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SITE CARACTERIZATION USING LINEAR SPAC ARRAY AND H/V SPECTRAL RATIOS:
STUDY CASE AT EXPERIMENTAL SITES AT THE UNIVERSITY OF PUERTO RICO AT
MAYAGUEZ

Fabio M. Upegui-Botero *, Carlos I. Huerta-Lépez?, Jorge A. Caro-Cortés’, and José A.
Martinez-Cruzado *

RESUMEN

Registros de vibracion ambientileron tomado®n dos sitios experimentales (sitio A, y B) usando dos
arreglos instrumentas$: (i) lineal y (ii)radial contreslineas corl2( entre ellas La longitud méaxima de las
lineas fue de 4@n respecto decentro. Series de tiempde  minutos muestreadasl@0Hz fueron tomaes
simultaneamente, y se analizaron usando el método SBR@tial AutoCorelation el objetivo de este
estudio fue calcular el modelo de velocidad del subsuatlongomitante se hizo un estudie cocientes
espectrales (H/\Vparaestimar las propiedades fisicas, geométricas del subsesalfrgcuencias dominantes.

ABSTRACT

Ambient vbration measurements were obtained using two different seismic arrBlgs. first one was
designed in a linear configuration, and the second one in a triafgjdalar scheme at radial distances of up
to 40-m. Time series 080 minutes in length were eerded simultaneously at sampling frequency of 100 Hz
The aim of this study was to calculate the -sob velocity modé of the site using the SPAC Ratial
AutoCorrelatio) method In addition humerical modeling of H/V spectral ratios watene to estimate the
subsoil geometry and physical properties

INTRODUCTION

Puerto Rico is locatenh the Caribbean zorendis surrounded bgeismic faultsvhich are seismicallgctive,
capable to generagtrong ground motiong he majortectonic plategaffecing Puerto Ricaareaare the North
American Plate anthe Caribbean PlateMayaguezcity is located at the west sidé Puerto Ricpand great
portion of the urban area located inyoung poorly consolidatedlluvial depositgseefigure ). Studies of
dynamic properties oboils in Mayaglezhave beercarried out to estimate surface ground matitmat
incorporate local site effec{e.g.Pérez, 2005)

It has been proved that localeseffects depersdon thesubsoil geometry and the physical propertadshe
site. Knowledge of thghysical properties (i.geometry damping, anghearwave velocitiesamong others)
are the key parameters controlling the amplificatidfect on seismicground motiors. Ambient vibration
(AV) measurements are widely used in different ways to estimate the-layitey subsoil structure and its
physical properties. By using ambient vibration measurementtullgof the wavepropagatiophenomena
makes not necessary thee of artificial sourcesto generate seismiwaves. The study of surface waves in
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layered media hagainattractiveness in the civil engineering practice because it provides reliable information
about the structure of the site immediately below the point of uneant.

Currently, among the most popular techniques lier dnalysis of thambient vibratiorsignalsare: (a) he

SPAC method proposed by Aki (Aki, 1957), which is based on the theory of the stationary random functions,
in which the ambient vibratiorere considered stationary in bdime and space. SPAC method estimates the
correlation coefficients between pairs of measurements in an azimuthal array of sensors from which the
dispersion curves of surface Rayleigh waves are estimated, antglb)/V Spectral Ratio (HVSPR) that, as
proposedby Nakamura Nakamura, 1989)consists in estimate the ratio between the amplitude Fourier
spectra of the horizontal and the vertical componesiisg ambient vibratiormeasurements at the surface,
from whichthe fundamental frequencgf the siteis estimatedin correspondence to the frequency of the first
peak observed in the spectral rafitnis method requires only a single observation point at the surface.
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Figure 1 Location of the experimental test sites, at University of Puerto Rico at Mayagiiez (UPRM).
(adapted from: Huerta et. al. 2009)
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BACKGROUND THEORY
THEORETICAL BASIS OF THE SPAC METHOD

Here, a succinct description of the theoretical basis for the SPAC and the HVSPR methods are provided.
Whenapplying he SPAC methadhe ultimate goal is to obtain tlshear wavevelocity profile. As propose

by Aki (1957), he essence of SPAC is that having AV records from an array of seismic stations along
different azimuths, it is possible to estimate of phase velocity of the waves crossing the array. According

to Chavez, et. al, (2@) consistent and similar results are obtained when using measurements of AV recorded
along a line, which means it is not mandatory to use an array of stations in a circle.

The method was proped forhorizontally propagating wave$he method usAV measurements in stations
distributed azimuthally. The spatial autocorrelation function i -h  is calculated at two stations by
computing the auto power spectrum and the cross power spectrum of the stations and between the pair of
stations (centelocationj), respectively. The SPAC coefficieritsi i may bedirectly calculated from the
observed ricrotremor datan the frequency domain using the Fourier Transform as statedgi. 1 0

D
®r 1h-h YQ =,

whered 17 and®d ih-h are theautopower spectral densities of the microtremors at two si8,0)
andj( r , rdspectivelyd ih-A is the crospowerspectrum betweea(0,0,¥ )andj(r,d,x ) Re() is the
real part of complex valuend®; i h-A s the spatial autocorrelation function calculated at two stations.
The spatialautacorelation coefficient of signals recorded at two stations separates by a distacee be
writte@ as fieq.
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where, " [is the azimuthal average of the correlation ralid, T is the average autocorrelation function

at the center of the arragn i i-h  is the crosorrelation function between the record at a site coordinates
(r ,), and the record obtained at the station at the omgjin,is the phase velocity at angulardtencyy for

the Rayleigh waves with the fundamental mode, and fipailys the Bessel function of the first kird zero
order.

The SPAC coefficients are obtained by averaging the normalized coherence functions with regard to site
location d, where the coherence functions are defined as the real part of cross sgectidmh and
normalized by the power spectrud(0,0) (Morikawa et al.2004).

Four steps are requirefdr completing the process iobtairing the shear wave velocity profjléhose are(a)

the estimation of thepatial autocorrelation coefficients, (b) the inversion for obtaining the theoretical Bessel
function of order zero, (c) the estimation of the phase velocity curve (from the obtaisssl RBmction), and
finally, (d) the inversion of the shear wave velocity profile from the phase velocity curve.

H/V SPECTRAL RATIOS OF MICROTREMOR

Research of horizont al to vertical S papandse swiestisr at i os h
(e.g. Nogoshi and lgarashi, 1971) They showed that the H/V peak is due to the horizevgsdical
polarization of Rayl ei gh walegTheodulidb, etr al.,nge6ékoimean® 0 6 s ot he
Ohmachi, 1998 and more recently{Bonnefoy-Clauder et al.2008) confirmed also, thatthe correlation

between the H/Mrequencypeakand the site resonance frequency. All of them also concluded that the

vertical component of Rayleigh wave motion almost vanishes in the vicinity of fundantmtale

resonance frequency. Nakamura (1989), on the other hand, proposed that the HVSPR is a reliable estimation

of the site response of S wave$he horizontal to wical spectral ratio method {W5PR) is based on the

estimation ofthe spectralratio beween the Fourier amplitude spectra of the horidoatal the vertical
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components usingmbient vibrationmeasurementat the surface. The HVSPRypothesisstatesthat the

vertical component of ambient noise keeps the characteristics of source to sedinméante ground, is
relatively influenced by Rayleigh wave on the sediments and can therefore be used to remove both of the
source and the Rayleigh wave effects from the horizontal components (Nakamura, PO@@pectral ratio

(H/V) is defined as:

e < ©)

w
In whichV is Fourier amplitude athe vertical motion, andd; andH, are those of tw@rthogonal brizontal
motions. In this definition, (H/V) could correspond to the H/V spectatb of Rayleigh waves at a sifEhe
stepsfollowed to estimate the dominant frequency and thessilbprofile were done imwo stagesthe first
one waghe computatiorf the HVSPR, and the second one was by forwandeling of the theoretical H/V
spectral ratios by means of wave propagatiostiifness matrix methodeveloped by Kausel and Roesset
(1981)

INSTRUMENTATION AND DATA ACQUISITION

Ambient vibration recordings were carried out at two experimental sites (site A, and B) in an open space
inside the campus of the University of PueRico at Mayaglezsgefigure 1).All measurements were taken
using a linear, which consisted & statons placed at-5 10, and 20m, and a radial arrays in which the
sensors where placed at 30, 20- and 40m all of them respect to the sensor locaethe center. Figure 2,
shows schematic description of both the arrays.

Thesensoraisedfor the linear SPAC array were WRbroadband accelerometers of 0.01g with a frequency
bandwidth of DG20 Hz. On the other hand, the sensors used for the radigl far HVSPR were triaxial
accelerometers af0.25 g and 2 g with a frequency bandwidth of D00 Hz. The recorded data was
storaged in a 24 bits ADC recorders, the time synchronization was obtained with a GPS integrated on each
dataloger, and the sanmpj rate was 0.01s.

The sensors were pled directly on the ground surface prdpdeveled and coupled to the ground. The
record length for each measurement was at least 30 min at each setting up distance of botto arbagis

the most accurate ambiemibration measurements, free thnsientsdue to human activities at small
distances from the recording sites, theerimentakites werelocated as far as possible framthropogenic
sources of noise

Figure 2 Geometry of the radial and linear array of the stations for ambient vibration detection.



