using the following formula:

_d,
Vs,, === (16)

yielding a value of 366 m/s which falls into category of
very dense soil or soft rock but close enough to stiff soil
profile. This type of soil is usually consisted of granular
grains including gravel, sand and loamy sand or soil where
water is freely seeping consistent with that is described by
Sengara et al. [29] previously or submerged rock which is
regarded unstable. The study area is located between the
zones of maximum amplification factor (1.65) in the
southern part of Bandung City and of minimum
amplification factor (1.35) in the northern part [29].
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Figure-6. (a) Auto spectrum of C-C. (b) Auto spectrum of S1-S1. (c¢) Cross spectrum of C-S1. (d) Coherence
function between C and S1. (e) SPAC coefficients obtained from averaging the coherence plots.
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Figure-7. Fitting of the SPAC coefficients with the Bessel
function of the first kind of order zero to produce the
dispersion curve of the measurement array.
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Figure-8. (a) The comparison between the observed and
the calculated dispersion curve of microtremors recorded
at ITB West Park, Bandung, Indonesia. (b) The inverted v,
structure obtained from inversion of the observed
dispersion curve.

CONCLUSIONS

Microtremor data acquisition for for-station
SPAC array has been conducted at the West Park ITB
Ganesa Campus, in Bandung, Indonesia. The recorded
signals was processed to provide SPAC coefficients from
which by fitting with the Bessel function of the first kind
of order zero the dispersion curve was obtained. The
dispersion curve in inverted by the least-squares method to
reveal a shallow four-layer stratified model of shear wave
velocity. The velocity values are 342, 304 and 468 m/s for
the first three layers from the surface down to 30 m deep
and 1209 m/s for the half space. Based on the NEHRP
classification, the Vs30 value is equal to 366 m/s
indicating that the soil profile beneath the measurement
site is categorized as very dense soil or soft rock.
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