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RESUMEN

La subduccion entre las placas de Nazca y Sudamericaeasthile como uno de los paises
con mayor actividad sismica del mundo. El acoplamientagggenicoy el gap sismico de 136 afios
anunciaban el inminente movimiento sismico que podsgetaf al norte del pais. De este escenario
nace la necesidad de evaluar zonas de las ciudades del extgte donde el movimiento se
podria ver mas o menos amplificado segun las condici@wadds del suelo. Esta investigacion se
concentra en el analisis geofisico y dinamico de losasuéé fundacion de las ciudades de Arica
e lquique.

En ambas ciudades, 102 sitios fueron seleccionados pdizaremsayos geofisicos basados
en ondas superficiales. De la inversion de registros deditines ambientales se derivo el perfil
de velocidad de onda Sy la frecuencia predominante de ciola’glicionalmente, siete sondajes
fueron ejecutados para complementar los datos adqui@mabinando los datos disponibles se
generd una microzonificacion sismica para cada ciudasirésultados demuestran la consistencia
de este tipo de ensayo geofisico con la geologia supérfiganformacion determina que las
zonas mas propensas a efectos de amplificacion sismmehsorte de Arica, el sureste de lquique,
el limite norte de lquique (en la zona ZOFRI), y el rellentifiaial del puerto de Iquique.

Adicionalmente, se seleccion6 una zona de estudio al derfgica para construir un modelo
3D de propagacion de ondas. Las propiedades del modelnfderivadas de la interpolacion de
los perfiles de velocidad S en conjunto con la técnica de iMaka para obtener la profundidad
al basamento en los puntos de control. Con esta informaa@imuld el movimiento del suelo
por medio del método de elementos espectrales. La simdula@a una onda tipo Ricker muestra
que el modelo tridimensional es capaz de evaluar la vaidalilespacial de las propiedades del
suelo, la profundidad de la roca y la topografia. Los reslas se comparan con la metodologia

1D tradicional.

Palabras Claves:Microzonificaciobn sismica, Métodos de ondas superésialArica,

Iquique, elementos espectrales.
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ABSTRACT

The subduction of the Nazca plate under the Southamericda places Chile as a one of
the most seismic countries in the world. The large seismiegsupling and the 136 years seis-
mic gap predict the eventual seismic activity affectingrnbeth of the country. This sismotectonic
framework urges the assessment of earthquake hazardsain ddonains. In this context, seismic
microzoning emerges as a tool to identify areas that are suseeptible to site effects. The fol-
lowing research focused on a geophysical-based analysige cfoils in Arica and Iquique, both
principal cities in northern Chile.

In both cities, 102 sites were chosen to perform geophysizaleys based on surface wave
methods (SWM). By inverting the measurements, local sheaewelocity profiles and predomi-
nant frequencies were derived in each site, in order to oheerthe site’s properties. Besides geo-
physical surveys, seven boreholes were available to fuctraplement the gathered data. With the
results, the cities were subdivided into zones with sinplaperties in terms of the average shear
wave velocity profile on the upper 30 ni,{°) and the predominant site’s frequengy, which
were consistent with the surface geology setting of eagh Tite maps suggests the zones more
prone to ground motion amplification are the north side otAyithe south-east area of Iquique,
north of lquique, by the ZOFRI industrial zone and in the herh part of Iquique’s port.

Furthermore, a zone in the north of Arica was chosen to cocisr 3D wave propagation
model of the soil. The properties of the model were derivedhfinterpolating the surface wave
velocity profiles and combining this profile with the HV teatpme to obtain the depth to bedrock
in all the control points. Simulations of strong motion withthe study site were performed by
means of the spectral element method (SEM). The simulagbasRicker waveform shows that
the 3D model is capable to appropriately introduce soil toggeneity, topography and bedrock
depth variability to calculate the soil amplification in tbentrol points. Results were compared

with the standard 1D approach.

Keywords: Seismic microzoning, surface wave methods, Arica, Iquigpectral element

method.
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1. INTRODUCTION

It has been widely accepted by the seismic engineering camtynilnat the local soil condi-
tions and the effects of surface geology on seismic motionaraplify the movement perceived
by the structures, inducing, in several cases, significatitreegative consequences in urban areas
(Seed and Idriss, 1969). For countries with high seismiwiagtsuch as Chile, actions to prevent
human and infrastructure losses due to earthquakes areatoayd

Chile is a country characterized for having high and intesgsemic activity, Figure 1.1 shows
all the major interplate events that have occurred sincsiteenth century. In the north of Chile,
the last big earthquake occured the past ApfiR014 (01A-2014) with 8.2 Mw and a rupture zone
of about 200 km of length. Prior to this motion, this regiom m@t shown any major activity in the
past years. Near Arica and lquique, there are seismic mitete big motions between 1615 and
1768, between 1768 and 1868, and between 1877 and 2014, tnarh ean estimate a recurrence
interval of 111 + 33 years (Comte and Pardo, 1991).Furthermore, the 01A-204dt eeleased
only 1/6 of the expected energy accumulated (Figure 1.liciw$uggests that other large events
are likely to occur in a near future.

To assess earthquake hazards, several studies were aahatuttte north of Chile past years.
Among the different approaches followed, seismic micrazgremerged as an effective strategy
to assess the eventual impact of earthquakes, and for pnggseismic susceptibility within a city.

Seismic microzoning provides information regarding thiésgmditions in specific areas with-
in a city that may be more or less prone to site effects durmgathquake. Nonetheless, there
are several ways to perform this microzoning. One of the mmostmon approaches if the use of
surface wave based methods (SWM) to estimate dynamic suplepties in representative sites.
This has been applied in many cities and proven to be relialdssess site effects (Leyton et al.,
2010, Tuladhar et al., 2004, Scott et al., 2006, Chavezi&ardd Cuenca, 1998), it is also low-
cost and easy to carry out. In this investigation, microsenecordings will be used to estimate
surface wave dispersive characteristics and generaterbfileg of dynamic soil properties along
3 cities, Arica, Iquique and Alto Hospicio, located in therioof Chile, aiming to find areas that
are susceptible to site effects. Adittionally, with the poage of constructing a 3D model from the

collected data, a series of strong motion indicators weneigged numerically.
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FIGURE 1.1: (a) Seismic context of Northern Chile. To the left, bigtal records show the
seismic gap of 136 years that had affected this zone betw&&hdnd 2014. The image to
the right illustrates the seismic coupling of over 75 % in ¢tihenge area and a comparison
between the moment deficit accumulated since 1877 and thmisainoment released for
the April 152014 event. The rupture area of the earthquake is marked in a inleedb-
tained from the USGS Earthquake Data Report. Modified frohmo&cand Campos (2012)
and Chlieh et al. (2011).

In this regard, the government’s funded project FONDEF + AHD1011027 is developing
a platform of seismic hazard for the north of Chile. The msteeismic gap that exists in this part
of the country is large and the seismic risk in the zone is icened very high. In this respect,
Arica, lquique and Alto Hospicio, three of the main citiestive north, account for 79 % of the
population in their regions, turning them into the focustd following research.
In summary, this investigation will focus on the seismic rettéerization of the foundation
soils in the cities of Arica and Iquique, the objectives carehumerated as:
1. Applying geophysical surface wave based techniquesdaiuate geotechnical dynamical
properties of the sites in urban areas in order to identifyesamore prone to site effects.
2. Evaluation of the microzoning reliability regarding tbleserved site effects of the A01-
2014 earthquake.



3. Comparison between a standard 1D (horizontally layexed)3D wave propagation mod-
els on homogeneous media, based on measured soils elagerjpes.

In the following sections a brief description of the geotmgisetting in the Northern Chile will
be carried out to contextualize the problem. Subsequeh#ytheoretical framework used to de-
termine a proper site characterization will follow, maifbcused on geophysical surveys. After-
wards, the next chapter will outline the fieldwork perfornmedach city. The chapter Microzoning
will focus on the interpretation of the results and the cargtion of maps with the focus on the
zones most prone to ground motion amplification. With thelaleke information a zone of study
will be chosen in the next chapter, and it will be used to penfa 3D wave propagation model
in order to numerically estimate site effects. The final ¢bapiill provide the conclusions of the

investigation and the work ahead.



2. GEOLOGICAL SETTING

Chile is a country situated on the subduction zone of the &latate under the South Amer-
ican plate, making it a zone exposed to high seismic activitys contact extends along the west
coast down to the Taitao peninsula, it has a convergencefrété centimeters per year (Kendrick
et al., 2003), which is the main reason of the seismic agtifitit affects the region, producing
earthquakes with a magnitude Mw over 8 and mean rupturedesfgtO0 km within this 3500km

subduction boundary. These events happen with a recurcéri€eto 15 years.

2.1. Geomorphology of Arica and Iquique

Arica and lquique are two major provinces in the north of €hiThey include the cities of
Arica, lquique and Alto Hospicio. Together, they accoumtdgopulation of over 350.000 inhab-
itants, which makes them three of the most important urbaez the North, hence the interest
of this research. They are located in the coast, to the wetsteo€hilean Coastal Range, which
ends in the southern urban limit of Arica (Figure 2.1). Failog sections will detail the surface
geology of each city, in order to have a better understanalitige of the soil and bedrock setting,

and at the same time be able to compare the consistency aividxgtigation.

2.1.1. Arica

Arica is a city located on the coastal plain west of the CdRtalge, conformed to a great ex-
tent by the San Jose’s river delta. The city is situated ab@eaxlimentary basin that extends from
El Morro Hill to the El Lluta’s alluvial fan. The basement isrmposed of Jurassic and Paleogene
formations of volcano-sedimentary rocks (Maldonado, 30THis author constructed a map of the
surface geology in the city of Arica (Figure 2.2a), whereaih ®e identified the different lithologi-
cal units in the zone, consisting mainly of sedimentary @&sitiual soil from the hills surrounding
the city and the deposition of the rivers. It is also impotrtamote the presence of artificial land-
fills near the port of Arica, west of El Morro hill. Figure 2.Zhows the main Quaternary and
Neogene deposits recognized in the zone, although 11 of éhemescribed, they can be grouped

into 3 main deposit types that shape the geomorphology afith€lo the south, the city is limited
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FIGURE 2.1: Major geographical units surrounding Arica and Iqeiglihe Chilean Coastal
Range borders both cities towards the coast. To the eashtérenediate Depression is the
valley between the Coastal Range and the Andes Mountaihsdnabe found further to
the east. Past the Andes, the Andean Plateau is locatediinaBderritory. Modified from
Garcia et al. (2004).

by the debris of the El Morro and La Cruz hills. The alluviahfaf San Jose’s river is located
north of the named hills. To the north-east, there is a coitipo®of the debris from the El Chuiio
hill. And the northern area is characterized by eolian andmaaleposits. The geographical and
climatic conditions of the zone have formed a sedimentasyntéiroughout the years, constituted
by fluvial depositions, debris and the continuous sea trassgns and regressions (David, 2013).
The topography is fairly regular, except in the south whiaeehills El Morro y La Cruz raise up

to 140 meters above sea level.
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FIGURE 2.2: Geology maps of (a) Arica and (c) Iquique. The blacketbtines indicate
urban extensions, while the red ones denote fault linespi8ied from Marquardt et al.

(2008), Maldonado (2014).




2.1.2. Iquique and Alto Hospicio

Unlike Arica, Iquique’s geology is very heterogeneous. Thy of Iquique comprehends the
urban areas of Alto Hospicio and Iquique, both of them aratled within the Atacama fault sys-
tem, considered one of the oldest and largest fault systertisei country. This places Iquique
in a zone crossed by several faults. The main ones that cutrban area are the ZOFRI Fault,
Cavancha Fault and Molle Fault, which can be noticed in Edu2c. Most of the faults have a
predominant E-W strike and a dip of about’60 except for the Molle Fault, with a dip of 39
(Marquardt et al., 2008).

The city is characterized by the presence of Cenozoic sedg@end overlying a medium to
upper Jurassic igneous basement, composed of intrusivpyaiadlastic rock. Figure 2.2c shows
the main units inside the city. North of the ZOFRI Fault, mardeposits predominate in the area
with a relatively shallow depth to bedrock. To the south,tthen center is characterized by out-
crops with a random distribution of thin layers of marine ogfs. Furthermore, the Cavancha
fault trace shows a clear separation between the differgtg. (dfowards the south of the city there
is mostly eolian deposits from El Dragon hill intercalatethwnarine deposits. By the southern
urban limit and near the Molle Fault, mostly marine depds#ge been identified.

Alto Hospicio is located to the south-east of Iquique, albthnvegreat escarpment limiting the
Coastal Range, at about 550 meters above sea level. The géylogy is defined by the presence
of gravels consolidated with halite, commonly known as reak Marquardt et al. (2008). Several
fault lines have been identified along the city but have nenberoperly defined, except for El

Molle fault that is continuous from the coast.



3. SEISMIC CHARACTERIZATION OF A SITE

There are several techniques to evaluate the geotechgitatdc properties of soils. Geotech-
nical in situ seismic active testing relies upon dynamicrsesl created from either an impulsive
or harmonic source (Zywicki, 1999). These active experitmenuld be combined with ambient
noise-based techniques to reach deeper layers. For thegeuop this investigation, an approach

involving mainly the analysis of seismic surface waves|dimblsed.

3.1. Seismic waves

Seismic waves are generated by perturbations in the earttssand propagate along the crust
all the way to the surface through elastic media. There acentain categories; body waves and
surface waves.

1. Body waves: this type of waves propagates through theantef a body, there are two
kinds of body waves: P or compressional waves, which prapagdirection coincides
with the particle movement, and S or shear wave, which prajp@g direction is perpen-
dicular to the particle movement.

2. Surface waves: these waves are the product of the intamdm¢tween body waves and
the earth’s surface, their main feature is that they projeglang the earth’s surface and
between the layers near the surface, and they are slowebtllgrwaves. These waves can
be separated in two main classes: Love and Rayleigh. Theefoane produced through
the perpendicular movement between the particle motiorntlaagropagation direction,
while in the latter, the particle motion follows an ellipti@jectory, and can be induced by
a vertical source in the surface (impulsive or harmonic).

Figure 3.1 illustrates the particle motion of the main setsmaves previously described. For
geotechnical purposes, the shear wave velocity profile midis a key parameter for evaluating
dynamic response characteristics of a site (Tokimatsu7 1 @2enerally, in-situ direct tests to eval-
uate shear wave velocities require boreholes and hence#imelge inconvenient in terms of cost
and time. Nonetheless, during the past decades, nonweviesits based on surface waves have
become very popular because they have proven to be relialolearacterizing site effects (Toki-

matsu, 1997), while at the same time low-cost and easy toierf
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FIGURE 3.1: Types of seismic waves (Sauter, 1989).

There exist two classes of tests based on surface wave nsetihedfirst consists of an ac-
tive surface wave test, and uses an impulsive point sourceetde a seismic wave field, whileas
passive sources benefits of ambient noise propagating glengurface, such as traffic, ocean vi-
brations, and microtremors. The former allows to identdy sharacteristics for a high frequency
range (usually between 10 to 40 Hz using a sledgehammer &®lbed source), and the latter is
used for low frequencies (typically between 1 to 25 Hz). Gdesng these characteristics, Humire
(2013) proposed a combination of both kinds of tests in otd@btain an accurate characteriza-
tion of the soil. With this combination, it is possible to ity the shallow wave velocity profile
of the soil using the standard refraction equipment withHizsgeophones. Note that for this kind
of tests, several sensors are required to record the waleks fie

Besides the shear wave velocity profile, Nakamura (1989pgses a methodology based
on surface waves to determine the predominant period ofdih@sing a local three-component

measurement. In the following sections, a more detailedrg#sn about these methods will be
provided.



3.2. F-K method

The spectral frequency-wavenumber method, or simply F-Ka@fna and Ringdahl, 1986,
Lacoss et al., 1969) is based on the identification of Raljlsigface waves crossing the array so
it may be applied successfully on urban areas with high amibieise (passive source), or with an
active source (Tokimatsu, 1997). To perform this test, akstismographs must be placed with
a known geometry, so that wave forms arriving in each sensy loe properly combined. This
will be called 'seismic array’ from now on. In this methodgio 1D and 2D seismic arrays may be

used, depending on the approach of the test.

3.2.1. Passive source approach

For a passive source, 2D arrays may be used. This method essiia the array of geophones
is crossed by a plane wave front with a frecuency F and a wambauK (Figure 3.2). The record-
ed signal in each geophone is formed by the combination ofvehwe front crossing the array and
by other ambient noise. Then, the signals are delayed aogoimthe geometry. Incidence direc-
tions for the arrival times are assumed in which the wavetfroay coincide for all geophones,
so they can be combined. The response of the array is thargjackthe delayed signals of all
sensors (Figure 3.3).

A Fourier transformation allows to analyse the data in thedemain, so an energy spectrum

vertical plane

~d-

g epicenter &

FIGURE 3.2: Plane wave front crossing a seismic array (Ohrnbergar,&012).
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may be constructed according to the studied waveforms.cBas¢éhe recognition of the peak val-
ues of this spectrum, it is possible to identify a dispersiorve for each combination of frequency,
phase velocity and incidence direction. Usually, the infation obtained from this methodology
is reliable for reasonably low frequencies (up to 15 Hz), éesy, this may vary depending on
the stiffness of the soil and the geometry of the array (marmand minimum observable wave-
length). From the inversion of this curve, an estimation dDasurface wave velocity profile may
be obtained in the more shallow layers of soil.

In this work, the passive approach of the F-K analysis wasethout on the circular arrays.

Sensor input | X,(t) X,(t) X5(t) X4(t) x5(t)

Delay time T T2 T4 Ts

T
\‘/

Delay-and-sum Beam = b(t) = Array output

2
2 »

1
b(t) — N Zjl(t) — + N t+ T uhor)
i=1 1=1

FIGURE 3.3: Combination of the record of each geophone to find theyaesponse (Ohrn-
berger et al., 2012).

In order to do this, time windows were selected and analyspdrately. An energy spectrum is
obtained for each one, where the energy concentration ceuldentified. The dispersion graph is
obtained by a normal adjustment to the results obtaineceidifferent time windows (Figure 3.4).
One of the features of this approach is the F-K limits in whilsa array response is reli-
able (Wathelet, 2005a). These limits depend on the arraffgroation (size and geophones spac-
ing), which define the maximum wavelength in which the methtogy is effective (Figure 3.5).
Generally, the F-K passive approach provides reliableailgpn curves that vary between 5 to 25

Hz depending on the soil stiffness and its correspondingeleagth, that permits to explore larger
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FIGURE 3.4: Example of an f-k analysis over one time window (leftadtequency of 15
Hz for the computation of the dispersion curve (right) (Hten2013).
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FIGURE 3.5: Response function for a circular array with a radius.669neters. The first
image (a) shows the response function with a global peakarcémter, and other local
peaks. Image (b) shows response functions for differemhathis (wave front incidence
direction), the central lobe denotes the capacity of theyao differentiate two wave fronts

with similar wavenumbers.

depths compared to the active approach.

3.2.2. Active source approach

In this case, this approach uses 1D (linear) arrays for id@mentation. The analytic proce-

dure for the active source is analogue to the one previouslamed, but the advantage is that the
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source’s position and direction of the wavefront is knowonitheless, the attenuation caused by
the wavefront must be taken into account because the saretatively close, hence, a geomet-

rical attenuation factor is added to the process. Sevemksgions have been proposed for this
factor, the most common I% (Foti et al., 2000), where denotes the distance of each sensor to
the source.

After this factor is applied, it is possible to combine thatrdoution of all signals so that the
F-K spectrum for different wavenumber and frequency combidms may be calculated. The trans-
formation, known as slant stack, allows to decompose thdent field in plain waves to filtrate
the non-plain wavefront generated by the source, in ordebtain an accurate dispersion graph.
Note that, unlike the dispersion curve for the passive aggrothe active approach is very efficient
for identifying a dispersion curve for higher frequenci#® Hz or more).

Once the active data is ready to analyse, the waveform shookdike Figure 3.6. At least
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FIGURE 3.6: Vertical motion of a typical record used for the activ Rpproach, in this
case the shot is located at 10 meters from receiver R012.

three shots are carried out in every location to increasecedo noise ratio. Generally these lo-
cations are 5, 10, 15 and 20 meters from the closest recéfeace, a total of 12 to 15 shots are
recorded. For each one, a dispersion graph is generatedf &lem are carefully analysed and
combined for a common source location (time and/or frequetacking). Once a group of con-

sistent curves is selected for different source locatitresy are stacked in the frequency domain
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to form a final dispersion graph. Afterwards a curve is seléctepresenting the dispersive prop-

erties of the site (Figure 3.7). Usually, dispersion cuffeesctive sources have a resolution of 10

to 40 Hz. This restriction is based on the maximum waveletiggharrays are able to acquire and

the energy and frequency content delivered by the source that the quality of this analysis is
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FIGURE 3.7: Dispersion graphs for an active source at different Elwations. The pink
area represents the concentration of maximum energy ofthg and the black line is the
final dispersion curve selected from stacking the previogsaphs.

highly related to the ambient noise, the stiffness of théwailerneath and the energy applied in
the shot, among others (Humire, 2013). Hence, it is impottatreat the data carefully and select

the graphs that are consistent between each other.

3.3. RoadSide Multichannel analysis of surface waves

The RoadSide Multichannel analysis of surface waves (RdaddASW) is a methodology
derived from the common MASW method (Park et al., 1999).ltves the execution of passive
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surveys through the use of 1D linear arrays. Like the F-K m@tihe RoadSide MASW defines
a dispersion curve for each combination of frequency andehalocity. One of the greatest
advantages of this method is the use of vehicular traffic asipasource (Park and Miller, 2008),
S0 it is very convenient for urban areas.

The solution of this method is very similar to the wellknoweNR, or refraction microtremor
(Louie, 2001), however, the initial hypothesis have a digant difference. ReMi assumes that the
wavefront reaches the array with the same orientation asote. So, the method interprets the
progress of the wavefront as the separation between semnbdesthe effective distance could be
different, which results in a higher phase velocity comgaethe real one. RoadSide MASW
recognizes that the wavefront may cross the array from amegtion.

Park and Miller (2008) uses three different approachesatiate the dispersive properties of
a site, based on the different directions the wavefront rakg {Figure 3.8). For all three of them,
a dispersion curve is obtained and combined. Accordingdatltihors, higher phase velocities for
lower frequencies are obtained when the wavefront advaincagerpendicular direction to the
1D array, reaching up to a 10 % difference in the velocity nhode

The software Seislmager/SW, developed by Geom@icbas an implementation of this
analysis, and the dispersive curve obtained is generafigistent to the other analysis performed
(active and passive tests). Once the data has been fixedlthgavameters the software needs are
the frequency range in which the dispersion graph needs toto@uted. After this is configured,
the software computes the dispersion curve (Figure 3.8allyj the software allows to export this

curve in a format recognizable by other softwares, whichesakis procedure very convenient.

3.3.1. Spatial Autocorrelation Method

The Spatial Autocorrelation Method, or SPAC, uses the thelmveloped by Aki (1957),
which relates the spatial and temporal correlation betwasgsmic waves. The main hypothesis
associated to this methodology is that the wavefield geeeray ambient noise is an stochastic
process, stationary in time and space, and it is composauyniai Rayleigh surface waves. This
principle allows to obtain the dispersive properties tigilothe calculation of a spatial autocorre-
lation coefficient.

The application of this method normally requires 2D arraygemphones (often circular), but
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Ficure 3.8: Different types of possible wave propagation emplgyri-D linear receiver
array parallel to a road (Park and Miller, 2008).

it has the advantage that it does not require so many geophlikeethe F-K method, so it is pos-
sible to apply in large areas with fewer sensors.

The recorded signals can be reproduced by the spectrabesgegion of a stochastic process
for a specific time and position, which defines a spatial artetation function between 2 points
for a given time (Okada and Suto, 2003). Using Bessel’s fanst the inversion of the autocorre-
lation function allows to find the dispersive propertiestod tayers underneath the seismic array,
and hence construct a phase velocity profile for the site.

After preparing the data, groups of distances between gemshmust be paired in rings in

order to compute each autocorrelation curves (Figure 3Q@ge this is done, one autocorrelation
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FIGURE 3.9: Typical dispersion curve obtained through the Roagl$IASW analysis.
In this case it was possible to extract information between® 15 Hz. The theoretical
exploration limits are displayed in black lines.

curve per ring is computed, and a dispersion graph is olutdien the combination of the former.
A range of frequencies is selected based on the wavelenmqits ladmitted by the array and the
dispersive characteristics of the graph.

The main advantages of this analysis are (1) the ability poer low frequencies compared

|
20 10 0 10 20

FIGURE 3.10: Rings of paired distances between geophones for alanirarray with a
radius of 9.56 meters.

to the F-K analysis with the same data and (2) its versaiititthe use of 1-D (Chavez-Garcia
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et al., 2006) and 2-D arrays. Nonetheless, the use on 1-Psasa bit more difficult because the
dispersion curve is less accurate and requires a traine(Heymire, 2013). In the present study,
only 60 % of cases analysed by SPAC 1-D were successful, shevoeild not compute consistent

curves, and in many cases it tended to overestimate phassties.

3.3.2. H/V Spectral ratio

The previous described methods use multiple sensors toildesie dispersive properties of
a site. The H/V Spectral Ratio (HVSR), however, only needs tiaxial sensor. This analysis
was developed by Nakamura (1989), which compares the Fdgpiectrum of the horizontal and
vertical components of the microtremor record at the setfadis method has been widely used
in the past years and it allows to obtain the predominanufaqy of a sitefj.

The first hypothesis (Nakamura, 1989) is that microtremugsraainly associated to Rayleigh
waves, and the site effect amplification is due to the presena soft soil layer overlying a half-
space (Chavez-Garcia, F. J.; Lermo, 1993). We may obtam fhis hypothesis four components
of ground movement, vertical and horizontal movement offthé-space, and vertical and hori-
zontal movement in the surface. The amplitude effect of thece may be estimated as the ratio
between the amplitude spectrums of the vertical comporfenbtion in the surfacé¢Vs) and the
half-spaceV3).

=V
Another parameter of interest is the ratio between the dangdispectrums of the horizontal

Asg (3.1)

component of motion in the surfa¢és and the half-spacé z.

Hg

Both parameters may be combined to compute a modified séetdéfnction,S,,, as
J— SE
Sm = i (3.3)
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if the ratio %: is equal to unity (considering ambient vibrations in theroe#d do not have a
predominant direction of propagation). According to thyptthesis, the site effect function, may
be approximated as

Hg

_ s 4
Sy v (3.4)

When the signals are recorded, this function is evaluatedany different time windows for
such record, obtaining many spectral ratios that are thenpaced between each other and aver-
aged.

Several authors (Chavez-Garcia, F. J.; Lermo, 1993, Takma997, Bonnefoy-Claudet et al.,
2009) have proved the correlation between the predominaqaéncy of a site and the peak of the
HVSR. The amplitude of the HVSR is related to the contrastrgdedances between the different
materials, but it has not been fully understood (Pilz et2f11,0). Based on this amplitude, the peak
of the HVSR may be more or less easily to identify.

The shape of the curve also has several interpretationsidoy+Claudet (2009) shows that
flat H/V curves or with a low amplitude in its peak are relatedites with lower impedance con-
trast, while as broad H/V peaks might indicate the presem@dpping underground interface
between softer and harder layers, which is associatedndisant 2D-3D effects. Another impor-
tant interpretation of this ratio is that flat curves, whetiie not possible to identify the peak of the
H/V curve, is typical in rigid soils such as gravel depositsyton et al., 2010).

This ratio may also provide significant information abowg ttepth of the bedrock in a site.
Following SESAME guidelines (Bard et al., 2004), if the 1Drfage wave velocity profile is
known, the depth to the bedrock may be estimated as

— Vs

"= 5 .
i (3.5)

where Vs is the averaged 1-D shear wave velocity profitg,is the predominant frequency
obtained by the HVSR, anH is the estimation of the depth to the bedrock.
A typical record of a triaxial geophone used for H/V analyisishown in Figure 3.11. The

software used to process this data is a script developed Yph €2010), one of the features of
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this script is the selection of variable time windows. In tinst place, time windows are selected
so that there is major amount of free vibrations caused hffcaat perturbations that may alter
the estimation of the fundamental frequency. Then, theakettte time windows are selected and
analysed as explained previously.

A continuous Fourier transformation is then applied to $eerésults in the frequency do-
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FIGURE 3.11: Record of the velocities in the 3 components regidtbyea Tromino, North-
South, East-West, and Vertical motion.

main, and be able to visualize the peaks and evaluate themiednt frequency of the site in
study. Typical results are shown in Figure 3.12.

Note that in many cases a peak such as the one shown in Fig@&Bl. not be so clear. In
this investigation, evaluation of the reliability of thergas will follow SESAME Guidelines (Bard
et al., 2004).

In each site, at least three recordings of 20 minutes each eaeried out with the triaxial geo-
phone, and one result out of them is selected for each sitegi@cterize the soil below, generally,

the one with higher amplitude or a clear peak is chosen.
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FIGURE 3.12: HVSR results for one site. The first image (bottom) shte results of
the averaged standard deviation of the H/V Spectral Rat&agh window, indicating the
amplitude that the associated fundamental frequency esdatits peak. The second image
(center) is the statistic median of the spectrum, groupigwtindows that have a similar
frequency and eliminating those that are too far away froenaverage. Finally, the third
image (top) indicates frequency associated to the prevZogsaphs by time window, in
other words, it is an indicator of the stability of the result

3.4. Vs profile and HVSR computation

The analysis of the obtained data was carried out througbdh®ination of the methodolo-
gies. The number of performed analyses is shown in tabl&\3.thay be seen, the numbers of each
type of analysis is very varied, this is due to the qualityhed tesults of each procedure, in other
words, in many cases the dispersive characteristics autdiom the analysis were very scattered
and a proper dispersion curve could not be obtained. Anath@rrtant reason is the space restric-

tions during field work, particularly, in Iquique it was velmard to conduct 2-D arrays, therefore,
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mostly linear arrays were carried out for this city.

Once the acquisition has finished, the data is processedgh® softwares: the open source

TABLE 3.1: Number of analysis carried out in each city.

Arica Iquique Alto Hospicig
Linear SPAC 23 35 3
Circular SPAC 21 12 2
Active F-K 45 52 5
Passive F-K (2D)| 32 14 3
MASW RoadSidg 30 48 4

Geopsy, which is able to perform SPAC and active/passivedfddysis. The commercial software
Seislmager/S\@, able to perform MASW RoadSide analyses, and a script dpedlby Leyton
(2010) to carry out the HVSR. Once all the results are obthitteey are combinated to obtain a

reliable description of the explored site’s dispersivepamies, as is depicted in Figure 3.13.

Active F-K Passive F-K SPAC MASW RoadSide
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CHARACTERIZATION

FIGURE 3.13: Flowchart of the procedure followed to obtain a final&evvelocity profile.

3.5. Combination of dispersion curves and surface wave vetay profile inversion

All of the dispersion curves that have been obtained thrahglvaried methodologies can be
incorporated in the software Geopsy to construct a broacediiat will extend its range from low

to high frequencies. It is important to note that this rangey wary based on the type of soil, the
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arrays used and the quality of the acquired data, but gépnesatombined curve should have a
range between 4.5 and 45 Hz, as geophones of natural fregabsé Hz were used in this study,
dispersive data below this value is not reliable. For vegydrsoils (gravel, bedrock), the lower
limit of this range does not normally extend lower than 10 Hz.

Typical results of this combination are shown in Figure 3vidich shows the union of curves
of a circular SPAC, a circular passive F-K analysis, a MASWaé&de and a linear active F-K
analysis. It may be noticed that the union between theseesusvalmost continuous, this trend is
evident in most cases and it has proven to be effective by Huf013). In several cases, a limited
combination of analyses is used, not including all the aldé dispersion curves because of the
lack of information from one or more tests, as it is evidentable 3.1.

Once a final dispersion curve has been obtained, an invepsamess is executed through
the neighbourhood algorithm (Wathelet, 2008), implememteGeopsy. It allows to compute a
1-D horizontally layered profile of the soil, which elastioperties are adjusted to its dispersive
characteristics. The adjusment of this model is measureddin a misfit, computed by Geopsy as

shows Equation 3.6:

. g 3 Lpi — T
Misfit = z; (in) (3.6)
wheren denotes the total number of sampling frequencies for theedsson curveg,.; the value
of the phase velocity in that point; the standard deviation in that point calculated by Geopyy, a
z.; the value of the phase velocity of the adjusted model. Ggeaamisfit below 0.2 is taken
as an acceptable model, however, this may vary and a vissgation of the adjusted dispersion
curve is necessary in order to accept or reject an inversion.

A typical inversion model with its adjusted dispersion @ity shown in Figure 3.15. Note that
when a SPAC analysis is included in the inversion model, titecrrelation curve is directly used
to perform the inversion. The case in Figure 3.15 has a misfitd35, and the adjusted curve is
very close to the one calculated by the methodologies pusigexplained.

This process was carried out in all 102 sites, and a 1-D seinfieave velocity profile was
obtained for each. Besides this profile, at least 3 HVSR nreasents were performed in each site

in order to get its predominant frequengy, and be able to combine all of this data to get a more
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FIGURE 3.14: Combination of dispersion curves for one site. Frofintteright: in green
the curve obtained from the autocorrelation coefficietisntin orange the dispersion curve
obtained through the MASW RoadSide method implemented isliBager. In the middle
the dispersion curve of a passive circular F-K method, aniddaight, the dispersion curve
obtained from an active linear test, analysed also throbglrtK methodology.

complete representation of the explored site.

3.6. Limitations of surface wave methods

The limitations associated to the methodologies previoesplained must be taken into ac-
count when the interpretation of the results is performdgkyTare related to the hypothesis of the

assumed model, and may be enumerated as follows:
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the possible combinations of proposed dispersion curyem@shear wave velocity profile
(b), based on the adjustment value to the previously oldadlispersion curve. Usually a
misfit that is considered acceptable should be below 0.2.

1. The inversion methodology assumes that the layers uedtrithe seismic array are par-
allel and horizontal. This must be treated carefully whengtrveys are performed near
hills or with a complex topography.

2. The dynamic characterization of soils through this metisgperformed assuming small
strains, that means, keeping the elastic range of the rahtear higher strains, the soil’s
behaviour stops being linear and the shear modulus is rddadeature that is not able to
be analysed or discriminated with these methodologies.

3. The range of frequencies in which each method providésbtelinformation is limited
in each case, therefore limiting the exploration depth tiaat be assessed. Typically, the

resolution of the dispersion curve will decrease as theldegtreases. The results of the
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current investigation indicate that the minimum wavenun(kg,;,) or maximum wave-

length Q\,,...) that the array is able to record are:

T < 2T
Dmal‘ B = Dmal‘

or Dmam S )\mam S 2Dmam

whereD,, .. denotes the maximum opening of the considered array. Téugtiis in agree-

ment with the limits suggested by the Geopsy’s developeegi{@let, 2005b).

26



4. DATA ACQUISITION

4.1. Geophysical surveys

Two phases of fieldwork were designed in order to properlyadtarize the observed geo-
logical soil units of each city (Figure 2.2). First, usingadable satellite images a series of sites
were identified that would offer enough space to performdisést In each city, about 45 sites met
the requirements to perform geophysical surveys. Aftetiwdreldwork took place in Iquique and
Alto Hospicio during December 2012 and Arica during Jan2&¥3. In all three cities, two types
of geophysical surveys were carried out for the seismicastiarization of each site. The first one
consists of the use of a single Micron¥®dTromino three-component data-acquisition system, de-
signed for HVSR measurements Nakamura (1989). The secanis anGeometric® Geode-12
seismograph with 12 channels. Vertical sensors (geophevidsa natural frequency of 4.5 Hz
were used.

In every site three measurements were performed using tiebdrthel device. The first con-
sists of a linear array with an active source at differentagises from the first geophone, with a
sampling rate of 0.125 ms and a recording duration of 2 sexofite second also uses a linear
array, but records only ambient noise, and the third one as&® array (usually a circle) and
also records ambient vibrations, both use a sampling rafé ohs and a recording duration of
16 minutes (because of the internal memory limitations efdavice, four files of 4 minutes each
were recorded). The geometry of the arrays are restrictétetavire spacing between geophone
connections (5 meters maximum) and the space restrictiahe site itself. Figure 4.1 shows the
largest array sizes for each survey.

For the active source, a 18 Ib sledgehammer is used to intiegeetrturbation, at a distance
of 5 to 25 meters from the first geophone, this hammer has demmnseffective for obtaining a
suitable dispersion curve in a range of 8 to 40 Hz (Humire 320This may vary depending on the
stiffness of the soil, the ambient noise, the depth to bédaocl the arrays size.

Furthermore, at least three surveys were executed withrtraifo for HYSR computation in
every site. Each survey had a duration of 20 minutes, and plsagwate of 7.8 ms (128 Hz).

Forty-five sites in Arica and forty-seven sites in Iquiquaeveelected to perform geophysical
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FIGURE 4.1: Geometry of the seismic arrays for its maximum sizeledr (left) have a
maximum radius of 9.56 m, and lines (right) can be as long ané&®@rs.

tests. The selection of the sites was based on the diffesmtbgical units and the availability of

space in the zone. Figure 4.2 shows the sites selected ircibieth
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FIGURE 4.2: Spatial distribution of the explored sites in Aricayilgue and Alto Hospicio.
HVSR and Vs surveys are shown in yellow circles, while ddillereholes are shown in red
stars.
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4.2. Boreholes

Additionally, seven boreholes were drilled to further istigate the physical properties of the
soil. They reached a maximum depth of 30 meters unless bedrexe found at shallower levels.
Figure 4.2 shows the location of the boreholes in each city.

Drilling samples were extracted every one meter, and theg sent to the Ministry of Public
Works Laboratories for performing a USCS soil classifiaatidnfortunately, no further tests were
carried out because the samples were heavily perturbedodieir transportation to the laborato-
ries in Santiago. Nonetheless, the information obtainewhfthem was highly useful to determine
the main properties of the soils, the water table depth aedliffierent layers of materials. The

location and the borehole logs may be depicted in Figureadd3.4.
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Furthermore, downhole tests were performed for companmoposes with the shear wave
velocity profiles obtained from SWM. Figures 4.6 and 4.5 @igghe variations between each
profiles, it can be noted that both tests are generally wetktated at least for the more shallow

layers of soil. Of course, downhole tests were restrictatiearilled depth in each borehole.
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FIGURE 4.5: Comparison of shear wave velocity profiles betweenatai downhole tests
and SWM surveys in Iquique.
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FIGURE 4.6: Comparison of shear wave velocity profiles betweenahai downhole tests
and SWM surveys in Arica.
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5. MICROZONING

In the previous chapters, several methods for evaluatiaglyimamic properties of soils were
discussed. These properties permit to characterize 1Bffatets using microtremor records (Chavez-
Garcia, F. J.; Lermo, 1994). All the resultsigf® and F;, may be found in Appendix A, the respec-
tive geophysical acquired data may be found in the eleatrAppendix B. Based on these results,
the geology and the boreholes information, the scope istéspret and regroup this information
into a map where it is possible to differentiate areas that beamore or less prone to site effects
during an earthquake.

Seismic microzoning consists on the urban division of atkasmay have a similar dynamic be-
haviour, in which it can be expected to find ground motion aficpation at different scales. The
project FONDEF + ANDES D1011027, funding this research, peviously proposed a prelim-
inary microzoning for Arica (Monetta, 2013) and for Iquigaied Alto Hospicio (Podesta, 2013)
with a different set of data. The purpose of the current stadg further improve the mentioned

maps and propose a final microzoning.

5.1. Arica

The results of the acquired data can be seen in Figures 5.5.@nd he first one displays
the fundamental frequencies of Arica, with a size relatovéhe amplituded, and the color rep-
resenting the predominant frequenciég, Note that in each site three HVSR recordings were
performed, but only one is shown in the map. Such selectianb&aed on the best fitting curve to
the SESAME guidelines (Bard et al., 2004).

Furthermore, Figure 5.2 depicts the valuelgt® for each site, the interval classification as-
signed for this parameter is based on the current Chileasteines (DS61, 2011), that denotes
V.3 as a primary parameter to evaluate the dynamic stiffnesssit€aand it is calculated as the
harmonic average of the S-wave velocity in the first 30 meiedepth;

" h;
Vo - sl (5.1
>ie1 \I/:_
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Wherebh; is the height of each layer and its corresponding shear waleeity V.. This doc-
ument classifies the soil with 2 paramete¥s° and¢,, S, or Ny, the former value being the
unconfined compressive strength of the sample on its urettahear resistence and the latter is
the standard penetration index. Since this data is notadaifor every site (because of the cost
associated to determine such parameters), by will be used. In order to avoid confusions,
lower case letters were used instead of capitals. FigurdiGsirates the values df,*° and the

intervals used.
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FIGURE 5.1: Map with the computed|, through HVSR technique in Arica, the size of
the circles represents the amplitude of the result, anddlwelmr denotes the fundamental
frequencies of each site.
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FIGURE 5.2: Map with the computelf;®° in each site of study in Arica. The intervals are
inspired on the current Chilean seismic guidelines.

With these results, the scope is to delimit areas within ityenhere the soil dynamic proper-
ties are similar, in order to relate them to seismic soils#ggsand define zones that could be prone
to site effects during an earthquake. The interpretaticghefesults will be performed from south

to north in the following sections.

5.1.1. El Morro Hill
In the southern limit of the urban sector of Arica, El Morréses as a steep hill of 140 meters
height, with an andesitic composition from the Camaracmétion (Figure 2.2a). Typical results

in this area are shown in Figure 5.3. It may be seen in the fitha@resence of very high values
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of 1% all of them above 900 m/s, and a frequency range between h@3.85 Hz, with high
amplitudes, indicating the high impedance contrast batwegterials. These results are consistent
with the geology in the region and reveal the predominandeedfock in the zone.

In the border of the hill, at sea level, tests were performed law velocities with high
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FIGURE 5.3: Values of,3" andF}, near El Morro. Typical results df; profiles and HVSR
computations are shown for the area marked in orange.

frequencies are identified. In this case, geometrical atiemeould affect the HVSR results, and

probably the main hypothesis of Nakamura’s method (hoteddayers) is not suitable in this case.

5.1.2. San Jose alluvial fan

In the ravine between El Morro and El Chuiio Hills the San Jo®e is situated. This river is
one of the main actors in the construction of this sedimgriasin, since its fluvial deposits cover
great part of the city. In this area, the frequencies rangy@den 0.83 and 2.02 with low amplitudes

around the river, which denotes no sign of shallow bedrockaangid layer of soil. The velocities
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range between 350 and 480 m/s towards the coast. To the leasintrease, reaching values of
V3% up to 575 m/s, as Figure 5.4 illustrates.

One borehole was conducted in this atddRs,). It was drilled near the coast, and it reveals

| wrera
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FIGURE 5.4: Values ofV,>° and F}, located near the alluvial fan of the San Jose river.
Typical results ofV; profiles and HVSR computations are shown for the area marked i
orange.

the presence of coarse to medium rounded gravels, in a nodiclayey silt, it reached a depth of
35 meters without reaching bedrock. Tests performed onaimpkes classified the soil as a mix of
clay, silt and medium gravel down to 25 meters. Most of theamwere classified as SM (silty

sand) and SC (clayey sand).

5.1.3. El Chuio Hill

Towards the north-east section of the delta, near el Chifi¢he frequencies range between
1.47 and 2.4 Hz, whereas velocities raise up to 575 m/s,atidig the presence of a more rigid
soil.

The boreholé ARg3) drilled in this section exhibits layers of a stratified mipewf sand and
coarse gravel, reaching a depth of 30 meters with no signarook. In this area, a combination

of the San Jose’s alluvial fan and colluvium-covered sldpms the EI Chufio hill probably exist,
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explaining the higher density of the soil compared to aréasec to the river.

In this zone, it is expected that geometrical anomalies eesgmt because of the slope of the
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FIGURE 5.5: Values ofV;2° and Fy in the outskirts of the El Chufio Hill. Typical results of
V; profiles and HVSR computations are shown for the area markethnge.

hill. These irregularities could affect the results in thhesaand it must be treated with caution.

5.1.4. Northern Side

In the north of the city a residential zone is placed, occagyhe whole coastal plain up to
the Chuiio hill. In this area, the frequency range is faidynogeneous, fluctuating between 1.2
and 1.6 Hz, with a maximum amplitude of 7.5. The valud&of varies between 326 and 565 m/s,
but the majority of the studied sites in the zone are closé®@®m/s. The marked area and typical
results are illustrated in Figure 5.6.

It is important to note that several HVSR computations is #ane display two peaks, hence,
a detailed study of the velocity profile combined with the HR/&sults must be carried out, to
find which of the peaks represent the predominant mode of-hesdil profile.

The borehole drilled in the area shows the predominancerdedsands, down to 30 meters
deep. It was not possible to identify the depth of the bedwitk this borehole. Tests performed
in all the obtained samples classified the soil as a silty $8M).
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FIGURE 5.6 Values ofl;3° and F;, in the northern suburbs of Arica. Typical resultsiaf
profiles and HVSR computations are shown for the area markethinge.

The results are consistent with the geology, that suggestsiain actors of this formation are
eolian deposition and sea transgressions and regresstnbined with colluvium-covered slopes
from the El Chufio hill, which implies the presence of sand ant gravels from the San Jose’s

river deposition. This also explains the relative low véies in the area.

5.1.5. Urban Northern Limit

In the northern limit of Arica relative low velocities aretdeted, with &/, varying between
381 and 481 m/s. Nevertheless, frequencies are more hetexogs, with a wide range of ampli-
tudes (Figure 5.7).

No boreholes were drilled in this area and velocity profilesewnot able to reach the bedrock.
As geology shows, in this area the existence of El Llutaiswadil fan and the presence of diatomite
deposits may incide in the soil conditions in the area, n@kis region slightly different to the

south.
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FIGURE 5.7: Values oft,3" and F, towards the northern limit of Arica. Typical results of
V; profiles and HVSR computations are shown for the area markethinge.

5.1.6. Microzoning Definition

Once the main units have been identified, a map differengdtie areas previously described
is constructed. A preliminary seismic microzonation wagady performed by Monetta (2013)
through geology background and geophysical surveys. Ei§8 displays the different areas de-
fined by this author. As it can be seen, the delimitation ofdteas is fairly similar to the ones
described in this research. An improvement to the existiag of Monetta with the obtained data

from geophysics, geology and boreholes is proposed.
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FIGURE 5.8: Preliminary microzonation of Arica defined by Monet2813).

Essentially, one of the main modifications would be to extéedarea near EI Chuiio hill, since
according to the HVSR results this zone seems to be largartsithe west and north. Another
area of interest is north of Arica where anomalies in termid\@6R are noticed, nonetheless, this
is noticeable a bit more to the north than the delimitatioiingel by Monetta. Also, the peninsula
west of the El Morro hill is now defined by the same unit as thk thie evidence of bedrock in

the area was seen during fieldwork and is rectified by the gezbmap defined by Maldonado
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(2014).

Another significant modification is the elimination of theneodenoted as "beach”, since this
is not a proper definition of a dynamic site characteristius its composition should be the same
as to the east. Finally, most of the limits are redefined ireotd follow streets or milestones
within the urban area, while maintaining the consistencéhefmaps. Figure 5.9 illustrates the
new identified zones with their description, the colors waresen in order to visualize the areas
more prone to exhibit site effects in red colors. As it candsens the north area of Arica is the one
most susceptible to be affected by soil amplification, beeani the lack of gravels, low velocities,
and depth of bedrock based on HVSR technique.
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FIGURE 5.9: Final seismic microzoning of Arica. The colors inde#he susceptibility of
soil amplification in the area, from green denoting no or loapéfication, yellow is medi-
um site-effects and red indicating high expected site &fféthe blue represents artificial
landfills, where a more detailed study should be performed.

5.2. Iquique

The results of the geophysical surveys in Iquique are shovigures 5.10 and 5.11. In the

same way as Aricdy is classified by color and size based on its value and amplitegpectively,
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TABLE 5.1: Detailing of the zones delimited by Figure 5.9.

Color Zone Avg.V,* [m/s] Freq.range [Hz] Description
Arica

I-A~ 1093 £118 [1.83 —5.32]  Predominance of bedrock,
composed of andesite and
limestone deposits.

I-B 623 £ 202 212 —8.85]  Foot of the hill composed of
alluvial deposits. Bedrock is
located between 5 to 20
meters deep.

Il 462 £ 65 [0.92 =197 Flyvial deposits, consisting
of rounded coarse gravel in a
matrix of sand and silt,
bedrock at deep levels.

i 530 4 89 [1.3=24]  Foot of el Chufio Hill,
mixture of river deposits and
gravels from the hill, bedrock
at deep levels.

B v-A 409 £ 55 [0.91 —1.6]  Marine deposits, composed
of mostly fine sand. Bedrock
at deep levels.

BB 423438 [1.07—5.43]  Mixture of marine deposits
and diatomite, bedrock at
deep levels.

B v - - Artificial landfill from the

port of Arica.

while V,*° is categorized according to the Chilean seismic guidelifefowing sections will
describe each recognizable zone in detail. Figure 5.10des some data collected during a post-
even survey performed after lquiqué, = 8.2 earthquake, while Figure 5.11 includes additional

surveys performed in the port of Iquique on the frameworkef$ATREPS-Chile project.

44



378000 380000 382000 384000

FO [Hz]

@ 02-15
O 15-25
O 25-47
@ 47-102
@ No peak

0 1000 2000 m

ovsree ~ e

378000 380000 382000 384000 386000

FIGURE 5.10: Map with the computefiy through HVSR technique in Iquique, the size of
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FIGURE 5.11: Map with the computed Vs30 in each site of study in Igaigrhe classifi-
cation is based on the DS 61.

5.2.1. ZOFRI Area

This area is situated north of the ZOFRI fault, displayed do#ed blue line in Figure 5.12. It
is characterized for being an industrial zone with a lot ahogerce and warehouses. The geology
identifies 2 lithological units, and hence this zone is ddfgiated between the east and west. The
west side has lower velocitieB g, ~ 460m/s) and a wide predominant frequency range, between
1.35 and 4.1 Hz. Also, no sign of bedrock is recognized in theacity profiles. Nonetheless,
towards the east the velocities increase wlhileremains high. The velocity profiles indicate the

location of bedrock at 25 meters approximately. The slopiethill east of the zone may have
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significant effects on the results in the east part, so tr@nmétion must be treated with caution.

In both cases, the HVSR computation show a clear peak, watishe SESAME criteria.

1Q02 - V530 Profile, Vs30 =635 m/s
T T

5 -L!

Depth (m)
&

~
S

HVSR

(S

25

0.2 05 1 2 5 10
3%0(] 400 500 600 700 800 900 1000 FrequenCy (HZ)

S-wave velocity (m/s)

1Q03 - Vs30 Profile, Vs30 =388 m/s

T3512.45

Depth (m)
&

20

HVSR

e

25

0.2 0.5 1 2 5 10
Mo w0 w0 400 40 500 580 Frequency (Hz)

S-wave velocity (m/s)

FIGURE 5.12: Values ofi;*>° and F;, towards the northern limit of Iquique (ZOFRI). The
dotted blue line denotes the ZOFRI fault, while the orange fnarks the referenced area
of study

5.2.2. Town Center

The center of the city shows high velocities in general, buewy heterogeneous behaviour
in terms of F, and hence it is important to analyse it altogether with thelagy in the area, as
shows Figure 5.13. The figure illustrate the valligsV,’, the location of the 3 boreholes drilled
in the city, and the main geological units. The geology indlea shows 2 main units, the blue one

denotes shallow bedrock, composed by a volcanic rock of ElaBao Formation and the yellow
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FIGURE 5.13: Values ofl;?Y and F}, in the town center of Iquique. Typical results are
shown for the red marked area and the orange marked areaoftbd Glue lines represent
the existing faults, in this case, the Cavancha fault.

unit consists of marine deposits. The figure divides theerent2 areas, based on the significant
difference indicated by the frequency range. The red masked is characterized by very high
frequencies, all of them above 9 Hz, whileas the orange oséolafrequencies, ranging between
0.27 to 4.72 Hz. The velocities all along the area are quitd hindicating bedrock at a very
shallow depth.

All the boreholes were drilled around the center of the @gyfigure 5.13 indicates. The main

characteristics of the boreholes are the following:
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1. IQs:: Fine sand is found until a depth of 14 meters, then a shaléyerl of silty sand
appears between 14 and 16 meters deep, until bedrock iseakach
2. IQso: The presence of fine sand predominates until reaching bledroa depth of 5.7
meters.
3. IQs3: Rock is found at 0.5 meters deep, the first 50 centimetresiarely characterized
by sand and gravel.
This data confirms the predominance of bedrock in the zonit Imiimportant to indicate the
shallow layer of sand that is found in some places. The resflthe geophysical surveys and the
boreholes are consistent with the available geology mafisedk except for the area towards the
coast, where HVSR shows mainly very stiff sites, while thelggy suggests a surface consisting

of marine deposits, probably of thin thickness.

5.2.3. Dragon Hill

South of the town center the existence of the Dragon Hill dai@s the topography of the
zone, which tends to be steep as it gets closer to the easvallnes ofl/,*° are considerably low
compared to the center town area, ranging between 320 anah47While the values af, have a
slight variation from east to west. In the east area, theyphabout 2.5 Hz, while to the west they
tend to be higher, reaching frequencies as high as 4.52 Hboksholes were drilled in this area,
but geophysical surveys show no sign of bedrock in the firsh8@ers.

The geology of this area is characterized by eolian depasiiih is consistent with the low
velocities computed on the upper part of the explored dyeg;al of a loose sand. Below 5 meters

in average, the velocities suggest a denser sand with psobaime degree of cementation.

5.2.4. Southern limit

The southern limit is characterized by higher S-wave vélkesi fluctuating between 564 and
672 m/s, and a varied range of frequencies with differentl@nges, as it can be seen in Figure
5.15. Also the Molle fault goes across the area, which caaldsiate into geometrical anomalies
that may perturb the information of the geophysical suryspgscially the HVSR results. This area

is considerably more rigid than the previous one. The gecébgnap indicates the pressence of
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FIGURE 5.14: Values ofi;** and Fy in the southern residential area of Iquique, near the
Dragon hill.

alluvial deposits, consisting of gravels, sand and silicwiare in agreement with the highgr*°

found in the zone.
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5.2.5. Port of Iquique

In the port of Iquique, there are significant differencesha aicquired data (Figure 5.16).
Towards the north side, relatively low velocities are founth a frequency range between 2.42 and
5.74 Hz. The shear wave velocity profile indicates bedrogkdepth of 10 meters approximately,
whereas the geology defines this area as artificial landdWards the south, the velocities increase
notably, and frequencies reach values as high as 9.79 Hgz.pHni is defined mostly as bedrock,

keeping the consistency with the available geological.data

5.2.6. Alto Hospicio

In the area of Alto Hospicio, adjacent to Iquique to the etis,results are fairly homoge-
neous. Generally large velocities are detected, but only few cases a predominant frequency
was identified at around 1.2 Hz. Note that in the majority etV SR computations the spectrum

is mainly plain or with low amplitudes, which is a sign of tlesM impedance contrast between the
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FIGURE 5.16: Map with the computed results in the port of Iquique.

Alto Hospicio rigid material and the bedrock below, hentean be deduced that the predominant

soils in this city are mainly stiff.
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5.2.7. Microzoning Definition

The preliminary map proposed by Podesta (2013) can be sdeigure 5.18. The situation
Is fairly consistent to the obtained results from this reseaNevertheless, there are some aspects
that can be revised in the delimitation of the center of Igeidbased on the geological background
of the city. Geology defines a sedimentary deposit to the we#te center, however, this was
not identified by either the HVSR technique or the S-wave acigtqrofiles. Instead, the results
show bedrock at 3 or 4 meters deep. Hence, this area will beetkbéis bedrock. One modification
proposed to the map of Podesta is the extension of the sousihea of bedrock (Figure 5.13),
considering the high value of tH&*® in the site Q17 and a predominant frequency consistent to
the others in the same area.

Another zone of interest is the border of the Dragon Hill,lemgouth of the city. Podesta (2013)
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defines a thick fringe bordering the hill, however, the resof this research suggests a thinner
perimeter, defined by the results of the HVSR technique amdéology of the zone.

Also, and like Arica, the delimitation of areas tried to il roads or milestones within the

FIGURE 5.18: Preliminary microzonation performed by Podestd 80

city, while keeping the consistence of the results, for adbatisualization of the areas and def-
inition for public use. Consequently, a final microzonatisrproposed in Figure 5.19, with the
proposed modifications.

5.3. Microzoning Discussion

The previous sections displayed the subdivision of zondkarcities of Arica, Iquique and
Alto Hospicio according to their susceptibility to sitefesfts. As it could be seen, the areas that are
most prone to soil amplification are:

1. The ZOFRI area in Iquique, identified by the zones IlI-A diHeB in Table 5.2. This
case is interesting because zone I1I-B has a high&rand high amplitudes, suggesting

the presence of bedrock at a moderate depth. However, iassified as more prone to
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FIGURE 5.19: Proposed microzonation of lquique. The colors intdi¢he susceptibility
of motion amplification in the area, from green denoting ntoar amplification, yellow is

medium expected site effect and red indicating high su#uigiyt to site effects. The peak
ground accelerations (PGA) of the A01-2014 event are alslaled.

site effects because the layer overlying the bedrock hasrl@ear wave velocities in
average than zone llI-A, and the steep slope characterizingone makes this area more
susceptible to landslides and topographic effects duediasiag and/or scattering effects

around crests and hills (Pilz et al., 2010). It is interestio note that in these cases the
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TABLE 5.2: Detailing of the zones delimited by Figure 5.19.

Color Zone AvgV,* [m/s] Freq.range [Hz] Description

Iquique

[-A
11-B

-A

IV-A

872 £ 183

768 £ 166

77 £ 86

709 £ 108

461 £+ 50

612 + 35

403 £ 38

379 + 48

762 £ 205

393 £ 78

0.22 — 1.77]
[3.46 — 10.22]
[1.7 — 5.15)
[1.13 — 1.45)
[1.2 — 7.6]
3.25 — 4.1
[3.03 — 4.68]
[1.83 — 2.86]
[6.84 — 16.85]
[2.46 — 5.74]

Andesite outcrop.

Marine and eolian deposits,
bedrock located at 5 to 15
meters deep.

Colluvial deposits, bedrock
located at 5 to 15 meters
deep.

Gravels from Alto Hospicio,
stiff layer of gravels of about
15 meters until bedrock.

Marine deposits, bedrock at
deep levels.

Eolian and marine deposits,
bedrock is located about 25
meters deep.

Eolian deposits of over 30
meters deep.

Eolian and alluvial deposits
from EIl Dragon hill,
consisting mostly of fine
sand, bedrock at deep levels.

Andesite outcrop in the port
of Iquique.

Artificial landfill from the
port of Iquique.

sole use ol/,** may not always be descriptive enough regarding the siteifiogpion of

a site.
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2. The southern area in Iquique, by El Dragon Hill, identifas IV-A and IV-B, composed
of a deep layer of sediments, since bedrock was not identifiady of the profiles, it is
possible that its depth surpasses the 50 meters. Henceulid We interesting to further
analyse this zone in order to find the real thickness of theslepin this area.

3. North of the port of Iquique, composed mainly of artifidiahdfills of low compacity,
tagged as V-B (Figure 5.19). Since these fillings are prgbahturated, dynamic com-
paction or even liquefaction could take place for major év@nthis area.

4. North of Arica is identified in Table 5.1 as the zones IV-AldW-B. Note that zone IV-B
contains a wide range of frequencies, this may suggest teage of singularities. Also
note that the available geology (Figure 2.2a) shows isold&posits of diatomite, that
may affect the evaluation of the results. Hence, it is pdssitat local studies are required
in zone IV-B to properly assess site amplification suscdjttib

These areas were chosen based on the evaluation of geadhyaia combined with geologi-
cal background and boreholes to validate the acquiredrirdtion and to complement the sites’
description. The dynamic response of these zones can befstudied in terms of numerical sim-
ulations of the soil motion amplification. The following gitar will detail the procedures required

for this analysis.

5.3.1. Comparison to A01-2014 earthquake

The latest earthquake that occured in the north of Chile amil Aff 2014 (A01-2014) provid-
ed useful information regarding the site effects in theesibf interest. The current section uses the
recorded ground motions of the A01-2014 event in Iquiqueotagare the observed and expected
site amplification, in order to evaluate the consistencyefdcientific rationale adopted.

The records and the peak ground accelerations are displayegure 5.20, they show a good
correlation with the expected effects from the microzor{ifigure 5.19). The records show a min-
imum PGA (0,269) in bedrock, and the maximum PGA (0,69) issteged where sedimentary
deposits of moderate thickness was found, which indicaestfects of relatively soft soil layers
on the ground amplification. In the case of Alto Hospicio atbéa recorded acceleration has a

PGA of0.44g in agreement with the stiff soils detected in the presermtystu
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FIGURE 5.20: Acceleration records for the 01A-2014 Earthquake.

Furthermore, the acceleration spectra for each record esaputed using a damping ratio
of 5%. The results for the stations located in bedrock arevaha Figure 5.21, where they are
cross-checked with the closest HVSR result. It can be ndtatithe acceleration spectra has a
considerably different peak for the N-S and E-W orientatibime TO5A station is located at 1800
meters from the Coastal Range’s escarpment. Therefoseoti@ntation differences could be ex-
plained through the reflected wavefield at the escarpmemntieler, this must be confirmed and

further studies are required to confirm this hypothesis #$o important to notice that the shape
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of the acceleration spectras and the HVSR curve are quitéasifwide and with low amplitude),
which is an important indicator of the presence of outcroggiedrock in this area.

On the other hand, Figure 5.22 compares the acceleratiatrager the stations located on
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FIGURE 5.21: Acceleration spectra in stations TO5A and TO6A forGhAa-2014 Earthquake.

soil. Station TO3A (Figure 5.22a) is located in a relativentlayer of sediments (of about 5 to
10 meters) (Figure 5.13). In this case, the peak period osfleetra is slightly higher than the
predominant period obtained from a closely located HVSRsueament (about 100 meters), this
could be explained through the non-linearity of the soildebur, that once the material stress
overpasses its elastic limit, the stiffness is reduced,eraidly raising its fundamental period. Of
course, a HVSR measurement exactly at the same place mustfbenped to validate this hypoth-
esis, because the variation on the predominant period ¢@uddiso related to a local difference on
the thickness of the sediments.

Nonetheless, the predominant period is not visible in@tali0O8A (Figure 5.22b), where the
results from the acceleration spectra are considerabigrdift with respect to the HVSR data.
Since Alto Hospicio is characterized by very rigid soilsgiiie 5.17), it is fair to think that they

behave almost as outcropping bedrock, so the recordedrapeceasonable. Note, however, that
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this case does not have any differences in the orientatibte spectra, which suggests the con-

sistency of the hypothesis regarding topographic effecssdation TO5A.

Acceleration Spectra for TO3A Acceleration Spectra for TOBA
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FIGURE 5.22: Acceleration spectra in stations TO3A and TO8A for @ié-2014 Earth-
guake. The text on the Figures denote the HVSR results farltisest site.

5.4. Discussion

The earthquake response in the different stations in Iguvgere in good agreement with the
expected local amplification obtained from the microzonidgfortunately, no stations in Arica
were able to record the ground motion.

It can be observed that the seismic microzoning providesaditgtive level of the site effects
in the different areas of each city. However, it is not yetgioie to associate this propensity to
an accurate index of amplification. Based on this seismiconaning, a need arises to transform
this information into an accurate approximation of the giramplification given an earthquake.
The following section intends to transform the data proglitem the microzoning into a model
that could estimate the level of site effects observed,rmseof displacement or acceleration, for

instance.

60



6. 3D MODELLING OF SITE AMPLIFICATION. THE CASE OF ARICA

The previous microzoning chapter provided useful infororategarding the susceptibility to
site effects in different zones of Arica and Iquique. Howetles assessment is performed only at
a qualitative level. It is important to transform this infieation into a quantitative evaluation that
may provide results that are comparable with the acquiréalfdam the 01A-2014 Pisagua earth-
quake. This chapter intends to guide this research into a&naah evaluation of the site effects in
each city. In order to do this, a zone of interest is seleceskd on the site effect susceptibility
and the topographic conditions that may affect the inforomat
Among the four zones identified where site effects are sicaniti, the north of Arica emerges as
a zone with high-density information and where #€° indicates relatively low velocities. Fur-
thermore, significant changes in the topography or steegr@sents are relatively absent around
this area. The combination of the shear wave velocity prafild the HVSR technique gives an
indicator of the depth to bedrock through the equation 3Hckvsuggests that this depth ranges
between 65 and 105 meters. This turns Arica into an area erfgst, because of the thick layer of
sediments over bedrock.

To further characterize the behaviour of this zone, nuraésnulation is used to determine the
level of amplification that will be registered at the surfaGésen the spatial variability of the data
available in the area, a 3D wave propagation model is explorerder to compare the response of
the zone with a standard 1D model. Such simulations will béopmed by means of the spectral
element method (SEM), that has shown to be reliable in sgltiree-dimensional wave propaga-

tion problems in heterogeneous media (Mazzieri et al., 2Bb&atitsch et al., 1999).

6.1. Introduction to Spectral element method

The spectral element method (SEM) was first introduced bgrR41984) in fluid dynamics,
and since then it has gained interest for 2D and 3D seismie \peypagation (Komatitsch et al.,
1999). The main feature of this method is the use of high+drdgrange interpolants in the func-
tions of the elements, so it is able to provide an arbitracygase in accuracy by simply enhancing

the algebraic degree of these functions, the so-calledrspheegree (Scandella, 2007).
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6.1.1. Model problem

The scope of this method is to determine the displacemedtgeierated by a dynamic source
(i.e. a seismic incident field) in a finite earth volufle This volume, as shown in Figure 6.1, is
composed by three main boundaries, assuming that theregreescribed displacements: a free
surfacel';;, which is stress-free, and the side and bottom bounddriesndI v respectively,
hencel' = I';;UI'yUI' yr. The latter has a suitable and non-reflecting absorbingdmyrcondi-
tion that shall be described in the following discussions.

Let v be the displacement field produced by an earthquake, whipbvsrned by the momentum

FIGURE 6.1: Finite soil model with total volumeg). The free surface is denoted by,
and the boundaries afg, andI' 5 z. The unit outward normal to all boundaries is denoted
by n.

equation,
poy — V-o(v) = f (6.1)

wherep is the density of the material, tieunder-script stands for time derivative, an@) is the

Cauchy stress tensor for elastic behaviour,
a(v) = AMXu)L + 2ue(v) (6.2)
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wheree(v) := 1(Vu+ Vo) is the strain tensoh, . are the Lamé coefficients arids the identity

second order tensor. To the equation 6.1, boundary conditiaust be added.

ogn=0 on Iy, g(w)n=p on I'yUlyg (6.3)

wheren is the unit normal vector td andp := p* onT'y, while p* is defined as

p" = p(Vp = Vs)(urn)n+ pVsvy on Iyg (6.4)

Vp andVy are the propagation velocities BfandS waves, respectively. Note that at the boundary
I'vr, @ suitable absorbing condition must be able to propagaténaident wave without reflec-
tion. The approach of this investigation is the one impleteern SPEED code based on Stacey
(1988), in which waves are perfectly absorbed when the emtidvaves reach the boundary in a
perpendicular direction, but it is less effective when tlavavis parallel to the boundary. For visco-
elastic media, a modification of the equation of motion 6.% @ introduced, adding a term in

the form of a volume forc¢ vise characterized by a decay factds '],
S = —2ptu, — p€u (6.5)
adding this term to the equation 6.1, the following equattbmotion is obtained
puu = Noo(v) = f+ [ (6.6)

By adding these terms, it can be shown that all frequency compts are equally attenuated

(Mazzieri et al., 2013). This attenuation can be expresstdaquality factor
F
= Qp— 6.7
Q=Qvp (6.7)

whereQ), = B with being a value representative of the frequency range to hgageded.

6.1.2. Weak form

One of the main features of the SEM is the fact that it is based weak formulation of the
equations of motion, which has the advantage that it handiasgrally free boundary conditions

and interface discontinuities (Antonietti et al., 2012hrdugh the principle of virtual work, the
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formulation consists in multiplying the equation 6.5 by abitary test functionw, integrating by
parts over the volum@ and imposing the stress free boundary condition 6.8 gnwhich results
in the following equation
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@(py, w)g + Ay, w), = L(w) (6.8)

with A the bilinear form
A(v, w) = (0(v), e(w))ao (6.9)

andL(w) is referred to the boundary conditions and external forces

L(w) = (p,w)ry + (0", w)ry, + (f,w)o + (/7 w)q (6.10)

Rewriting the previous version of the weak formulation byngmnent N:

vt € (0,7),find vy = vn(a,t) € V'l d=1..3
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Additional details regarding these expressions may bedauany classical book of finite element

method (e.g. Zienkiewicz 1977).
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6.1.3. Definition of the mesh

One of the characteristics of the SEM is the use of hexahetkailents for 3-D models and
guadrangles for the surfaces in 3D and for solids in the timzedsional case (Komatitsch et al.,
1999).

The approach to the construction of the mesh goes as follawise first place, as in classical
finite element procedures, the model volufiés partitioned intoX” number of non-overlapping
regions();, such that? = UX_,(;, each with its corresponding bounddry. Since the SEM in
3D works with hexahedral elements, the boundaries are efivid terms of quadrilateral surface
elements.

In a second level, each elemént is mapped into a reference eleméht,, corresponding
to the squaré—1, 1]? in 2D and the cubé-1, 1]® in 3D. Hence, there exists a suitable invertible
mappingFy’ : Q,.; — 7 with a nonzero Jacobiah,’. This is then used to evaluate the integrals

and derivatives of equation 6.11. The shape functions of¢ference element¥, (¢, 7, ) are
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products of Lagrange polynomials of degrees 1 or 2./7he 1 Lagrange polynomials of degrees

n; are defined in terms of; 4+ 1 control points—1#£¢£,#1,a = 0, ..., ny, by

(€ —60)- (€ = Ea1)(§ = Eay1)-- (€ — &n)
(o = €0)---(6a — €ae1) (€a — Ear) (60 — &) (6.11)

In this formulation, hexahedral elements have up to 27 cbpwints, while the quadrangles

L™ (f) =

may have up to 8 or 9 control points, resulting in triple prouwof 15 degree Lagrange polyno-
mials for the 8 control point quadrangles, and triple pradwé2"? degree Lagrange polynomials
for the hexahedra with 27 control points.

In the SEM, the control point§,,c = 1..n; in equation 6.11 are the so-called Gauss-Lobatto-

Legendre (LGL) points, which are the roots of

(1-¢€)P,(5) =0 (6.12)

where P, is the derivative of the Legendre polynomial of degreeThese points can be com-
puted by numerical integration of 6.12. To illustrate thigpeoximation, Figure 6.2 shows the
control points of a 2-D and 3-D elements and Figure 6.3 showagsange interpolant of degrees
N =2 and N = 8 at the LGL points on the reference elenjent 1]2.

In summary, the model is subdivided in a set of hexahedratetés. In each, the shape func-
tions are sampled at the LGL points of integrations. Edgegedexes of an element are shared
among adjacent elements, so a need raises to ensure theudtyntif the displacements across
the common boundaries between the elements, in other wamdsyeeds to define a mapping of

gridpoints between the local mesh and global mesh.

6.1.4. Time integration scheme

The differential equation that governs the global systembzawritten as

(M]{U} + [AH{U} = (F} (6.13)

where[M] is the global mass matriX,U(¢)} is the vector of nodal acceleratiop] is a matrix

associated to the stiffness matrix and the absorbing boyrdaditions,{U(¢)} is the vector of
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(A) 2-D (8) 3-D

FIGURE 6.2: Control nodes for one element for a polynomial degre8. ¢h) shows the
2-D case with 9 control points while the 3-D element (b) hastal tof 27 control points,
the empty squares indicate the nodes that locate at the ersittihs of the element’s faces
and the empty triangle lies at the center of the element (Kitsoh et al., 1999).
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-1 =05 0 0.5 1 -1 =05 0 0.5 1
z x

FIGURE 6.3: Lagrange interpolants through the LGL control poimisN = 2 (left) and N
= 6 (right). All Lagrange polynomials are equal to 1 or 0 attepoint (Van de Vosse and
Minev, 1996).

nodal displacements aqd"'} is the vector created by the contribution of the externatdey trac-

tions and non-reflecting boundary conditions.
Due to the use of Lagrange interpolants with LGL control poi@nd the assumptions done
through the formulation, the mass matriX turns out into a diagonal global mass matrix (Ko-

matitsch et al., 1999), which reduces significantly the cotatonal cost of the problem. Equation
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6.13 can also be written as:

Ml 0 0 Ul All A12 A13 Ul Fl
0 M, 0 Uy ¢+ |Ay Agy Agg Uy ¢ =19 F) (6.14)
0 0 M3 U?; A31 A32 A33 U3 F3

To solve equation 6.14, a classical Newmark scheme is ugetk & is based upon a explicit
second-order finite-difference scheme, it takes advarghjaving a diagonal global mass matrix
(Komatitsch and Tromp, 2002). To proceed with this scheheestiffness and boundary terms are
moved to the right-hand side.

Initial conditions must be prescribed, that is

{U0)} ={Uo} and {U(0)} ={Vo} (6.15)

Now if the model is carried out in a tiniE, the interval(0, 7] is subdivided into:, subintervals of

amplitudeAt — T/n,. The application of Newmark method leads to
(9] + APSLAT U+ 10} = [2M] - 8¢ (5 26+ 7) 1] (U}
- {[M] + At G + 0 — 7)} {U(tn-1)} (6.16)
LA lﬁ {F(t,1)} <% — 28+ v) {F(tn)}
+ G +8 - 7) {F(tnl)}}

where and~ are the standard parameters of the Newmark method. To rnrathtastability of
the solution and taking advantage of the mass matrix, theegathosen for such parameters are

B =0andy = % Replacing the values of the parameters in 6.16, the equéoomes:

(MU (tns1)} = [2[M] — AP[A] {U ) — [MU{U}(ta—1) + AP{F (1)} (6.17)
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Note that once the initial conditions are known, the solutb6.16 can be obtained provided that
{U(t,)} and{U(t,_1)} are known, for the initial step, this would look like

ae

M) = 131 - 5

) () - e + S (P} 69

This scheme is also known as leap-frog (Mazzieri et al., 204r8d it will be stable as long as the
time step statisfies the Courant-Friedrichs-Lewy (CFL)dibon, governed by the minimum value

of the ratio between the size of the grid cells and the P-wal@city.

6.1.5. Recent approaches for non conforming domains

In the past years, different approaches for the spectnadegiemethod have been implemented
in order to simulate the wave propagation problem more atelyx Among these, the Discontin-
uous Garlekin discretization emerges as a strategy to déalwn conforming domains, that is,
a domain composed of different non-overlapping polygoobtdomains. It was firstly introduced
by Reed and Hill (1973) for the linear neutron transport ¢igna now-a-days it is applied in a
wide range of disciplines and proven to be efficient to de#th womplex seismic wave propaga-
tion problems (Mazzieri et al., 2011).

The idea behind a Discontinuous Garlekin Spectral Elemegthbtd (DGSEM) consists on
replacing the exact continuity condition between the soimains into a weak one, writing the
condition in terms of displacements and tensions acrosistéaces. This formulation is not ex-
plored here, but it is very convenient to introduce, foramgte, crustal fault activation or dynamic

soil-structure interaction. It will be used in future stagé this investigation.

6.2. Description of zone of study

As mentioned earlier, the zone of study was selected basttemite-effects expectations af-
ter a joint analysis of geophysical and geological datacBas this premise, an area of 1600x2000
meters in the north of Arica was selected for modelling (Fegi4). This zone was chosen because
of the high-density geophysical information that had beathered in the previous chapters and
the availability of one borehole in the area. Furthermorenbtta (2013) contributed with shear

wave velocity profiles and predominant frequencies in 9ssitethe zone of interest, that have
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shown to be consistent with the gathered data in the pregetit s

This domain is filled with eolian marine deposits (Figure)2vith an estimated thickness of
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FIGURE 6.4: Selection of zone of study marked in blue. The sites wisbear wave ve-
locity profiles and predominant frequencies have been esdj@ire marked in black dots
("monitors”). The boreholes are displayed with yellow star
about 100 meters. It is characterized by relatively low sheave velocities, the averagé® is
409 + 55m/s with a frequency range betweérp1 and1.6 Hz (Figure 5.1). Thé/; profiles show
a thin layer (approximately 10 meters) of Idvy, following a deep layer of about 450 m/s.
The topography in the area was obtained based on a 90 metetstien digital elevation model.
It is fairly regular (Figure 6.5), increasing slightly tomis the east, consequence of the Costal
Range’s escarpment that encompasses the city (Figure 2.2a)

Bedrock was not identified in any of the profiles. Conseqyentinstructing a submerged
bedrock topography was made through Equation 3.5, by camtbthe average shear wave veloc-
ity and the predominant frequency obtained from HVSR. Thas @one for all the sites shown in
Figure 6.4 and resulted into a surface that is shallowererstiuth-eastern part of the study site,

that is, towards el Chuio hill (Figure 2.2a).
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(A)

FIGURE 6.5: Topography of Arica and detail of study site.

Once the depth to bedrock was approximated through the He&mique, the shear wave ve-
locity profiles were extended until given depth in each sits.commonly known that for granular

soils the shear wave velocity profile is proportional to ttverth root of the depth, that is
Vi(z) = ky/z (6.19)

If V, for z = 30m is known, the parametér can be calculated and the shear wave velocity
profile extended, given that the fundamental frequency®ptiofile matches the predominant fre-
guency obtained from the HVSR. This led to an iterative pssder every control point, extending
the shear wave velocity profile for each one until the es&hakepth to bedrock, as shows Figure
6.4.

Once the 1D Vs profiles have been extended for all the contiokg a 3D S-wave velocity
model is derived through linear interpolation with a sgatgsolution of 5 meters. For this pro-
cedure it is required to take into account the informatiotsile the site of study, hence Figure

6.4 displays control points outside the limits of the zonentérest. The model contains a detailed
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FIGURE 6.6: Vs profile for one site, the figure shows the extensiormefgrofile until the
estimated depth to bedrock.

description of the sediments shape defined by the contasebatthe sediment’s shear wave ve-
locity and the bedrock’s velocity.

The final model may be seen in Figure 6.7. In this case, theacbhetween soil and bedrock
was assumed stepped, for future meshing purposes. As it exagtbd, the bedrock becomes more
shallow towards the south-east, where El Chufio hill isteddFigure 2.2a), and shear wave ve-
locities are fairly stable, with a first layer of about 200 rargl a continuous increase up to 800
m/s towards the north of the model (Figure 6.4). Other elgstbperties are derived from thé
profiles and the USCS classification (Poisson’s modulushgXhe estimations proposed by Kul-
hawy (1990) it was possible to approximate an average (JemltsabouﬂSOO% for the deposits.
With these parameters the other required values, suehasd the Lamé parameters, are obtained

directly.
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Vs distribution over area of study
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FIGURE 6.7: 3-D shear wave velocity model for the site of study inureg6.4.

6.3. Homogeneous soil mesh

The mesh is built using the software Trelis developed by @ef[@, which incorporates a
set of powerful and advanced meshing schemes, specificallyekahedral unstructured meshing
problems, such as algorithms of automatic refinement andlimgrof irregular surfaces.

The entire volume consists of a body with an extension basethe site study, that is,
1600x2000 meters. The depth of the model reaches 250 metasye to the sea level, so the
total vertical extension ranges between 250 and 300 meters.

Based on the available geological and geophysical datacegptable trade-off was made
between the spatially heterogeneous results from the Iohifigestigations (Figure 6.7) and the
practical need to build a simplified mesh. Consequentlyytdteme was subdivided in three sub-
horizontal layers, the first defined by the soil between tke Burface and the bedrock contact.
The second and third layer represent the basement submardedthe deposits. The initial elas-
tic properties of each material are defined in Table 6.1. Nloé¢ second and third layers are
differentiated because the source input will be inducetiéntottom material.

The final mesh obtained is displayed in Figure 6.8. It coasi$tibout>3.000 elements, the
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TABLE 6.1: Elastic properties of each materiaho denotes the density of the material,
andy are the Lamé parameters, anés the damping ratio.

Material | Subdomair] p[24]  A[£] pl] 4 %)
Soil 1 1800 5.47FE + 08 3.64FE + 08 1

Bedrockl 2 2500 1.82E+10 1.21E+ 10 1

Bedrock2 3 2500 1.82E+10 1.21E+10 O

grid sizeh for each element is related to the spectral degrd®at will determine the amount of
control points per element, henées chosen such that the average number of points per minimum
wavelength),,,;,, is about 5 (Komatitsch et al., 1999). Using a polynomial degsf 4, the size of
the element ranges of about 5 meters (soil) up to 50 metedsqble). The mesh is designed to
propagate frequencies of up to 15 Hz wjth- 4, with a total 0f3.500.000 spectral nodes.

Finally, boundary conditions are imposed in all the facdsmdd in Equation 6.3. An absorb-
ing boundary is imposed at the bottom of the mesh, while orsities only Dirichlet boundary
conditions are set. For a plane wave in X direction, the Blatboundary conditions are imposed

in the directions” andZ (v, = v, = 0).

6.4. Source and Time scheme definition

The numerical simulation was constructed based on a Rickeelet source of parameters
fo = 3.5Hz andt, = 0.4s, the waveform is depicted in Figure 6.9. This input was iretlmn
material 4 of Table 6.1, assuming the input reaches the matdhe same time. This assumption
is reasonable given that the volume size is not large enaugketect significant arrival time dif-
ferences for the source.

The SPEED code introduces a force time history able to gemardisplacement time history
with the Ricker wavelet shape, introducing an amplituddestactor to adjust a target displace-
ment, velocity or acceleration.

The time scheme used for the simulation is the one adopteBHE®D, based on a leap-frog
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FIGURE 6.8: Homogeneous soil mesh for the proposed problem. Natétth North-South
and East-West directions coincide with the axis Y and X, eetpely.

method. The simulation runs for 3 seconds with a time ftephat satisfies Courant-Friedrichs-

Lewy (CFL) condition, given by

At < Copp 28 (6.20)
Vp
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FIGURE 6.9: Ricker wavelet withyy = 3.5H z andty = 0.4s.

whereAz is the shortest distance between two LGL nodésy;, is a constant depending on the
dimensions and, is the P-wave velocity of the material. For this simulatian)t of 0.1 msec

was adopted, correspondingdé6 % of the critical time-step from Equation 6.20.

6.5. Results

The results of the simulation are recorded in the monitooedtp where empirical information
of the shear wave velocity and predominant frequency has &deguired. The scope is to compare

the observed motion using a standard 1D horizontally §izdtmodel against 3D features.

6.6. Validation of the model

In order to validate the model, a 3D horizontally layered mdelled (layer cake model) and
the transfer function is compared to an equivalent 1D profilhe soil. For the 3D simulation an
average horizontal topography of 25 meters was assumesiaplaveraged bedrock level of -53
meters, meaning a layer of soil of 72 meters thick.

The computation of transfer functions for 3D and 1D may benged-igure 6.10 . It can be
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noted that the first peak matches almost perfectly, wheoweartls the upper modes the 1D func-
tion is slightly displaced because of the damping variaiamong the model. The 1D profile is
analysed in time domain with DeepSoil code (Park and Hastzi$), that considers a concen-
trated external damping (damper between lumped massessegiing soil layers) that is slightly
different to the 1 % damping ratio considered in SPEED, soriéasonable to see such slight vari-
ations on amplitudes and higher frequencies. The 1D modehes a maximum frequency of 13
Hz while the 3D reaches 11 Hz, which makes the 3D simulatiettypaccurate in the frequency

range of interest.

TF - Horizontal layers
15 T

10

H(F)

I I I
2 4 6

F(Hz)

FIGURE 6.10: Comparison of transfer functions between a 3D hot@lynlayered model
and an equivalent 1D profile computed in time domain.

6.7. Evaluation of 3D effects

The results from the simulation including the 3D effectsha topography and bedrock levels
are shown in Figure 6.11. In terms of displacements, the maxi recorded displacement in the X
direction was 30 centimeters, with a maximum strain of 3 %hagurface. This is relatively high
given the assumption of linear behaviour. However, the @riogn of the displacement between
the bedrock level and the surface is consistent to the 1D Gdmsedisplacements in the Y and Z

directions are caused by the adopted Poisson’s coefficient.

76



Additionally, the comparison between the 3D and 1D tran&factions have shown some

3D Displacements for ARI40
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FIGURE 6.11: Comparison between displacements for ARI40 contooitp(Figure 6.5)
between surface and bedrock.

variations towards the west side of the study zone (A08),redeethey are quite similar towards
the east (A28). This could be related to the relative larger af the elements towards the western
zone, that reduces the resolution of the propagation. thdesthe vertical number of elements in
soil layers is fixed, thinner soil layers are relatively mogBned than thicker ones. This limitation

is due to the computational cost of refining the mesh or irstngathe polynomial degree of the

elements function around the A08 control point. As this parclosely located to the boundary

where Dirichlet conditions were imposed, possibly spusiaaves reflections may take place, af-
fecting the clearness of the results.

On the other hand, the first peak of the transfer functionuiféid.12) is consistent with the
results of the HVSR technique (Figure 5.6, for ARIO8 and ARIil2e predominant frequencies are
1.2 and 1.6 Hz respectively, whereas the first peak of thefeafunctions in Figure 6.12 result
in frequencies of 1.3 and 1.8 Hz. This frequency variatiooassistent with the bedrock surface

level in the different control points (Figure 6.8b).
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ARI28 - Transfer Function (X = 1543; Y = 535)
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FIGURE 6.12: Transfer functions for 2 control sites using the 3D ldgeneous soil model.
(a) ARIO8 control point (west); (b) ARI28 control point (¢as

The 3D model seems to accurately estimate the amplificatiegld considering an homoge-
neous soil model for a frequency range between 0.5 and 8 M&\ey, the resolution is reduced at
higher frequencies, mainly due to the computational litrates and the use of idealised boundary
conditions. As local irregularities of bedrock level angagraphy alters the idealised situation of
a vertical and reflected SH wave field, spurious reflectiopsciglly of surface waves, on mesh
boundaries cannot be avoided. Future work will focus oruidicig spatial heterogeneity of the soil
properties, non-linearity of the soil’'s behaviour, andntigcation of the most appropiate strategy
to treat boundaries for SH incoming waves, in order to adelyaepresent the ground motion

amplification and compare it to the recorded motions fromAB#&-2014 earthquake.
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7. CONCLUSIONS

The geophysical and geotechnical data acquisition anag®all background of the north of

Chile have provided information to properly charactertze dynamic response of the soils in the

cities of Arica and Iquique. This data comprises the sheaewalocity profiles and predominant

frequencies of 102 sites of interest. In addition, six botes were drilled to verify the reliability

of the results. A seismic microzoning was proposed befareé\il-2014 earthquake that provides

an empirical observation of the ground motion amplificatieemrthermore, a 3D wave propagation

model simulated the motion in a zone in Arica where The resdie shown the following:

1.

The density of the surveys was sufficient in principle toeyate a proper seismic micro-
zoning of the soil along each area. A few exceptions may bedwhen the topography

of the site or possible bedrock level irregularities takeedpminant role.

. The areas in Iquique that are susceptible to site effeetgH the south of the city, along

El Dragon hill, where a shallow layer of eolian deposits aveleep layer of sandy soil is
identified; (2) to the north of the ZOFRI fault, where a mardeposit layer of approxi-
mately 15 meters deep was identified; and (3) the north ofdini gonsisting mainly of a

thick layer of artificial landfill.

. In the case of Arica, the main zone that is susceptibleécesfiects is the north of the city,

where a deep layer of fine sand (over 35 meters) was located.

. The characterized shear wave velocity profiles reacheaxanmum depth of 80 meters in

the north of Arica, this is probably enough to properly assbe ground motion ampli-
fication susceptibility, but in most of cases the informatwas not enough to identify a

reliable depth of bedrock in most of the city.

. The acquired data during field work is consistent with thelggical context of both cities.

. A joint analysis betweett, and V3, is necessary to properly characterize the site re-

sponse, in this study they have proven to be complementarga@msistent between each

other.

. The peak ground accelerations registered for the A0%-2Qdique earthquake agrees

with the expected site effects from the proposed microzpnin
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8. The use of 3D numerical simulations for amplification effégorovides useful information
regarding the effects of geometrical anomalies in the giauntion.

9. The comparison between the results from geophysica tesd boreholes have shown
the reliability of using surface waves-based surveys. Werrenend their use as they are
reliable, low-cost and easy to implement.

10. Giventhe fact that the expected seismogenic energyradation of the Nazca-Southamerica
plate coupling in the north of Chile was not entirely releblsg the A01-2014 earthquake,
the microzoning approach and results obtained in this resdwve proven to be a valu-
able tool for preventive actions within northern Chile saitectonic segment, still under

high seismic risk.

7.1. Future work

The studies based on surface wave methods have shown eocgistith the empirical evi-
dence obtained in the cities of Arica and Iquique. Howetas recommended to perform local
studies in the zones where the topography is irregular orevités suspected to find complex 3D
effects of the submerged bedrock, such as the center ofuguighere the existing faults (Figure
2.2c) may have significant effects on the basement levelitidadlly, it would be useful to com-
bine the obtained data in the present research with gramyrtests, in order to further characterize
the magnitude of the sedimentary basin in Arica, and comiha@rdepth to bedrock obtained from
gravimetry data and from surface wave methods.

Regarding the wave propagation model, non-linearity ofrttagerials is yet to be added, in
order to evaluate more accurately the ground motion amatifin in the zone of Arica. Further-
more, it would be appropiate to extend the model to the whedinsentary basin, so a study of the
motion effects can be carried out in the different zoneswigtd by the microzoning (Figure 5.9)
and evaluate the potential effects that may come with théiadaf bedrock from the escarpment

of the surrounding hills.
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8. APPENDIX A

TABLE 8.1: Results of,*° and HVSR in Arica and their corresponding coordinates. The

coordinate system is UTM WGS84.

Name

X

Y

V30
s

Fy

Ao

ARO01
AR002
ARO003
ARO004
AROO05
ARO006
AROO07
ARO08
ARO009
ARO010
ARO11
ARO12
ARO013
ARO14
ARO15
ARO16
ARO17
ARO018
ARO19
ARO020
ARO21
AR022

360365
361946
362935
363211
363645
361956
362936
362714
362921
363286
361837
363022
364101
364202
364453
364389
364085
363772
363574
364221
363173
363143

795637
7956891
795718¢
795642
7957073
795745(
795883]
795938¢
7960113
7961934
795636¢
795533¢
7956481
7955234
795510(
7957325
795799¢
796049(
7957661
795975(
7954061
7954778

) 474
[ 436
3480
[ 575
? 531
D417
| 388
3381
3435
> 403
> 446
3332
[ 573
1500
D) 514
> 469
) 438
D 429
[ 435
D 396
[ 567
3482

8,85

1,52
1,3
2,02
1,97
1,583
1,2
1,38
1,583

0,92
1,65
11
1,3
2,4
1,82
1,22
1,53
1,42
2,12
0,83

3,7
0
3,1
5,55
8,9
2,9
4,45
4,5
3,75
6,65

5,75

2,7
2,6
3,65
3,45
3,2
5,45
7,55
3,4
4,05
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TABLE 8.2: Results o, and HVSR in Arica and their corresponding coordinates. The
coordinate system is UTM WGS84.

Name| X Y V30 Ry | A

ARO023| 362470 7954787 951 | O 0

ARO024| 361717 79551641150|1,83| 9,2
ARO025| 362258 7955499 492 | 3,25| 3,5
ARO026| 361069 7956833 423 | 1,3 | 4,15
ARO027| 362177 7956215 482 | 1,28| 3

ARO028| 364214 7959097 326 | 1,6 | 3,5
ARO029| 363767 7961874 451 | 1,55| 4,1
ARO30| 364133 7960951 446 | 1,3 | 2,4
ARO31| 361854 7954026 949 | 3,95| 2,65
ARO032| 361354 79544501039 2,67 9,1
ARO033| 364847 795577% 571 |1,47| 4,3
ARO34 | 365555 7954523 424 | O 0

ARO35| 364031 7955654 558 | 1,3 | 3,8
ARO36| 361258 7955814 675 | O 0

ARO37| 360866 7955983 373 | 3,72| 3,8
ARO038| 363066 7955922 473 |1,32| 3,65
ARO039| 362921 7957680 422 | 1,52| 3,65
AR040| 363421 7959637 565 | 1,45| 2,8
ARO41| 363206 7961109 389 |1,07| 2,35
ARO042| 362683 7961039 381 | O 0

ARO043| 364554 7960410 371 | O 0

ARO44| 363709 7958643 388 | 1,43| 2,6
ARO045| 361432 7957126 349 | 1,38| 2,9




TABLE 8.3: Results oft;*° and HVSR in lquique and their corresponding coordinates.

The coordinate system is UTM WGS84.

Name

X

Y

VBO
s

Fo

Ao

IQUIN01
IQUIN02
IQUIN03
IQUIN04
IQUIN0S
IQUIN06
IQUIN07
IQUIN0S
IQUIN0Y
IQUIN10
IQUI0L1
IQUI012
IQUI013
IQUI014
IQUIO15
IQUIN16
IQUI0L7
IQUIN18
IQUIN19
IQUIN20
IQUI021
IQUI022
IQUI023
IQUI024
IQUI025
IQUIN26
IQUI027
IQUIN28
IQUIN29
IQUIO30
IQUI031

381946
381863
380932
380548
379550
379952
379783
379813
380670
381269
380710
380724
382395
382790
382281
381997
381316
382159
379879
381730
381782
381741
382294
382425
381350
381261
381370
381311
381050
384951
384299

7765238
776544]
7765753
776507]
776468¢
1764227
776402
7763884
776436¢
776449¢
776308¢
776264(
775847¢
775907¢
776071%
7760274
776051¢
7760075
776468}
776007
776128]
7762121
775769(
7756604
7762944
7766363
7766425
7765891
776496
7757155

3 589
| 635
» 388
| 671
) 666
1071
) 761
?1015
51088
3 844
5 978
D 716
3 481
5 320
b 424
1 381
b 814
b 397
1045
) 389
| 721
| 543
D 380
1 437
5 941
p 487
» 500
? 469
? 651
b 866

7757673

3 661

0
3,25
1,35

0,4

0,22

1,77
0,48
0,48
9,15
4,08
1,83
2,53
4,03
2,05
3,12
1,17
4,37
10,22
9,17
2,85
3,22
2,15
3,4
4,1
3,03
0,27

1,13

0
2,85
2,45

4,15

2,49

3,05
3,1
4,9
3,4
2,9
3,65
2,6
3,55
5,2
2,35
4,6
5,7
4,49
3,15
3,35
2,45
8,55
7,35
5,05
2,15

29
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TABLE 8.4: Results oft;3° and HVSR in lquique and their corresponding coordinates.

The coordinate system is UTM WGS84.

Name X Y V30 Ry | A
IQUIO32 384606 7758576 | 701 | 1,45| 3,5
IQUIO33 385320 7757952 | 839 | 1,28 | 4,1
IQUI034 385522 7758683 | 652 0 0
IQUIO35 382448 7756038 | 609 | 1,9 | 3,45
IQUIO36 382811 7755552 | 672 | 1,7 | 2,4
IQUIO37 381232 7761903 | 1136f O 0
IQUIO38 381258 7761474 | 881 | 4,24 | 2,27
IQUIO39 381831 7763169 | 890 | 3,46 | 4,26
IQUI040 380512 7763744 | 769 0 0
IQUIO41 381198 7760997 | 1223| 0,42 | 8,45
IQUI042 380331 7761888 | 1042 4,72 | 2,71
IQUI043 382264 7759164 | 383 | 3,32 | 4,2
IQUI044 381656 7762312 | 718 0 0
IQUI045 380923 7762324 | 1023| 9,73 | 3,45
IQUI046 382256 7755387 | 564 | 5,15 | 10
IQUI047 382584 7757295 | 470 | 2,28 | 2,05
PORT1A| 378975,12 7765686,68 305 | 2,58 | 8,71
PORT1B| 378991,007 7765744,913 0O 2,42 | 8,75
PORT1C| 378950,636 7765690,396 0O 2,46 | 10
PORT?2 | 378575,92 7765033,921029| 8,33 | 2,3
PORT3 | 378900,4 7764858,82 728 | 16,85| 4,16
PORT4 | 378939,39 7764880,43 701 | 10,49| 3,68
PORTS5 | 379235,46 7764849,29 596 | 6,84 | 1,54
PORT6 | 378891,73 7765375,17 442 | 5,28 | 10
PORT7 | 378551,39 7765122,641050| 2,87 | 2,8
PORT8A| 378871,38 7765321,59 453 | 5,74 | 6,57
PORT8B| 378844,027 7765245,802 0O 9,79 | 5,3
PORT9 | 379312,13 7764914,84 505 0 0
PORT10| 379019,18 7764955,8Y 724 | 16,7 | 3,13
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9. APPENDIX B

The acquired data during fieldwork may be found in the attdchemory stick.
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