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Abstract 

 

 

Situated in an active tectonic region, Santiago de Chile, the country´s capital with more 

than six million inhabitants, faces tremendous earthquake hazard. Macroseismic data for 

the 1985 Valparaiso and the 2010 Maule events show large variations in the distribution 

of damage to buildings within short distances indicating strong influence of local 

sediments and the shape of the sediment-bedrock interface on ground motion.  

Therefore, a temporary seismic network was installed in the urban area for recording 

earthquake activity, and a study was carried out aiming to estimate site amplification 

derived from earthquake data and ambient noise. The analysis of earthquake data shows 

significant dependence on the local geological structure with regards to amplitude and 

duration. Moreover, the analysis of noise spectral ratios shows that they can provide a 

lower bound in amplitude for site amplification and, since no variability in terms of time 

and amplitude is observed, that it is possible to map the fundamental resonance 

frequency of the soil for a 26 km x 12 km area in the northern part of the Santiago de 

Chile basin.  

By inverting the noise spectral rations, local shear wave velocity profiles could be 

derived under the constraint of the thickness of the sedimentary cover which had 

previously been determined by gravimetric measurements. The resulting 3D model was 

derived by interpolation between the single shear wave velocity profiles and shows 

locally good agreement with the few existing velocity profile data, but allows the entire 

area, as well as deeper parts of the basin, to be represented in greater detail. The wealth 

of available data allowed further to check if any correlation between the shear wave 

velocity in the uppermost 30 m (vs
30

) and the slope of topography, a new technique 

recently proposed by Wald and Allen (2007), exists on a local scale. While one 

lithology might provide a greater scatter in the velocity values for the investigated area, 

almost no correlation between topographic gradient and calculated vs
30 

exists, whereas a 

better link is found between vs
30

 and the local geology. When comparing the vs
30

 

distribution with the MSK intensities for the 1985 Valparaiso event it becomes clear 

that high intensities are found where the expected vs
30 

values are low and over a thick 

sedimentary cover. Although this evidence cannot be generalized for all possible 



 

earthquakes, it indicates the influence of site effects modifying the ground motion when 

earthquakes occur well outside of the Santiago basin.  

Using the attained knowledge on the basin characteristics, simulations of strong ground 

motion within the Santiago Metropolitan area were carried out by means of the spectral 

element technique. The simulation of a regional event, which has also been recorded by 

a dense network installed in the city of Santiago for recording aftershock activity 

following the 27 February 2010 Maule earthquake, shows that the model is capable to 

realistically calculate ground motion in terms of amplitude, duration, and frequency and, 

moreover, that the surface topography and the shape of the sediment bedrock interface 

strongly modify ground motion in the Santiago basin. An examination on the 

dependency of ground motion on the hypocenter location for a hypothetical event 

occurring along the active San Ramón fault, which is crossing the eastern outskirts of 

the city, shows that the unfavorable interaction between
 

fault rupture, radiation 

mechanism, and complex geological conditions in the near-field may give rise to large 

values of peak ground velocity and therefore
 
considerably increase the level of seismic 

risk for Santiago de Chile.  

 



 

Zusammenfassung 

 

 
Aufgrund ihrer Lage in einem tektonisch aktiven Gebiet ist Santiago de Chile, die 

Hauptstadt des Landes mit mehr als sechs Millionen Einwohnern, einer großen 

Erdbebengefährdung ausgesetzt. Darüberhinaus zeigen makroseismische Daten für das 

1985 Valparaiso- und das 2010 Maule-Erdbeben eine räumlich unterschiedliche 

Verteilung der an den Gebäuden festgestellten Schäden; dies weist auf einen starken 

Einfluss der unterliegenden Sedimentschichten und der Gestalt der Grenzfläche 

zwischen den Sedimenten und dem Festgestein auf die Bodenbewegung hin.  

Zu diesem Zweck wurde in der Stadt ein seismisches Netzwerk für die Aufzeichnung 

der Bodenbewegung installiert, um die auftretende Untergrundverstärkung mittels 

Erdbebendaten und seismischem Rauschen abzuschätzen. Dabei zeigt sich für die 

Erdbebendaten eine deutliche Abhängigkeit von der Struktur des Untergrunds 

hinsichtlich der Amplitude der Erschütterung und ihrer Dauer. Die Untersuchung der 

aus seismischem Rauschen gewonnenen horizontal-zu-vertikal-(H/V) Spektral-

verhältnisse zeigt, dass diese Ergebnisse nur einen unteren Grenzwert für die 

Bodenverstärkung liefern können. Weil jedoch andererseits keine zeitliche Veränderung 

bei der Gestalt dieser Spektralverhältnisse festgestellt werden konnte, erlauben die 

Ergebnisse ferner, die Resonanzfrequenz des Untergrundes für ein 26 km x 12 km 

großes Gebiet im Nordteil der Stadt zu bestimmen.  

Unter Zuhilfenahme von Informationen über die Dicke der Sedimentschichten, welche 

im vorhinein schon durch gravimetrische Messungen bestimmt worden war, konnten 

nach Inversion der H/V-Spektralverhältnisse lokale Scherwellengeschwindigkeitsprofile 

und nach Interpolation zwischen den einzelnen Profilen ein dreidimensionales Modell 

berechnet werden. Darüberhinaus wurde mit den verfügbaren Daten untersucht, ob auf 

lokaler Ebene ein Zusammenhang zwischen der mittleren Scherwellengeschwindigkeit 

in den obersten 30 m (vs
30

) und dem Gefälle existiert, ein Verfahren, welches kürzlich 

von Wald und Allen (2007) vorgestellt wurde. Da für jede lithologische Einheit eine 

starke Streuung für die seismischen Geschwindigkeiten gefunden wurde, konnte kein 

Zusammenhang zwischen dem Gefälle und vs
30

 hergestellt werden; demgegenüber 

besteht zumindest ein tendenzieller Zusammenhang zwischen vs
30

 und der 

unterliegenden Geologie. Ein Vergleich der Verteilung von vs
30 

mit den MKS-



 

Intensitäten für das 1985 Valparaiso-Erdbeben in Santiago zeigt, dass hohe 

Intensitätswerte vor allem in Bereichen geringer vs
30

-Werte und dicker 

Sedimentschichten auftraten.  

Weiterhin ermöglichte die Kenntnis über das Sedimentbeckens Simulationen der 

Bodenbewegung mittels eines spektralen-Elemente-Verfahrens. Die Simulation eines 

regionalen Erdbebens, welches auch von einem dichten seismischen Netzwerk 

aufgezeichnet wurde, das im Stadtgebiet von Santiago infolge des Maule-Erdbebens am 

27. Februar 2010 installiert wurde, zeigt, dass das Modell des Sedimentbeckens 

realistische Berechnungen hinsichtlich Amplitude, Dauer und Frequenz erlaubt und die 

ausgeprägte Topographie in Verbindung mit der Form der Grenzfläche zwischen den 

Sedimenten und dem Festgestein starken Einfluss auf die Bodenbewegung haben. 

Weitere Untersuchungen zur Abhängigkeit der Bodenerschütterung von der Position des 

Hypozentrums für ein hypothetisches Erdbeben an der San Ramón-Verwerfung, welche 

die östlichen Vororte der Stadt kreuzt, zeigen, dass die ungünstige Wechselwirkung 

zwischen dem Verlauf des Bruchs, der Abstrahlung der Energie und der komplexen 

geologischen Gegebenheiten hohe Werte bei der maximalen Bodengeschwindigkeit 

erzeugen kann. Dies führt zu einer signifikanten Zunahme des seismischen Risikos für 

Santiago de Chile. 
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Extended mountain valleys with wide plains of fluvial deposits or lakeshores and 

estuaries with water-saturated sediments are particularly prone to seismic site 

amplification and non-linear effects. In former times, such seismically unfavourable 

sites were attractive for spacious settlements and industries, and many cities worldwide 

have grown extensively over such plains and are still expanding. Given this spread of 

urban populations into areas of unfavorable soils all over the world, future earthquakes 

might cause extensive human and economic damage, since geometrical and mechanical 

features of alluvial deposits have great influence on seismic wave propagation and 

amplification as seen from many recent events (Ansal 2004). The Michoacan, Mexico, 

event (1985, Mw=8.1) and the Hyogo-ken Nanbu, Japan, earthquake (1995, Mw=6.9) 

can serve as notable examples of the consequences of such site effects. Moreover, many 

of these urban settlements worldwide are located in tectonically active regions which 

are particularly threatened by large earthquakes. 

Both issues also apply to the city of Santiago de Chile, the country’s rapidly growing 

capital with more than six million inhabitants. On the one hand, Chile is one of the most 

seismically active areas in the world. Subsequently, this sees also the city of Santiago 

confronted with a high level of seismic hazard. Due to the subduction of the oceanic 

Nacza Plate beneath the continental South American lithosphere, leading to a 

convergence rate of about 6 to 7 cm per year around central Chile (Khazaradze and 

Klotz 2003), a number of destructive earthquakes has occurred. Within the last 100 

years, 16 earthquakes have caused significant human and economic losses in Chile. 

Return periods for magnitude 8 events are of the order 80-130 years for any given 

region in Chile, but they decrease to approximately 12 years when the country as a 

whole is considered (Barrientos et al. 2004).  

On the other hand, the city of Santiago de Chile is located in a narrow basin between the 

Andes and the coastal mountains, filled with soft sediments that may strongly modify 

ground motion. The geometry of the subsoil structure, the soil types and the variation of 

their properties with depth, lateral discontinuities and the surface topography are at the 

origin of large lateral variances of ground motion. Also for the Santiago basin 

pronounced variations of soil conditions and topography can be found over relatively 

short distances which led to intensities varying between VII and IX (MSK scale) within 

the city during the 1985 Valpariso event (Çelebi 1987, Bravo 1992). In contrast to this 

there is the lack of recording of ground motion behaviour for sites in the Santiago basin. 
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For seismic hazard assessment and mitigating earthquake disaster on local scale it is 

therefore keenly required to develop methods which are able to characterize site effects 

and help to understand soil behavior. Thus, assessing the amplification / de-

amplification and lengthening of ground motion due to surficial geology and 

topography is of primary importance for earthquake microzonation studies and has led 

to the development of systematic approaches for mapping seismic site conditions (e.g. 

Park and Elrick 1998, Wills et al. 2000, Holzer et al. 2005), as well as quantifying both 

amplitude- and frequency-dependent site amplifications (e.g. Borcherdt 1994). In recent 

years, due to increasing computational power, also 3D numerical simulations have been 

successfully applied to study the complex nature of strong ground motion (e.g. Olsen et 

al. 1995, Wald and Graves 1998, Komatitsch et al. 2004, Lee et al. 2008, Stupazzini et 

al. 2009).  

However, because of the growing importance of reliable seismic hazard assessment in 

large urban areas much effort has been spent in the development of tools for site effect 

estimation that allow large areas to be covered at limited costs. A now standardized 

approach for mapping seismic site conditions is measuring and mapping the average 

shear wave velocity in the uppermost 30 m (vs
30

). The Uniform Building Code 

(International Conference of Building Officials 1997) uses vs
30

 to group sites into 

several broad classes, whereas each category is assigned by characteristic factors that 

can modify the response spectrum, i.e. the response of the significant eigenmodes of the 

structure, in a different way. The U.S. Building codes (Building Seismic Safety Council 

2004) as well as the Eurocode 8 (CEN 2003) now also rely on vs
30

 for seismic site 

characterization. Recently, Wald and Allen (2007) presented a method to derive site-

condition maps by correlating vs
30

 with the topographic gradient. The basic conclusion 

of this technique is that the topographic slope from both high and low resolution maps 

might be used as a reliable indicator of vs
30

 in the absence of geologically- and 

geotechnically-based site-condition information, since more competent materials, which 

are characterized by higher seismic velocities, would be more likely to maintain higher 

gradients, whereas soft sediments are deposited predominantly in areas with a low 

gradient.  

To check the potential of the previously introduced technique on a local level, the city 

of Santiago de Chile would be an appropriate test area. In fact, only few investigations 

have been conducted in Santiago de Chile to evaluate site effects; these studies 
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predominantly deal with microtremor measurements (Toshinawa et al. 1996, Bonnefoy-

Claudet et al. 2009) and, therefore, provide only a limited amount of information. On 

the other hand, Cruz et al. (1993) accounted for data from several earthquakes in their 

site effect study, but most of the stations were located on the outskirts of the city and 

only a few, and very local, events were considered. 

The presented work focuses both on experimental as well as on numerical aspects of 

seismic hazard assessment, whereas the coupling to seismic risk is discussed briefly 

only for a few cases. In particular, it will be tested, if the slope of topography may serve 

as a reliable proxy for the evaluation of seismic velocities and therefore be appropriate 

for site response estimation. For this purpose, chapter 2 describes the geological settings 

in the Santiago de Chile basin and the seismic hazard in central Chile. Chapter 3 gives a 

short overview of the field experiments carried out. Chapter 4 illustrates a detailed site 

effect analysis using data both from earthquakes recorded by a temporary seismic 

network installed in the northern part of the city and from microtremor measurements. 

As the modification of strong ground shaking is indeed related to the S-wave velocity 

structure below the site, it is further possible to check if any correlation between the 

parameters of topographic gradient, vs
30

, and surface geology may exist. Results of this 

investigation are summarized in chapter 5. Moreover, the wealth of the available data 

further allowed performing 3D numerical simulations of ground motion in the Santiago 

basin. In chapter 6 waveform recordings of aftershocks following the 27 February 2010 

Maule earthquake are compared with numerical simulations. Furthermore, the 

variability of ground motion in the Santiago de Chile basin is assessed by analysing the 

results of different earthquake scenarios. 
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Tectonic framework 
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2.1. Geological setting 

 

At the forearc of central Chile (33-34ºS) three morphostructural units are recognizable 

parallel to each other and oriented north-south (Figure 2.1). This configuration was 

generated during a period of maximal compression during the upper Oligocene-Pliocene 

period (Thiele 1980).  

 

 

Figure 2.1: Regional morphostructural map of central Chile, showing the tectonic setting and 
regional geomorphological units.  
 

Located within the central depression, the Santiago basin is around 80 km long, 40 km 

wide and mainly aligned in north-south direction (Figure 2.2), limited by a watershed to 

the north by the El Manzo cordillera and to the south by the hills of Angostura. The 

basin originated from the depression caused by tectonic movements in the Tertiary of an 

area between two major faults running parallel to the two mountain chains.  
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Figure 2.2: Basin of Santiago de Chile. Areas of high housing density are shown in salmon-red. 
Locations mentioned in the text are indicated. The red line represents the San Ramón Fault 
(see chapter 2.2). The area of investigation is marked by a black rectangle.  
 

The surface geology of the Santiago basin consists of several different materials, as 

shown in Figure 2.3 (Valenzuela 1978). The city center and most of the north-eastern 

parts of the city are located on fluvial gravel deposits (Santiago gravel and Mapocho 

gravel in Figure 2.3). This kind of soil is composed of boulders usually less than 20 cm 

in diameter in a matrix that varies from silty gravel to silty sand with sandy and clayey 

lenses. The soil has a high density and a low deformability. It originates in the deposits 

of the river Mapocho (and to a lesser part of the river Maipo), grading to coarser 

deposits closer to the apex of the rivers’ alluvial fans, i.e. to the north-east. Alluvial silt 
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and high plasticity clay soils deposits (fine-grained soil in Figure 2.3) make up most of 

the north-western part of the investigated area, with a transition zone existing between 

these two areas. The south-eastern part of the basin is mainly dominated by the alluvial 

fans of the ravines that drain the San Ramón range (mudflow deposits in Figure 2.3). 

These soils are composed by rock blocks in a silty and clayey matrix with varying 

amounts of sand, deposited by alluvial and hillslope processes, and present 

heterogeneous geotechnical properties: closer to the mountain foothills, the materials 

are coarser and more heterogeneous, while in the distal zones they tend to be more 

stratified and homogeneous in texture and granulometry. The riverside of the Mapocho 

river in the central part of the city is covered with artificial fill. In the south-western part 

of the investigated area (Pudahuel district), a layer of ash (pumice) is known to be at the 

top of the sedimentary column, probably resulting from a major eruption of the Maipo 

volcano, located 120 km to the south-east, 450 000 years ago (Stern et al. 1984, Baize et 

al. 2006). One must, however, keep in mind that the basin geometry, characterized by 

sharp lateral and vertical variations of various geological units, is rather complex, 

resulting in a high level of uncertainty in our knowledge and has not been mapped in 

more detail so far. 

 

 

Figure 2.3: Simplified map of surface geology of the investigated area (after Valenzuela 1978). 
Thick lines mark the tracks of the cross sections shown in Figure 5.2. 
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The basement of the Santiago basin is believed to result from volcanic activity aged 

between the higher Oligocene to the lower Miocene (igneous bedrock, Abanico 

formation). The bottom of the basin, only known indirectly from gravimetric 

measurements (Araneda et al. 2000), corresponds to an uneven surface that conceals 

some hill islands that locally outcrop within the basin (Figure 2.4). The alignment of 

some of these hills, such as that for San Cristóbal, Chena, and Lonquén, suggest that 

there might have been a structural control. 

 

 
Figure 2.4: Thickness of the sedimentary cover of the investigated area as determined by 
interpolation of gravimetric data (Araneda et al. 2000). White areas in the middle of the basin 
can be identified as outcropping hills. 
 

The thickness of the sedimentary cover varies over short scales and can exceed more 

than 600 m but has been assessed directly (by drilling) only to approximately 120 m 

depth. However, the basin geometry is rather complex, therefore having a strong 

influence on the frequency band affected by amplification. 
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2.2. The San Ramón Fault and the associated hazard for 

Santiago de Chile 

 

The West Andean Front near Santiago appears as a major tectonic contact between the 

Main Cordillera, which corresponds to the pervasively shortened eastern side of the 

Andean Basin, a deep, very long (several 10³ km long) and relatively narrow (of the 

order of tens of kilometers wide) basin with significant westward dip nearly parallel to 

the Andes between the equator and latitude 48° S (Mpodozis and Ramos 1989, Vicente 

2005), and the marginal block, which constitutes the relatively shallow dipping western 

side of the Andean Basin (Thiele 1980).  

Herein, the San Ramón Fault represents a multikilometric frontal thrust at the western 

front of the Main Cordillera; it is interpreted as a growing west vergent fault 

propagation fold system (Rauld et al. 2008, Armijo et al. 2010). Its basal detachment is 

close to the base of the Andean Basin at ∼12 km of stratigraphical depth. The structure 

associated with the San Ramón Fault is well constrained by the mapped surface geology 

and can be restored to deduce the amounts of shortening and uplift. Total shortening 

across the frontal system is around 10 km. It has occurred since ∼25 Ma, according to 

precise dates in the Abanico formation (Armijo et al. 2010). The shortening, uplift and 

erosion rates across the Main Cordillera are distributed inhomogeneously; no extensive 

erosion surface has developed. 

The San Ramón Fault reaches the surface with steep eastward dip. The minimum 

average slip rate would be of the order of 0.2 mm per year and the slip rate on the basal 

detachment of the frontal system of the order of 0.4 mm per year. However, the growth 

process of the thrust front suggests that the most of the slip on the basal detachment has 

localized since 16 Ma in the San Ramón Fault, making of it the frontal ramp of the 

Main Cordillera. Thus, the actual long term average slip rate on the San Ramón Fault 

would be of around 0.3 mm per year (Armijo et al. 2010). 

The best surface expression of the San Ramón Fault is found along an around 15 km 

long segment with a sharp fault trace in the 25 km long part separating the rivers 

Mapocho and Maipo along the San Ramón mountain front (see Figure 2.2). The 

occurrence of ash lenses correlated with the Pudahuel pumacit in the piedmont yields a 

strictly minimum throw rate of 0.13 mm per year (≥ 60 m in 450,000 years since the 
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eruption of the Maipo volcano). Throw of about 4 m was measured across a well 

preserved scarp that appears to be the last testimony to late scarp increments left for 

study along the San Ramón Fault. This feature is to be accounted for by a single event 

or by several events with thrust slip of the order of ∼1 m or less. When using a 

conservative estimate of the average slip of 1 to 4 m, following Armijo et al. (2010), 

who excluded seismic creep in their study, a shear modulus of 30 GPa with a rupture of 

the entire length of the San Ramón mountain front facing the Santiago valley (∼30 km) 

and further including well constrained seismogenic zones down to 15 km depth under 

the Principal Cordillera, this will yield seismic moments of 1.4 to 5.4 • 10
19

 Nm, 

corresponding to events of magnitude Mw=6.7 to Mw=7.1. This range of magnitudes is 

significantly higher than that of the sequence of three consecutive shocks, all together 

known as the 1958 Las Melosas earthquake, which correspond to the largest events 

recorded instrumentally in the upper plate near Santiago (see Sepúlveda et al. 2008, 

Alvarado et al. 2009 and references therein). The 1958 sequence of the three 

mainshocks occurred within an interval of 6 min with hypocentral depth of 10 km in the 

center of the Main Cordillera 60 km south-east of Santiago, with intensity values 

reaching IX to X (MKS scale) in the epicentral area. The larger first shock has been 

assigned a revised magnitude Mw=6.3 (Alvarado et al. 2009). 

However, earthquakes with large magnitudes would not be too frequent (of the order of 

2,500 to 10,000 years), because the loading rate of the San Ramón Fault seems to be 

low. Thus, the probability of having recorded such an event is low, given the short 

period of settlement in the Santiago basin (the city was founded in 1541). Nevertheless, 

events that large could not be disregarded for seismic hazard assessment in the Santiago 

region and are therefore considered when discussing different earthquake scenarios in 

chapter 6. 
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3.1. Temporary seismic networks 

 

In 2008, a network of eight seismological EarthData Logger PR6-24 instruments 

equipped with a Mark L-4C-3D sensor was deployed in the northern part of Santiago de 

Chile, covering the different geological units (Table 3.1, see also Figure 3.1). We used 

1 Hz short period sensors which had been found to be suitable for investigation also 

when the fundamental frequency of soils is expected to occur down to 0.1 to 0.2 Hz 

(Strollo et al. 2008a, Strollo et al. 2008b).  Installation of the network started on 20 

March 2008, and the stations were removed after 26 May 2008, with exception of 

station S8 which had been removed some days before. A brief description of the soil 

conditions at the sites of stations installed for a short term based on borehole data and 

previous investigations compiled by Valenzuela (1978), Araneda et al. (2000) and 

Rebolledo et al. (2006) is given below. Note that there is a degree of uncertainty in the 

depth of the bedrock due to interpolation and the inversion procedure of the gravimetry 

data between the measurement sites which were spaced with an interstation distance of 

around 500 m. 

 

 

 

Figure 3.1: Geological map of the area of investigation with large white spots indicating the 
locations of the seismic station installed in 2008 (Table 3.1). White quads represent locations of 
the seismic stations installed in 2010 (Table 3.2) whose recordings are used for further 
analyses. Small black spots show sites where measurements of seismic noise have been 
carried out. Encircled numbers indicate locations of S-wave velocity profiles shown in 
Figure 5.1. 
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Table 3.1: Locations of seismic network (March to May 2008). 

 

station 

number 

latitude longitude location installation geological 

unit 

 

S1 -33.424 -70.632 hut on San Cristóbal 

hill 

at ground level igneous 

rock 

S2 -33.444 -70.745 aeronautic institute basement pumice 

S3 -33.435 -70.644 museum Bellas Artes cellar artificial fill 

S4 -33.384 -70.573 library of Bradford 

college 

cellar Mapocho 

gravel 

S5 -33.425 -70.645 cemetery General basement Santiago 

gravel 

S6 -33.388 -70.634 cemetery Parque del 

recuerdo 

at ground level fine-grained 

soil 

S7 -33.418 -70.655 faculty of medicine cellar transition 

zone 

S8 -33.457 -70.663 faculty of physics cellar Santiago 

gravel 

 

Station S1: Igneous rock (outcropping San Cristóbal hill) composed of andesite and 

granodiorite. The San Cristóbal hill rises almost 300 m above the surrounding plain. 

The hut housing the instrument is approximately 30 m below the top of the hill. Since 

S1 is situated on rock it can serve as a reference station, although topographic effects 

and further perturbing influences cannot be excluded as will be discussed in the 

following. 

Station S2: Pumacit deposits consisting of volcanic ash and pumice accompanied by 

fragments of rocks that are occasionally included in the overlaying gravel layer. The 

thickness of the pumacit layer is around 45 m, with the depth to the bedrock being 

around 380 m. 

Station S3: Heterogeneous materials ranging from sand to gravel rubble and waste. The 

soil shows poor quality as a foundation, as there is no control regarding the composition 

and the degree of compaction. Depth to the bedrock is assumed to be around 80 m. 

Station S4: Alluvial deposits of the Mapocho river consisting of very dense gravel and 

unsaturated soil accompanied by sandy gravel, sand, silt and clays. Depth to the bedrock 

is assumed to be around 90 m. 

Station S5: Santiago gravel derived from alluvial from the river Mapocho and to a lesser 

part from the river Maipo. The soil is characterized by large gravel compactness in a 

sand-clay matrix. Interpolation of gravimetric data suggest that the depth of the bedrock 
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is around 185 m, but this might be questionable since the station is located close to an 

outcrop of the small Cerro Blanco. The thickness of the sedimentary cover decreases 

rapidly when approaching this outcrop, but this cannot be seen in the gravimetric data.   

Station S6: Fine-grained soil of Santiago’s northwest of silt and inorganic clays of high 

plasticity with thin horizons of gravel and volcanic ash. Depth to the bedrock is around 

136 m. 

Station S7: Transition zone between Santiago gravel and fine-grained soil including 

thick clay material layers. Large horizontal and vertical stratigraphic variations can be 

found within this zone. Depth of the bedrock is around 177 m.  

Station S8: Santiago gravel from the river Maipo alluvium and to a lesser degree from 

the river Mapocho. The soil is characterized by large gravel compactness in conjunction 

with clay and a lesser amount of sand. Depth of the bedrock is around 95 m. 

Moreover, in immediate succession of the 27 February 2010 Maule (Chile) earthquake 

(Mw=8.8) a network of twelve EarthData Logger instruments equipped with a Mark L-

4C-3D sensors and eight accelerometers Kinematrics Altus K2 was installed in the city 

of Santiago for recording aftershock activity (Table 3.2, see Figure 3.1). Installation of 

the network started on 11 March 2010 and was completed on 18 March 2010. Removal 

of the stations began on 20 May 2010. Although a detailed analysis of the recorded data 

has not been completed yet, a small fraction of the recordings (around 10 %) will be 

considered for further analysis.  

 

Table 3.2: Locations of seismic network (March to May 2010). Herein, station numbers with V 
represent velocimeters, station numbers with A represent accelerometers. 

 

station 

number 

latitude longitude location installation geological 

unit 

 

V1 -33.403 -70.780 storehouse at the 

airport 

at ground level fine-grained 

soil 

V2 -33.433 -70.624 courtyard of hotel 

Presidente 

at ground level Santiago 

gravel 

V3 -33.412 -70.621 police dog obedience 

school 

free field igneous 

bedrock 

V4 -33.457 -70.662 geophysical institute cellar Santiago 

gravel 

V5 -33.429 -70.548 condominium       

Las Condes 

cellar mudflow 

deposits 
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V6 -33.399 -70.568 German school     

Las Condes 

at ground level Mapocho 

gravel 

V7 -33.442 -70.683 faculty of medicine 

Quinta Normal 

cellar Santiago 

gravel 

V8 -33.443 -70.718 municipality          

Lo Prado 

at ground level pumice 

V9 -33.396 -70.672 municipality 

Conchalí 

at ground level fine-grained 

soil 

V10 -33.377 -70.509 headmaster German 

school 

free field Mapocho 

gravel 

V11 -33.360 -70.687 municipality 

Huechuraba 

at ground level fine-grained 

soil 

V12 -33.438 -70.750 hospital Pudahuel at ground level fine-grained 

soil 

A1 -33.399 -70.568 German school     

Las Condes 

at ground level Mapocho 

gravel 

A2 -33.499 -70.611 faculty of physics cellar Santiago 

gravel 

A3 -33.435 -70.635 faculty of law cellar artificial fill 

A4 -33.419 -70.656 faculty of medicine 

Independencia 

at ground level transition 

zone 

A5 -33.375 -70.635 municipality 

Huechuraba 

at ground level fine-grained 

soil 

A6 -33.404 -70.704 municipality Renca at ground level fine-grained 

soil 

A7 -33.445 -70.704 municipality 

Pudahuel 

cellar pumacit 

A8 -33.423 -70.743 police department 

Cerro Navia  

at ground level fine-grained 

soil 

 

During both campaigns the short-term stations were installed inside buildings and were 

placed in their room´s corner and, whenever possible, in cellars. (Two stations of the 

2010 network were installed at shielded sites in free field.) All stations were 

synchronized using GPS reference time, however, station S8 lost its GPS signal some 

time after installation. While this might affect the localization of earthquakes, there is 

obviously no influence on the spectral shapes. The signal was recorded at each site with 

a sampling rate of 100 samples per second. Due to the high level of noise within the 

urban area, which increases the chances of either false triggering as well as the risk of 

not triggering on the weak earthquakes, all velocimetric stations were set to continuous 

recording. Therefore, in addition to the recorded earthquakes, a huge amount of ambient 

noise data was recorded. The accelerometric stations of the 2010 network were 

operating in a triggering mode.  
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3.2. Noise measurements 

 

From 19 May until 13 June 2008 and from 19 to 23 May 2010, noise measurements 

were carried out in the northern part of Santiago de Chile using the same setup 

described above. At each site the signal was recorded for at least 25 minutes, leading to 

146 measurements of ambient noise being carried out (measurement sites are shown in 

Figure 3.1). For almost all the measurements in 2008 the sensor was placed directly on 

the ground (i. e. mown grass, not overgrown soil), with only few measurements carried 

out on asphalt. For all the measurements the sensor was protected against wind. On 

some days rain had been slight to moderate, but it has been shown (Chatelain et al. 

2008) that rain has no noticeable influence. The measurements in 2010 have been 

carried out within selected representative buildings, both damaged and undamaged, for 

the determination of characteristic building parameters. 
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4.1. Introduction 

 

To mitigate the risk associated with the recurrence of earthquakes and site effects, a 

number of procedures suitable for mapping the mechanical properties of the ground near 

the surface and to assess level of ground shaking are currently used. Nowadays, 

experimental determination of the site response is generally accomplished by the 

spectral ratio method using a reference station (e.g. Bard and Riepl-Thomas 2000). Due 

to the fact that it has provided consistent results (Field and Jacob 1995, Bonilla et al. 

1997, Parolai et al. 2000, Frankel et al. 2002), the standard spectral ratio technique 

(SSR, Borcherdt 1970) is most commonly used. One important precondition for using 

the SSR technique is the availability of a reference (bedrock) site with negligible site 

response close to the considered soil site. As this may not always be possible, other 

methods that can overcome this limitation have been proposed. For example, the single 

horizontal-to-vertical (H/V) technique requires one station recording only and uses the 

vertical component as a reference. The method is a combination of the receiver-function 

technique proposed by Langston (1979) and the method of Nakamura (1989). 

Langston’s approach is based on the basic assumption that the vertical component is 

relatively uninfluenced by local geological structure. The method of Nakamura (1989), 

based on the approach of Nogoshi and Igarashi (1970, 1971), defined the site response 

as the ratio of the horizontal to vertical motion at the surface by assuming the vertical 

component is not amplified by the surface layers. Although Nakamura’s approach was 

originally used for microtremors, it has also been extended to earthquake recordings, 

first applied to earthquake S-waves by Lermo and Chavez-Garcia (1993).  

Usually, the H/V ratio from microtremors shows a clear peak in good agreement with 

the fundamental resonance frequency at soft soil sites under the constraint of the 

existence of a large impedance contrast between the sediments and bedrock (Lermo and 

Chavez-Garcia 1994, Field and Jacob 1995, Horike et al. 2001, Bard 2004). In contrast, 

the peak amplitude of the microtremor ratio often tends to underestimate the peak 

amplitude of earthquake SSR (e.g. Field and Jacob 1995, Bindi et al. 2000, Parolai et al. 

2004a, Bard 2004, Haghshenas et al. 2008); only in few studies a close match between 

both amplitudes is found (e.g. Horike et al. 2001, Mucciarelli et al. 2003, Molnar and 

Cassidy 2006). Therefore, it is in general agreement that the NHV technique can 
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provide the fundamental frequency and a lower-bound estimate of the amplification for 

a soft soil site, but fails to provide higher harmonics. However, the meaning of the 

amplitude of the peak are still a topic of discussion. 

Several site effect studies based on the H/V method for both earthquakes (EHV) and 

microtremors (NHV), as well as the SSR method, representing results from various 

sedimentary basins, have been published over the last few years. Although their 

geological settings are different, deep basins filled with unconsolidated Quaternary 

deposits several hundred meters thick dominate these studies. Therefore, the simple 1D 

resonance frequency of the sediment columns is relatively low, such as in the case of the 

Cologne area (Parolai et al. 2004a), the Lower Rhine embayment (Ibs-von Seht and 

Wohlenberg 1999), the Western part of the city of Basel located in the Rhine graben 

(Fäh et al. 1997) and the Rhone valley in Valais in Switzerland (Frischknecht et al. 

2005), Grenoble (Lebrun et al. 2001) in France, Thessaloniki (Panou et al. 2005) and 

the Volvi basin (Theodulidis 2006) in Greece, as well as the Molise basin (Gallipoli et 

al. 2004a) in Italy. Examples of shallow and thinner deposits, resulting in a higher 

resonance frequency, are also reported for the area of Lisbon (Teves-Costa et al. 1996) 

in Portugal, in the Umbria-Marche region (Mucciarelli and Monachesi 1998) in Italy, 

the Victoria basin (Molnar and Cassidy 2006) in British Columbia, and the Bovec basin 

(Gosar 2008) in Slovenia.  

Since a clear understanding of the H/V ratio derived from ambient noise measurements 

is still lacking, the observations should be checked for each area under investigation. 

Therefore, a detailed site effect study will be carried out by combining data from both 

earthquake recordings made by a temporary seismic network described in chapter 3.1.1. 

and from measurements of ambient seismic noise (chapter 3.1.2.). After providing a 

detailed analysis of the recorded events both in time and in the frequency domain, three 

different methods for obtaining site responses will be compared: H/V from earthquake 

recordings, the standard spectral ratio technique as well as H/V from microtremors. 

Remarks about the benefits and caveats of the different site response techniques will 

also be included. Additionally, the stability of the NHV in terms of time and amplitude 

will be checked. As a result of the analysis of NHV measurements carried out in the 

northern part of Santiago de Chile, a map of the fundamental resonance frequency of the 

investigated area will be provided; moreover, the results are compared with 

observations of damaged structures in the city following the 2010 Maule earthquake. 
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4.2. Seismic event recordings: Data acquisition and analysis 

4.2.1. Seismogram properties 

 

While the network had been installed in 2008, 38 earthquakes were recorded with 

sufficient quality. Table A.1 shows all the hypocentral parameters and magnitudes 

according to the PDE catalogue. The list includes only earthquakes with an epicentral 

distance to the network of at least five times the maximum distance to the reference 

station, which is 11 km between stations S1 and S2, to exclude path effects. Altogether, 

ten local, 22 regional and six teleseismic events are listed. Almost all earthquakes had 

been recorded by all stations, with an exception of station S4 by which only 14 events 

with sufficient quality were recorded (see Table A.1).  

As an example, Figure 4.1 shows the unfiltered recordings of the NS component for all 

stations of one local event. It can be seen that stations S2 and S6, which were located 

close to busy roads, were affected by higher noise amplitudes while, e.g. for stations S1, 

the reference station, and S5, the latter being located in a quiet part of a cemetery, the 

noise levels are much lower.  
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Figure 4.1: Comparison of NS recordings of a local earthquake on 12 April 2008, 21:21:57 UTC. 
Some stations show higher noise level due to the environment where they had been installed. 
The station ID (cf. Figure 3.1 and Table 3.1) and the hypocentral distances, as well as the time 
windows for P-wave and S-wave analysis are indicated. 
 
 

4.2.2. Time domain analysis and earthquake duration 

 

Quite different amplitudes and durations are observed at separate stations despite their 

proximity. While the amplitude ratio can differ by more than a factor of two compared 

to reference station S1 (see e.g. station S6), Figure 4.1 also shows clearly the 

lengthening of ground shaking for the basin sites. We calculate the duration of an event 

by ignoring the first and the last five per cent of the velocity square integral and 

considering the remaining 90 per cent as the significant contribution (Trifunac and 

Brady 1975). Several other definitions of earthquake durations can be found in a review 

by Bommer and Martínez-Pereira (1999). 

The durations of all recorded events were divided by the corresponding duration 

recorded at the reference station S1. Results of the mean duration ratios and standard 

deviations are shown in Table 4.1. As can be seen, the duration of ground shaking is 

increased on average by a factor of nearly 2, with a maximum of 2.27 at S6; only at 
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station S5 the duration ratio is close to 1. This might be due to the location of the station 

close to (approx. 350 m) the outcrop of igneous bedrock at Cerro Blanco. Only a small 

sedimentary cover of stiff gravel underlies S5 resulting in a lower amplification and 

ground motion duration. As already seen in Figure 4.1, station S6 not only shows largest 

amplitudes but also on average most significant lengthening of the duration.  

Due to the large standard deviations that can be found in Table 4.1, we also performed 

an F-test. Although the nullhypothesis of equal distribution at 95 % confidence level 

must not be rejected for the present data set, meaning that there is a statistically 

significant correlation between the lengthening of duration for different stations, we are 

anyhow quite sure that a more comprehensive data set should reduce the large standard 

deviations. 

 

Table 4.1: Duration ratios and standard deviations for stations located in the basin divided by 
the duration of the reference station S1. 

 

station duration ratio σ 

S2 1.89  0.83 

S3 1.91  1.05 

S4 1.65  0.44 

S5 1.21  0.34 

S6 2.27  1.21 

S7 1.75  0.59 

S8 1.59  0.70 

 

In Figure 4.2, the duration ratios calculated on the basis of both local, regional, and 

teleseismic earthquakes for stations S5 and S6 relative to the reference station S1 as a 

function of back azimuth and magnitude are shown. In general, a large scattering of 

duration lengthening in the middle of the basin is observed. However, the recorded 

earthquakes do not cover the entire back azimuth range and therefore do not allow to 

assess, if there is any clear dependence between the location of the event and the 

observed duration. On the other hand, a slight correlation between the extension of 

duration and the event’s magnitude rather than the epicentral distance seems to exist: 

local events occuring with a lower magnitude (squares in Figure 4.2) show only a slight 

lengthening of the duration ratio, whereas for regional and teleseismic events, a 

significant increase in duration ratio is observed, an expected result. This might be 
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explained by considering the different types of waves and the resulting incident angles 

arising from local, regional, and teleseismic events.  

 

 

Figure 4.2: Duration ratios calculated for stations S5 and S6 with respect to the duration 
observed at station S1. The ratios are shown against the angle of the back azimuth (left) and 
magnitude of the event (right). Squares, crosses, and diamonds represent local, regional, and 
teleseismic events, respectively. The horizontal lines correspond to the mean duration ratios for 
stations S5 (red) and S6 (black). 

 

However, since the data were acquired in urban areas some recordings are strongly 

affected by noise. Hence, there is a strong need of suitable procedures that allow a 

reliable identification of different phases without losing important information, i.e. the 

necessity of tools that can effectively take into account the frequency-time variation of 

the seismic recordings.   

 

4.2.3. Denoising of seismograms using the S transform 

4.2.3.1. Introductory remarks 

 

Already in the 1980s, the existence of basin-induced surface waves in the coda of S-

waves was demonstrated
 

through numerical simulation for two-dimensional basin 

models (e.g. Bard and Bouchon 1980, Vidale and Helmberger 1988, Kawase and Aki 

1989) and was also pointed out by several observational studies in the same
 
decade. For 

example, Idei et al. (1985) suggested the contamination
 
of surface waves in late S-coda 

based on the fact that phase
 
velocities estimated from late S-coda observed by a 

tripartite
 
array in the Kyoto basin, Japan, agree with theoretical ones

 
for Rayleigh waves 

in the frequency range from 0.75 to 3 Hz and
 
that the observed amplitudes of late S-

coda are larger than
 
theoretical ones obtained from a one dimensional model,

 
which can 



26                                                                      4. Comparison of site response techniques 

_______________________________________________________________________ 

 

reproduce observed amplitudes of an S-wave in the
 
time domain. Phillips et al. (1993) 

showed that phase velocities
 
estimated from late S-coda observed by a horizontal array 

in
 
the Kanto basin, Japan, agree with theoretical ones for Love

 
waves at around 1 Hz 

and that these Love waves seem to be generated
 
at the edge of the Kanto basin.  

However, direct observations of such basin-edge-induced waves are still relatively rare 

and often limited to large size structures (more than 50 kilometers) where the late edge-

generated surface wave phase can be easily seen several tens of seconds after the S-

wave train (e.g. Kagawa et al. 1992, Kawase and Sato 1992, Kinoshitaet al. 1992, 

Phillips et al. 1993, Frankel 1994, Hatayama et al. 1995, Field 1996, Malagnini et al. 

1996, Cornou et al. 2003). In smaller structures short travel times for the laterally 

propagating surface waves, the complexity in the structure geometry, and the possibility 

of multiple reverberations between the basin borders result in very complex wave fields 

that consist of multiple waves mixed in the early S-wave portion (and in the P-wave part 

as well). Not long since, however, such waves could be observed directly in several 

small basins: the Caille valley in the French Alps (Gaffet et al. 1998), Colfiorito 

(Caserta et al. 1998, Rovelli et al. 2001) and Gubbio (Bindi et al. 2009) in central Italy, 

and Parkway in New Zealand (Chavez-Garcia et al. 1999). In each of these cases, direct 

observation was made possible through dense array recordings and strong constraints 

for wave motion patterns due to the depth and geometry of the basin. However, since 

such dense array recordings are only available for a few basins (and not for Santiago de 

Chile) there is the need of considering an approach that can deal with the limitations of 

single station recordings.  

Recently, Stockwell et al. (1996) introduced the S transform as a tool for optimal time-

frequency analysis of geophysical signals. The transform, which is an extension of the 

continuous wavelet transform, has already been used by several authors (e.g. Pinnegar 

and Eaton 2003, Zhu et al. 2003, Goodyear et al. 2004, Schimmel and Gallart, 2005, 

2007, Askari and Siahkoohi 2007) for optimally filtering seismograms. One of the main 

advantages of analyzing seismograms by means of the S transform is that a denoising 

procedure can be easily coupled to a time-frequency filtering of the signal. An 

application combining the thresholding denoising method with time-frequency filtering 

of the seismogram has recently been proposed by Parolai (2009). This technique allows 

an optimal identification of secondary phases (like dispersive surface waves) which are 
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of particular interest in site effect studies when 2D and 3D effects are amplifying and 

extending strong ground motion durations.  

 

4.2.3.2. Application to real data 

 

For several of the stronger local and regional events recorded by the network installed in 

2010 large long-period phases following the S-waves for stations located in the basin 

can be observed. As an example Figure 4.3 shows the recording of the local 5 April 

2010 event (03:32:14 UTC, M=4.6), occurring around 55 km west of the edge of the 

basin, and the corresponding normalized S transform.  

 

 

Figure 4.3: Top: The vertical component seismograms of the local M=4.6 earthquake on 
5 April 2010, 03:32:14 UTC recorded at soil station V1 (left) and at rock station V3 (right, see 
Figure 3.1 and Table 3.2). Bottom: Corresponding normalized S transform for V1 (left) and V3 
(right). 

 

On the soil site in the basin (station V1, left in Figure 4.3), there is a large phase 

following the S-wave arrival by about 10 s. In the time segment between 22 and 46 s, 

the frequency content of ground motion is mainly between 0.4 and 3 Hz and a clear 

arrival of waves at low frequencies is depicted. On the contrary, this later phase is not 

observable on the rock site (station V3, right in Figure 4.3). Furthermore, also in the 

seismogram of station V1 the duration of shaking is significantly longer compared to 

the rock station. However, higher frequencies mask the arrival on the seismogram, 

making troublesome, for example, standard polarization analysis.  
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By combining the denoising of seismograms by means of the S transform and time-

frequency filtering (i.e. by multiplying by 0 all undesired spectral components of the 

S transform and by 1 those that should retain) it is possible to extract the arrival of the 

dispersive wave train as shown by Parolai (2009). The noise is completely removed and 

the dispersive wave train excellently imaged (Figure 4.4). In fact, clear low frequency 

arrivals are followed by higher frequencies. In the pure seismogram, however, it might 

be difficult to identify this dispersive wave part. 

 

 

 

Figure 4.4: Top: The denoised and filtered vertical component seismogram of the local M=4.6 
earthquake on 5 April 2010, 03:32:14 UTC at soil station V1. Bottom: Corresponding normalized 
S transform. 

 

In general, the occurrence of low-frequency dispersive phases following the S-wave is 

also observed for several other events on soil sites in the basin. Figure 4.5 shows the 

seismogram and the corresponding normalized S transform for a regional event (M=5.2, 

latitude 34.65° S, longitude 71.82° W). Again, an arrival of dispersive waves can clearly 

be identified at around 60 s. Note, however, that the dispersive phase in Figure 4.5 has 

about the same delay with respect to the S-wave as in Figure 4.3 although the 

hypocenter for that event is 150 km to the south-west of the basin edge, i.e. around 

100 km more from station V1. This indicates these waves must be generated locally, 

and thus significantly increasing the duration of shaking in the low-frequency range at 

the basin sites. As will be discussed in chapter 4.7, the resonance frequency of several 

tall buildings that have been seriously damaged during the 2010 Maule earthquake is 

expected to overlap with the frequency range of these waves. 
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Figure 4.5: Left: The vertical component seismograms of the regional M=5.2 earthquake on 
1 April 2010, 12:53:07 UTC recorded at station V1 (top) and the corresponding normalized 
S transform (bottom). Right: The denoised and filtered vertical component seismogram (top) 
and the corresponding S transform (bottom). 

 

The wave train for the regional event in Figure 4.5 starts at lower frequencies than the 

one for the local event in Figure 4.3. As stated before, the local event occurred in the 

due west of the basin whereas the regional event occurred in south-west direction. One 

possibility for the different behavior might be the sediment thickness (see Figure 2.4). 

Here, the variation of dispersion may be attributed to a shift of the frequency bandwidth 

over which dispersion can occur for the considered soil thickness and velocity contrast 

between the basin and underlying bedrock (Narayan 2010). 

For further characterization of the basin edge generated waves we make use of particle 

motion analysis which can distinguish between Rayleigh, Love, and body waves. Due to 

the delay of the dispersive phase with respect to the S-wave there is a high probability 

that the basin edge generated phases can be identified as surface waves. Although Cotte 

et al. (2000) showed that long-period (20 s to 40 s) edge generated surface waves can be 

deviated up to 30 ° relative to the basin edge, and Knopoff et al. (1996) calculated 

deviations up to 12.5 ° for Rayleigh waves with periods of 15 s, we assume here for the 

sake of simplicity that for the frequency range considered here (f > 0.2 Hz) these locally 

generated waves propagate perpendicularly away from the basin edge. Therefore, the 

horizontal shearing motion from Love waves should be found entirely in the edge-

parallel direction while the elliptical particle motion of the Rayleigh wave should be 

visible entirely in the edge normal and vertical components (Adams et al. 2003, 
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Yalcinkaya and Alptekin 2005). Figure 4.6 shows the denoised and filtered recordings 

rotated to these directions.   

 

.   

 

Figure 4.6: Top: The denoised and filtered seismogram of the M=4.6 earthquake on 
5 April 2010, 03:32:14 UTC at soil station V1 for basin edge parallel (left) and basin edge 
normal (right) components. Bottom: Corresponding S transform normalized to the maximum of 
the two components. The vertical component has already been shown in Figure 4.4. 

 

Both time-frequency representations of the filtered seismograms cover about the same 

area. However, according to Cornou et al. (2003), basin edge induced Rayleigh waves 

can carry up to 50 % more energy than Love waves. Similarly, in Figure 4.6 basin edge 

normal components carry significantly more energy than basin edge parallel 

components. Therefore, it should be easier to identify properties of Rayleigh waves 

when using polarization analysis. One has to keep in mind that real signals, although 

filtered, have highly time-dependent polarization properties. In the time-frequency 

domain these properties can be represented by the dip and the strike of the polarization 

ellipse (Pinnegar 2006). Herein, the dip represents the inclination of the ellipse to the 

horizontal plane (0 < dip < π). If the dip is smaller than π/2, the particle motion is 

counter-clockwise as viewed from a position having large displacement in the positive 

z direction; if the dip is larger than π/2, the particle motion is clockwise. The strike is 

the azimuth of the ascending node (the point at which the function crosses the 

horizontal plane in the positive z direction), measured counter-clockwise (see 

Figure 4.7).   
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Figure 4.7: Schematic representation of the polarization ellipse with its geometric parameters 
mentioned in the text. 

 

In general, these spectra are quite difficult to interpret since this technique assigns a 

value to the strike and to the dip at every point on the time-frequency plane, regardless 

of whether the ellipse associated with that time and frequency significantly contributes 

to the signal. One way of addressing this problem can be using two different shades of 

each color to denote the dip angle, with the brighter shade being used only for these 

parts in which large amplitudes in the major axis time-frequency representation (i.e. in 

the S transform) occur, and dimmer shade used everywhere else (Figure 4.8). As one 

might expect the Rayleigh wave with its vertical ellipse plane turns out to have a dip 

close to π/2. This value is reasonably stable over the extent of the Rayleigh wave 

signature. Other dip values, which can be found in Figure 4.8, might be exhibited by 

Love (or other) waves and may seem surprising at first since Love wave motion is 

nearly horizontal, having a dip close to 0. The ellipses that describe Love wave motion 

are in general extremely elongated. To this regard, one has to keep in mind here that the 

dip of the ellipse plane is not the same as the plunge of the major axis of the ellipse. 

Purely linear motion is unlikely to be encountered in real seismograms, since noise 

contamination will always introduce some ellipticity which could not be removed 

completely although the seismograms have been filtered. 

The strike of the Rayleigh wave (Figure 4.8 bottom) shows a quite stable behavior with 

values near 0. This means that the particle motion is displaced towards the positive 

radial direction when it rises through the horizontal plane which is consistent with the 

retrograde motion of the Rayleigh wave. For the transverse Love wave, one would 
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expect strike values near ± π/2 relative to the positive radial direction. The reason for 

two possible values is that the strike is defined to be the azimuth that the particle has 

when it crosses the horizontal plane in the direction of increasing z. Thus, changing the 

strike by ± π is equivalent to reversing the direction of particle motion. This might 

explain the light red and light blue parts in the time-frequency representation of the 

strike.  

 

Figure 4.8: Top: Time-frequency representation of the dip of the elliptical motion. The Rayleigh 
signature exhibits a classic vertical behavior with a dip near π/2. Horizontally polarized Love 
waves show a dip close to 0. Bottom: Time-frequency representation of the strike of the elliptical 
motion. 0 represents the positive radial direction. This shows the alignment of the Rayleigh 
ellipse with the propagation direction (retrograde motion). Strike values near ± π/2 indicate the 
transverse orientation of the Love phase. 

 

Thus, although the signals had been filtered even small noise contributions will change 

the pure linear motion. Since the influence of noise each with strike and dip is different, 
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this might also explain why the polarization properties of Rayleigh and Love waves do 

not cover the same area in the time-frequency representations, respectively. However, 

the polarization properties of surface waves can clearly be identified. In conjunction 

with their respective delay regarding the S-wave arrival this indicates the existence of 

basin edge induced surface waves in the Santiago basin causing longer shaking duration 

at several sites. However, to draw a general conclusion our azimuthal coverage is not 

the best since all recorded events occurred to the west and south-west of the basin. We 

expect the excitation of surface waves to be different for other events (depending, e.g., 

on the azimuth of the incoming seismic waves), although we are quite sure that one 

would also identify the eastern edge of the basin as a diffractor, too. However, we did 

not observe an excitation of surface waves for all analyzed events; on the other hand, no 

statistical dependency on the distance of the events could be found at first glance.  

Therefore, further investigations are necessary to clarify the possible influence of 

magnitude and back-azimuth on the generation of surface waves. Besides, our previous 

investigation is only focused on the local basin structure. As outlined by Gaffet et al. 

(1998), regional heterogeneities also can contribute to reload the basin with seismic 

energy. Since there is major lack of this information, additional studies are necessary to 

further quantify the occurrence of these waves.  

Yet, without having a detailed knowledge thereof a further analysis of ground motion 

based on the spectral ratios of the earthquake can be carried out. 

 

4.2.4. Frequency domain analysis 

 

To calculate the spectra for all the events, the recordings were first checked visually and 

only those showing good signal-to-noise ratio allowing for detecting P- and S-wave 

arrival were considered; then time windows for P-wave and S-wave analysis were 

selected. The P-wave window starts 0.7 s before the P-wave arrival and ends before the 

S-wave arrival, when the P-wave energy reaches 90 % of its maximum. The same 

applies for the S-wave window. After correcting for instrumental response, each 

window was cosine tapered (5 %) and a Fast Fourier Transformation (FFT) for each 

seismometer component was performed. Spectral amplitudes were smoothed using the 

Konno and Ohmachi (1998) recording window (b = 40), ensuring smoothing of 

numerical instabilities while preserving the major features of the earthquake spectra that 
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were considered valid only when the signal-to-noise (S/N) ratio is greater than 3. The 

horizontal component spectra were calculated, considering the root-mean square 

average of the NS and EW component spectra. First, the EHV ratio was calculated for 

all events separately for P- and S-wave windows (Figure 4.9).  
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Figure 4.9: EHV calculated for P- and S-waves for all events with a signal-to-noise ratio larger 
than 3. Thick lines show medium plus / minus one standard deviation. Note the different 
amplitude scaling for station S6. 

 

It has been shown that EHV and SSR methods usually provide site responses with 

similar shapes when only the S-wave part of the seismogram is used; the P-wave part is 

found to provide consistent results only in some cases (see e.g. Castro and the 
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RESNOM working group 1998). Parolai et al. (2004b) found that EHV P- and S-waves 

show the same features, although the amplitude of EHV P-waves is smaller. Therefore, 

we considered both parts separately. Additionally, the SSR method was applied to all 

recordings using S1 as a reference station due to its location on igneous rock and its 

nearly flat response in the EHV spectrum. SSR curves for all stations are shown in 

Figure 4.10. The shape of site responses between P- and S-waves is again quite similar. 
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Figure 4.10: SSR calculated for P- and S-waves. Thick lines show medium plus / minus one 
standard deviation. Note the different amplitude scaling for station S6. For station S4 no 
standard deviation has been calculated due to too few recordings. 
 

4.3. H/V ratio of ambient noise: Data acquisition and 

analysis 

  

As all the stations of the network in 2008 were set to continuous recording, a huge 

amount of ambient seismic noise was recorded, allowing further investigations 

regarding the long term stability of the NHV peaks and the verification of the existence 

of differences in the results, when using recordings from day and night time. The data 

also provided the means for comparing amplification factors obtained from the NHV 

peak with those determined by other methods. 

For data processing each noise recording was divided into 60 s-long windows tapered 

with a 5 % cosine function. As a rule of thumb, it is generally accepted (Parolai et al. 
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2001, Bard and SESAME WP02 team 2005, Picozzi et al. 2005) that the shortest 

window length has to be selected in such a way as to include at least ten cycles of the 

lowest frequency analyzed. So, a window length of 60 s can be considered long enough 

to accomplish the analysis down to a frequency of at least 0.2 Hz. Instrumental 

correction and smoothening were carried out in analogy to earthquake data analysis. 

After checking visually for anomalies between Fourier spectra of the NS and the EW 

components, both spectra were then averaged (root-mean square) obtaining the 

horizontal component Fourier spectrum. Afterwards we calculated the spectral ratios 

between the horizontal and vertical components, and finally we determined the 

logarithmic mean of all the H/V ratios for a given site. For our studies, the number of 

selected windows (20 to 30) for this frequency range guarantees stable results, 

following Picozzi et al. (2005).   

In order to estimate the stability of the peak in the NHV curve of the installed seismic 

stations both in terms of frequency and amplitude, the spectra were calculated using 

data recorded some time after the installation of the stations and before their removal 

with a time lag of seven weeks. For both dates and all eight stations, NHV curves were 

calculated at midnight (04:00 UTC) and at noon local time (16:00 UTC) on the same 

day, respectively. Results are presented in Figure 4.11. The analysis clearly shows that 

the shape of the NHV curves is not identical even though no large differences between 

recordings at midnight and at noon seem to occur.  
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Figure 4.11: Average NHV plus / minus one standard deviation calculated at noon (16:00 UTC) 
and at midnight local time (04:00 UTC) for the same day. Figures on the left show recordings of 
4 April 2008, figures on the right recordings of 22 May 2008. 

 

An analysis comparing Figures 4.9 (EHV curves), Figures 4.10 (SSR curves), and 

Figures 4.11 (NHV curves) is outlined below. 
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4.4. Results and discussion 

4.4.1. Seismic event and microtremor recordings: comparison of different 

techniques 

 

• S1 (reference station, no SSR curve) 

As expected, no clear peak can be identified in the NHV curve although the station 

shows little amplification over a broader frequency range (< 5 Hz) in the NHV spectral 

ratios. To check, if topographic effects are responsible for the small amplification we 

investigated the directional variation of the NHV spectral ratio according to Del Gaudio 

et al. (2008). Therefore, we calculated an average NHV spectral ratio consisting of 20 

NHV curves selected randomly using recordings from day and night time over the entire 

installation period. In Figure 4.12 the mean NHV values are represented by a polar 

diagram. Although differences between the maximum and minimum amplitude at the 

same frequency are small, a clear preferential direction in the azimuthal distribution of 

the amplitude is shown: the relative maximum is oriented along N 70° E, the maximum 

slope direction, confirming the results found by Del Gaudio et al. (2008). However, all 

outcrops of the igneous bedrock show significant topographic slopes; hence, this effect 

might also be observed at any other site on the bedrock close to the city.  

 

 

Figure 4.12: Polar diagram of mean NHV spectral ratio for station S1 calculated at 20° azimuth 
intervals for an average of 20 randomly selected NHV measurements. 
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For the NHV curves recorded on 22 May 2008, there are small differences between the 

recordings at noon and at midnight (Figure 4.11). Due to limited sites on the San 

Cristóbal hill providing a power supply, the installation of the station was not far away 

from the mountain station of the funicular onto the hill. As this area is much frequented 

by people during daytime, the difference might be explained by these disturbances.  

When looking at the earthquake data, the EHV curve of the S-waves shows a slightly 

higher level of amplification with respect to both the P-wave windows and to the NHV 

curve. Although only a slight influence of the topography on the amplification for NHV 

spectral ratios at S1 is found, this trend cannot be seen when considering EHV spectral 

ratios: no azimuthal distribution is found. So the lack of significant amplification might 

justify to choose this station as a reference. 

 

• S2 

Although all the NHV, EHV, and SSR curves show a consistent shape, the 

amplification of the S-wave windows is generally slightly larger compared to the P-

wave windows. Whereas the second peak around 2 Hz is smaller than the first one at 

0.45 Hz in the NHV curve, both peaks are of the same amplitude for EHV and SSR. 

The secondary peak at around 2 Hz can be explained by considering local geological 

conditions: as described in chapter 3.1.1, at this site a layer of pumacit is overlaying 

gravel, therefore a second impedance contrast might reasonably explain this peak. The 

frequencies at which the peaks occur seem to be at a first order consistent with the 

thickness of the sediments obtained by the gravimetric data set. Additionally, some 

events show (quite small) peaks in the EHV and SSR curves around 8.7 Hz and 13 Hz, 

which the NHV method is unable to detect. These peaks are likely to be related to 

relatively superficial impedance contrasts which was already suggested by Bravo (1992) 

and Rebolledo et al. (2006) in their geological studies of the pumacit layer. No 

differences between the recordings made at day and night time are visible in the NHV 

curves. 

 

• S3 

Although there is a strong scattering, no striking significant peak can be seen in the 

noise or in the earthquake curves. Several small peaks for some events appear in the 
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EHV curves. In general, the amplitude of the S-wave window curve is slightly larger 

than the one of the P-waves.  

 

• S4 

While the P-wave curve of the EHV remains flat, the S-wave curves of EHV and SSR 

show some slight amplification in the frequency range between 0.5 and 0.9 Hz. Due to 

the few recorded earthquakes with good signal-to-noise ratios, no statements can 

definitively be made about the P-wave windows of the SSR results. On the other hand, 

although the NHV curves seem to be flat, a clear peak at exactly 2.5 Hz and a small one 

at 9.3 Hz are visible in all NHV curves, also slightly indicated in the SSR curves. When 

calculating the spectra for each component for the microtremor recordings separately 

(Figure 4.13), obvious differences occur.  

 

Figure 4.13: EW/V and NS/V spectra plus / minus one standard deviation for the recording on 
4 April 2008 of station S4. 

 

In fact, the peak at 2.5 Hz is not found in the (NS)/V spectral ratio of noise while it can 

clearly be seen in the (EW)/V spectral ratio, with the opposite situation for the small 

peak at 9.3 Hz. The standard deviations for all curves remain quite small. As it is really 

unlikely to have two sources oriented at exactly 90 degrees from each other without any 

influence on the orthogonal component and since it has already been reported (e.g. 

Gallipoli et al. 2004b, Cornou et al. 2004) that noise and even earthquake recordings are 

strongly influenced by the proximity of structures, we believe that these frequencies 

might be related to the first two translational modes of the building in which the sensor 

was located. Furthermore, the fact that these peaks are not related to the soil response is 

also supported by the results of the single stations NHV measurements determining 

much lower frequencies for this area (see chapter 4.6 and Figure 4.16). 
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This example clearly confirms that all components of the Fourier spectra have to be 

checked carefully, and effects of the structure where the sensor is installed have to be 

accounted before analyzing the results, so as to avoid misinterpretation. 

 

• S5 

Although the curves have similar trends, the amplification retrieved by the S-wave 

window curves are higher than those of the P-wave windows, showing a peak at 6 Hz 

which is only foreshadowed in the NHV curve and can hardly be seen in the P-wave 

curves. Over a broad frequency band between 0.5 Hz and 3 Hz, all curves show slight 

amplification with amplitudes marginally below 2. 

 

 

• S6 

All curves show a clear peak at 0.9 Hz with amplitudes ranging between 5 (NHV curve) 

and 12 (SSR P-waves). The peak of the fundamental resonance frequency is as a first 

approximation consistent with the thickness of the sedimentary cover provided by 

interpreting the gravimetric data. Peaks of higher harmonics at around 3 Hz and 8 Hz 

can also be observed in the earthquake data, especially on the S-wave window curves, 

while the NHV curve show only small bumps over that frequency range.  

 

• S7 

Due to a low signal-to-noise ratio, no reliable SSR curve below 0.4 Hz could be 

determined. All curves remain quite flat. Nonetheless, when checking the EHV and SSR 

S-wave curves, a few events show amplification at 4.8 Hz and 13 Hz, respectively, but 

the amplitudes remain rather small. This trend is not visible for both P-wave curves. As 

the translational modes of the building are excited much better by S-waves than by P-

waves (e.g. Wegner et al. 2005) and as the major axes of the building almost coincide 

with the NS and EW direction both small peaks might again be related to the first two 

translational modes of the building. In the NHV curves, no clear peaks can be found, 

although there are slight elevations for frequencies around 0.2 Hz and 0.7 Hz. 

Considering the thickness of the sediments obtained by gravimetric data, the 

fundamental frequency is expected to occur around 0.7 Hz, i.e. the first peak is not the 
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fundamental one. In addition, the small amplitude of the peaks might indicate a low 

impedance contrast. 

 

• S8 

Due to a low signal-to-noise ratio, no reliable SSR curve below 0.4 Hz could be 

determined. Large scattering appears with some events showing amplification around 1 

Hz, which might also be supported by a bump in the NHV curve recorded on 22 May, 

while this bump cannot easily be seen in the curves of 4 April. Considering a 

sedimentary cover thickness of around 95 m amplification at around 1 Hz seems to be 

realistic. 

 

4.4.2. Summary 

 

Generally, there is a good agreement in the shape and the location of the fundamental 

resonance frequency found in the SSR, EHV, and NHV curves. EHV and SSR spectral 

ratios show similar shape and amplitude, because the small amplification found at 

station S1 due to topographic effects does not influence the results at the other stations. 

As only events with an epicentral distance of five times the maximum interstation 

distance have been considered for analysis, the SSR technique is found to provide a 

more reliable estimate of the site response, because effects due to the path and the 

radiation of the source are minimized, respectively. Moreover, although the recorded 

earthquakes do not cover the entire back azimuth range we did not observe any 

dependence of the EHV and SSR amplitudes on earthquake location, in consistency to 

e.g. Bonnamassa and Vidale (1991). 

In general, the level of amplification is surprisingly low at several stations located 

within the basin (i.e. S4, S5, and S8). Reliable EHV and SSR site responses can usually 

only be obtained, when earthquakes are distributed all around the stations at different 

distances. Due to the tectonic situation, the recorded earthquakes are mainly clustered in 

two narrow azimuthal ranges, as can be seen in Figure 4.2, but no influence is believed 

to arise from this shortcoming due to the relatively large number of events used. 

Therefore, the small amplitude at several sites might give a first hint at a low impedance 

contrast, a conclusion supported when considering the soil conditions below the sites 

(see site characterization above) and also by the findings of Bravo (1992). 



46                                                                      4. Comparison of site response techniques 

_______________________________________________________________________ 

 

Differences between NHV and earthquake spectral ratios can be found in terms of the 

amplification level: most of the earthquake data show a higher level of amplification 

than NHV curves for large ranges of the frequency band. This is also strengthened by 

Figure 4.14 where the ratio of SSR divided by NHV for all stations in the frequency 

range 0.2 Hz to 20 Hz (0.4 to 20 Hz for S7 and S8) is shown.  

 

Figure 4.14: Ratio between standard spectral ratio and H/V site responses from seismic noise. 

 

NHV seems to give a lower amplification, especially for lower and higher frequencies, 

whereas for frequencies around 1 Hz the ratio between SSR and NHV takes a value 

below one. Some stations (e.g. S2 and S6), located on thick sediments, have clear peaks 

related to higher harmonics in the EHV and SSR curves with amplifications sometimes 

exceeding 3. Because NHV is generally expected to estimate only the fundamental 

resonance frequency (or to provide amplifications over a narrow frequency band around 

it), it could be expected to underestimate more significantly the level of amplification at 

frequencies higher than the fundamental one. Therefore, the ratio between SSR and 

NHV is expected to be frequency dependent and to differ between analyzed stations, 

depending on the position of the peak relevant to the fundamental frequency. 

Additionally, when comparing spectral ratios of P-  and S-wave windows, both spectra 

share similar features as long as the frequencies of maximum amplification are 

considered (if appearing in the P-wave curve), but amplitudes in the P-wave curves are 

often considerably lower. However, this difference might be explained by the 

hypothesis that the P-wave window results are mainly related to converted waves. Since 

a low impedance contrast seems to exist, the amount of conversion is limited and the 

signal-to-noise ratio in the windows is low.  
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Finally, in Figure 4.11 it can be seen that the shape of all NHV curves is quite stable, 

which means that if there are any peaks, they occur at almost the same frequencies and 

show the same amplitudes. Also, no differences between recordings during daytime or 

nighttime are observed, with the exception of station S1 on 22 May 2008, as discussed 

above. Since transient noise is expected to be generated mainly by nearby sources and 

generally affects noise spectra at frequencies higher than 1-2 Hz (e.g. McNamara 2004), 

this might confirm that transients have no (or only a little) influence on the NHV ratio, a 

result already shown by several studies (e.g. Mucciarelli et al. 2003, Parolai and 

Galiana-Merino 2006).  

We can therefore conclude that no noticeable NHV variation with time can be observed. 

This result might be used for further experiments by analysing noise measurements 

within the city, as the amplitude and the fundamental frequency of the NHV peak is not 

influenced by the time of measurement and the environmental conditions. 

 

4.5. Single station NHV measurements 

 

As mentioned, in addition to the earthquake recordings, measurements of seismic noise 

were carried out at 146 different sites in the northern part of Santiago de Chile 

(measurement sites are shown in Figure 3.1). There exist several criteria how to qualify 

the reliability of a peak, including its absolute amplitude, the relative amplitude value 

with respect to other peaks, and by considering the standard deviation. We used the 

following guidelines proposed by the SESAME consortium (see Bard and SESAME 

WP02 team 2005 for further details): 

- The maximum peak amplitude of the NHV curve is higher than 2. 

- There is a lower threshold frequency f 
-
 in the frequency range 

f|H/V /4 < f 
-
 < f|H/V such that the amplitude ratio is fulfilling A|H/V / A|f - > 2 

(Therein, f|H/V indicates the fundamental frequency and A|H/V the amplitude at 

that frequency). 

- There is an upper threshold frequency f 
+
 in the frequency range 

f|H/V < f 
+
 < 4·f|H/V such that the amplitude ratio is fulfilling A|H/V / A|f + > 2. 

- The standard deviation has to be lower than a frequency dependent threshold. 
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To be sure that the site is likely to experience ground motion amplification, at least 

three of these four criteria should be achieved; then the peak frequency can be 

considered as a reliable estimate of the fundamental frequency of the site. 

All average NHV curves were systematically analyzed following the SESAME 

recommendations. In the end, 115 reliable NHV curves fulfilled these criteria. In 

another 16 curves, a clear peak was visible, although not fulfilling at least three of the 

four criteria mentioned above, while for 15 curves, no reliable peak could be 

determined. Hence, these 15 latter curves were not considered for further analysis. In 

Figure 4.15, examples of the different kinds of curves are shown. 

 

 

Figure 4.15: Examples for different NHV spectral ratios plus / minus one standard deviation. 
Please note the different amplitude scaling for Figure d. See text for further discussion. 
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When the NHV peak is clear (Figure 4.15 a), a large impedance (i.e. velocity) contrast 

between the sedimentary cover and the bedrock is expected to exist, hence it is very 

likely that ground motion is amplified at this site. Flat NHV curves (Figure 4.15 b) and 

peaks with low amplitudes are located at the surface where the sediments are 

characterized by high density values, i.e. mainly gravel. A low impedance contrast 

resulting from stiff sediments underlain by bedrock is likely to exist and therefore one 

might expect rather small amplification. Although flat NHV curves within a much wider 

area in the Santiago basin were found by Bonnefoy-Claudet et al. (2009), these authors 

suggest that NHV curves showing no peak are from stiff sediment sites. Curves like 

those in Figure 4.15 c show quite broad peaks spread over the entire basin, with no 

correlation with topographic characteristics and local geology. The influence of wind 

can be excluded as the sensor and cables were protected and no measurements were 

made in the immediate vicinity of trees or buildings. On the other hand, gravimetric 

data (Araneda et al. 2000) and cross sections (Pasten 2007) show that at some sites, the 

thickness of the sedimentary cover varies over short distances (see Figure 2.4). Previous 

studies (Wooleroy and Street 2002) show that broad NHV peaks are usually obtained at 

sites with a complicated subsurface geometry and large near-surface shear wave 

velocity contrasts. Although there might sometimes be difficulties in determining an 

exact fundamental frequency, at least a bound can be identified where one can be 

confident that amplification will occur. Large standard deviations like those shown in 

Figure 4.15 d often mean that ambient vibrations are strongly non-stationary and 

undergo some kind of perturbations that might be removed by a longer recording 

duration. Nonetheless, as shown here, a clear peak is visible which can be used for 

determining the fundamental resonance frequency of the site. Finally, curves such as 

shown in Figure 4.15 e would actually have to be discarded, as they do not fulfill at 

least three of the four standard criteria, here a too marginal decrease for low frequencies 

and a large standard deviation. Nonetheless, three clear peaks at around 0.35 Hz, 1.7 Hz, 

and 10 Hz are visible. (Although the peak at 1.7 Hz is quite narrow, the individual 

spectra suggest that it is not generated by industrial noise.) As the recording presented 

in Figure 4.15 e was only 900 m away from the site where station S2 had been installed 

and also the shapes of Figure 4.15 e and the EHV and NHV curves of S2 (Figures 4.9 

and 4.11) look quite similar, the peaks are considered to be reliable due to their spatial 

coherency. 
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Altogether, although 31 curves do not always fulfill all the standard conditions for a 

reliable curve as mentioned above, 16 of these were used for further analyses because a 

peak was clearly visible and the criteria hereunto seemed to be too restrictive. Most of 

these measurements were carried out at sites with a low impedance contrast in the 

eastern part of the investigated area, which means that the peak amplitude is often 

slightly below 2 and the decrease (predominantly towards lower frequencies) is too 

small, while neighbouring sites fulfilled the criteria showing peak amplitudes beyond 2. 

Usually, the foremost measurements would not be considered for further analyses, but 

their reliability (similar to the example of Figure 4.15) was assessed due to spatial 

coherency and geological and geophysical data sets. Hence, because of the experimental 

character of the NHV method, visual inspection of the data should always be performed. 

 

4.6. Fundamental resonance frequency map of the  

investigated area  

 

The analysis of the fundamental resonance frequencies calculated for all sites allowed 

us to draw a map of the fundamental frequency of the investigated area (Figure 4.16).  

 

Figure 4.16: Map of the fundamental resonance frequency of the investigated area. Circles 
indicate microtremor measurement sites that have been considered for interpolation. Spots 
enclosed by squares represent broad H/V peaks (see text for further discussion). Diameter of 
the spots corresponds to H/V peak amplitude. In the hatched area, no measurements were 
carried out; these values have not been considered for mapping the fundamental frequency 
hence results are only due to interpolation. Letters indicate sites where pictures shown in 
Figure 4.17 have been taken.  
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In general, the fundamental resonance frequency varies slightly in space without large 

differences between neighbouring sites. Almost the entire area is characterized by 

relatively low frequencies below 1 Hz. Only when one considers sites close to the city 

center and around the San Cristóbal hill, the fundamental frequency does increase more 

rapidly. In this part of the basin, the thickness of the sedimentary cover is decreasing 

and the bedrock outcrops, as evident by the San Cristóbal hill (see Figures 2.3 and 2.4). 

Additionally, there is also a rapid decrease in the sediment thickness towards the 

northwest of the investigated area, but no increase in the fundamental frequency can be 

observed there because no noise measurements have been carried out in the immediate 

vicinity of the Renca hill. Only two nearby sites show a slight trend towards higher 

frequencies.  

Recordings corresponding to clear and narrow peaks are in great majority located in the 

northern and western parts of the investigated area. This is a first hint of the existence of 

a strong velocity contrast at depth between unconsolidated sediments and the bedrock. 

On the contrary, flat H/V curves and peaks with low amplitude are mainly found in the 

southern and eastern parts of the basin where coarser sediments (mainly gravel) outcrop, 

consistent with Bonnefoy-Claudet et al. (2009). There, a low impedance contrast 

between the sediments and the bedrock is likely to exist.  

 

4.7. Correlation between fundamental frequency and     

damage distribution of the 1985 Valparaiso and 

2010 Maule events 
 

Considering that, as a first approximation for Chilean structures, the relationship 

between the height of a building and its fundamental period of vibration T can be 

expressed by  

T [s] = (height of structure [m]) / C ,                                    (1)  

whereas 50 m/s ≤ C ≤ 60 m/s for normal structures and 30 m/s ≤ C ≤ 40 m/s for flexible 

structures (Guendelman 2000), we expect that for most parts of the city, the natural 

frequency of the soil will match the frequency of buildings with more than ten storeys, 

i.e. a height of more than 30 m.  

However, during the 1985 Valparaiso and 2010 Maule earthquakes, there was 

considerable structural damage to small-sized adobe structures located predominantly in 
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the western part of the city. Also few masonry buildings with steel frame show 

moderate to substantial damage, an expected behavior (Moroni et al. 2004). The 

observed damage there seems to be predominantly caused by the old aged building 

stock characterized by a high vulnerability and not due to an overlap of the fundamental 

frequencies (Figure 4.17 top). One must, however, remember that the NHV method 

provides only a lower bound of the amplification level and of the frequency, as stated 

already by Lebrun et al. (2001). Therefore, also higher harmonics might correspond to 

the eigenfrequencies of these buildings or even to higher harmonics of the buildings. 

Furthermore, two overpasses on the highway, built only a few years ago, collapsed in 

that area, two other show minor structural damage (Bray and Frost 2010). Altogether, 

this indicates the EMS intensity to be VIII (Lars Abrahamczyk, personal 

communication). 
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Figure 4.17: Examples of different building stock in the city of Santiago de Chile. Exact locations 
of the sites are indicated in Figure 4.16. Top (A): Small sized residential buildings in Pudahuel. 
Middle (B): Commercials building in south-eastern part of Huechuraba with six floors (left) and 
five floors (right). Both show structural damage (Bray and Frost 2010). Bottom (C): Damaged 
high rise structures surrounded by undamaged small building stock. Pictures were taken 
between 11 and 18 March 2010. Please see text for further discussion.  

 

On the contrary, in the business district in the central northern part of the investigated 

area (south-eastern part of Huechuraba, see Figure 2.2) many (in general modern 

reinforced concrete) buildings have been partially and seven of them structurally 

damaged during the 2010 Maule earthquake (Figure 4.17 middle). However, no total 

collapse was documented for this site (Bray and Frost 2010). Considering that, although 

these structures are new (less than ten years) and should have been constructed 

according to actual building codes, most of them have five to ten floors. Since the 

fundamental resonance frequency of the soil in this area is around 0.7 to 1 Hz 

(Figure 4.16) the high damage might be due to an overlap of the resonance frequencies 

of the soil and the present structures. Moreover, since highest NHV amplitude values 

are found in that area, also the ground motion might have been relatively strong; 

numerical simulations serve as a further proof therefore, as will be discussed in the 

following (see chapter 6.3.3). We estimate an EMS intensity of VII to VIII for that area. 

     In the far eastern districts of the study area modern residential structures up to four 

floors can be found. Generally, no damage is observed for these buildings; also NHV 

peak amplitudes are low. In contrast, five tenement blocks with 17 floors each 

(Figure 4.17 bottom) constitute an exception. These buildings show structural damage, 

and two towers have been tilted (Daniel Hernández, personal communication).  
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The reason for this behavior is not surprising since we determined the fundamental 

resonance frequency of the building by measurements on the top of one tower to be 

around 0.7 Hz (Figure 4.18 top right). This frequency exactly coincides with the 

fundamental resonance frequency of the soil for a measurement site around 500 m away 

(Figure 4.18 bottom right). It seems reasonable to assume that resonance effects are 

responsible for the damage distribution in that area. Moreover, also higher harmonics of 

the building can easily be seen in the Fourier spectra. The spectra of the two 

perpendicular horizontal directions are relatively close to each other showing that there 

is not much difference between the stiffness in the two directions, an expected result 

since the floor plan is almost quadrate. However, this might also indicate the first 

rotational mode of the building; heavy structural subjected to seismic motion, as 

observed here, is frequently due to torsional effects (Rocco Ditommaso, personal 

communication).  

 

Figure 4.18: Left: Fourier spectra measured on the top of an apartment block which is shown at 
the bottom of Figure 4.17. Location of the buildings is indicated with letter C in Figure 4.16. 
Right: Corresponding H/V spectral ratio (top) and H/V spectral ratio of the soil measured around 
500 m apart (bottom). Please note the different amplitude scaling for the H/V spectral ratios. 

 

Although the distribution of the fundamental resonance frequency of the soil cannot by 

far explain the observed damage distribution in the city during the 2010 Maule 

earthquake, the presence of some eye-catching peculiarities has led to suspect a 

contribution of soil structure resonance effects. However, to obtain a comprehensive 

and differentiated overview a further characterization of the soil parameters, which will 

provide complementary information about local site conditions, has to be taken into 

account. 
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3D shear wave velocity model  
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5.1. Introduction 

 

Since the 1985 Valparaiso and the 2010 Maule earthquakes clearly have shown that 

varying soil properties in the Santiago basin have influence on the level of ground 

shaking and the damage distribution, the microtremor measurements can be used to 

further characterize local site conditions. In general, two main types of ground motion 

amplification effects can be distinguished: stratigraphic effects due to the velocity 

contrast between the sedimentary soil layers on the one hand (Bard and Bouchon 1985, 

Sánchez-Sesma and Luzon 1995, Bielak et al. 1999, Chávez-García et al. 1999) and 

topographic effects due to focusing and / or scattering effects around crests and hills 

(Bouchon 1973, Paolucci 2002, Semblat et al. 2002). Hence, the seismic response might 

be influenced both by the local geology, which often leaves significant imprint on 

seismic motion by amplifying the amplitudes of seismic waves and increasing the 

shaking duration during earthquakes, and the shape of the 3D basin, which may cause 

the seismic response to differ significantly from that of a 1D layer (e.g. trapped surface 

waves, see chapter 4.2.3.2). The S-wave velocity structure of unconsolidated sediments 

down to the bedrock, the impedance contrast between these sediments and the bedrock, 

as well as the shape of the sediment-bedrock interface, can be regarded as the main 

controlling parameters of such an imprint. Obviously, an exact identification of these 

parameters is an important step in seismic hazard assessment. 

In order to obtain such detailed models, active in-situ measurements such as shear wave 

seismics and down-hole and cross-hole techniques can be performed. However, 

especially in urban areas, it might be difficult to apply these techniques due to the 

impossibility of making use of explosive sources. For this reason, non-invasive and cost 

effective passive seismic techniques with single stations or arrays have recently become 

an attractive option for seismic site effect studies, providing reliable information about 

the subsurface with a good lateral coverage. Especially over the last decade, H/V 

spectral ratios and 2D micro-array recordings for estimating surface wave dispersion 

curves were found to provide very promising results. Based on Nogoshi and Igarashi 

(1970, 1971), Tokimatsu and Miyadera (1992) found that the variation of microtremor 

H/V ratios with frequency corresponds to that of the Rayleigh wave for the S-wave 

velocity profile at the site. Based on a theory for surface (both Rayleigh and Love) 
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waves proposed by Harkrider (1964), Arai and Tokimatsu (2000) presented theoretical 

formulas for simulating microtremor H/V spectra in which the effects of fundamental 

and higher modes can be considered. They found that the theoretical H/V spectrum 

computed for the S-wave velocity profile at a site can closely match the observed 

microtremor H/V spectrum and, vice versa, that the S-wave velocity structure at a site 

can be estimated from the inversion of the microtremor H/V spectrum. Several studies 

have exploited the availability of measurements of ambient noise to derive vertical shear 

wave velocity profiles (e.g. Fäh et al. 2001, 2003, 2006, Scherbaum et al. 2003, Arai 

and Tokimatsu 2004, Parolai et al. 2006). 

Therefore, the data of the microtremor measurements outlined above are used along 

with available geological and geophysical data for deriving information about the S-

wave velocity structure. After providing a description about how the S-wave velocity 

model was derived, a detailed characterization of the model will be provided, including 

a comparison with the results of other available data sets. Finally, it will be tested if the 

slope of topography may already provide a reliable proxy for the evaluation of vs
30

 and 

if it can be appropriate for site response estimation. 

 

5.2. Inversion of H/V ratios for deriving S-wave velocity 

profiles  
 

It has been shown (Fäh et al. 2001) that the shape of H/V ratios around the fundamental 

resonance frequency and around the first minimum of the average H/V ratio depends 

mostly on the layering of the sediments. Therefore we inverted each H/V ratio curve 

individually under the assumption of a horizontally layered one-dimensional structure 

below the site. The synthetic H/V ratios, calculated during the inversion procedure, are 

suitable of allowing the effect of Rayleigh and Love waves (also higher modes) to be 

taken into account, following Fäh et al. (2001). A genetic algorithm forms the basis for 

the inversion scheme due to the non-linear nature of the problem. The inversion was 

performed by means of a modified genetic algorithm proposed by Yamanaka and Ishida 

(1996). In fact, the genetic algorithm allows a non-linear inversion analysis to be 

accomplished that does not depend upon an explicit starting model and allows the 

identification of the parameter’s search space where the global minimum of the 

inversion problem is.  
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Since an infinite number of structural models leading to the same H/V spectrum exist, 

additional information is needed to constrain the inversion. Several publications 

(Scherbaum et al. 2003, Arai and Tokimatsu 2004, Ohrnberger et al. 2004, Parolai et al. 

2006, Castellaro and Mulargia 2009) show that the H/V inversion can provide reliable 

results once the total thickness of the sedimentary cover is constrained. Although the 

total thickness of the sediments for the Santiago basin is known (see Figure 2.4) there is, 

however, some degree of uncertainty in the topography of the bedrock due to the 

interpolation of the gravimetric data between the measurement sites, since the sites were 

spaced with an interstation distance of around 500 m. Therefore, the total thickness of 

the sediments was allowed to vary within 10 % compared to the estimated value derived 

by the gravimetric data, allowing to avoid problems of trade-off between total thickness 

and the S-wave velocity profile and to account for uncertainties.  

For the inversion, the velocity ranges of the layers were fixed to wide ranges by 

considering the value intervals for the different sediments in the Santiago basin given by 

Bravo (1992), Lagos (2003) and Ampuero and Van Sint Jan (2004). In addition, 

detailed stratigraphic information was used which had been derived from about 150 

boreholes distributed over the entire investigated area with depths ranging between 

20 m and 300 m (predominantly around 100 m) drilled by the Chilean water company 

Aguas Andinas S. A. for the determination of the groundwater level. It has been shown 

(e.g. Arai and Tokimatsu 2004) that sediment thickness and S-wave velocity have the 

most significant effects on the H/V spectrum, whereas the influence of other parameters 

such as density (for inversion, density layer parameters were taken from Valenzuela 

(1978) and fixed) and P-wave velocity is much smaller. Hence, for calculating the P-

wave velocity, the relationship of Kitsunezaki et al. (1990) was used: 

vp [m/s] = 1.11 vs [m/s] + 1290.                                       (2) 

The initial starting population (50 individuals) is generated by a uniform random 

distribution within the entire parameter space. Throughout this study, the number of 

layers was prescribed (generally seven; four, if the sedimentary cover thickness is below 

50 m). As needed for the computation of the H/V spectral ratios, a fixed standard 

structural model for the bedrock layer with a high velocity up to 2500 m/s, according to 

Ortigosa and Lástrico (1971) and confirmed by Bravo (1992), and a density of 2.6 t/m³ 

(Araneda et al. 2000) was used. Since this inversion is a kind of probabilistic approach 



5. 3D shear wave velocity model                                                                                     59 

_______________________________________________________________________ 

using random numbers for finding models near the global optimum solution, the 

inversions are repeated several times, varying the initial random number. 

     

     
Figure 5.1: Examples of the inversion results and fits to the H/V spectral ratio curves. Top: All 
four figures show all tested models (grey lines), the minimum misfit model (white line), and all 
models lying within the minimum misfit + 10 % range (black lines). Bottom: Observed H/V ratio 
(red dots) and the H/V ratio for the minimum misfit model (open black circles). Numbers indicate 
sites where the measurements have been carried out and are shown in Figure 3.1. 
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An example is shown in Figure 5.1, which presents the results of the inversion analysis 

and the fit of the calculated to observed H/V ratio curves. The presented S-wave 

velocity profiles provide a rough overview of different velocity structures that are found 

in the investigated area. The calculated H/V curves fit the observed values well. The 

reliability of the inversion results is influenced not only by the quality of the input data, 

but also depends on the frequency range of the H/V curve. However, deeper parts of the 

model are more influenced by the trade-off between parameters (Scherbaum et al. 2003) 

and are therefore characterized by a higher uncertainty. This is also confirmed by larger 

instabilities in the S-wave velocity profiles characterized by misfits within + 10 % of 

the best model with depth. Although the resolution for deeper parts of the model 

remains lower, it is still possible to retrieve an average S-wave velocity which might be 

sufficient for engineering seismology purposes. Additionally, the fact that for more than 

85 % of all profiles the total depth of the sedimentary cover differs by only a few 

percent from the value provided by the gravimetric data set (i.e. the inversion does not 

provide a value at the margin of the parameter range of the sedimentary cover 

thickness), indicates the reliability of the underlying gravimetric data. 

For validation of the inversion results, we compared the calculated S-wave velocity 

profiles with other studies (Bravo 1992, GeoE-Tech 2007) in which local velocity 

information for a few single sites derived from refraction measurements down to a 

maximum of 30 m is described. Although details about the velocity structure in the 

uppermost parts of the Santiago basin cannot be retrieved by our inversion technique as 

the resolution is not high enough for these layers and, therefore, only information about 

the average S-wave velocity can be retrieved, the average S-wave velocities of these 

studies are consistent with our data (deviations between values are at most 20 %, often 

below 10 %).  

Although 131 of 146 measurement sites have been used to map the fundamental 

resonance frequency in Figure 4.16, it is almost impossible to retrieve a reliable S-wave 

velocity profile for an almost flat H/V curve. So in the end only 125 measurements were 

found to be suitable for performing an inversion procedure. Only these profiles were 

used for further analysis. 
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5.3. Interpolation of the Santiago basin S-wave velocity  

model 
 

Each of the 125 local S-wave velocity profiles derived from the H/V inversion was then 

re-sampled with a spatial resolution of one meter, and a 3D S-wave velocity model, 

parameterized by a rectangular grid with a spatial horizontal resolution of 100 m, was 

derived. The model contains a detailed description of the sedimentary basin shape 

derived from gravimetric data as defined by the contact between the lower S-wave 

velocity sediments and higher S-wave velocity bedrock. Orography, i.e. the shape of the 

surface, was incorporated, based on digital elevation model data which are available 

with a resolution of 1 arcsec (approximately 30 m) for all of Santiago and were 

provided by the Instituto Geográfico Militar.  

Different methods have been proposed for the interpolation of spatially changing natural 

properties (e.g. Isaaks and Srivastava 1989, Wackernagel 1998). A popular method 

based on an irregularly distributed spatial data set was introduced by Krige (1951). This 

method uses the local estimation of a parameter based on the weighted spatial mean of 

samples in the neighbourhood. The weights are defined not only by the distance, but 

also by the spatial distribution of the samples. Therefore, the accuracy of the estimation 

depends both on the number of samples and their spatial distribution. A major 

advantage of the kriging method is the prevention of nugget effects that might occur 

when dealing with unevenly distributed data. We used a simple ordinary kriging (i.e. the 

estimation of means in a moving neighbourhood, see Wackernagel (1998) for details) 

technique which often shows a performance as good as, or even better than, more 

complex co-kriging methods (Goovaerts 2000) and spline approximations, which are 

only special cases of the general kriging problem (Laslett 1994). 

The performance of the interpolation technique was tested using cross validation (Isaaks 

and Srivastava 1989). The idea consists of removing one S-wave velocity profile 

observation from the input data and to re-estimate its value from the remaining data 

with the help of the described algorithm. The comparison criterion is the mean square 

error between the former S-wave velocity profile and its re-calculated estimate. The 

value should be close to zero if the interpolation algorithm is accurate. The procedure is 

repeated until every sample has been, in turn, removed. The cross validation of this 

particular form is therefore suitable for assessing the interpolation scheme, because the 
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reliability of the interpolation in under-sampled areas can be verified. Of course, larger 

variations appear when removing one profile close to the edge of the investigated area, 

because the lower number of surrounding profiles cannot compensate for the missing 

data. In general, however, when removing one profile, the mean error between the 

interpolated S-wave velocity and the values estimated by the inversion algorithm is 

usually below 10 %; only for the south-western area differences are higher (up to 22 %). 

It has been found that the S-wave velocity model is stable both for S-wave velocity 

values close to the surface and for deeper parts of the basin. Due to large discrepancies 

at the edge of the area of investigation, no interpolation of the S-wave velocity was 

carried out outside a polygon which is bounded by the outermost measurement sites. By 

reason of the spatial distribution of the measurements, the S-wave velocity covers an 

area within a lateral extent of around 270 km². 

 

5.4. Characteristics and interpretation of the 3D S-wave  

velocity model 
 

To determine the validity of the interpolated model, first a comparison of cross sections 

of our model with available geological cross sections from literature (Bravo 1992, 

Iriarte 2003, Iriarte et al. 2006, Pasten 2007) was carried out, although the link between 

stratigraphy and S-wave velocity is not expected to be direct due to velocity variations 

that occur between the different kinds of lithology and also inside the same lithology. In 

all of these studies, the geological units have only been drawn for the uppermost 100 m 

to 150 m with large lateral uncertainties, especially for deeper parts. As an example, 

Figure 5.2 shows a comparison of two geological and the corresponding interpolated S-

wave velocity cross sections. It has to be mentioned that the geological profiles, 

presented in different publications, are based on different data sets. Therefore, and due 

to the large uncertainties, differences in the geologic units of Figure 2.3 and Figure 5.2 

can be explained.  
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Figure 5.2: Left: Geological cross sections along profiles A-B (upper) and C-D (lower) marked in 
Figure 2.3 after Iriarte (2003). Right: The corresponding 2D S-wave velocity models calculated 
by means of interpolating between single S-wave velocity profiles. Black triangles mark the 
location of the measurement sites within a distance of 500 m to the cross section. For the 
striped part in the velocity cross section A-B, the results are only due to interpolation. The 
dashed line in velocity cross section C-D marks the lower border of the geological cross section.  

 

In the southern (i.e. right) part of cross section A-B, the layer of pumacit, characterized 

by a rather low S-wave velocity, is clearly visible. Our model also shows higher 

velocities just below the surface for the northern (i.e. left) part of this cross section, an 

area mainly composed of gravel. Differences in orography between both profiles are 

due to the different data sets; for the interpolated S-wave velocity model we used data 

with a high resolution of one arcsec, enabling us to illustrate topographic details like the 

riverbed of the Mapocho which is cut into the sediments, clearly visible to the left of 

cross section A-B. For the submontane part of Cerro Renca, the calculated S-wave 

velocity is only based on interpolation because no measurements have been carried out 

in the vicinity. Hence, similar to the fundamental resonance frequency (chapter 4.6), the 

results in the immediate vicinity cannot be considered to be reliable and are therefore 

masked in Figure 5.2. In profile C-D, the higher velocities of the gravel-sand body, as 

well as the lower velocities of the sand layer can easily be identified. Therefore, 

although our model cannot resolve geological details, a general agreement between both 
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is found, allowing us to reliably point out local characteristics that are shown or only 

foreshadowed in other geological data sets.  

    

    

 

Figure 5.3: West-east cross sections of the interpolated 3D S-wave velocity model within the 
area of investigation. Black triangles mark measurement sites within a distance of 500 m to the 
cross section. a) Lat 33.405° S, b) Lat 33.425° S, c) Lat 33.440° S, d) Lat 33.465° S. For all 
profiles, topography is exaggerated about 16 times. The shape of the bedrock, shown in gray 
pattern, is derived from gravimetric data. Orography is based on high resolution digital elevation 
data.  

 

Additional cross sections of our velocity model of the Santiago basin are shown in 

Figure 5.3. As expected, all profiles show a trend of increasing S-wave velocities with 

depth, but differences in the velocity gradient can clearly be seen, even at a first glance. 

However, strong lateral variations can be justified. Figures 5.3 a and b show that to the 

east of Cerro San Cristobal, the S-wave velocity is higher than to the west. As already 

mentioned in chapter 4.6, flat H/V curves and H/V spectral ratios of low amplitude are 

mainly located in the eastern parts of the basin over dense sediments, i.e. Santiago and 

Mapocho gravel. Up to now it has been assumed (e.g. Bonnefoy-Claudet et al. 2009) 

that these parts of the basin are characterized by the high seismic velocities of the 

sediments leading to small velocity contrasts with the bedrock. Our results strongly 

support this assumption, as well as the distinction between Santiago gravel and 

Mapocho gravel, as proposed by Valenzuela (1978) and in contradiction to Baize et al. 

(2006). Mapocho gravel, located in the northern part of the investigated area (see Figure 
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2.3), is characterised by higher compactness resulting in higher velocities. Also in our 

model the S-wave velocity for the northern part of the gravel body is increasing slightly 

faster (Figure 5.3 a around 70.55° W) than for the southern one (Figure 5.3 c between 

70.55° W and 70.65° W).  

The sub-surface extension of the gravel body is only known approximately and only for 

the uppermost part with the help of a few boreholes. It has been assumed that the entire 

gravel body is prograding to the north-west below the fine series, which is also 

supported by our model. Figure 5.3 b shows relatively high S-wave velocities for the 

lowermost 200 m of the sediments between 70.67° W and 70.70° W. 

To the west of the investigated area (Pudahuel district, see  Figure 2.2), the thick layer 

of pyroclastic flow deposits, outcropping at the top of the filling and characterized by an 

S-wave velocity being smaller than the velocity of the surrounding materials, can 

clearly be seen (Figure 5.3 c). Furthermore, the assumption made by Baize et al. (2006) 

that this low-velocity layer continues at depth towards the south as it may have resulted 

from a single eruptive phase of the Maipo volcanic complex can be verified. Also in our 

basin model south of 33.45° S (Figure 5.3 d between 70.75° W and 70.70° W) the S-

wave velocity is lower compared to the northern part. The shape of this sequence was 

previously not imaged in detail. 

In general, the model is able to reliably point out local characteristics shown in other 

data sets, but takes advantage of the fact, that all individual S-wave velocity profiles 

reach the bedrock, albeit the resolution for deeper parts of the model remains lower. 

Furthermore, all recent publications (Baize et al. 2006, Pasten 2007, Bonnefoy-Claudet 

et al. 2009) distinguish only three soil categories: gravel, fine deposits, and ashes for the 

Santiago basin, claiming that only these categories behave differently from each other 

under seismic excitation. However, it has been shown that this simplification does not 

hold, as strong lateral S-wave velocity differences, even within the single units, occur 

and therefore also no simple depth – S-wave velocity relation, as suggested by Bravo 

(1992) and Pasten (2007), may exist. Furthermore, the complexity of the lithological 

succession, characterized by sharp lateral and vertical variations of the physical 

properties and of the S-wave velocity gradient over short scale, may even hint, that not 

only depositional processes, but also tectonic activity account for this complexity 

(Magdalena Scheck-Wenderoth, personal communication). 
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5.5. Correlation between slope of topography and vs
30

 

 

As our model can provide reliable information about the S-wave velocity structure of 

the basin, and topographic data for the entire basin are available at a high resolution, we 

are able to check if a simple and inexpensive technique suggested by Wald and Allen 

(2007), based on a supposed correlation between the slope of topography and the 

superficial S-wave velocity, exists on a local scale and might be useful for soil 

classification in Santiago de Chile. 

First, the slope of the topography was calculated for the entire area under investigation 

using the highest possible resolution of 1 arcsec. As the elevation in the Santiago basin 

steadily increases slightly from west to east, with only a marginally rising gradient, 

most of the investigated area is characterized by a gentle slope gradient less than 0.03 

(i.e. vertical rise over horizontal distance traversed, Figure 5.4). Extended hills like 

Cerro Renca and Cerro San Cristobal outcropping from the sedimentary filling and 

characterized by steep slopes can easily be seen, while even the riverbed of the 

Mapocho can be identified. 

 

 
Figure 5.4: Topographic gradient of the area under investigation, calculated using a topographic 
resolution of 1 arcsec. 

 

To compare the topographic gradient with vs
30

 values, the relationship is characterized 

in terms of discrete steps in S-wave velocity according to the U. S. National Earthquake 

Hazards Reduction Program (NEHRP) (Building Seismic Safety Council 2004). To 
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increase resolution, the NEHRP boundaries are further subdivided into narrower 

velocity ranges, following Wald and Allen (2007).  

As it is the aim of the study to verify if any relationship between slope and vs
30

 exists 

using data collected on a local scale, we first correlate vs
30

 with topographic slope 

(resolution 1 arcsec) at each vs
30

 measurement site. Subsequently, topographic slope at 

any site that falls within the subdivided NEHRP ranges is assigned a vs
30

 that defines 

the median value of the grouped NEHRP windows, following Wald and Allen (2007). 

Afterwards, the slope ranges are subdivided allowing the best fit to the median values of 

the subdivided NEHRP windows. Results are listed in Table 5.1 and shown in 

Figure 5.5 a. Although the limited number of only 125 measurement sites will allow 

only a rough estimation of the correlation coefficients, tendencies should be verifiable. 

While large parts of the Santiago basin are characterized by slope values not differing 

too much from each other (Figure 5.4), the variability in the resulting vs
30 

is high. 

Hence, although Figure 5.5 a shows the best fit of variable slope ranges to the given vs
30

 

categories, no obvious correlation between high-resolution slope information and vs
30 

can be seen, and many data points fall outside the calculated ranges.  

 

Table 5.1: vs
30

 and associated topographic slope ranges calculated according to Wald and Allen 
(2007) from measurements carried out in Santiago de Chile for a topographic resolution of 1 
arcsec and taken from Allen and Wald (2009) for active tectonic regions using a 9 arcsec 
resolution data set. Only NEHRP vs

30
 ranges found in the Santiago basin are listed here. 

 

NEHRP site class vs
30

 range [m/s] Slope range 

calculated from 

measurement data 

(Figure 5.5 a) 

Slope range given by 

Allen and Wald 

(2009) 

(Figure 5.5 b)  

            DE 

            D 

            DC 

180-240 no values 0.00030-0.00035 

240-300 no values 0.00035-0.010 

300-360 <0.0085 0.010-0.024 

            CD 

            C 

            CB 

360-490 0.0085-0.013 0.024-0.08 

490-620 0.013-0.033 0.08-0.14 

620-760 0.033-0.096 0.14-0.20 

            B >760 > 0.096 >0.20 
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a) 

 

b) 
Figure 5.5: Correlation of measured vs

30
 against slope of topography for different topographic 

resolution. Color-coded polygons represent vs
30

 values and their associated slope ranges listed 
in Table 5.1. Top: Topographic resolution of 1 arcsec and the re-calculated slope ranges for 
given vs

30
 categories. Bottom: Topographic resolution of 9 arcsec. Values of associated slope 

ranges are taken from Allen and Wald (2009) for active tectonic regions. See text for further 
discussion. 

 

Of course, the application of lower resolution topographic data will result in different 

slope values. Allen and Wald (2009) base their results on a topographic resolution of 

9 arcsec; the ranges are also listed in Table 5.1. When using the suggested slope-vs
30 
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ranges for the Santiago data set with a topographic resolution of 9 arcsec the agreement 

is even smaller (Figure 5.5 b). However, this extreme divergence cannot completely be 

explained by the fact of using different topographic resolutions. In fact, when using a 

lower resolution of only 9 arcsec or even 30 arcsec for calculating the topographic 

gradient at each measurement site, as has been done by Allen and Wald (2009), steep 

slopes over short distances will not be resolved due to the lower sampling rates 

inherently smoothing maximum slope values inferred from the topography. Note, 

however, that the measured vs
30

 values in Figure 5.5 b are still much higher than the 

expected ranges of Allen and Wald. Only for steeper slope ranges an agreement with the 

given velocity range is found. The expected trend that materials characterized by high 

velocities are more likely to maintain steeper slopes and vice versa can only 

benevolently be seen.  

On the other hand, when using a lower resolution, high slope values (approximately 

greater than 0.1) will tend to be scaled down, which can also be seen when comparing 

Figures 5.5 a and b, leading to even less agreement. Hence, independent of the spatial 

resolution used, our results reduce any confidence in the applied correlations between 

topographic gradient and vs
30

. Even lower resolution data (30 arcsec) does not provide 

comparable estimates of vs
30

, although the relief in the Santiago basin is quite low.  

However, studies dealing with estimating local site conditions mainly focus on densely 

populated areas with a moderate extension. Therefore, there is the utmost necessity to 

find a technique giving a reliable overview over regional scales which can further be 

applied with confidence on a local scale. At least to reduce the overall bias for Santiago 

de Chile, a general shift to lower slope ranges for the associated vs
30

 values would 

therefore be necessary. But in contrast, Wald and Allen (2007) observed exactly the 

opposite trend for the Salt Lake City region. Therefore, it seems that a general rule 

cannot be found. 

 

5.6. Correlation between S-wave velocity and macroseismic  

intensity of the 1985 Valparaiso event 
 

The reason for the apparent lack of coincidence in any correlation between vs
30

 and the 

topographic slope might be clarified, when analysing the geological situation: A large 

part of the Santiago basin is characterized by a low, but measurable topographic 
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gradient with only a limited number of outcropping bedrocks characterized by steep 

slopes (Figures 5.4). In contrast, the surface geology is rather heterogeneous 

(Figure 2.3), indicating that the deposition played a minor role in differentiating the 

material and their friction angles. Therefore, one might check, if a first order correlation 

between vs
30

 and surface geology may be detectable. To this regard, we mapped vs
30

 for 

the area under investigation using a 2D kriging algorithm similar to the one described in 

chapter 5.3. Again, we calculated vs
30

 only for a polygon which is bounded by the 

outermost measurement sites. Results are shown in Figure 5.6. 

 

 

Figure 5.6: vs
30

 (NEHRP classification) for the area limited by a linear connection between the 
outermost measurement sites. The turquoise line represents the Mapocho river. Black dots 
show the location of the ambient noise measurement sites used for mapping vs

30
. In the dashed 

area, no measurements were carried out. Therefore, the results are only due to interpolation 
and are not plausible as outcropping bedrock can be found there.   

  

Areas characterized by different S-wave velocities in the uppermost 30 m can clearly be 

identified. In the western part an ellipsoidal area of low vs
30

 values represents the layer 

of pumacit on the top of sedimentary filling (see Figure 2.3). In the central part, the 

outcropping igneous bedrock of the Cerro San Cristóbal is apparent. The vs
30

 values 

found there contrast with those in the surroundings and depict the shape of the hill quite 

well. Note, that in the northern part of the Cerro San Cristóbal and also close to the 

Cerro Renca, no ambient noise measurements have been carried out. Therefore, no 

reliable vs
30

 interpolation values are found for these parts of the investigated area and 

are thus dashed in Figure 5.6. 

Some individual measurement sites in the central and the north-eastern part located on 

gravel show low vs
30

 values where higher velocities would have been expected. These 
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differences confirm that within the same lithology strong lateral variations of S-wave 

velocity can be found. The changes are explainable when bearing in mind the course of 

the Mapocho river. In accordance with Pasten (2007), the river beds in the Santiago 

basin and the associated flow velocity are mainly controlled by topography. As a result, 

where the flow velocity is low, sediment drops out of the flow and deposits. Therefore, 

this emphasises that geology-based values should not be taken as constants within a 

specific geological unit as changing material properties (e.g. particle size) often appear. 

 

 

Figure 5.7: Intensities (MSK scale) for the 1985 earthquake of the investigated area. Values are 
taken from Astroza and Monge (1991). In the white parts no reliable intensity values could be 
determined due to the limited amount of information available. 

 

When comparing our vs
30

 map with the MKS intensity values determined for the 

Mw=7.8 (epicenter 120 km west of Santiago) earthquake of 3 March 1985 (Astroza and 

Monge (1991), Figure 5.7), a tendency can be noticed that the intensity distribution for 

that event was also influenced by local variations of vs. Moreover, although the exact 

intensity distribution for the 2010 Maule event has not been mapped in detail yet, we 

found that most of the damages for this event were concentrated in the north-western 

part of the city where a small-sized low-quality building stock can be found (Astroza et 

al. 1993). At first glance and also outlined in chapter 4.6, this cannot be explained by an 

accordance of the fundamental resonance frequencies of the soil and the building stock, 
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but one should keep in mind that higher harmonics also might correspond to the 

eigenfrequencies.  

Nevertheless, the fundamental resonance frequency map (Figure 4.16) can provide 

complementary information, since it shows a slight tendency that large H/V peak values 

are observed in areas with higher intensities (western part of the city) and small H/V 

peak values in areas with lower intensities (eastern part). Measurements carried out on 

Cerro San Cristóbal, showing high fundamental frequencies and high H/V peak 

amplitudes, do not follow this trend. Nonetheless, a more detailed analysis is not 

possible. On top of the pumacit layer, where the intensity reached a maximum, the 

lowest vs
30

 values (Figure 5.6) and also high impedance contrast values between the 

sediments and the bedrock (Figure 5.3 c and d) are found but, in contrast, only some 

H/V ratios show high amplitudes. The highest H/V peak amplitudes are found for the 

central northern part of the investigated area (Figure 4.16). Summarizing, considering 

the outlined results, no direct but only a slight correlation between H/V amplitude and 

damage is found. This result is not surprising, since damages depend on ground motion 

intensity but also on building fragility. 

The eastern part of the investigated area shows the highest vs
30

 and low intensity values. 

Of course, only a general trend can be identified when mapping vs
30

 and no strict 

borders should be drawn between individual units. Different standard spectral ratio 

amplitudes at sites of our network showing the same vs
30 

range were found as well as 

same SSR amplitudes for different categories (Table 5.2), indicating the incompleteness 

of vs
30 

alone to fully describe site effects and the need to consider additional parameters.  

 

Table 5.2: vs
30

, associated NEHRP category, and SSR amplitude (S-wave, see Figure 4.10) for 
sites of the 2008 network.  
 

Station 

number 

vs
30 

[m/s] NEHRP           

site class 

SSR amplitude 

S1 1040 B reference station  

S2 454 CD 2.6 

S3 580 C < 2 

S4 703 CB < 2 

S5 645 CB 2.2 

S6 630 CB 7.8 

S7 709 CB 2.3 

S8 792 B 2.2 

 



5. 3D shear wave velocity model                                                                                     73 

_______________________________________________________________________ 

When comparing Figures 2.3, 5.4, and 5.7, it seems obvious that, except for the 

outcropping of igneous bedrock, no clear correlation between evaluated intensities and 

topographic slope can be found for the 1985 event. The surface geology offers a very 

poor first-order indication of intensity distribution, whereas vs
30

 might allow a better, 

although only approximate, distinction of areas characterized by different intensity 

values. Of course, vs
30

 is not the only factor controlling ground-motion amplification. In 

addition to near surface site conditions seismic waves are also known to be significantly 

influenced by topographic effects and the basin structure. The knowledge about the 

basin outlined so far allows a detailed modelling of seismic wave propagation and 

calculation of seismic hazard scenarios. 

 

 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 6 

 

Simulation of the Santiago basin 

response by numerical modeling of 

seismic wave propagation 
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6.1. Introduction 

 

In recent years, 3D simulations of earthquake ground motion using more realistic 

velocity structures have seen a rapid advancement. The numerical methods used range 

from finite difference (e.g. Olsen et al. 1995, Graves and Wald 2004, Hartzell et al. 

2006, Harmsen et al. 2008) to finite element (e.g. Bao et al. 1989, Aagaard et al. 2001, 

Bielak et al. 2005) and to spectral element techniques (e.g. Faccioli et al. 1997, 

Komatitsch et al. 1999, Paolucci et al. 1999, Tromp et al. 2005, Stupazzini et al. 2009).  

In general, all these techniques are able to simulate earthquake ground motion, although 

no single method can be considered as the best one for all medium-wave field problems 

regarding computational efficiency and numerical accuracy (Chaljub et al. 2010). 

Especially in the near-fault range, the simulation of earthquake ground motion depends 

on several parameters like the focal mechanism, rupture propagation characteristics, and 

the complex interaction with the shallow structure. Therefore, considering the 

mentioned effects from a numerical point of view implies large-scale 3D simulations of 

seismic wave propagation paying particular attention to the surface topography and 

sedimentary basin parameters. Up to now, such basin structures and their influence on 

seismic wave propagation are largely illustrated through numerical studies (e.g. Horike 

et al. 1990, Graves 1993, Hisada et al. 1993, Moczo et al. 1999, Frankel et al. 2001, 

Hartzell et al. 2006, Olsen et al. 2006) and observations (e.g. Kagawa et al. 1992, 

Kinoshita et al. 1992, Phillips et al. 1993, Frankel 1994, Hatayama et al. 1995, Field 

1996).   

To accommodate the considerable surface topography in the Santiago metropolitan area 

as well as the variable low wave speed sedimentary cover in the basin, numerical 

simulations are carried out making use of the spectral element method (SEM) software 

package GeoELastodynamics by Spectral Elements (GeoELSE), jointly developed by 

the Center for Advanced Research, Studies, and Development in Sardinia (CRS4) and 

by the Department of Structural Engineering of the Politecnico di Milano, Italy 

(Stupazzini 2004). In a very general view, the SEM can be seen as a generalization of 

the finite element technique, based on the use of high order piecewise orthogonal 

polynomial functions. The method was first used in the 1990s to model seismic wave 

propagation in local and regional surroundings (e.g. Priolo et al. 1994, Faccioli et al. 
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1997, Komatitsch and Tromp 1999); more recently it was also extended to global wave 

propagation (Komatitsch and Tromp 2002a, 2002b, Capdeville et al. 2003, Chaljub et 

al. 2003). 

The key features of the SEM discretization are as follows:  

1. Like in the finite element method (FEM), the entire model volume � is 

 

2. The spatial integration is performed based upon the Gauss-Lobatto-Legendre 

quadrature, while most classical FE techniques use Gauss quadrature.  

3. The expansion of any function within the elements is accomplished based upon 

Lagrange polynomials of suitable degree n constructed from n+1 interpolation 

nodes. 

4. In each element, the interpolation nodes are chosen to be the Gauss-Lobatto-

Legendre points, i.e. the n+1 roots of the first derivatives of the Legendre 

polynomials of degree n.  

Specifically, the combined use of Lagrange orthogonal polynomials and of the 

Legendre-Gauss-Lobatto quadrature rule represents one key aspect of the 

implementation of the spectral element approach in GeoELSE. So the main advantage 

of the SEM is that it combines the flexibility of the finite element method with the 

accuracy of pseudospectral techniques. Moreover, the method is also capable of 

providing an increase of accuracy by simply increasing the spectral degree of the 

functions, i.e. their algebraic degree. So this procedure is completely transparent to the 

user. On the other hand, like for the standard finite element approach, also grid 

refinement can further be used to improve the accuracy of the numerical simulations. 

Altogether, the SEM can be seen as part of the so-called h-p method (Faccioli et al. 

1996) where h refers to the grid size and p to the algebraic degree. The exponential 

accuracy of the method is ensured and the computational effort is minimized because 

the resulting mass matrix is exactly diagonal. This approach requires, however, that the 

mesh elements are hexahedral resulting in much effort to be spent on an accurate mesh 

generation. 

In particular, the meshing strategy has to account for the true positions of the material 

interfaces and the fault. The accurate representation of the real geometry is generally 

assumed to be important to achieve high-quality simulation results avoiding numerical 

artefacts due to inappropriate model discretization. However, for the Santiago basin, 
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showing laterally variable sedimentary layers and sharp transitions between shallow 

sediments and the underlying bedrock, the generation of detailed meshes poses a 

formidable challenge. This task was successfully solved by means of the software 

CUBIT (http://cubit.sandia.gov) which incorporates a set of advanced meshing schemes 

specifically developed to handle the hexahedral unstructured meshing problem.  

To verify that the underlying models are correct and might be used for further analyses, 

an excellent opportunity is offered by the 27 February 2010 Maule event whose 

aftershocks have been recorded by a dense temporary seismic network installed in the 

city (see Figure 3.1 and Table 3.2). In general, a sufficiently high level of agreement or 

a sufficiently small level of misfit between recorded data and theoretical prediction can 

be considered as a confirmation of a theoretical model of an investigated process. In 

particular, the agreement between recorded and numerically predicted earthquake 

motion can be considered as an ultimate criterion for the capability to simulate 

earthquake ground motion. 

Therefore, it will first be shown that the characteristics of the model of the Santiago 

basin are able to account for different site conditions. The question whether numerical 

modeling of wave propagation can explain peculiarities of wave propagation and 

amplification found in the analyses of empirical data will be addressed. Furthermore, as 

has already been outlined in chapter 2.2, nearby potential sources like the San Ramón 

Fault constitute a latent seismic hazard for the city. To this regard, although the 

numerical prediction of ground motion cannot yet be considered mature, it will be 

analyzed how the structure of and the topography in the Santiago basin as well as the 

hypocenter location affect near-fault ground motion. 

 

6.2. The spectral element numerical code GeoELSE  

 

The 2D / 3D numerical code GeoELSE is based on the SEM formulation proposed by 

Faccioli et al. (1997) and is specifically designed to effectively perform linear and non-

linear visco-elastic seismic wave-propagation analyses, including the combined effect of 

a seismic fault rupture, the propagation path, and a complex geological feature in the 

simulation.  
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As in the finite element approach, the dynamic equilibrium problem is stated in the 

weak form through the principle of virtual work (Zienckiewicz and Taylor 1989) and, 

through a suitable discretization procedure, is written as an ordinary differential 

equation system with respect to time (Chaljub et al. 2007). 

Absorbing boundaries are implemented by means of the conditions proposed by Stacey 

(1988); the free-surface condition is a natural condition in the SEM. The visco-elastic 

behavior implemented in GeoELSE is based on replacing the initial term 

displacement component, ρ the density, and γ the attenuation parameter. Kosloff and 

Kosloff (1986) have shown that, with such a replacement, all frequency components are 

range to be propagated. In particular, when f  is near f0, the approximation to a constant 

Q works very well. Following Graves (1996), the reference frequency f0 is chosen near 

the peak frequency of the source and the simulation bandwidth is centered around this 

value. 

To account for the non-linear behavior of the soil, a non-linear visco-elastic soil model 

was implemented in GeoELSE by means of a generalization of the 1D load conditions 

of the classical G-ε and D-ε curves (Kramer 1996) to three dimensions. G, D, and ε 

represent the shear modulus, the damping ratio, and the 1D shear strain. To this regard, 

a scalar measure of the shear strain amplitude is calculated at the generic position and 

the generic instant of time. Afterwards, the shear strain value is introduced in the G-ε 

and D-ε curves, and, subsequently, the corresponding parameters are updated for the 

following time step. Therefore, unlike in the classical equivalent-linear approaches, the 

initial values of the dynamic soil properties are recovered at the end of the excitation. 

Since no iteration is required at the generic time step, this non-linear implementation 

implies only a moderate increase of computer time of about 20 % compared to the linear 

case (Stupazzini et al. 2009). 

Several studies have shown that ground motion complexity arises mostly from the 

details of the rupture process (e.g. Beresnev and Atkinson 2002, Mai et al. 2006), 

especially in the near-field of the seismic source, within a maximum distance varying 

from 1-2 km to few tens of kilometers, depending on the magnitude of the earthquake. 
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Therefore, synthesizing reliable ground motion time histories for both engineering and 

seismological purposes cannot disregard a proper characterization and modeling of the 

fault rupture process. Although significant effort has been devoted to the study and 

application of dynamic modeling of extended sources (Guatteri et al. 2003, Rippenger et 

al. 2007), dynamic fault models are still at research stage due to their complexity and 

computational costs. The computational limits can be overcome to some degree; 

however, these models have been restricted to lower frequencies (less than 2-3 Hz). To 

this regard, kinematic modeling, like represented in GeoELSE, remains the best trade-

off between computational cost and adherence to the physics of fault ruptures (see e.g. 

Hall et al. 1995, Kamae et al. 1998, Pitarka et al. 2000, Hartzell 2002, Archuleta et al. 

2003).  

Of course, given the complexity and inevitable uncertainty of the underlying models, 

GeoELSE had first to be validated with several analytical solutions (e.g. Faccioli et al. 

1997, Stupazzini 2004). The seismic response of the valley of Grenoble (French Alps), 

showing a complex 3D geometry and large velocity contrasts, has recently been the 

object of an international benchmark indicating a proper implementation of the SEM in 

GeoELSE (Chaljub et al. 2010). 

 

6.3. Test for accuracy and stability – the 1 April 2010  

aftershock 

 
6.3.1. Implementation 

6.3.1.1. Mesh geometry 

 

The numerical calculation presented here refers to an aftershock occurring on 

1 April 2010 at 12:53:07 UTC. This event (M=5.2) was located around 180 km south-

west of the city (latitude 34.65° S, longitude 71.82° W) at a depth of around 11.8 km 

and recorded by the 2010 temporary seismic network. Since our interest consists in 

modelling the sedimentary basin behavior the meshing strategy is based on two standard 

steps: First of all, the entire volume is cut into small slices and then each slice has to be 

meshed with a standard meshing scheme. As mentioned in chapter 6.1, the choice of the 

grid size h is related to the algebraic degree p. In spite of complex material interfaces, 

for resolving the wave field for the shortest period, the number of grid points per 
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wavelength should be at least equal five. As wave speeds increase with depth, the mesh 

should be denser close to the surface and close to low-speed regions. However, on 

structured meshes the resolution can be reduced for S-wave speed ratios smaller than 

0.5 (Pelties et al. 2010) which also applies for the Santiago basin. 

The final mesh is depicted in Figure 6.1 and consists of 1,844,014 elements, the size of 

which ranges from a minimum of about 60 m (inside the sedimentary basin) up to 

900 m. The mesh is designed to propagate frequencies up to 1.3 Hz with p = 3 

(51,632,392 nodes) and up to around 1.8 Hz with p = 4 (119,860,910 nodes).  

 

 

Figure 6.1: 3D hexahedral spectral element mesh adopted for the computation of the 
1 April 2010 aftershock with the GeoELSE software. For simplicity, the spectral elements are 
shown without the Legendre-Gauss-Lobatto nodes. Different colors refer to different mechanical 
properties (see chapter 6.3.1.2). The shape of the Santiago basin is shown in black. The 
location of the fault is represented by a gray rectangle.  

 

Non-linear effects were neglected for this analysis, since ground strains induced by the 

moderate shaking are relatively small due to large source to site distances. 

 

6.3.1.2. Santiago basin model 

 

The surrounding topography of the large-scale numerical model is constructed based on 

the GTOPO30 data set, a 30 arcsec digital elevation model (available at 

http://eros.usgs.gov/#/Find_Data/Products_and_Data_Available/gtopo30_info). For the 
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Santiago metropolitan area, digital elevation data are available with a resolution of 

30 m. As already mentioned, the shape of the sediment bedrock interface is based on 

data from gravimetric measurements (Araneda et al. 2000).  

The impossibility of finding any simple depth – S-wave velocity relation for our data set 

has been mentioned in chapter 5.4. However, due to computational limitations we had 

to assume that the dynamic properties of the sedimentary basin only vary with depth. To 

this regard, vs [m/s] = 400 + 55 z
1/2

 with depth z (measured in meters) allows the best fit 

of the numerical model to the calculated data and was used for the calculation of vs in 

the entire basin. For the P-wave velocity we assumed, consistent with equation (2) in 

chapter 5.2, vp [m/s] = 1730 + 60 z
1/2

. The depth dependency of the density is taken 

from Bravo (1992): ρ [kg/m³] = 2100 + 0.15 z. Inside the sedimentary basin, the smooth 

vertical variation is taken into account, assigning each Legendre-Gauss-Lobatto point 

the mechanical properties evaluated according to the prescribed depth variation.  

The bedrock is layered with vp = 4700 m/s and vs = 2400 m/s between 0 and 2.2 km 

depth, vp = 5900 m/s and vs = 3200 m/s between 2.2 km and 8.9 km depth, and 

vp = 6200 m/s and vs = 3450 m/s below 8.9 km depth (Godoy et al. 1999, Barrientos et 

al. 2004). The frequency f0 was set to 0.5 Hz in this study. As described in chapter 6.2, 

the quality factor Q is almost constant around f0. However, low frequencies smaller than 

0.5 Hz will therefore be slightly over-damped, whereas higher frequencies will be 

enhanced in the sedimentary layer. Stupazzini et al. (2009) obtained good agreement 

when comparing the waveforms of such a model with a constant Q model, especially in 

terms of peak values and the overall shape of the waveforms, and concluded that such 

agreement tends to deteriorate only in the coda part of the signal, where the effect of the 

different Q assumptions becomes more important.  

 

6.3.1.3. Treatment of the kinematic source 

 

The numerical simulation corresponds to an event with a magnitude of 5.2, 

geometrically defined by a 4.7 km x 3.5 km rectangle (Wells and Coppersmith 1994). 

The rupture is in plane with a constant slip density. The parameters of the source 

mechanism (strike = 195°, dip = 58°, rake = -142°) are taken from CMT catalog 

(http://www.globalcmt.org). The rupture circularly propagates from the hypocenter 

located in the center of the rectangle with a rupture velocity of v = 2800 m/s. The time 
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dependency of the seismic moment tensor source is described by an approximate 

Heaviside function, i.e. 
 

  
, (3)

 

where erf (•) is the error function and τ is the rise time, measured as the time necessary 

to attain 5 to 95 % of the final slip (Mai 2009). The values are selected that the slip 

velocity is around 1 m/s. The total number of spectral nodes required to model the fault 

is around 350.   

 

6.3.2. Comparison of numerical predictions  

 

A comparison of velocity waveforms recorded at and simulated for the sites of the 

receivers of the 2010 seismic network (see Table 3.2) are shown in Figure 6.2. The 

waveforms have been band-pass filtered (0.05 Hz < f < 1.8 Hz).  
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Figure 6.2: Comparison of recorded (red) and simulated (black) vertical component velocity 
waveforms of the 1 April 2010 earthquake for ten sites of the network (for stations V7 and V12 
the earthquake has not been recorded in sufficient quality). Station locations are indicated in 
Figure 3.1 and listed in Table 3.2. The velocity waveforms are band-pass filtered between 0.05 
and 1.8 Hz. For each station, the left figures show the entire waveform and the right figures 
represent parts of the waveform around the S-wave arrival in close up. 

 

In general, the recorded data can be fit reasonably well on all three components in terms 

of amplitude and duration. Although we had to assume that the dynamic properties of 

the sedimentary basin only vary with depth and not laterally, stations in the north-

western part of the studied area on the top of low-velocity soils (i.e. stations V1, V8, 

V9, and V11) in general show higher amplitudes and longer shaking durations. On the 

contrary, for stations in the central and the eastern part of the study area (V2, V4, V6, 

and V10) smaller amplitudes and shorter shaking durations are found, similarly to 

chapter 4.2.1. Although located on hard rock, topographic effects might cause that V3 

does not show the smallest amplitude. 

Particularly noticeable discrepancies between the simulations and recordings appear for 

the P-wave arrival. This might result from the use of a frequency proportional quality 

factor (see chapter 6.2) which causes low frequencies to be overdamped and high 

frequencies to be enhanced. 

However, the time series themselves should be used with caution, since there is no 

guarantee that the spectrum of each simulation is close to the real spectrum. To 

accomplish this, acceleration response spectra at frequencies from 0.05 to 1.8 Hz, 

derived each from the simulation and from the recordings, are compared in Figure 6.3.  
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In general, the curves are in good agreement both for shorter and longer periods. Curves 

on thick sediments in the north-western part of the studied area show higher amplitudes 

at higher frequencies, whereas the amplitudes for sites in the eastern part of the basin 

are generally lower for small frequencies. Combined with the findings of Figure 6.2 

outlined above, this might indicate that the vertical variation of the dynamic properties 

within the sedimentary basin has been chosen correctly on the whole.  

On the contrary, at station V9 the simulation underpredicts the observed spectrum; this 

trend can also be seen in the seismogram of V9 in Figure 6.2: The energy content of the 

seismogram in the simulation is significantly smaller than in the recording. The 

mismatch at this site might be due to a significant difference between the dominant 

dynamic soil properties and the interpolated ones used in the simulation.  

At station V3 the mismatch of the acceleration response spectra for higher frequencies 

might be explained by pronounced small scale topographic variations in the 

surroundings of station V3. These variations have not been captured by the mesh but 

might cause significant amplification at higher frequencies, in consistency with Géli et 

al. (1988). 
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Figure 6.3: Comparison of the observed 5 % damped acceleration response spectra (red) with 
the spectra simulated in this study (black) for the vertical component of ground motion for the 
M=5.2 event on 1 April 2010. 

 

Anyhow, although we have included a complex model in the simulations, considering 

topography and the shape of the sediment-bedrock interface, one cannot hope to match 

all details of the recorded signals, also because of the lack of detailed information about 

the rupture process. The generalized rupture model of this earthquake that has been used 

incorporates only limited information. Altogether, the discrepancies might be due to the 
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combined effects of a properly characterized seismic source and a more detailed shallow 

crustal model, including near-surface complex geological irregularities which often 

significantly modify ground motion (e.g. Anderson et al. 1996). An additional difficulty 

in basin simulations is the lack of detailed knowledge of attenuation. However, since we 

found a satisfactory agreement in terms of amplitude and especially in terms of 

duration, we assume that the underlying assumption regarding attenuation is quite 

realistic. Furthermore, our current basin model is largely based upon only vertically 

varying S-wave speed information. Therefore, the basin model could further be 

improved by adding lateral S-wave velocity variations and further constraints on P-

wave velocity for the basin and the subregions of the model. 

 

6.3.3. Effect of basin depth and surface topography  

 

It is not only the properties of the low-speed sedimentary basin but also the pronounced 

surface topography and the shape of the sediment bedrock interface that significantly 

distort the propagation of waves. Figure 6.4 shows snapshots of the aftershock 

simulation for the vertical component of the velocity wave field (band-pass filtered 

between 0.05 Hz and 1.8 Hz). The P-wave reaches the south-western edge of the basin 

with relative small amplitude at approximately 25 s. The wave fronts slow down and are 

influenced due to the low shear wave speed in the basin. After around 40 s, the slower 

but stronger S-wave reaches the edge of the basin and propagates further with 

significantly varying amplitude.  

Especially in the north-western part of the basin the ground motion is very complex. 

The Cerro Renca (see Figure 2.2), a hill rising more than 200 m above the surrounding 

plane, causes the seismic waves to be largely reflected and scattered. (For the numerical 

simulations the topography of the hill has been considered correctly. However, its exact 

boundary is not visible in Figure 6.4 but indicated with letter A.) To the east of Cerro 

Renca and to the west of Cerro San Cristóbal strong ground motion occurs which might 

be due to constructive interference between different arrivals reflected at the facing hills 

(labelled B in Figure 6.4). As already outlined in chapter 4.6, serious structural damage 

was found for this part of the city following the 2010 Maule earthquake. The results 

found here suggest that the trapping of seismic energy might have caused this impact. 

Also  to  the  south-west  of  station  V1 (green quadrate in Figure 6.4) and between Cerro  
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Figure 6.4: Snapshots of the vertical component of the simulation of the 1 April 2010 
earthquake. Red colors indicate positive velocities, and blue colors indicate negative velocities. 
The black lines mark the border between the sedimentary basin and outcropping bedrock. The 
green quadrate indicates the position of station V1. In the basin, the waveforms are clearly 
distorted and amplified. See text for further discussion. 
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Chena and Cerro Lonquén (for the exact location of these hills see Figure 2.2) in the 

south-west of the basin, interference and amplification effects are clearly visible 

between 53 s and 63 s. 

After around 65 s the main body wave phases have propagated out of the basin; 

however, large ground velocities still persist in the basin. In particular, the continuation 

of strong ground shaking is observed above the deepest parts of the basin (especially to 

the west and south-west of the label A and around label C in Figure 6.4, see also 

Figure 2.4).  

To further examine the extension of ground motion for these parts of the basin we 

exemplarily apply the S transform, according to the description outlined in 

chapter 4.2.3.1, to the synthetic waveforms. Results for the installation site of station V1 

are shown in Figure 6.5. 

 

   

 
 

Figure 6.5: The vertical (left) and radial (right) component of the synthetic waveform (band-pass 
filtered between 0.05 and 1.8 Hz) for the 1 April 2010 earthquake at station V1 (top) and the 
corresponding normalized S transforms (bottom). The ellipse indicates possible dispersive 
waves. 
 

The P-wave arrival at around 30 s is imaged correctly. Also the S-wave arrival at around 

50 s can be identified by higher energy content in the seismogram, shown by dark red 

colours in the time frequency representation. Moreover, an arrival of a low-frequency 

wave train at around 60 s can be observed, especially on the vertical component. Similar 

to Figure 4.5, these waves follow the S-wave with a delay of around 10 s; in the 

seismogram, however, higher frequencies mask the exact arrival of this wave train. As 

described in chapter 4.2.3.2, these waves could be identified as secondary phases which 
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might be generated at the basin edge by a conversion of S-waves. On the vertical 

component, the dispersive character of these waves is not as obvious as in Figure 4.5. 

On the other hand, on the radial, i.e. basin edge normal component, on which the 

Rayleigh wave should also be found, the ellipse in Figure 6.5 points out the existence of 

a dispersive wave train, but with significant lower energy.  

Although this might not serve as a definitive proof for the existence of basin edge 

induced surface waves in the synthetic waveforms, there is anyhow a strong hint to the 

proper implementation of the sedimentary basin properties. Since we did not include 

further regional crustal heterogenities in our model, the existence of the observed low- 

frequency phases should depend only on the shape of the sediment bedrock interface 

and the impedance contrast, according to Narayan (2010). This further confirms the 

capability of the model to correctly simulate earthquake ground motion in the Santiago 

basin.   

 

6.4. Simulating near-fault earthquake ground motion 

6.4.1. Implementation 

 

Since the accuracy of the implemented model has been validated and the influence of 

the low-speed sedimentary basin on wave propagation has been shown for events 

occurring well outside the basin, we now aim at quantifying the effect of near-fault 

earthquake ground motion on different assumptions, such as the role of hypocenter 

location. In this parametric analysis, we consider different locations of possible 

hypocenters along the San Ramón Fault (see chapter 2.2) which has been shown to pose 

a significant seismic hazard for the city. To this regard, a detailed mesh has been 

constructed which is depicted in Figure 6.6. It consists of 1,483,560 elements with a 

minimum size of about 30 m (inside the sedimentary basin) up to 900 m. The mesh will 

allow a simulation of frequencies up to around 2.5 Hz with a spectral degree of 4. The 

dynamic properties of the sedimentary basin and the bedrock layers are identical to the 

ones described in chapter 6.3.1.2.  
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Figure 6.6: 3D hexahedral spectral element mesh adopted for scenario modeling. Different 
colors refer to different mechanical properties (see chapter 6.3.1.2). The shape of the Santiago 
basin is shown in black. The location of the San Ramón Fault is represented by a white 
rectangle.  

 

All numerical simulations presented here correspond to earthquakes with a magnitude 

Mw=6.0 along the central segment of the San Ramón Fault, geometrically defined by a 

12 km x 5 km rectangle (Wells and Coppersmith 1994). The parameters of the 

hypothetic source mechanism (strike=172°, dip=119°) are taken from Armijo et al. 

(2010) and are the same for all simulated scenario events. Like before, the rupture 

propagates circularly from the hypocenter with a constant rupture velocity of 2800 m/s. 

The slip velocity is around 1 m/s. For the G-ε and D-ε curves for the non-linear visco-

elastic model adopted in this work, standard parameters for shallow soil materials were 

taken from Seed et al. (1986). 

 

6.4.2. Influence of hypocenter location 

 

The location of the hypocenter is regarded as one of the key factors affecting the 

distribution of ground motion and peak ground velocity (PGV) in the near-fault zone of 

an earthquake (Sommerville et al. 1997, Guatteri et al. 2003). Changing the hypocenter 

position will affect the relative time at which different parts of the fault radiate and how 
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waves radiated during slip will interfere with each other. To study the effect of ground 

motion in the Santiago basin on this parameter, six different hypocenters were selected 

inside the same fault plane. For all the events, the seismic rupture is assumed to start 

from one hypocenter and then to propagate circularly along the fault. Figure 6.7 shows 

the source model corresponding to different hypocenter locations. 

 

Figure 6.7: Hypocenter locations adopted for the parametric study. 

 

As an example, Figure 6.8 presents snapshots of the velocimetric ground motion 

obtained by the H1 source model. Because the epicentre is located close to the basin, 

source radiation dominates the near field records. However, the interaction between the 

hypocenter location (and the corresponding directivity effects) and the surface 

topography in combination with the low wave velocities of the Santiago basin can be 

identified. After 6.0 s the rupture propagates radially from the starting point at the 

eastern basin edge. From 9.0 s to 12.0 s the propagation further into the basin continues. 

Compared to the portion of waves propagating in the western direction, the south-

western and in particular the north-western wave packets have much larger amplitudes 

and delay due to the thick sediments (for the thickness of the sediments see Figure 2.4). 

At 13.5 s direct waves propagating toward north-west are reflected at the Cerro San 

Cristóbal (letter A in Figure 6.8), coinciding with later arrivals along a narrow zone to 

the south-east of the hill. A zone of strong ground motion parallel to the hill can be 

identified. In general, the width of such amplification zones and their distances from the 

basin edge depend on several parameters like the frequency content of the incident 

waves, the exact basin edge geometry, and the velocity contrast between the sediments 

and the bedrock (Pitarka et al. 1998). In the following snapshots, the prograding of the 

waves  toward  the  north-west  is  clearly  influenced  by the Cerro Renca: low amplitudes  



6. Simulation of the Santiago basin response                                                                  93 

_______________________________________________________________________ 

 
Figure 6.8: Snapshots of the absolute velocity of ground motion for the scenario earthquake 
with hypocenter H1. Red colors indicate positive velocities and blue colors indicate negative 
velocities. See text for further discussion. 
 
 

are found where the hill is located (letter B), whereas high amplification can be seen 

southly. Interference effects and trapping of energy at distances of around 15 km from 
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the fault (letter C) can be seen. The ground motion is as large as around 8 to 10 km west 

of the fault (letter D). Such trapping effects can also be seen in the waves travelling to 

the south-west but are less significant there. 

Figure 6.9 shows the influence of hypocenter location on the maximum value of the 

PGV vector determined from the synthetic waveforms for each location. The amplitude 

of the velocity vector is the square root of the sum of the squares of the velocities for 

the three components. For deep structures like the Santiago basin, PGV rather than 

parameters of acceleration serves as the most relevant damaging potential indicator. In 

particular, the correlation of PGV with damage at low to intermediate frequencies has 

been found to be very good (see e.g. Brun et al. 2004 and references therein). 

 

 
 

Figure 6.9: PGV for the various hypocenter locations shown in Figure 6.7. Isoline values are 
given in m/s. 
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In general, for cases in which the earthquake occurs on a fault at the basin margin, as 

has already been observed during the Hyogo-ken Nanbu (Kobe) earthquake, the 

influence of the basin becomes very important (e.g. Pitarka et al. 1998) causing 

particularly large-amplitude ground velocities. Corresponding to the various hypocenter 

locations and corresponding directivity effects, PGVs vary up to a factor of around 2. In 

general, the north-western part of the basin suffers most from the coupling of 

directivity, basin-edge effects, and interference, with the highest PGV values found for 

all hypocenter locations on the top of a more than 400 m thick sedimentary layer. The 

worst case is hypocenter H1, located relatively shallow at the northern end of the fault, 

showing PGV values of up to 1.26 m/s. Also in the north-western part of the basin, 

where the sedimentary cover is much thicker, considerably higher PGV values 

(> 0.4 m/s) are found compared to the south-western part. On the contrary, for 

hypocenter H6 on the southern end of the fault maximum PGV values are only 

0.65 m/s.  

 

6.4.3. Discussion 

 

The results of the simulations point out the influence of the low wave speed 

sedimentary basin. It is furthermore obvious that the pronounced topography can 

produce complex wave propagation behavior, with seismic energy reflected and 

scattered by the mountains. The combination of these effects as well as the radiation 

mechanism and hypocenter location with corresponding directivity effects play a 

relevant role in near-field ground motion. In particular, the unfavorable interaction 

between these parameters may raise concern about large PGV values even from low to 

moderate seismic events.  

Anyhow, as can be seen in Figure 6.9, the high variability in PGV very close to the fault 

as a result from the simulations implies that exact prediction of ground motion in the 

near source region is subject to a high degree of uncertainty and is highly event specific. 

In reality, the specific complexities in the spatial and the temporal variation of the slip 

distribution on the fault will in all likelihood be different than assumed here. Even small 

variations in the rupture models may substantially affect the absolute PGV values. To 

this regard, it is also interesting to recall here that McGarr and Fletcher (2007), based on 

Brune (1970) and Ida (1973), found that the peak slip rate within the near-fault zone
 
of 
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an earthquake does not show any clear scaling with seismic moment or magnitude. 

They even concluded the existence of an upper
 
bound of the PGV values independent of 

earthquake’s magnitude and that this bound
 
is controlled primarily by the source 

mechanism and the strength of the seismogenic crust. However, the values presented 

here do for sure not form an upper bound. 

For sake of simplicity we further assumed a constant rupture velocity. In contrast, 

irregularities in the rupture velocity have been found to be the predominant source of 

high-frequency radiation (e.g. Madariaga 1977, Spudich and Frazer 1984). Yet, we 

assume that this effect might be of no consequence because of the 2.5 Hz maximum 

frequency limit considered for the simulations. Moreover, this limit might also be too 

low to actually account for strong lateral velocity variations in the sediments and 

shallow weathered layers in the bedrock.  

Although the absolute values shown here should not be taken for granted the conclusion 

of this study is that directivity effects of the possible rupture of the San Ramón Fault 

might produce large ground motions in a very dense populated area in the north-eastern 

part of the Santiago basin. This part of the city is particularly endangered as the 

business district and a large part of the city’s offices can be found there. 

Although considering non-linear behaviour of the soil through a non-linear visco-elastic 

model, its role for the scenario simulations has been found to be less important than 

source mechanism and hypocenter location (e.g. Ambraseys et al. 2005, Stupazzini et al. 

2009). This effect generally shows itself only in terms of a change in duration of ground 

motion in the strong motion part of the signal. Therefore, major variations of PGV in 

the western part of the basin far away from the source found in this study are more 

likely to be related to the late arrival of basin edge induced surface waves (Paolucci and 

Pitilakis 2007). This can also be seen in Figure 6.8 in which, for the south-western part 

of the basin, highest amplitudes are generated by later phases. However, the amplitude 

of these waves is highly sensitive to the correct implementation of the impedance 

contrast and the configuration of the sediment bedrock interface.  

A more robust characteristic of the rupture process, in combination with high frequency 

simulations, has the potential to improve the modeling of near-fault ground motion. In 

turn, it should then be possible to improve our ability to predict the dynamic response of 

structures close to the source. 
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The investigation carried out in this work showed that site effects have a considerable 

influence on earthquake ground motion in the basin of Santiago de Chile. This 

observation is consistent with the variable damage distribution in the city observed 

following the 1985 Valparaiso and the 2010 Maule earthquakes. 

For the first time, a network of seismic stations was installed in the city of Santiago for 

recording earthquake signals. Time domain analysis shows differences in amplitude and 

lengthening with respect to a nearby rock site up to a factor of more than two, 

respectively. In particular, it could be shown that secondary phases (dispersive surface 

waves) are present and significantly increase the duration of shaking at the basin sites.  

In the frequency domain, three different techniques for estimating site effects at the 

locations of the seismic stations have been applied. The comparison of the NHV ratio 

with EHV and SSR results for the sites of the seismic network illustrates a generally 

good agreement in the shape of all three curves, especially for the peak of the 

fundamental resonance frequency. The results obtained using P-wave windows often 

share similar features with those for S-wave windows because the frequencies of 

maximum amplification are almost the same, but often have lower amplitudes. 

Significant amplification (i.e. amplitudes exceeding 2 for the fundamental frequency) 

was found to be not only depend on the thickness of the sedimentary cover, but highly 

depends on local geological conditions and mechanical characteristics of the underlying 

material that can vary rapidly on short scale. Higher harmonics, which may overlap with 

the resonance frequencies of neighboring buildings, are often not visible in the NHV 

spectra, but they may not necessarily be damped out under such conditions. Therefore, 

NHV spectra might only serve as the lower frequency bound for site amplifications. 

Nonetheless, at some stations the amplitudes are quite small. We could also show that 

the NHV spectral ratios are quite stable with almost no dependency on the time and 

environment of the recordings.  

Additionally, 146 measurements of seismic noise were carried out and analysed 

according to the SESAME criteria (Bard and SESAME WP02 team 2005). If a clear 

NHV peak appears, a confident estimate of the fundamental resonance frequency is 

possible. However, it could also be shown that for a case like Santiago de Chile, NHV 

curves not fulfilling the strict criteria may also consistently provide the soil resonance 

frequency or at least the frequency bands prone to amplification, especially when 

additional information on the geology is available. These results suggest that the quality 



7. Conclusions                                                                                                                  99 

_______________________________________________________________________ 

criteria might sometimes be too restrictive. A similar conclusion was also reached by 

Bonnefoy-Claudet et al. (2009). On the other hand, the results highlight the importance 

of combining noise measurements with recordings of seismic events at characteristic 

sites for constraining the results.  

Interpolation between the peaks of the NHV spectral ratios enabled us to map the 

fundamental resonance frequency of the investigated area. We showed that peaks 

mainly occur at low frequencies below 1 to 2 Hz, but slight amplification also affects 

frequencies from 2 Hz to 13 Hz. A general trend in the variation in the frequency range 

of amplification and the thickness of the sedimentary cover can be seen. Moreover, a 

correlation between the damage distribution in the city following the 2010 Maule 

earthquake and the fundamental frequency at some specific sites due to resonance 

effects could be pointed out. 

For 125 of 146 noise measurements a further analysis was possible; the calculated H/V 

spectra were systematically inverted under the assumption of a horizontally layered one-

dimensional structure below the measurement sites using geotechnical data and 

knowledge of the thickness of the sedimentary cover which had been determined 

previously by gravimetric measurements. This enabled us to derive S-wave velocity 

profiles for each measurement site which formed the basis for a 3D S-wave velocity 

model for the entire investigated area with the help of a kriging algorithm. Comparison 

of the results with existing velocity profiles gained by seismic refraction experiments 

and additional geological data shows good agreement. We found quite different S-wave 

velocity-depth gradients within the Santiago basin. However, the resolution of our 

model could be improved by adding more measurement sites. 

As inexpensive and simple techniques for deriving local site response and amplification 

are of broad interest, we tested if a simple relationship between the slope of the 

topography and vs
30

 exists on a local scale. Since no simple correlation between the 

topographic gradient and surficial geology (i.e. fast and more competent material 

indicating steeper slopes) exists for the investigated area, no linkage between slope and 

vs
30

 could be found due to rather high S-wave velocities appearing in the Santiago basin, 

regardless of which spatial resolution is used. Although the investigated area is 

characterised by low and steep slope values, it is not possible to establish any estimation 

for site amplification based on topographic gradient. On the contrary, a better, but still 

only very approximate, correlation between vs
30

 and local geological conditions is 



100                                                                                                                  7. Conclusions 

_______________________________________________________________________ 

 

visible. In fact, we even showed that some geology can have different velocities and site 

amplifications. A higher resolution of the vs
30

 map may, of course, be accomplished by 

adding more measurement sites. When taking into account the distribution of the 

mapped intensities of the 1985 Valparaiso event it could be illustrated that the intensity 

values are clearly influenced by the vs
30

 distribution and cannot, even at a rudimentary 

level, be derived from the topographic gradient.  

In addition to near-surface site conditions, seismic waves in basins are also known to be 

strongly influenced by thickness of the sedimentary cover and the shape of the sediment 

bedrock interface. To this regard, we built up a large-scale numerical model of the 

Santiago basin. The simulation of a regional event, which had been registered by a 

dense network installed in the city of Santiago for recording aftershock activity 

following the 27 February 2010 Maule earthquake, shows that the model, although 

simplified, is in general capable for realistic calculations of ground motion in terms of 

amplitude, duration, and frequencies below 1.8 Hz. Moreover, the proper 

implementation of topography and basin shape turns out to play a major role to 

adequately reproduce the observed effects of amplification of ground motion. 

We also examined near-fault earthquake ground motion for a hypothetical event 

occurring along the active San Ramón Fault, which is crossing the eastern outskirts of 

the city. Among the possible factors contributing to ground motion variability we 

investigated the hypocenter location and corresponding directivity effects. Peak values 

of ground velocity may vary up to a factor of 2. Of course, other factors like slip 

velocity and rupture velocity will also significantly influence ground motion. Although 

the assumed source mechanism might too simple, we could show that the unfavorable 

interaction between
 

fault rupture, radiation mechanism, and complex geological 

conditions in the near-field may give rise to large values of peak ground velocity even 

from moderate earthquakes. Therefore, owing to the available scanty near-fault strong 

motion data, 3D numerical simulations based on realistic underlying models presently 

serve as a valuable tool to provide estimations of near-fault ground motion.  

Altogether, the combined use of experimental field studies and numerical calculations 

has been promising, suggesting that they can provide complementary information 

improving our ability to understand site and basin response. The results presented here 

might serve as a basis for the city’s earthquake hazard assessment and may also further 

assist in risk reduction programs.  



Appendix 

 

 
 
Table A.1: Events recorded by seismic network between 21 March and 26

 
May 2008. 

Parameters are taken from PDE catalog. Shaded elements indicate that the station had not 
been installed at that time. 

 

date origin 

time 

(UTC) 

 

latitude longitude depth 

[km] 

magni-

tude 

S1 S2 S3 S4 S5 S6 S7 S8 

0321 111353 -33.04 -71.36 52 3.1 + +       

0323 175731 -31.48 -70.45 118 4.0 + + +  + +   

0324 203907 -20.04 -68.96 120 6.2 + +  + + +   

0325 044022 -32.71 -71.68 11 3.1 + + +  + +   

0325 045312 -31.65 -69.66 140 3.7 + + +  + +   

0326 084624 -32.44 -71.51 45 4.0 + + +  + +   

0330 125659 -32.96 -71.06 66 3.2 + + +  + + + + 

0330 181358 -25.91 -69.91 76 4.7 + + + + + + + + 

0401 143817 -31.83 -72.09 10 4.1 + + + + + + + + 

0403 010021 -28.64 -71.46 32 5.1 + + + + + + +  

0403 072501 -27.53 -71.20 33 4.8 + + +  + + + + 

0403 172244 -32.49 -71.53 56 4.0 + + + + + + + + 

0407 121558 -30.89 -71.49 36 4.1 + + +  + + + + 

0407 173841 -27.69 -71.06 63 4.8 + + +  + + + + 

0408 082436 -25.73 -70.70 28 4.4 + + + +  + + + 

0412 003012 -55.66 -158.45 16 7.1 + + +  + + + + 

0412 212157 -32.52 -71.70 29 4.0 + + + + + + + + 

0414 094519 -56.02 -28.03 140 6.0 + + +  + + + + 

0415 030304 13.56 -90.60 33 6.1 + + +  + + + + 

0415 233906 -31.84 -70.54 42 3.9 + + +  + + + + 

0416 084701 -30.47 -71.63 68 4.4 + + +  + + + + 

0417 075718 -19.94 -70.80 27 5.1 + + +  + + + + 

0418 021715 -35.98 -72.37 35 4.7 + + + + + + + + 

0423 070627 -34.35 -70.82 103 4.6 + + + + + + + + 

0428 155755 -58.74 -24.71 35 6.1 + + +  + + + + 

0502 060137 -29.62 -70.94 43 4.4 + + + + + + + + 

0503 093738 -31.25 -68.76 155 3.7 + + + + + + + + 

0504 140732 -32.64 -71.60 22 3.6 + + +  + + + + 

0514 173450 -28.27 -67.47 125 4.6 + +   + + +  

0515 142328 -57.91 -25.48 35 5.9 + + +  + + + + 

0516 020221 -31.08 -70.53 100 4.7 + + +  + + + + 

0516 234100 -32.12 -71.54 43 3.9 + + +   +   

0518 171449 -30.97 -71.82 35 5.0 + + + + + + + + 

0523 193534 7.31 -34.90 9 6.5 + + +   + +  

0523 204616 -22.85 -68.82 100 5.2 + + +   + +  

0524 024336 -41.96 -72.19 9 5.3 + + + + + + +  
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0524 065322 -42.05 -72.01 10 4.9 + + +  + + +  

0525 132258 -31.48 -71.90 51 4.7 + + + + + + +  
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