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RESUMEN

La subducción entre las placas de Nazca y Sudamericana sit´ua a Chile como uno de los paı́ses

con mayor actividad sı́smica del mundo. El acoplamiento sismogénico y el gap sı́smico de 136 años

anunciaban el inminente movimiento sı́smico que podrı́a afectar al norte del paı́s. De este escenario

nace la necesidad de evaluar zonas de las ciudades del extremo norte donde el movimiento se

podrı́a ver más o menos amplificado según las condiciones locales del suelo. Esta investigación se

concentra en el análisis geofı́sico y dinámico de los suelos de fundación de las ciudades de Arica

e Iquique.

En ambas ciudades, 102 sitios fueron seleccionados para realizar ensayos geofı́sicos basados

en ondas superficiales. De la inversión de registros de vibraciones ambientales se derivó el perfil

de velocidad de onda S y la frecuencia predominante de cada sitio. Adicionalmente, siete sondajes

fueron ejecutados para complementar los datos adquiridos.Combinando los datos disponibles se

generó una microzonificación sı́smica para cada ciudad. Los resultados demuestran la consistencia

de este tipo de ensayo geofı́sico con la geologı́a superficial. La información determina que las

zonas más propensas a efectos de amplificación sı́smica son el norte de Arica, el sureste de Iquique,

el lı́mite norte de Iquique (en la zona ZOFRI), y el relleno artificial del puerto de Iquique.

Adicionalmente, se seleccionó una zona de estudio al nortede Arica para construir un modelo

3D de propagación de ondas. Las propiedades del modelo fueron derivadas de la interpolación de

los perfiles de velocidad S en conjunto con la técnica de Nakamura para obtener la profundidad

al basamento en los puntos de control. Con esta informaciónse simuló el movimiento del suelo

por medio del método de elementos espectrales. La simulación de una onda tipo Ricker muestra

que el modelo tridimensional es capaz de evaluar la variabilidad espacial de las propiedades del

suelo, la profundidad de la roca y la topografı́a. Los resultados se comparan con la metodologı́a

1D tradicional.

Palabras Claves:Microzonificación sı́smica, Métodos de ondas superficiales, Arica,

Iquique, elementos espectrales.
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ABSTRACT

The subduction of the Nazca plate under the Southamerican plate places Chile as a one of

the most seismic countries in the world. The large seismogenic coupling and the 136 years seis-

mic gap predict the eventual seismic activity affecting thenorth of the country. This sismotectonic

framework urges the assessment of earthquake hazards in urban domains. In this context, seismic

microzoning emerges as a tool to identify areas that are moresusceptible to site effects. The fol-

lowing research focused on a geophysical-based analysis ofthe soils in Arica and Iquique, both

principal cities in northern Chile.

In both cities, 102 sites were chosen to perform geophysicalsurveys based on surface wave

methods (SWM). By inverting the measurements, local shear wave velocity profiles and predomi-

nant frequencies were derived in each site, in order to determine the site’s properties. Besides geo-

physical surveys, seven boreholes were available to further complement the gathered data. With the

results, the cities were subdivided into zones with similarproperties in terms of the average shear

wave velocity profile on the upper 30 m (Vs
30) and the predominant site’s frequencyF0, which

were consistent with the surface geology setting of each city. The maps suggests the zones more

prone to ground motion amplification are the north side of Arica, the south-east area of Iquique,

north of Iquique, by the ZOFRI industrial zone and in the northern part of Iquique’s port.

Furthermore, a zone in the north of Arica was chosen to construct a 3D wave propagation

model of the soil. The properties of the model were derived from interpolating the surface wave

velocity profiles and combining this profile with the HV technique to obtain the depth to bedrock

in all the control points. Simulations of strong motion within the study site were performed by

means of the spectral element method (SEM). The simulationsof a Ricker waveform shows that

the 3D model is capable to appropriately introduce soil heterogeneity, topography and bedrock

depth variability to calculate the soil amplification in thecontrol points. Results were compared

with the standard 1D approach.

Keywords: Seismic microzoning, surface wave methods, Arica, Iquique, spectral element

method.
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1. INTRODUCTION

It has been widely accepted by the seismic engineering community that the local soil condi-

tions and the effects of surface geology on seismic motion can amplify the movement perceived

by the structures, inducing, in several cases, significant and negative consequences in urban areas

(Seed and Idriss, 1969). For countries with high seismic activity, such as Chile, actions to prevent

human and infrastructure losses due to earthquakes are mandatory.

Chile is a country characterized for having high and intenseseismic activity, Figure 1.1 shows

all the major interplate events that have occurred since thesixteenth century. In the north of Chile,

the last big earthquake occured the past April1st 2014 (01A-2014) with 8.2 Mw and a rupture zone

of about 200 km of length. Prior to this motion, this region had not shown any major activity in the

past years. Near Arica and Iquique, there are seismic intervals to big motions between 1615 and

1768, between 1768 and 1868, and between 1877 and 2014, from which can estimate a recurrence

interval of 111 ± 33 years (Comte and Pardo, 1991).Furthermore, the 01A-2014 event released

only 1/6 of the expected energy accumulated (Figure 1.1), which suggests that other large events

are likely to occur in a near future.

To assess earthquake hazards, several studies were conducted in the north of Chile past years.

Among the different approaches followed, seismic microzoning emerged as an effective strategy

to assess the eventual impact of earthquakes, and for predicting seismic susceptibility within a city.

Seismic microzoning provides information regarding the soil conditions in specific areas with-

in a city that may be more or less prone to site effects during an earthquake. Nonetheless, there

are several ways to perform this microzoning. One of the mostcommon approaches if the use of

surface wave based methods (SWM) to estimate dynamic soil properties in representative sites.

This has been applied in many cities and proven to be reliableto assess site effects (Leyton et al.,

2010, Tuladhar et al., 2004, Scott et al., 2006, Chavez-Garcia and Cuenca, 1998), it is also low-

cost and easy to carry out. In this investigation, microtremor recordings will be used to estimate

surface wave dispersive characteristics and generate 1-D profiles of dynamic soil properties along

3 cities, Arica, Iquique and Alto Hospicio, located in the North of Chile, aiming to find areas that

are susceptible to site effects. Adittionally, with the purpose of constructing a 3D model from the

collected data, a series of strong motion indicators were generated numerically.
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FIGURE 1.1: (a) Seismic context of Northern Chile. To the left, historical records show the
seismic gap of 136 years that had affected this zone between 1877 and 2014. The image to
the right illustrates the seismic coupling of over 75 % in theorange area and a comparison
between the moment deficit accumulated since 1877 and the seismic moment released for
the April 1st2014 event. The rupture area of the earthquake is marked in a blue line, ob-
tained from the USGS Earthquake Data Report. Modified from Scholz and Campos (2012)
and Chlieh et al. (2011).

In this regard, the government’s funded project FONDEF + ANDES D10I1027 is developing

a platform of seismic hazard for the north of Chile. The historic seismic gap that exists in this part

of the country is large and the seismic risk in the zone is considered very high. In this respect,

Arica, Iquique and Alto Hospicio, three of the main cities inthe north, account for 79 % of the

population in their regions, turning them into the focus of the following research.

In summary, this investigation will focus on the seismic characterization of the foundation

soils in the cities of Arica and Iquique, the objectives can be enumerated as:

1. Applying geophysical surface wave based techniques to evaluate geotechnical dynamical

properties of the sites in urban areas in order to identify zones more prone to site effects.

2. Evaluation of the microzoning reliability regarding theobserved site effects of the A01-

2014 earthquake.
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3. Comparison between a standard 1D (horizontally layered)and 3D wave propagation mod-

els on homogeneous media, based on measured soils elastic properties.

In the following sections a brief description of the geological setting in the Northern Chile will

be carried out to contextualize the problem. Subsequently,the theoretical framework used to de-

termine a proper site characterization will follow, mainlyfocused on geophysical surveys. After-

wards, the next chapter will outline the fieldwork performedin each city. The chapter Microzoning

will focus on the interpretation of the results and the construction of maps with the focus on the

zones most prone to ground motion amplification. With the available information a zone of study

will be chosen in the next chapter, and it will be used to perform a 3D wave propagation model

in order to numerically estimate site effects. The final chapter will provide the conclusions of the

investigation and the work ahead.
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2. GEOLOGICAL SETTING

Chile is a country situated on the subduction zone of the Nazca plate under the South Amer-

ican plate, making it a zone exposed to high seismic activity. This contact extends along the west

coast down to the Taitao peninsula, it has a convergence rateof 6.6 centimeters per year (Kendrick

et al., 2003), which is the main reason of the seismic activity that affects the region, producing

earthquakes with a magnitude Mw over 8 and mean rupture length of 400 km within this 3500km

subduction boundary. These events happen with a recurrenceof 10 to 15 years.

2.1. Geomorphology of Arica and Iquique

Arica and Iquique are two major provinces in the north of Chile. They include the cities of

Arica, Iquique and Alto Hospicio. Together, they account for a population of over 350.000 inhab-

itants, which makes them three of the most important urban zones in the North, hence the interest

of this research. They are located in the coast, to the west ofthe Chilean Coastal Range, which

ends in the southern urban limit of Arica (Figure 2.1). Following sections will detail the surface

geology of each city, in order to have a better understandingof the of the soil and bedrock setting,

and at the same time be able to compare the consistency of the investigation.

2.1.1. Arica

Arica is a city located on the coastal plain west of the CostalRange, conformed to a great ex-

tent by the San Jose’s river delta. The city is situated abovea sedimentary basin that extends from

El Morro Hill to the El Lluta’s alluvial fan. The basement is composed of Jurassic and Paleogene

formations of volcano-sedimentary rocks (Maldonado, 2014). This author constructed a map of the

surface geology in the city of Arica (Figure 2.2a), where it can be identified the different lithologi-

cal units in the zone, consisting mainly of sedimentary and residual soil from the hills surrounding

the city and the deposition of the rivers. It is also important to note the presence of artificial land-

fills near the port of Arica, west of El Morro hill. Figure 2.2ashows the main Quaternary and

Neogene deposits recognized in the zone, although 11 of themare described, they can be grouped

into 3 main deposit types that shape the geomorphology of thecity. To the south, the city is limited
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FIGURE 2.1: Major geographical units surrounding Arica and Iquique. The Chilean Coastal
Range borders both cities towards the coast. To the east, theIntermediate Depression is the
valley between the Coastal Range and the Andes Mountains that can be found further to
the east. Past the Andes, the Andean Plateau is located in Bolivian territory. Modified from
Garcı́a et al. (2004).

by the debris of the El Morro and La Cruz hills. The alluvial fan of San Jose’s river is located

north of the named hills. To the north-east, there is a composition of the debris from the El Chuño

hill. And the northern area is characterized by eolian and marine deposits. The geographical and

climatic conditions of the zone have formed a sedimentary basin throughout the years, constituted

by fluvial depositions, debris and the continuous sea transgressions and regressions (David, 2013).

The topography is fairly regular, except in the south where the hills El Morro y La Cruz raise up

to 140 meters above sea level.
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(A) Arica

(B) Legend

(C) Iquique

FIGURE 2.2: Geology maps of (a) Arica and (c) Iquique. The black dotted lines indicate
urban extensions, while the red ones denote fault lines. Simplified from Marquardt et al.
(2008), Maldonado (2014). 6



2.1.2. Iquique and Alto Hospicio

Unlike Arica, Iquique’s geology is very heterogeneous. Thecity of Iquique comprehends the

urban areas of Alto Hospicio and Iquique, both of them are located within the Atacama fault sys-

tem, considered one of the oldest and largest fault systems in the country. This places Iquique

in a zone crossed by several faults. The main ones that cut theurban area are the ZOFRI Fault,

Cavancha Fault and Molle Fault, which can be noticed in Figure 2.2c. Most of the faults have a

predominant E-W strike and a dip of about 60◦S, except for the Molle Fault, with a dip of 30◦N

(Marquardt et al., 2008).

The city is characterized by the presence of Cenozoic sediments and overlying a medium to

upper Jurassic igneous basement, composed of intrusive andpyroclastic rock. Figure 2.2c shows

the main units inside the city. North of the ZOFRI Fault, marine deposits predominate in the area

with a relatively shallow depth to bedrock. To the south, thetown center is characterized by out-

crops with a random distribution of thin layers of marine deposits. Furthermore, the Cavancha

fault trace shows a clear separation between the different units. Towards the south of the city there

is mostly eolian deposits from El Dragon hill intercalated with marine deposits. By the southern

urban limit and near the Molle Fault, mostly marine depositshave been identified.

Alto Hospicio is located to the south-east of Iquique, abovethe great escarpment limiting the

Coastal Range, at about 550 meters above sea level. The city’s geology is defined by the presence

of gravels consolidated with halite, commonly known as rocksalt Marquardt et al. (2008). Several

fault lines have been identified along the city but have not been properly defined, except for El

Molle fault that is continuous from the coast.
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3. SEISMIC CHARACTERIZATION OF A SITE

There are several techniques to evaluate the geotechnical dynamic properties of soils. Geotech-

nical in situ seismic active testing relies upon dynamic sources created from either an impulsive

or harmonic source (Zywicki, 1999). These active experiments could be combined with ambient

noise-based techniques to reach deeper layers. For the purpose of this investigation, an approach

involving mainly the analysis of seismic surface waves shall be used.

3.1. Seismic waves

Seismic waves are generated by perturbations in the earth’scrust and propagate along the crust

all the way to the surface through elastic media. There are two main categories; body waves and

surface waves.

1. Body waves: this type of waves propagates through the interior of a body, there are two

kinds of body waves: P or compressional waves, which propagation direction coincides

with the particle movement, and S or shear wave, which propagation direction is perpen-

dicular to the particle movement.

2. Surface waves: these waves are the product of the interaction between body waves and

the earth’s surface, their main feature is that they propagate along the earth’s surface and

between the layers near the surface, and they are slower thanbody waves. These waves can

be separated in two main classes: Love and Rayleigh. The former are produced through

the perpendicular movement between the particle motion andthe propagation direction,

while in the latter, the particle motion follows an elliptictrajectory, and can be induced by

a vertical source in the surface (impulsive or harmonic).

Figure 3.1 illustrates the particle motion of the main seismic waves previously described. For

geotechnical purposes, the shear wave velocity profile in depth is a key parameter for evaluating

dynamic response characteristics of a site (Tokimatsu, 1997). Generally, in-situ direct tests to eval-

uate shear wave velocities require boreholes and hence theycan be inconvenient in terms of cost

and time. Nonetheless, during the past decades, non-invasive tests based on surface waves have

become very popular because they have proven to be reliable in characterizing site effects (Toki-

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

There exist two classes of tests based on surface wave methods, the first consists of an ac-

tive surface wave test, and uses an impulsive point source tocreate a seismic wave field, whileas

passive sources benefits of ambient noise propagating alongthe surface, such as traffic, ocean vi-

brations, and microtremors. The former allows to identify soil characteristics for a high frequency

range (usually between 10 to 40 Hz using a sledgehammer as controlled source), and the latter is

used for low frequencies (typically between 1 to 25 Hz). Considering these characteristics, Humire

(2013) proposed a combination of both kinds of tests in orderto obtain an accurate characteriza-

tion of the soil. With this combination, it is possible to identify the shallow wave velocity profile

of the soil using the standard refraction equipment with 4.5Hz geophones. Note that for this kind

of tests, several sensors are required to record the waves field.

Besides the shear wave velocity profile, Nakamura (1989) proposes a methodology based

on surface waves to determine the predominant period of the soil using a local three-component

measurement. In the following sections, a more detailed description about these methods will be

provided.
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3.2. F-K method

The spectral frequency-wavenumber method, or simply F-K (Kvaerna and Ringdahl, 1986,

Lacoss et al., 1969) is based on the identification of Rayleigh surface waves crossing the array so

it may be applied successfully on urban areas with high ambient noise (passive source), or with an

active source (Tokimatsu, 1997). To perform this test, a setof seismographs must be placed with

a known geometry, so that wave forms arriving in each sensor may be properly combined. This

will be called ’seismic array’ from now on. In this methodology, 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 assumes that the array of geophones

is crossed by a plane wave front with a frecuency F and a wavenumber K (Figure 3.2). The record-

ed signal in each geophone is formed by the combination of thewave front crossing the array and

by other ambient noise. Then, the signals are delayed according to the geometry. Incidence direc-

tions for the arrival times are assumed in which the wave front may coincide for all geophones,

so they can be combined. The response of the array is the stacking of the delayed signals of all

sensors (Figure 3.3).

A Fourier transformation allows to analyse the data in the F-K domain, so an energy spectrum

FIGURE 3.2: Plane wave front crossing a seismic array (Ohrnberger et al., 2012).
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may be constructed according to the studied waveforms. Based on the recognition of the peak val-

ues of this spectrum, it is possible to identify a dispersioncurve for each combination of frequency,

phase velocity and incidence direction. Usually, the information obtained from this methodology

is reliable for reasonably low frequencies (up to 15 Hz), however, this may vary depending on

the stiffness of the soil and the geometry of the array (maximum and minimum observable wave-

length). From the inversion of this curve, an estimation of a1D surface wave velocity profile may

be obtained in the more shallow layers of soil.

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

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

In order to do this, time windows were selected and analysed separately. An energy spectrum is

obtained for each one, where the energy concentration couldbe identified. The dispersion graph is

obtained by a normal adjustment to the results obtained in the different time windows (Figure 3.4).

One of the features of this approach is the F-K limits in whichthe array response is reli-

able (Wathelet, 2005a). These limits depend on the array configuration (size and geophones spac-

ing), which define the maximum wavelength in which the methodology is effective (Figure 3.5).

Generally, the F-K passive approach provides reliable dispersion curves that vary between 5 to 25

Hz depending on the soil stiffness and its corresponding wavelength, that permits to explore larger
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FIGURE 3.4: Example of an f-k analysis over one time window (left) ata frequency of 15
Hz for the computation of the dispersion curve (right) (Humire, 2013).

(A) (B)

FIGURE 3.5: Response function for a circular array with a radius of 9.56 meters. The first
image (a) shows the response function with a global peak in the center, and other local
peaks. Image (b) shows response functions for different azimuths (wave front incidence
direction), the central lobe denotes the capacity of the array to 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 its implementation. The analytic proce-

dure for the active source is analogue to the one previously explained, but the advantage is that the
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source’s position and direction of the wavefront is known. Nonetheless, the attenuation caused by

the wavefront must be taken into account because the source is relatively close, hence, a geomet-

rical attenuation factor is added to the process. Several expressions have been proposed for this

factor, the most common is1√
x

(Foti et al., 2000), wherex denotes the distance of each sensor to

the source.

After this factor is applied, it is possible to combine the contribution of all signals so that the

F-K spectrum for different wavenumber and frequency combinations may be calculated. The trans-

formation, known as slant stack, allows to decompose the incident field in plain waves to filtrate

the non-plain wavefront generated by the source, in order toobtain an accurate dispersion graph.

Note that, unlike the dispersion curve for the passive approach, the active approach is very efficient

for identifying a dispersion curve for higher frequencies (10 Hz or more).

Once the active data is ready to analyse, the waveform shouldlook like Figure 3.6. At least

FIGURE 3.6: Vertical motion of a typical record used for the active F-K approach, in this
case the shot is located at 10 meters from receiver R012.

three shots are carried out in every location to increase source to noise ratio. Generally these lo-

cations are 5, 10, 15 and 20 meters from the closest receiver.Hence, a total of 12 to 15 shots are

recorded. For each one, a dispersion graph is generated. Allof them are carefully analysed and

combined for a common source location (time and/or frequency stacking). Once a group of con-

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

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

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

the energy and frequency content delivered by the source. Note that the quality of this analysis is

FIGURE 3.7: Dispersion graphs for an active source at different shot locations. The pink
area represents the concentration of maximum energy of the array, and the black line is the
final dispersion curve selected from stacking the previous 5graphs.

highly related to the ambient noise, the stiffness of the soil underneath and the energy applied in

the shot, among others (Humire, 2013). Hence, it is important to treat 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 (Roadside MASW) is a methodology

derived from the common MASW method (Park et al., 1999). It allows the execution of passive
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surveys through the use of 1D linear arrays. Like the F-K method, the RoadSide MASW defines

a dispersion curve for each combination of frequency and phase velocity. One of the greatest

advantages of this method is the use of vehicular traffic as passive source (Park and Miller, 2008),

so it is very convenient for urban areas.

The solution of this method is very similar to the wellknown ReMi, or refraction microtremor

(Louie, 2001), however, the initial hypothesis have a significant difference. ReMi assumes that the

wavefront reaches the array with the same orientation as this one. So, the method interprets the

progress of the wavefront as the separation between sensorswhile the effective distance could be

different, which results in a higher phase velocity compared to the real one. RoadSide MASW

recognizes that the wavefront may cross the array from any direction.

Park and Miller (2008) uses three different approaches to evaluate the dispersive properties of

a site, based on the different directions the wavefront may take (Figure 3.8). For all three of them,

a dispersion curve is obtained and combined. According to the authors, higher phase velocities for

lower frequencies are obtained when the wavefront advancesin a perpendicular direction to the

1D array, reaching up to a 10 % difference in the velocity model.

The software SeisImager/SW, developed by GeometricsR©, has an implementation of this

analysis, and the dispersive curve obtained is generally consistent to the other analysis performed

(active and passive tests). Once the data has been fixed, the only parameters the software needs are

the frequency range in which the dispersion graph needs to becomputed. After this is configured,

the software computes the dispersion curve (Figure 3.9). Finally, the software allows to export this

curve in a format recognizable by other softwares, which makes this procedure very convenient.

3.3.1. Spatial Autocorrelation Method

The Spatial Autocorrelation Method, or SPAC, uses the theory developed by Aki (1957),

which relates the spatial and temporal correlation betweenseismic waves. The main hypothesis

associated to this methodology is that the wavefield generated by ambient noise is an stochastic

process, stationary in time and space, and it is composed mainly by Rayleigh surface waves. This

principle allows to obtain the dispersive properties through the calculation of a spatial autocorre-

lation coefficient.

The application of this method normally requires 2D arrays of geophones (often circular), but
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FIGURE 3.8: Different types of possible wave propagation employing a 1-D linear receiver
array parallel to a road (Park and Miller, 2008).

it has the advantage that it does not require so many geophones, like the F-K method, so it is pos-

sible to apply in large areas with fewer sensors.

The recorded signals can be reproduced by the spectral representation of a stochastic process

for a specific time and position, which defines a spatial autocorrelation function between 2 points

for a given time (Okada and Suto, 2003). Using Bessel’s functions, the inversion of the autocorre-

lation function allows to find the dispersive properties of the layers underneath the seismic array,

and hence construct a phase velocity profile for the site.

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

order to compute each autocorrelation curves (Figure 3.10). Once this is done, one autocorrelation
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FIGURE 3.9: Typical dispersion curve obtained through the RoadSide MASW analysis.
In this case it was possible to extract information between 5and 15 Hz. The theoretical
exploration limits are displayed in black lines.

curve per ring is computed, and a dispersion graph is obtained from the combination of the former.

A range of frequencies is selected based on the wavelength limits admitted by the array and the

dispersive characteristics of the graph.

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

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

to the F-K analysis with the same data and (2) its versatilityin the use of 1-D (Chávez-Garcı́a
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et al., 2006) and 2-D arrays. Nonetheless, the use on 1-D arrays is a bit more difficult because the

dispersion curve is less accurate and requires a trained eye(Humire, 2013). In the present study,

only 60 % of cases analysed by SPAC 1-D were successful, the rest would not compute consistent

curves, and in many cases it tended to overestimate phase velocities.

3.3.2. H/V Spectral ratio

The previous described methods use multiple sensors to describe the dispersive properties of

a site. The H/V Spectral Ratio (HVSR), however, only needs one triaxial sensor. This analysis

was developed by Nakamura (1989), which compares the Fourier Spectrum of the horizontal and

vertical components of the microtremor record at the surface. This method has been widely used

in the past years and it allows to obtain the predominant frequency of a site,F0.

The first hypothesis (Nakamura, 1989) is that microtremors are mainly associated to Rayleigh

waves, and the site effect amplification is due to the presence of a soft soil layer overlying a half-

space (Chavez-Garcia, F. J.; Lermo, 1993). We may obtain from this hypothesis four components

of ground movement, vertical and horizontal movement of thehalf-space, and vertical and hori-

zontal movement in the surface. The amplitude effect of the source may be estimated as the ratio

between the amplitude spectrums of the vertical component of motion in the surface(VS) and the

half-space(VB).

AS =
VS

VB

(3.1)

Another parameter of interest is the ratio between the amplitude spectrums of the horizontal

component of motion in the surfaceHS and the half-spaceHB.

SE =
HS

HB

(3.2)

Both parameters may be combined to compute a modified site effect function,SM , as

SM =
SE

AS

(3.3)

18



if the ratio Hb

Vb

is equal to unity (considering ambient vibrations in the bedrock do not have a

predominant direction of propagation). According to this hypothesis, the site effect function, may

be approximated as

SM =
HS

VS

(3.4)

When the signals are recorded, this function is evaluated inmany different time windows for

such record, obtaining many spectral ratios that are then compared between each other and aver-

aged.

Several authors (Chavez-Garcia, F. J.; Lermo, 1993, Tokimatsu, 1997, Bonnefoy-Claudet et al.,

2009) have proved the correlation between the predominant frequency of a site and the peak of the

HVSR. The amplitude of the HVSR is related to the contrast of impedances between the different

materials, but it has not been fully understood (Pilz et al.,2010). 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 interpretations. Bonnefoy-Claudet (2009) shows that

flat H/V curves or with a low amplitude in its peak are related to sites with lower impedance con-

trast, while as broad H/V peaks might indicate the presence of a dipping underground interface

between softer and harder layers, which is associated to significant 2D-3D effects. Another impor-

tant interpretation of this ratio is that flat curves, where it is not possible to identify the peak of the

H/V curve, is typical in rigid soils such as gravel deposits (Leyton et al., 2010).

This ratio may also provide significant information about the depth of the bedrock in a site.

Following SESAME guidelines (Bard et al., 2004), if the 1D surface wave velocity profile is

known, the depth to the bedrock may be estimated as

H =
VS

4F0

(3.5)

whereVS is the averaged 1-D shear wave velocity profile,F0 is the predominant frequency

obtained by the HVSR, andH is the estimation of the depth to the bedrock.

A typical record of a triaxial geophone used for H/V analysisis shown in Figure 3.11. The

software used to process this data is a script developed by Leyton (2010), one of the features of
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this script is the selection of variable time windows. In thefirst place, time windows are selected

so that there is major amount of free vibrations caused by artificial perturbations that may alter

the estimation of the fundamental frequency. Then, the restof the time windows are selected and

analysed as explained previously.

A continuous Fourier transformation is then applied to see the results in the frequency do-

FIGURE 3.11: Record of the velocities in the 3 components registered by a Tromino, North-
South, East-West, and Vertical motion.

main, and be able to visualize the peaks and evaluate the predominant 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 Figure 3.12 will not be so clear. In

this investigation, evaluation of the reliability of the curves will follow SESAME Guidelines (Bard

et al., 2004).

In each site, at least three recordings of 20 minutes each were carried out with the triaxial geo-

phone, and one result out of them is selected for each site to characterize 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) shows the results of
the averaged standard deviation of the H/V Spectral Ratio ineach window, indicating the
amplitude that the associated fundamental frequency reaches in its peak. The second image
(center) is the statistic median of the spectrum, grouping the windows that have a similar
frequency and eliminating those that are too far away from the average. Finally, the third
image (top) indicates frequency associated to the previous2 graphs 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 through thecombination of the methodolo-

gies. The number of performed analyses is shown in table 3.1.As may be seen, the numbers of each

type of analysis is very varied, this is due to the quality of the results of each procedure, in other

words, in many cases the dispersive characteristics obtained from the analysis were very scattered

and a proper dispersion curve could not be obtained. Anotherimportant reason is the space restric-

tions during field work, particularly, in Iquique it was veryhard 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 processed through 3 softwares: the open source

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

Arica Iquique Alto Hospicio

Linear SPAC 23 35 3

Circular SPAC 21 12 2

Active F-K 45 52 5

Passive F-K (2D) 32 14 3

MASW RoadSide 30 48 4

Geopsy, which is able to perform SPAC and active/passive F-Kanalysis. The commercial software

SeisImager/SWR©, able to perform MASW RoadSide analyses, and a script developed by Leyton

(2010) to carry out the HVSR. Once all the results are obtained, they are combinated to obtain a

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

FIGURE 3.13: Flowchart of the procedure followed to obtain a final S wave velocity profile.

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

All of the dispersion curves that have been obtained throughthe varied methodologies can be

incorporated in the software Geopsy to construct a broad curve that will extend its range from low

to high frequencies. It is important to note that this range may vary based on the type of soil, the
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arrays used and the quality of the acquired data, but generally, a combined curve should have a

range between 4.5 and 45 Hz, as geophones of natural frequency of 4.5 Hz were used in this study,

dispersive data below this value is not reliable. For very rigid soils (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 3.14, which shows the union of curves

of a circular SPAC, a circular passive F-K analysis, a MASW Roadside and a linear active F-K

analysis. It may be noticed that the union between these curves is almost continuous, this trend is

evident in most cases and it has proven to be effective by Humire (2013). In several cases, a limited

combination of analyses is used, not including all the available dispersion curves because of the

lack of information from one or more tests, as it is evident inTable 3.1.

Once a final dispersion curve has been obtained, an inversionprocess is executed through

the neighbourhood algorithm (Wathelet, 2008), implemented in Geopsy. It allows to compute a

1-D horizontally layered profile of the soil, which elastic properties are adjusted to its dispersive

characteristics. The adjusment of this model is measured through a misfit, computed by Geopsy as

shows Equation 3.6:

Misfit =

√

√

√

√

nF
∑

i=1

(xr,i − xc,i)

σinF

(3.6)

wherenF denotes the total number of sampling frequencies for the dispersion curve,xr,i the value

of the phase velocity in that point,σi the standard deviation in that point calculated by Geopsy, and

xc,i the value of the phase velocity of the adjusted model. Generally, a misfit below 0.2 is taken

as an acceptable model, however, this may vary and a visual inspection of the adjusted dispersion

curve is necessary in order to accept or reject an inversion.

A typical inversion model with its adjusted dispersion curve is shown in Figure 3.15. Note that

when a SPAC analysis is included in the inversion model, the autocorrelation curve is directly used

to perform the inversion. The case in Figure 3.15 has a misfit of 0.035, and the adjusted curve is

very close to the one calculated by the methodologies previously explained.

This process was carried out in all 102 sites, and a 1-D surface wave velocity profile was

obtained for each. Besides this profile, at least 3 HVSR measurements were performed in each site

in order to get its predominant frequencyF0, 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. From left to right: in green
the curve obtained from the autocorrelation coefficients, then in orange the dispersion curve
obtained through the MASW RoadSide method implemented in SeisImager. In the middle
the dispersion curve of a passive circular F-K method, and tothe right, the dispersion curve
obtained from an active linear test, analysed also through the F-K methodology.

complete representation of the explored site.

3.6. Limitations of surface wave methods

The limitations associated to the methodologies previously explained must be taken into ac-

count when the interpretation of the results is performed. They are related to the hypothesis of the

assumed model, and may be enumerated as follows:
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(A) Adjusted dispersion curve (B) Shear wave velocity profile

(C)

FIGURE 3.15: Inversion process carried out from the experimental data, the figures show all
the possible combinations of proposed dispersion curves (a) and shear wave velocity profile
(b), based on the adjustment value to the previously obtained dispersion curve. Usually a
misfit that is considered acceptable should be below 0.2.

1. The inversion methodology assumes that the layers underneath the seismic array are par-

allel and horizontal. This must be treated carefully when the surveys are performed near

hills or with a complex topography.

2. The dynamic characterization of soils through this method is performed assuming small

strains, that means, keeping the elastic range of the material. For higher strains, the soil’s

behaviour stops being linear and the shear modulus is reduced, a feature that is not able to

be analysed or discriminated with these methodologies.

3. The range of frequencies in which each method provides reliable information is limited

in each case, therefore limiting the exploration depth thatcan be assessed. Typically, the

resolution of the dispersion curve will decrease as the depth increases. The results of the
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current investigation indicate that the minimum wavenumber (kmin) or maximum wave-

length (λmax) that the array is able to record are:

π

Dmax

≤ kmin ≤ 2π

Dmax

or Dmax ≤ λmax ≤ 2Dmax

whereDmax denotes the maximum opening of the considered array. This result is in agree-

ment with the limits suggested by the Geopsy’s developers (Wathelet, 2005b).
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4. DATA ACQUISITION

4.1. Geophysical surveys

Two phases of fieldwork were designed in order to properly characterize the observed geo-

logical soil units of each city (Figure 2.2). First, using available satellite images a series of sites

were identified that would offer enough space to perform the tests. In each city, about 45 sites met

the requirements to perform geophysical surveys. Afterwards, fieldwork took place in Iquique and

Alto Hospicio during December 2012 and Arica during January2013. In all three cities, two types

of geophysical surveys were carried out for the seismic characterization of each site. The first one

consists of the use of a single MicromedR© Tromino three-component data-acquisition system, de-

signed for HVSR measurements Nakamura (1989). The second one is a GeometricsR© Geode-12

seismograph with 12 channels. Vertical sensors (geophones) with a natural frequency of 4.5 Hz

were used.

In every site three measurements were performed using the 12channel device. The first con-

sists of a linear array with an active source at different distances from the first geophone, with a

sampling rate of 0.125 ms and a recording duration of 2 seconds. The second also uses a linear

array, but records only ambient noise, and the third one usesa 2-D array (usually a circle) and

also records ambient vibrations, both use a sampling rate of16 ms and a recording duration of

16 minutes (because of the internal memory limitations of the device, four files of 4 minutes each

were recorded). The geometry of the arrays are restricted tothe wire spacing between geophone

connections (5 meters maximum) and the space restrictions of the site itself. Figure 4.1 shows the

largest array sizes for each survey.

For the active source, a 18 lb sledgehammer is used to induce the perturbation, at a distance

of 5 to 25 meters from the first geophone, this hammer has been shown effective for obtaining a

suitable dispersion curve in a range of 8 to 40 Hz (Humire, 2013). This may vary depending on the

stiffness of the soil, the ambient noise, the depth to bedrock and the arrays size.

Furthermore, at least three surveys were executed with the Tromino for HVSR computation in

every site. Each survey had a duration of 20 minutes, and a sampling rate of 7.8 ms (128 Hz).

Forty-five sites in Arica and forty-seven sites in Iquique were selected to perform geophysical
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(A) 2D (B) 1D

FIGURE 4.1: Geometry of the seismic arrays for its maximum size, circles (left) have a
maximum radius of 9.56 m, and lines (right) can be as long as 55meters.

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

space in the zone. Figure 4.2 shows the sites selected in bothcities.

(A) Arica (B) Iquique

FIGURE 4.2: Spatial distribution of the explored sites in Arica, Iquique and Alto Hospicio.
HVSR and Vs surveys are shown in yellow circles, while drilled boreholes are shown in red
stars.
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4.2. Boreholes

Additionally, seven boreholes were drilled to further investigate the physical properties of the

soil. They reached a maximum depth of 30 meters unless bedrock were found at shallower levels.

Figure 4.2 shows the location of the boreholes in each city.

Drilling samples were extracted every one meter, and they were sent to the Ministry of Public

Works Laboratories for performing a USCS soil classification. Unfortunately, no further tests were

carried out because the samples were heavily perturbed, dueto their transportation to the laborato-

ries in Santiago. Nonetheless, the information obtained from them was highly useful to determine

the main properties of the soils, the water table depth and the different layers of materials. The

location and the borehole logs may be depicted in Figures 4.3and 4.4.
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(A)

(B) AR S1 (C) AR S2 (D) AR S3

FIGURE 4.3: (a) Location of boreholes drilled in Arica. (b) to (d) Boreholes log.
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(A)

(B) IQ S1 (C) IQ S2 (D) IQ S4

(E) IQ S3

FIGURE 4.4: (a) Location of boreholes drilled in Iquique. (b) to (e)Boreholes log. Bore-
holesIQ S1 to IQ S3 were drilled during this investigation, whereasIQ S4 was provided
by a local consultant.

31



Furthermore, downhole tests were performed for comparisonpurposes with the shear wave

velocity profiles obtained from SWM. Figures 4.6 and 4.5 display the variations between each

profiles, it can be noted that both tests are generally well correlated at least for the more shallow

layers of soil. Of course, downhole tests were restricted tothe drilled depth in each borehole.

(A) IQ S2 (B) IQ S3

FIGURE 4.5: Comparison of shear wave velocity profiles between available downhole tests
and SWM surveys in Iquique.

(A) AR S1 (B) AR S2 (C) AR S3

FIGURE 4.6: Comparison of shear wave velocity profiles between available downhole tests
and SWM surveys in Arica.

32



5. MICROZONING

In the previous chapters, several methods for evaluating the dynamic properties of soils were

discussed. These properties permit to characterize 1D siteeffects using microtremor records (Chavez-

Garcia, F. J.; Lermo, 1994). All the results ofVs
30 andF0 may be found in Appendix A, the respec-

tive geophysical acquired data may be found in the electronic Appendix B. Based on these results,

the geology and the boreholes information, the scope is to interpret and regroup this information

into a map where it is possible to differentiate areas that may be more or less prone to site effects

during an earthquake.

Seismic microzoning consists on the urban division of areasthat may have a similar dynamic be-

haviour, in which it can be expected to find ground motion amplification at different scales. The

project FONDEF + ANDES D10I1027, funding this research, haspreviously proposed a prelim-

inary microzoning for Arica (Monetta, 2013) and for Iquiqueand Alto Hospicio (Podestá, 2013)

with a different set of data. The purpose of the current studyis to further improve the mentioned

maps and propose a final microzoning.

5.1. Arica

The results of the acquired data can be seen in Figures 5.1 and5.2. The first one displays

the fundamental frequencies of Arica, with a size relative to the amplitudeA0 and the color rep-

resenting the predominant frequencies,F0. Note that in each site three HVSR recordings were

performed, but only one is shown in the map. Such selection was based on the best fitting curve to

the SESAME guidelines (Bard et al., 2004).

Furthermore, Figure 5.2 depicts the value ofVs
30 for each site, the interval classification as-

signed for this parameter is based on the current Chilean guidelines (DS61, 2011), that denotes

Vs
30 as a primary parameter to evaluate the dynamic stiffness of asite, and it is calculated as the

harmonic average of the S-wave velocity in the first 30 metersof depth;

Vs
30 =

∑n

i=1
hi

∑n

i=1

hi

Vsi

(5.1)
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Wherehi is the height of each layer and its corresponding shear wave velocityVsi. This doc-

ument classifies the soil with 2 parameters,Vs
30 and qu, Su or N1, the former value being the

unconfined compressive strength of the sample on its undrained shear resistence and the latter is

the standard penetration index. Since this data is not available for every site (because of the cost

associated to determine such parameters), onlyVs
30 will be used. In order to avoid confusions,

lower case letters were used instead of capitals. Figure 5.2illustrates the values ofVs
30 and the

intervals used.

FIGURE 5.1: Map with the computedF0 through HVSR technique in Arica, the size of
the circles represents the amplitude of the result, and the colorbar denotes the fundamental
frequencies of each site.
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FIGURE 5.2: Map with the computedVs
30 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 the city where the soil dynamic proper-

ties are similar, in order to relate them to seismic soil classes and define zones that could be prone

to site effects during an earthquake. The interpretation ofthe results 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 Morro raises as a steep hill of 140 meters

height, with an andesitic composition from the Camaraca formation (Figure 2.2a). Typical results

in this area are shown in Figure 5.3. It may be seen in the figurethe presence of very high values
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of Vs
30 all of them above 900 m/s, and a frequency range between 1.83 and 3.95 Hz, with high

amplitudes, indicating the high impedance contrast between materials. These results are consistent

with the geology in the region and reveal the predominance ofbedrock in the zone.

In the border of the hill, at sea level, tests were performed and low velocities with high

FIGURE 5.3: Values ofVs
30 andF0 near El Morro. Typical results ofVs profiles and HVSR

computations are shown for the area marked in orange.

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

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

5.1.2. San Jose alluvial fan

In the ravine between El Morro and El Chuño Hills the San Joseriver is situated. This river is

one of the main actors in the construction of this sedimentary basin, since its fluvial deposits cover

great part of the city. In this area, the frequencies range between 0.83 and 2.02 with low amplitudes

around the river, which denotes no sign of shallow bedrock and a rigid layer of soil. The velocities
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range between 350 and 480 m/s towards the coast. To the east, they increase, reaching values of

Vs
30 up to 575 m/s, as Figure 5.4 illustrates.

One borehole was conducted in this area(ARS2). It was drilled near the coast, and it reveals

FIGURE 5.4: Values ofVs
30 andF0 located near the alluvial fan of the San Jose river.

Typical results ofVs profiles and HVSR computations are shown for the area marked in
orange.

the presence of coarse to medium rounded gravels, in a matrixof clayey silt, it reached a depth of

35 meters without reaching bedrock. Tests performed on the samples classified the soil as a mix of

clay, silt and medium gravel down to 25 meters. Most of the samples were classified as SM (silty

sand) and SC (clayey sand).

5.1.3. El Chũno Hill

Towards the north-east section of the delta, near el Chuño hill, the frequencies range between

1.47 and 2.4 Hz, whereas velocities raise up to 575 m/s, indicating the presence of a more rigid

soil.

The borehole(ARS3) drilled in this section exhibits layers of a stratified mixture of sand and

coarse gravel, reaching a depth of 30 meters with no sign of bedrock. In this area, a combination

of the San Jose’s alluvial fan and colluvium-covered slopesfrom the El Chuño hill probably exist,
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explaining the higher density of the soil compared to areas closer to the river.

In this zone, it is expected that geometrical anomalies are present because of the slope of the

FIGURE 5.5: Values ofVs
30 andF0 in the outskirts of the El Chuño Hill. Typical results of

Vs profiles and HVSR computations are shown for the area marked in orange.

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

5.1.4. Northern Side

In the north of the city a residential zone is placed, occupying the whole coastal plain up to

the Chuño hill. In this area, the frequency range is fairly homogeneous, fluctuating between 1.2

and 1.6 Hz, with a maximum amplitude of 7.5. The value ofVs
30 varies between 326 and 565 m/s,

but the majority of the studied sites in the zone are close to 400 m/s. The marked area and typical

results are illustrated in Figure 5.6.

It is important to note that several HVSR computations in this zone display two peaks, hence,

a detailed study of the velocity profile combined with the HVSR results must be carried out, to

find which of the peaks represent the predominant mode of the 1-D soil profile.

The borehole drilled in the area shows the predominance of dense sands, down to 30 meters

deep. It was not possible to identify the depth of the bedrockwith this borehole. Tests performed

in all the obtained samples classified the soil as a silty sand(SM).
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FIGURE 5.6: Values ofVs
30 andF0 in the northern suburbs of Arica. Typical results ofVs

profiles and HVSR computations are shown for the area marked in orange.

The results are consistent with the geology, that suggests the main actors of this formation are

eolian deposition and sea transgressions and regressions,combined with colluvium-covered slopes

from the El Chuño hill, which implies the presence of sand and not gravels from the San Jose’s

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

5.1.5. Urban Northern Limit

In the northern limit of Arica relative low velocities are detected, with aVs
30 varying between

381 and 481 m/s. Nevertheless, frequencies are more heterogeneous, with a wide range of ampli-

tudes (Figure 5.7).

No boreholes were drilled in this area and velocity profiles were not able to reach the bedrock.

As geology shows, in this area the existence of El Lluta’s alluvial fan and the presence of diatomite

deposits may incide in the soil conditions in the area, making this region slightly different to the

south.
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FIGURE 5.7: Values ofVs
30 andF0 towards the northern limit of Arica. Typical results of

Vs profiles and HVSR computations are shown for the area marked in orange.

5.1.6. Microzoning Definition

Once the main units have been identified, a map differentiating the areas previously described

is constructed. A preliminary seismic microzonation was already performed by Monetta (2013)

through geology background and geophysical surveys. Figure 5.8 displays the different areas de-

fined by this author. As it can be seen, the delimitation of theareas is fairly similar to the ones

described in this research. An improvement to the existing map 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 Monetta (2013).

Essentially, one of the main modifications would be to extendthe area near El Chuño hill, since

according to the HVSR results this zone seems to be larger towards the west and north. Another

area of interest is north of Arica where anomalies in terms ofHVSR are noticed, nonetheless, this

is noticeable a bit more to the north than the delimitation defined by Monetta. Also, the peninsula

west of the El Morro hill is now defined by the same unit as the hill, the evidence of bedrock in

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

Another significant modification is the elimination of the zone denoted as ”beach”, since this

is not a proper definition of a dynamic site characteristics and its composition should be the same

as to the east. Finally, most of the limits are redefined in order to follow streets or milestones

within the urban area, while maintaining the consistence ofthe maps. Figure 5.9 illustrates the

new identified zones with their description, the colors werechosen in order to visualize the areas

more prone to exhibit site effects in red colors. As it can be seen, the north area of Arica is the one

most susceptible to be affected by soil amplification, because of 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 indicate the susceptibility of
soil amplification in the area, from green denoting no or low amplification, yellow is medi-
um site-effects and red indicating high expected site effects. The blue represents artificial
landfills, where a more detailed study should be performed.

5.2. Iquique

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

same way as Arica,F0 is classified by color and size based on its value and amplitude, respectively,
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TABLE 5.1: Detailing of the zones delimited by Figure 5.9.

Color Zone Avg.Vs
30 [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 [2.12− 8.85] Foot of the hill composed of
alluvial deposits. Bedrock is
located between 5 to 20
meters deep.

II 462± 65 [0.92− 1.97] Fluvial deposits, consisting
of rounded coarse gravel in a
matrix of sand and silt,
bedrock at deep levels.

III 530± 89 [1.3− 2.4] Foot of el Chuño Hill,
mixture of river deposits and
gravels from the hill, bedrock
at deep levels.

IV-A 409± 55 [0.91− 1.6] Marine deposits, composed
of mostly fine sand. Bedrock
at deep levels.

IV-B 423± 38 [1.07− 5.43] Mixture of marine deposits
and diatomite, bedrock at
deep levels.

V − − Artificial landfill from the
port of Arica.

while Vs
30 is categorized according to the Chilean seismic guidelines. Following sections will

describe each recognizable zone in detail. Figure 5.10 includes some data collected during a post-

even survey performed after IquiqueMw = 8.2 earthquake, while Figure 5.11 includes additional

surveys performed in the port of Iquique on the framework of the SATREPS-Chile project.
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FIGURE 5.10: Map with the computedF0 through HVSR technique in Iquique, the size of
the circles represents the amplitude of the result, and the colorbar denotes the fundamental
frequencies of each site.
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FIGURE 5.11: Map with the computed Vs30 in each site of study in Iquique. The classifi-
cation is based on the DS 61.

5.2.1. ZOFRI Area

This area is situated north of the ZOFRI fault, displayed in adotted blue line in Figure 5.12. It

is characterized for being an industrial zone with a lot of commerce and warehouses. The geology

identifies 2 lithological units, and hence this zone is differentiated between the east and west. The

west side has lower velocities (Vs30 ≈ 460m/s) and a wide predominant frequency range, between

1.35 and 4.1 Hz. Also, no sign of bedrock is recognized in the velocity profiles. Nonetheless,

towards the east the velocities increase whileF0 remains high. The velocity profiles indicate the

location of bedrock at 25 meters approximately. The slope ofthe hill east of the zone may have

46



significant effects on the results in the east part, so the information must be treated with caution.

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

FIGURE 5.12: Values ofVs
30 andF0 towards the northern limit of Iquique (ZOFRI). The

dotted blue line denotes the ZOFRI fault, while the orange line marks the referenced area
of study

5.2.2. Town Center

The center of the city shows high velocities in general, but avery heterogeneous behaviour

in terms ofF0 and hence it is important to analyse it altogether with the geology in the area, as

shows Figure 5.13. The figure illustrate the valuesF0, Vs
30, the location of the 3 boreholes drilled

in the city, and the main geological units. The geology in thearea shows 2 main units, the blue one

denotes shallow bedrock, composed by a volcanic rock of El Barranco Formation and the yellow
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FIGURE 5.13: Values ofVs
30 andF0 in the town center of Iquique. Typical results are

shown for the red marked area and the orange marked area. The dotted blue lines represent
the existing faults, in this case, the Cavancha fault.

unit consists of marine deposits. The figure divides the center in 2 areas, based on the significant

difference indicated by the frequency range. The red markedarea is characterized by very high

frequencies, all of them above 9 Hz, whileas the orange one has low frequencies, ranging between

0.27 to 4.72 Hz. The velocities all along the area are quite high, indicating bedrock at a very

shallow depth.

All the boreholes were drilled around the center of the city,as Figure 5.13 indicates. The main

characteristics of the boreholes are the following:
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1. IQS1: Fine sand is found until a depth of 14 meters, then a shallow layer of silty sand

appears between 14 and 16 meters deep, until bedrock is reached.

2. IQS2: The presence of fine sand predominates until reaching bedrock at a depth of 5.7

meters.

3. IQS3: Rock is found at 0.5 meters deep, the first 50 centimetres aremainly characterized

by sand and gravel.

This data confirms the predominance of bedrock in the zone, but it is important to indicate the

shallow layer of sand that is found in some places. The results of the geophysical surveys and the

boreholes are consistent with the available geology maps defined, except for the area towards the

coast, where HVSR shows mainly very stiff sites, while the geology 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 dominates the topography of the

zone, which tends to be steep as it gets closer to the east. Thevalues ofVs
30 are considerably low

compared to the center town area, ranging between 320 and 470m/s, while the values ofF0 have a

slight variation from east to west. In the east area, they areof about 2.5 Hz, while to the west they

tend to be higher, reaching frequencies as high as 4.52 Hz. Noboreholes were drilled in this area,

but geophysical surveys show no sign of bedrock in the first 30meters.

The geology of this area is characterized by eolian deposits, which is consistent with the low

velocities computed on the upper part of the explored sites,typical of a loose sand. Below 5 meters

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

5.2.4. Southern limit

The southern limit is characterized by higher S-wave velocities, fluctuating between 564 and

672 m/s, and a varied range of frequencies with different amplitudes, as it can be seen in Figure

5.15. Also the Molle fault goes across the area, which could translate into geometrical anomalies

that may perturb the information of the geophysical surveys, specially the HVSR results. This area

is considerably more rigid than the previous one. The geological map indicates the pressence of
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FIGURE 5.14: Values ofVs
30 andF0 in the southern residential area of Iquique, near the

Dragon hill.

alluvial deposits, consisting of gravels, sand and silt, which are in agreement with the higherVs
30

found in the zone.

50



FIGURE 5.15: Map with the computed results in the southern limit of Iquique.

5.2.5. Port of Iquique

In the port of Iquique, there are significant differences in the acquired data (Figure 5.16).

Towards the north side, relatively low velocities are foundwith a frequency range between 2.42 and

5.74 Hz. The shear wave velocity profile indicates bedrock ata depth of 10 meters approximately,

whereas the geology defines this area as artificial landfill. Towards the south, the velocities increase

notably, and frequencies reach values as high as 9.79 Hz. This part 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 east,the results are fairly homoge-

neous. Generally large velocities are detected, but only ina few cases a predominant frequency

was identified at around 1.2 Hz. Note that in the majority of the HVSR computations the spectrum

is mainly plain or with low amplitudes, which is a sign of the low 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, hence, it can be deduced that the predominant

soils in this city are mainly stiff.
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FIGURE 5.17: Map with the computed results in Alto Hospicio.

5.2.7. Microzoning Definition

The preliminary map proposed by Podestá (2013) can be seen in Figure 5.18. The situation

is fairly consistent to the obtained results from this research. Nevertheless, there are some aspects

that can be revised in the delimitation of the center of Iquique, based on the geological background

of the city. Geology defines a sedimentary deposit to the westof the center, however, this was

not identified by either the HVSR technique or the S-wave velocity profiles. Instead, the results

show bedrock at 3 or 4 meters deep. Hence, this area will be defined as bedrock. One modification

proposed to the map of Podestá is the extension of the southern area of bedrock (Figure 5.13),

considering the high value of theVs
30 in the site IQ17 and a predominant frequency consistent to

the others in the same area.

Another zone of interest is the border of the Dragon Hill, on the south of the city. Podestá (2013)
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defines a thick fringe bordering the hill, however, the results of this research suggests a thinner

perimeter, defined by the results of the HVSR technique and the geology of the zone.

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

FIGURE 5.18: Preliminary microzonation performed by Podestá (2013).

city, while keeping the consistence of the results, for a better visualization of the areas and def-

inition for public use. Consequently, a final microzonationis proposed in Figure 5.19, with the

proposed modifications.

5.3. Microzoning Discussion

The previous sections displayed the subdivision of zones inthe cities of Arica, Iquique and

Alto Hospicio according to their susceptibility to site-effects. 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 III-A andIII-B in Table 5.2. This

case is interesting because zone III-B has a higherVs
30 and high amplitudes, suggesting

the presence of bedrock at a moderate depth. However, it is classified as more prone to
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FIGURE 5.19: Proposed microzonation of Iquique. The colors indicate the susceptibility
of motion amplification in the area, from green denoting no orlow amplification, yellow is
medium expected site effect and red indicating high susceptibility to site effects. The peak
ground accelerations (PGA) of the A01-2014 event are also displayed.

site effects because the layer overlying the bedrock has lower shear wave velocities in

average than zone III-A, and the steep slope characterizingthis zone makes this area more

susceptible to landslides and topographic effects due to focusing and/or scattering effects

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

Color Zone Avg.Vs
30 [m/s] Freq. range [Hz] Description

Iquique

I-A 872± 183 [0.22− 1.77] Andesite outcrop.

I-B 768± 166 [3.46− 10.22] Marine and eolian deposits,
bedrock located at 5 to 15
meters deep.

II-A 577± 86 [1.7− 5.15] Colluvial deposits, bedrock
located at 5 to 15 meters
deep.

II-B 709± 108 [1.13− 1.45] Gravels from Alto Hospicio,
stiff layer of gravels of about
15 meters until bedrock.

III-A 461± 50 [1.2− 7.6] Marine deposits, bedrock at
deep levels.

III-B 612± 35 [3.25− 4.1] Eolian and marine deposits,
bedrock is located about 25
meters deep.

IV-A 403± 38 [3.03− 4.68] Eolian deposits of over 30
meters deep.

IV-B 379± 48 [1.83− 2.86] Eolian and alluvial deposits
from El Dragon hill,
consisting mostly of fine
sand, bedrock at deep levels.

V-A 762± 205 [6.84− 16.85] Andesite outcrop in the port
of Iquique.

V-B 393± 78 [2.46− 5.74] Artificial landfill from the
port of Iquique.

sole use ofVs
30 may not always be descriptive enough regarding the site amplification of

a site.
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2. The southern area in Iquique, by El Dragón Hill, identified as IV-A and IV-B, composed

of a deep layer of sediments, since bedrock was not identifiedin any of the profiles, it is

possible that its depth surpasses the 50 meters. Hence, it would be interesting to further

analyse this zone in order to find the real thickness of the deposits in this area.

3. North of the port of Iquique, composed mainly of artificiallandfills of low compacity,

tagged as V-B (Figure 5.19). Since these fillings are probably saturated, dynamic com-

paction or even liquefaction could take place for major events in this area.

4. North of Arica is identified in Table 5.1 as the zones IV-A and IV-B. Note that zone IV-B

contains a wide range of frequencies, this may suggest the existence of singularities. Also

note that the available geology (Figure 2.2a) shows isolated deposits of diatomite, that

may affect the evaluation of the results. Hence, it is possible that local studies are required

in zone IV-B to properly assess site amplification susceptibility.

These areas were chosen based on the evaluation of geophysical data combined with geologi-

cal background and boreholes to validate the acquired information and to complement the sites’

description. The dynamic response of these zones can be further studied in terms of numerical sim-

ulations of the soil motion amplification. The following chapter 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 on April 1st 2014 (A01-2014) provid-

ed useful information regarding the site effects in the cities of interest. The current section uses the

recorded ground motions of the A01-2014 event in Iquique to compare the observed and expected

site amplification, in order to evaluate the consistency of the scientific rationale adopted.

The records and the peak ground accelerations are displayedin Figure 5.20, they show a good

correlation with the expected effects from the microzoning(Figure 5.19). The records show a min-

imum PGA (0,26g) in bedrock, and the maximum PGA (0,6g) is registered where sedimentary

deposits of moderate thickness was found, which indicate the effects of relatively soft soil layers

on the ground amplification. In the case of Alto Hospicio area, the recorded acceleration has a

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

Furthermore, the acceleration spectra for each record was computed using a damping ratio

of 5 %. The results for the stations located in bedrock are shown in Figure 5.21, where they are

cross-checked with the closest HVSR result. It can be noted that the acceleration spectra has a

considerably different peak for the N-S and E-W orientation. The T05A station is located at 1800

meters from the Coastal Range’s escarpment. Therefore, this orientation differences could be ex-

plained through the reflected wavefield at the escarpment. However, this must be confirmed and

further studies are required to confirm this hypothesis. It is also important to notice that the shape
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of the acceleration spectras and the HVSR curve are quite similar (wide and with low amplitude),

which is an important indicator of the presence of outcropping bedrock in this area.

On the other hand, Figure 5.22 compares the acceleration spectra for the stations located on
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FIGURE 5.21: Acceleration spectra in stations T05A and T06A for the01A-2014 Earthquake.

soil. Station T03A (Figure 5.22a) is located in a relative thin layer of sediments (of about 5 to

10 meters) (Figure 5.13). In this case, the peak period of thespectra is slightly higher than the

predominant period obtained from a closely located HVSR measurement (about 100 meters), this

could be explained through the non-linearity of the soil behaviour, that once the material stress

overpasses its elastic limit, the stiffness is reduced, moderately raising its fundamental period. Of

course, a HVSR measurement exactly at the same place must be performed to validate this hypoth-

esis, because the variation on the predominant period couldbe also related to a local difference on

the thickness of the sediments.

Nonetheless, the predominant period is not visible in station T08A (Figure 5.22b), where the

results from the acceleration spectra are considerably different with respect to the HVSR data.

Since Alto Hospicio is characterized by very rigid soils (Figure 5.17), it is fair to think that they

behave almost as outcropping bedrock, so the recorded spectra is reasonable. Note, however, that
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this case does not have any differences in the orientations of the spectra, which suggests the con-

sistency of the hypothesis regarding topographic effects in station T05A.
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FIGURE 5.22: Acceleration spectra in stations T03A and T08A for the01A-2014 Earth-
quake. The text on the Figures denote the HVSR results for theclosest site.

5.4. Discussion

The earthquake response in the different stations in Iquique were in good agreement with the

expected local amplification obtained from the microzoning. Unfortunately, no stations in Arica

were able to record the ground motion.

It can be observed that the seismic microzoning provides a qualitative level of the site effects

in the different areas of each city. However, it is not yet possible to associate this propensity to

an accurate index of amplification. Based on this seismic microzoning, a need arises to transform

this information into an accurate approximation of the ground amplification given an earthquake.

The following section intends to transform the data provided from the microzoning into a model

that could estimate the level of site effects observed, in terms of displacement or acceleration, for

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

The previous microzoning chapter provided useful information regarding the susceptibility to

site effects in different zones of Arica and Iquique. However, this assessment is performed only at

a qualitative level. It is important to transform this information into a quantitative evaluation that

may provide results that are comparable with the acquired data from the 01A-2014 Pisagua earth-

quake. This chapter intends to guide this research into a numerical evaluation of the site effects in

each city. In order to do this, a zone of interest is selected based on the site effect susceptibility

and the topographic conditions that may affect the information.

Among the four zones identified where site effects are significant, the north of Arica emerges as

a zone with high-density information and where theVs
30 indicates relatively low velocities. Fur-

thermore, significant changes in the topography or steep escarpments are relatively absent around

this area. The combination of the shear wave velocity profileand the HVSR technique gives an

indicator of the depth to bedrock through the equation 3.5, which suggests that this depth ranges

between 65 and 105 meters. This turns Arica into an area of interest, because of the thick layer of

sediments over bedrock.

To further characterize the behaviour of this zone, numerical simulation is used to determine the

level of amplification that will be registered at the surface. Given the spatial variability of the data

available in the area, a 3D wave propagation model is explored in order to compare the response of

the zone with a standard 1D model. Such simulations will be performed by means of the spectral

element method (SEM), that has shown to be reliable in solving three-dimensional wave propaga-

tion problems in heterogeneous media (Mazzieri et al., 2013, Komatitsch et al., 1999).

6.1. Introduction to Spectral element method

The spectral element method (SEM) was first introduced by Patera (1984) in fluid dynamics,

and since then it has gained interest for 2D and 3D seismic wave propagation (Komatitsch et al.,

1999). The main feature of this method is the use of high-order Lagrange interpolants in the func-

tions of the elements, so it is able to provide an arbitrary increase in accuracy by simply enhancing

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

The scope of this method is to determine the displacement field generated by a dynamic source

(i.e. a seismic incident field) in a finite earth volumeΩ. This volume, as shown in Figure 6.1, is

composed by three main boundaries, assuming that there are no prescribed displacements: a free

surfaceΓff , which is stress-free, and the side and bottom boundaries,ΓN andΓNR respectively,

hence,Γ = Γff∪ΓN∪ΓNR. The latter has a suitable and non-reflecting absorbing boundary condi-

tion that shall be described in the following discussions.

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

FIGURE 6.1: Finite soil model with total volumeΩ. The free surface is denoted byΓff ,
and the boundaries areΓD andΓNR. The unit outward normal to all boundaries is denoted
by n.

equation,

ρvtt −∇·σ(v) = f (6.1)

whereρ is the density of the material, thet under-script stands for time derivative, andσ(v) is the

Cauchy stress tensor for elastic behaviour,

σ(v) := λ(∇v)I + 2µǫ(v) (6.2)
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whereǫ(v) := 1

2
(∇v+∇vT ) is the strain tensor,λ,µ are the Lamé coefficients andI is the identity

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

σ·n = 0 on Γff , σ(v)·n = p on ΓN∪ΓNR (6.3)

wheren is the unit normal vector toΓ andp := p∗ onΓN , while p∗ is defined as

p∗ := ρ(VP − VS)(vt·n)n+ ρVSvt on ΓNR (6.4)

VP andVS are the propagation velocities ofP andS waves, respectively. Note that at the boundary

ΓNR, a suitable absorbing condition must be able to propagate any incident wave without reflec-

tion. The approach of this investigation is the one implemented in SPEED code based on Stacey

(1988), in which waves are perfectly absorbed when the incident waves reach the boundary in a

perpendicular direction, but it is less effective when the wave is parallel to the boundary. For visco-

elastic media, a modification of the equation of motion 6.1 may be introduced, adding a term in

the form of a volume forcef visc, characterized by a decay factorξ[s−1],

f visc = −2ρξvt − ρξ2v (6.5)

adding this term to the equation 6.1, the following equationof motion is obtained

ρvtt −∇·σ(v) = f + fvisc (6.6)

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

(Mazzieri et al., 2013). This attenuation can be expressed with a quality factor

Q = Q0

F

F̄0

(6.7)

whereQ0 = π F̄0

ξ
, with F̄0 being a value representative of the frequency range to be propagated.

6.1.2. Weak form

One of the main features of the SEM is the fact that it is based on a weak formulation of the

equations of motion, which has the advantage that it handlesnaturally free boundary conditions

and interface discontinuities (Antonietti et al., 2012). Through the principle of virtual work, the
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formulation consists in multiplying the equation 6.5 by an arbitrary test functionw, integrating by

parts over the volumeΩ and imposing the stress free boundary condition 6.3 onΓff , which results

in the following equation
∂2

∂t2
(ρv, w)

Ω
+ A(v, w)

Ω
= L(w) (6.8)

with A the bilinear form

A(v, w) = (σ(v), ǫ(w))Ω (6.9)

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

L(w) = (p, w)ΓN
+ (p∗, w)ΓNR

+ (f, w)Ω + (f visc, w)Ω (6.10)

Rewriting the previous version of the weak formulation by component N:

∀t ∈ (0, T ), find vN = vN(x, t) ∈ VN
0d, d = 1...3

∂2

∂t2

∫

Ω

ρvNwNdΩ+

∫

Ω

σijvNǫijwNdΩ =

∫

ΓN

pN ·wNdΓ+

∫

ΓNR

pN
∗·wNdΓ+

∫

Ω

fNwNdΩ+

∫

Ω

fN
viscwNdΩ

Additional details regarding these expressions may be found in any classical book of finite element

method (e.g. Zienkiewicz 1977).

6.1.3. Definition of the mesh

One of the characteristics of the SEM is the use of hexahedralelements for 3-D models and

quadrangles for the surfaces in 3D and for solids in the two-dimensional case (Komatitsch et al.,

1999).

The approach to the construction of the mesh goes as follows.In the first place, as in classical

finite element procedures, the model volumeΩ is partitioned intoK number of non-overlapping

regionsΩk such thatΩ = ∪K
k=1Ωk, each with its corresponding boundaryΓk. Since the SEM in

3D works with hexahedral elements, the boundaries are divided in terms of quadrilateral surface

elements.

In a second level, each elementΩk is mapped into a reference elementΩref , corresponding

to the square[−1, 1]2 in 2D and the cube[−1, 1]3 in 3D. Hence, there exists a suitable invertible

mappingFk
j : Ωref → Ωk

j with a nonzero JacobianJk
j . This is then used to evaluate the integrals

and derivatives of equation 6.11. The shape functions of thereference elementsNa(ξ, η, ς) are
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products of Lagrange polynomials of degrees 1 or 2. Thenl + 1 Lagrange polynomials of degrees

nl are defined in terms ofnl + 1 control points−1 6=ξα 6=1,α = 0, ..., nl, by

lα
nl(ξ) =

(ξ − ξ0)...(ξ − ξα−1)(ξ − ξα+1)...(ξ − ξnl
)

(ξα − ξ0)...(ξα − ξα−1)(ξα − ξα+1)...(ξα − ξnl
)

(6.11)

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

may have up to 8 or 9 control points, resulting in triple products of1st degree Lagrange polyno-

mials for the 8 control point quadrangles, and triple products of2nd degree Lagrange polynomials

for the hexahedra with 27 control points.

In the SEM, the control pointsξα,α = 1..nl in equation 6.11 are the so-called Gauss-Lobatto-

Legendre (LGL) points, which are the roots of

(1− ξ2)P ′
nl
(ξ) = 0 (6.12)

whereP ′
nl

is the derivative of the Legendre polynomial of degreenl. These points can be com-

puted by numerical integration of 6.12. To illustrate this approximation, Figure 6.2 shows the

control points of a 2-D and 3-D elements and Figure 6.3 shows aLagrange interpolant of degrees

N = 2 and N = 8 at the LGL points on the reference element[−1, 1]2.

In summary, the model is subdivided in a set of hexahedral elements. In each, the shape func-

tions are sampled at the LGL points of integrations. Edges orvertexes of an element are shared

among adjacent elements, so a need raises to ensure the continuity of the displacements across

the common boundaries between the elements, in other words,one needs 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 system can be written as

[M ] ¨{U} + [A] {U} = {F} (6.13)

where[M ] is the global mass matrix, ¨{U(t)} is the vector of nodal acceleration,[A] is a matrix

associated to the stiffness matrix and the absorbing boundary conditions,{U(t)} is the vector of
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(A) 2-D (B) 3-D

FIGURE 6.2: Control nodes for one element for a polynomial degree of3. (a) shows the
2-D case with 9 control points while the 3-D element (b) has a total of 27 control points,
the empty squares indicate the nodes that locate at the middle sides of the element’s faces
and the empty triangle lies at the center of the element (Komatitsch et al., 1999).

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

nodal displacements and{F} is the vector created by the contribution of the external forces, trac-

tions and non-reflecting boundary conditions.

Due to the use of Lagrange interpolants with LGL control points and the assumptions done

through the formulation, the mass matrixM turns out into a diagonal global mass matrix (Ko-

matitsch et al., 1999), which reduces significantly the computational cost of the problem. Equation
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6.13 can also be written as:
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(6.14)

To solve equation 6.14, a classical Newmark scheme is used, since it is based upon a explicit

second-order finite-difference scheme, it takes advantageof having a diagonal global mass matrix

(Komatitsch and Tromp, 2002). To proceed with this scheme, the stiffness and boundary terms are

moved to the right-hand side.

Initial conditions must be prescribed, that is

{U(0)} = {U0} and ˙{U(0)} = {V0} (6.15)

Now if the model is carried out in a timeT , the interval(0, T ] is subdivided intont subintervals of

amplitude∆t = T/nt. The application of Newmark method leads to

[[M ] + ∆t2β [A]] {U(tn + 1)} =

[

2[M ]−∆t2
(

1

2
− 2β + γ

)

[A]

]

{U(tn)}

−
[

[M ] + ∆t2
(

1

2
+ β − γ

)]

{U(tn−1)} (6.16)

+∆t2
[

β {F (tn+1)}
(

1

2
− 2β + γ

)

{F (tn)}

+

(

1

2
+ β − γ

)

{F (tn−1)}
]

whereβ andγ are the standard parameters of the Newmark method. To maintain the stability of

the solution and taking advantage of the mass matrix, the values chosen for such parameters are

β = 0 andγ = 1

2
. Replacing the values of the parameters in 6.16, the equation becomes:

[M ]{U(tn+1)} =
[

2[M ]−∆t2[A]
]

{U}(tn)− [M ]{U}(tn−1) + ∆t2{F (tn)} (6.17)
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Note that once the initial conditions are known, the solution of 6.16 can be obtained provided that

{U(tn)} and{U(tn−1)} are known, for the initial step, this would look like

[M ]{U(t1)} =

[

[M ]− ∆t2

2
[A]

]

{U0} −∆t[M ]{V0}+
∆t2

2
{F (t0)} (6.18)

This scheme is also known as leap-frog (Mazzieri et al., 2013), and it will be stable as long as the

time step statisfies the Courant-Friedrichs-Lewy (CFL) condition, governed by the minimum value

of the ratio between the size of the grid cells and the P-wave velocity.

6.1.5. Recent approaches for non conforming domains

In the past years, different approaches for the spectral element method have been implemented

in order to simulate the wave propagation problem more accurately. Among these, the Discontin-

uous Garlekin discretization emerges as a strategy to deal with non conforming domains, that is,

a domain composed of different non-overlapping polygonal sub-domains. It was firstly introduced

by Reed and Hill (1973) for the linear neutron transport equation, now-a-days it is applied in a

wide range of disciplines and proven to be efficient to deal with complex seismic wave propaga-

tion problems (Mazzieri et al., 2011).

The idea behind a Discontinuous Garlekin Spectral Element Method (DGSEM) consists on

replacing the exact continuity condition between the sub-domains into a weak one, writing the

condition in terms of displacements and tensions across theinterfaces. This formulation is not ex-

plored here, but it is very convenient to introduce, for instance, crustal fault activation or dynamic

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

6.2. Description of zone of study

As mentioned earlier, the zone of study was selected based onthe site-effects expectations af-

ter a joint analysis of geophysical and geological data. Based on this premise, an area of 1600x2000

meters in the north of Arica was selected for modelling (Figure 6.4). This zone was chosen because

of the high-density geophysical information that had been gathered in the previous chapters and

the availability of one borehole in the area. Furthermore, Monetta (2013) contributed with shear

wave velocity profiles and predominant frequencies in 9 sites in the zone of interest, that have

68



shown to be consistent with the gathered data in the present study.

This domain is filled with eolian marine deposits (Figure 2.1) with an estimated thickness of

FIGURE 6.4: Selection of zone of study marked in blue. The sites where shear wave ve-
locity profiles and predominant frequencies have been acquired are marked in black dots
(”monitors”). The boreholes are displayed with yellow stars.

about 100 meters. It is characterized by relatively low shear wave velocities, the averageVs
30 is

409± 55m/s with a frequency range between0.91 and1.6 Hz (Figure 5.1). TheVs profiles show

a thin layer (approximately 10 meters) of lowVs, following a deep layer of about 450 m/s.

The topography in the area was obtained based on a 90 meters resolution digital elevation model.

It is fairly regular (Figure 6.5), increasing slightly towards 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. Consequently, constructing a submerged

bedrock topography was made through Equation 3.5, by combining the average shear wave veloc-

ity and the predominant frequency obtained from HVSR. This was done for all the sites shown in

Figure 6.4 and resulted into a surface that is shallower in the south-eastern part of the study site,

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

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

Once the depth to bedrock was approximated through the HVSR technique, the shear wave ve-

locity profiles were extended until given depth in each site.It is commonly known that for granular

soils the shear wave velocity profile is proportional to the fourth root of the depth, that is

Vs(z) = k 4
√
z (6.19)

If Vs for z = 30m is known, the parameterk can be calculated and the shear wave velocity

profile extended, given that the fundamental frequency of the profile matches the predominant fre-

quency obtained from the HVSR. This led to an iterative process for every control point, extending

the shear wave velocity profile for each one until the estimated depth to bedrock, as shows Figure

6.4.

Once the 1D Vs profiles have been extended for all the control points, a 3D S-wave velocity

model is derived through linear interpolation with a spatial resolution of 5 meters. For this pro-

cedure it is required to take into account the information outside the site of study, hence Figure

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

description of the sediments shape defined by the contact between the sediment’s shear wave ve-

locity and the bedrock’s velocity.

The final model may be seen in Figure 6.7. In this case, the contact between soil and bedrock

was assumed stepped, for future meshing purposes. As it may be noted, the bedrock becomes more

shallow towards the south-east, where El Chuño hill is located (Figure 2.2a), and shear wave ve-

locities are fairly stable, with a first layer of about 200 m/sand a continuous increase up to 800

m/s towards the north of the model (Figure 6.4). Other elastic properties are derived from theVs

profiles and the USCS classification (Poisson’s modulus). Using the estimations proposed by Kul-

hawy (1990) it was possible to approximate an average density of about1800 kg

m3 for the deposits.

With these parameters the other required values, such asVp and the Lamé parameters, are obtained

directly.
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FIGURE 6.7: 3-D shear wave velocity model for the site of study in Figure 6.4.

6.3. Homogeneous soil mesh

The mesh is built using the software Trelis developed by Csimsoft R©, which incorporates a

set of powerful and advanced meshing schemes, specifically for hexahedral unstructured meshing

problems, such as algorithms of automatic refinement and handling of irregular surfaces.

The entire volume consists of a body with an extension based on the site study, that is,

1600x2000 meters. The depth of the model reaches 250 meters,relative to the sea level, so the

total vertical extension ranges between 250 and 300 meters.

Based on the available geological and geophysical data, an acceptable trade-off was made

between the spatially heterogeneous results from the in-field investigations (Figure 6.7) and the

practical need to build a simplified mesh. Consequently, thevolume was subdivided in three sub-

horizontal layers, the first defined by the soil between the free surface and the bedrock contact.

The second and third layer represent the basement submergedunder the deposits. The initial elas-

tic properties of each material are defined in Table 6.1. Notethat second and third layers are

differentiated because the source input will be induced in the bottom material.

The final mesh obtained is displayed in Figure 6.8. It consists of about53.000 elements, the
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TABLE 6.1: Elastic properties of each material.rho denotes the density of the material,λ

andµ are the Lamé parameters, andγ is the damping ratio.

Material Subdomain ρ[ kg
m3 ] λ[kgf

m2 ] µ[kgf
m2 ] γ[ %]

Soil 1 1800 5.47E + 08 3.64E + 08 1

Bedrock1 2 2500 1.82E + 10 1.21E + 10 1

Bedrock2 3 2500 1.82E + 10 1.21E + 10 0

grid sizeh for each element is related to the spectral degreep that will determine the amount of

control points per element, hence,h is chosen such that the average number of points per minimum

wavelengthλmin is about 5 (Komatitsch et al., 1999). Using a polynomial degree of 4, the size of

the element ranges of about 5 meters (soil) up to 50 meters (bedrock). The mesh is designed to

propagate frequencies of up to 15 Hz withp = 4, with a total of3.500.000 spectral nodes.

Finally, boundary conditions are imposed in all the faces defined in Equation 6.3. An absorb-

ing boundary is imposed at the bottom of the mesh, while on thesides only Dirichlet boundary

conditions are set. For a plane wave in X direction, the Dirichlet boundary conditions are imposed

in the directionsY andZ (vy = vz = 0).

6.4. Source and Time scheme definition

The numerical simulation was constructed based on a Ricker wavelet source of parameters

f0 = 3.5Hz and t0 = 0.4s, the waveform is depicted in Figure 6.9. This input was induced in

material 4 of Table 6.1, assuming the input reaches the bottom at the same time. This assumption

is reasonable given that the volume size is not large enough to detect significant arrival time dif-

ferences for the source.

The SPEED code introduces a force time history able to generate a displacement time history

with the Ricker wavelet shape, introducing an amplitude scale factor to adjust a target displace-

ment, velocity or acceleration.

The time scheme used for the simulation is the one adopted in SPEED, based on a leap-frog
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(A) Homogeneous soil Mesh

(B) Bedrock surface

(C) Topography surface

FIGURE 6.8: Homogeneous soil mesh for the proposed problem. Note that the North-South
and East-West directions coincide with the axis Y and X, respectively.

method. The simulation runs for 3 seconds with a time step∆t that satisfies Courant-Friedrichs-

Lewy (CFL) condition, given by

∆t ≤ CCFL

∆x

Vp

(6.20)
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FIGURE 6.9: Ricker wavelet withf0 = 3.5Hz andt0 = 0.4s.

where∆x is the shortest distance between two LGL nodes,CCFL is a constant depending on the

dimensions andVp is the P-wave velocity of the material. For this simulation,a ∆t of 0.1 msec

was adopted, corresponding to9.56% of the critical time-step from Equation 6.20.

6.5. Results

The results of the simulation are recorded in the monitored points where empirical information

of the shear wave velocity and predominant frequency has been acquired. The scope is to compare

the observed motion using a standard 1D horizontally stratified model against 3D features.

6.6. Validation of the model

In order to validate the model, a 3D horizontally layered is modelled (layer cake model) and

the transfer function is compared to an equivalent 1D profileof the soil. For the 3D simulation an

average horizontal topography of 25 meters was assumed, plus an averaged bedrock level of -53

meters, meaning a layer of soil of 72 meters thick.

The computation of transfer functions for 3D and 1D may be seen in Figure 6.10 . It can be
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noted that the first peak matches almost perfectly, whereas towards the upper modes the 1D func-

tion is slightly displaced because of the damping variations among the model. The 1D profile is

analysed in time domain with DeepSoil code (Park and Hashash, 2004), that considers a concen-

trated external damping (damper between lumped masses representing soil layers) that is slightly

different to the 1 % damping ratio considered in SPEED, so it is reasonable to see such slight vari-

ations on amplitudes and higher frequencies. The 1D model reaches a maximum frequency of 13

Hz while the 3D reaches 11 Hz, which makes the 3D simulation pretty accurate in the frequency

range of interest.
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FIGURE 6.10: Comparison of transfer functions between a 3D horizontally layered model
and an equivalent 1D profile computed in time domain.

6.7. Evaluation of 3D effects

The results from the simulation including the 3D effects of the topography and bedrock levels

are shown in Figure 6.11. In terms of displacements, the maximum recorded displacement in the X

direction was 30 centimeters, with a maximum strain of 3 % in the surface. This is relatively high

given the assumption of linear behaviour. However, the proportion of the displacement between

the bedrock level and the surface is consistent to the 1D case. The displacements in the Y and Z

directions are caused by the adopted Poisson’s coefficient.
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Additionally, the comparison between the 3D and 1D transferfunctions have shown some
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FIGURE 6.11: Comparison between displacements for ARI40 control point (Figure 6.5)
between surface and bedrock.

variations towards the west side of the study zone (A08), whereas they are quite similar towards

the east (A28). This could be related to the relative larger size of the elements towards the western

zone, that reduces the resolution of the propagation. Indeed, as the vertical number of elements in

soil layers is fixed, thinner soil layers are relatively morerefined than thicker ones. This limitation

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

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

where Dirichlet conditions were imposed, possibly spurious waves reflections may take place, af-

fecting the clearness of the results.

On the other hand, the first peak of the transfer function (Figure 6.12) is consistent with the

results of the HVSR technique (Figure 5.6, for ARI08 and ARI28 the predominant frequencies are

1.2 and 1.6 Hz respectively, whereas the first peak of the transfer functions in Figure 6.12 result

in frequencies of 1.3 and 1.8 Hz. This frequency variation isconsistent with the bedrock surface

level in the different control points (Figure 6.8b).
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FIGURE 6.12: Transfer functions for 2 control sites using the 3D Homogeneous soil model.
(a) ARI08 control point (west); (b) ARI28 control point (east).

The 3D model seems to accurately estimate the amplification levels considering an homoge-

neous soil model for a frequency range between 0.5 and 8 Hz, however, the resolution is reduced at

higher frequencies, mainly due to the computational limitations and the use of idealised boundary

conditions. As local irregularities of bedrock level and topography alters the idealised situation of

a vertical and reflected SH wave field, spurious reflections, specially of surface waves, on mesh

boundaries cannot be avoided. Future work will focus on including spatial heterogeneity of the soil

properties, non-linearity of the soil’s behaviour, and identification of the most appropiate strategy

to treat boundaries for SH incoming waves, in order to accurately represent the ground motion

amplification and compare it to the recorded motions from theA01-2014 earthquake.
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7. CONCLUSIONS

The geophysical and geotechnical data acquisition and geological background of the north of

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

cities of Arica and Iquique. This data comprises the shear wave velocity profiles and predominant

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

of the results. A seismic microzoning was proposed before the A01-2014 earthquake that provides

an empirical observation of the ground motion amplification. Furthermore, a 3D wave propagation

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

1. The density of the surveys was sufficient in principle to generate a proper seismic micro-

zoning of the soil along each area. A few exceptions may be noted when the topography

of the site or possible bedrock level irregularities take a predominant role.

2. The areas in Iquique that are susceptible to site effects are; (1) the south of the city, along

El Dragon hill, where a shallow layer of eolian deposits overa deep layer of sandy soil is

identified; (2) to the north of the ZOFRI fault, where a marinedeposit layer of approxi-

mately 15 meters deep was identified; and (3) the north of the port, consisting mainly of a

thick layer of artificial landfill.

3. In the case of Arica, the main zone that is susceptible to site effects is the north of the city,

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

4. The characterized shear wave velocity profiles reached a maximum depth of 80 meters in

the north of Arica, this is probably enough to properly assess the ground motion ampli-

fication susceptibility, but in most of cases the information was not enough to identify a

reliable depth of bedrock in most of the city.

5. The acquired data during field work is consistent with the geological context of both cities.

6. A joint analysis betweenF0 andVs30 is necessary to properly characterize the site re-

sponse, in this study they have proven to be complementary and consistent between each

other.

7. The peak ground accelerations registered for the A01-2014 Iquique earthquake agrees

with the expected site effects from the proposed microzoning.
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8. The use of 3D numerical simulations for amplification effects provides useful information

regarding the effects of geometrical anomalies in the ground motion.

9. The comparison between the results from geophysical tests and boreholes have shown

the reliability of using surface waves-based surveys. We recommend their use as they are

reliable, low-cost and easy to implement.

10. Given the fact that the expected seismogenic energy accumulation of the Nazca-Southamerica

plate coupling in the north of Chile was not entirely released by the A01-2014 earthquake,

the microzoning approach and results obtained in this research have proven to be a valu-

able tool for preventive actions within northern Chile seismotectonic segment, still under

high seismic risk.

7.1. Future work

The studies based on surface wave methods have shown consistency with the empirical evi-

dence obtained in the cities of Arica and Iquique. However, it is recommended to perform local

studies in the zones where the topography is irregular or where it is suspected to find complex 3D

effects of the submerged bedrock, such as the center of Iquique, where the existing faults (Figure

2.2c) may have significant effects on the basement level. Additionally, it would be useful to com-

bine the obtained data in the present research with gravimetry tests, in order to further characterize

the magnitude of the sedimentary basin in Arica, and comparethe depth to bedrock obtained from

gravimetry data and from surface wave methods.

Regarding the wave propagation model, non-linearity of thematerials is yet to be added, in

order to evaluate more accurately the ground motion amplification in the zone of Arica. Further-

more, it would be appropiate to extend the model to the whole sedimentary basin, so a study of the

motion effects can be carried out in the different zones delimited by the microzoning (Figure 5.9)

and evaluate the potential effects that may come with the addition of bedrock from the escarpment

of the surrounding hills.
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Podestá, L. (2013).Microzonificacíon Śısmica de las ciudades de Iquique y Alto Hospicio, Región
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8. APPENDIX A

TABLE 8.1: Results ofVs
30 and HVSR in Arica and their corresponding coordinates. The

coordinate system is UTM WGS84.

Name X Y Vs
30 F0 A0

AR001 360365 7956379 474 8,85 3,7

AR002 361946 7956897 436 0 0

AR003 362935 7957188 480 1,52 3,1

AR004 363211 7956427 575 1,3 5,55

AR005 363645 7957072 531 2,02 8,9

AR006 361956 7957450 417 1,97 2,9

AR007 362936 7958831 388 1,53 4,45

AR008 362714 7959388 381 1,2 4,5

AR009 362921 7960113 435 1,38 3,75

AR010 363286 7961935 403 1,53 6,65

AR011 361837 7956366 446 0 0

AR012 363022 7955338 332 0,92 5,75

AR013 364101 7956487 573 1,65 3

AR014 364202 7955234 500 1,1 2,7

AR015 364453 7955100 514 1,3 2,6

AR016 364389 7957325 469 2,4 3,65

AR017 364085 7957999 438 1,82 3,45

AR018 363772 7960490 429 1,22 3,2

AR019 363574 7957667 435 1,53 5,45

AR020 364221 7959750 396 1,42 7,55

AR021 363173 7954067 567 2,12 3,4

AR022 363143 7954778 482 0,83 4,05
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TABLE 8.2: Results ofVs
30 and HVSR in Arica and their corresponding coordinates. The

coordinate system is UTM WGS84.

Name X Y Vs
30 F0 A0

AR023 362470 7954787 951 0 0

AR024 361717 79551641150 1,83 9,2

AR025 362258 7955499 492 3,25 3,5

AR026 361069 7956833 423 1,3 4,15

AR027 362177 7956215 482 1,28 3

AR028 364214 7959097 326 1,6 3,5

AR029 363767 7961874 451 1,55 4,1

AR030 364133 7960951 446 1,3 2,4

AR031 361854 7954026 949 3,95 2,65

AR032 361354 79544501039 2,67 9,1

AR033 364847 7955775 571 1,47 4,3

AR034 365555 7954523 424 0 0

AR035 364031 7955654 558 1,3 3,8

AR036 361258 7955814 675 0 0

AR037 360866 7955983 373 3,72 3,8

AR038 363066 7955922 473 1,32 3,65

AR039 362921 7957680 422 1,52 3,65

AR040 363421 7959637 565 1,45 2,8

AR041 363206 7961109 389 1,07 2,35

AR042 362683 7961039 381 0 0

AR043 364554 7960410 371 0 0

AR044 363709 7958643 388 1,43 2,6

AR045 361432 7957126 349 1,38 2,9
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TABLE 8.3: Results ofVs
30 and HVSR in Iquique and their corresponding coordinates.

The coordinate system is UTM WGS84.

Name X Y Vs
30 F0 A0

IQUI001 381946 7765238 589 0 0

IQUI002 381863 7765441 635 3,25 2,85

IQUI003 380932 7765752 388 1,35 2,45

IQUI004 380548 7765071 671 0 0

IQUI005 379550 7764689 666 0,4 4,15

IQUI006 379952 77642221071 0 0

IQUI007 379783 7764029 761 0,22 2,49

IQUI008 379813 77638821015 0 0

IQUI009 380670 77643661088 1,77 3,05

IQUI010 381269 7764498 844 0,48 3,1

IQUI011 380710 7763086 978 0,48 4,9

IQUI012 380724 7762640 716 9,15 3,4

IQUI013 382395 7758478 481 4,08 2,9

IQUI014 382790 7759076 320 1,83 3,65

IQUI015 382281 7760715 424 2,53 2,6

IQUI016 381997 7760274 381 4,03 3,55

IQUI017 381316 7760516 814 2,05 5,2

IQUI018 382159 7760075 397 3,12 2,35

IQUI019 379879 77646821045 1,17 4,6

IQUI020 381730 7760079 389 4,37 5,7

IQUI021 381782 7761281 721 10,22 4,49

IQUI022 381741 7762121 543 9,17 3,15

IQUI023 382294 7757690 380 2,85 3,35

IQUI024 382425 7756604 437 3,22 2,45

IQUI025 381350 7762946 941 2,15 8,55

IQUI026 381261 7766362 487 3,4 7,35

IQUI027 381370 7766425 500 4,1 5,05

IQUI028 381311 7765892 469 3,03 2,15

IQUI029 381050 7764962 651 0,27 4

IQUI030 384951 7757155 866 0 0

IQUI031 384299 7757673 661 1,13 2,9
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TABLE 8.4: Results ofVs
30 and HVSR in Iquique and their corresponding coordinates.

The coordinate system is UTM WGS84.

Name X Y Vs
30 F0 A0

IQUI032 384606 7758576 701 1,45 3,5

IQUI033 385320 7757952 839 1,28 4,1

IQUI034 385522 7758683 652 0 0

IQUI035 382448 7756038 609 1,9 3,45

IQUI036 382811 7755552 672 1,7 2,4

IQUI037 381232 7761903 1136 0 0

IQUI038 381258 7761474 881 4,24 2,27

IQUI039 381831 7763169 890 3,46 4,26

IQUI040 380512 7763744 769 0 0

IQUI041 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 0 2,42 8,75

PORT1C 378950,636 7765690,396 0 2,46 10

PORT2 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

PORT5 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 0 9,79 5,3

PORT9 379312,13 7764914,84 505 0 0

PORT10 379019,18 7764955,87 724 16,7 3,13
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9. APPENDIX B

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