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Summary
This report presents a review on the state-of-the-art of studies on topographic effects
and illustrates the data sets that have been selected by the NERA participant teams to
be processed in a common analysis approach as agreed during the NERA meeting held in
Zürich on June 21, 2011. This uniform analysis applied to different topographies showing
different levels of amplification is aimed at enhancing common features and isolating
peculiarities of each study case. Moreover, the results of such a comparative analysis will
restrict the choice to one (or few) site(s) where controlled geophysical experiments will
be performed in the 2nd year of the project to provide the needed detailed information on
the internal structure of the reliefs, thus allowing separation of the contribution of the
lateral variations of surface topography from other potential causes of amplification due
to local velocity structure or rock fracturing/weathering properties.
The final goal will be to provide a feasibility study of physically-based topography
aggravation factors to be used in the hazard assessment practice and building codes.
1. Introduction
Topographic irregularities affect ground motion causing amplification/deamplification on
reliefs and surrounding areas. Practical implications in terms of local damage variations
are known since long time and have been the object of many instrumental and
theoretical investigations over the last four decades, as testified by the long list of
papers collected in Appendix 1. Yet, their complexity, combined with limitations in a
detailed knowledge of the sub-surface structure of reliefs, makes it difficult to provide a
satisfactory explanation of observations from a theoretical point of view. In general, both
analytical formulations and numerical simulations result in amplification values that are
significantly smaller than the observed ones when only variations of topography
geometry is taken into account and the internal structure is assumed to be uniform and
isotropic. To increase ground motion amplitudes (and fit observations), near-surface
layers with strong impedance contrast are often introduced in the models by many
authors in the literature (e.g. see Paolucci et al., 1999; Gazetas et al., 2002; Assimaki et
al., 2005; Apostolidis et al., 2006). In these cases, topography variation is one of the
physical factors causing local amplification but not necessarily the largest one. As a
matter of fact, the real size of the topography effect is difficult to predict because of the
variability of other influencing parameters depending on the seismic source (azimuth and
incidence angle), topography complexity (isolate/multiple) and the near-surface
structure of amplified sites (layering, weathering, fractures, low cohesion between rock
blocks, slope instability and so on). So far, the very limitation to understanding comes
from the poor knowledge of sub-surface elastic and anelastic parameters and the lack of
detailed geophysical investigations needed to characterize the internal structure of the
relief.
In this report, we shortly summarize the state-of-the-art with a particular attention to
the main critical aspects of the problem. Moreover, we present a selection of case
studies in Europe where abundant instrumental data could be available among the NERA
participant teams. According to the decisions taken during the NERA meeting in Zürich of
June 21, 2011 (Appendix 2 of this report), these data will be reanalyzed in a uniform
approach to better separate the role of topography from other (structural/geological)
complexities. Controlled geophysical experiments are the unique tool to interpret and
constrain this separation. So far, such experiments are rare in sites characterized by
strong topographic effects: Task 11.4 of NERA will realize them. The detailed study of
the existing data will help the choice of one or two sites mostly suited for performing a
number of these experiments in the 2nd year of NERA.
	
  
	
  
	
  

2

NERA | D11.2
2. What we know from conventional seismological studies (observations
and modelling)
Many observations indicate that ground motion increases on the top of reliefs (Griffiths
and Bollinger, 1979; Geli et al., 1988; Massa et al., 2010; Buech et al., 2010; Marzorati
et al., 2011; to quote only a few among others). There are many physical factors that
can be the origin of amplification:
i) focusing of the incident wavefield (in the convex part of topography);
ii) diffraction and lateral interferences;
iii) weathering/fracturation of summit areas.
The most largely studied situations are ridges and cliffs (Figures 1 and 2, respectively).

Figure 1 - Topography amplification at Little Red Hill, New Zealand, during a Mw 7.4 earthquake at 1500 km
distance (from Buech et al., 2010).
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Figure 2 - Topography amplification at Adámes during the Ms 5.9 Parnitha (Athens) earthquake (from Gazetas et
al., 2002).

In general, instrumentally observed amplifications range from 2 to more than 10 in
specific frequency bands. The amplified wavelengths (λ ≈ Vs / f ) are controlled by the
width of the largest lateral topography variation. Figure 3 illustrates typical shapes of
isolated topographic irregularities that have been investigated through 2D numerical
simulations (Nguyen and Gatmiri, 2007; Gatmiri, 2009). Modelling is a valid tool of
analysis but elastic and anelastic properties of real rocks are difficult to handle because
poorly known in detail. Numerical models significantly underestimate observed
amplifications when uniform, isotropic rock outcrops are simulated, rarely topography
alone could justify amplifications larger than a factor of 2 in the frequency band of
amplification. Real observations of large amplifications on irregular topography are
usually fitted by adding near-surface complexity to local geology (e.g., see Figure 2). A
further complication is that real cases are not isolated topographies, and topography
complexity increases scattering and ground motion variability (Wang et al., 2006; Ma et
al., 2007).

Figure 3 - Example systematic computations for isolated, homogeneous topographies (Nguyen and Gatmiri,
2007; Gatmiri, 2009).
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Although the amplification of theoretical models rarely attains the level of observations,
the joint use of high-resolution (LiDAR) digital terrain models and powerful 3D
computational tools with hundreds of parallel machines allows a more reliable simulation
of high frequencies and provides a pattern of ground motion variations as a function of
topography where amplifications are strongly controlled by topography (Figure 4).
Nevertheless, variations in the PGA prediction do not exceed a factor of 2 for the
topography crests.

Figure 4 – 3D waveform modeling on topography irregularities in the frequency band 0.1 – 10 Hz. Comparison
between LiDAR DTM (2m resolution), 40mDEM, and flat surface (Yangminshan area, Taiwan; redrawn from Lee
et al., 2009).	
  

After Spudich et al. (1996), small-aperture arrays are frequently adopted to investigate
ground motion properties of topographic irregularities (Massa et al., 2010; Buech et al.,
2010; Pischiutta et al., 2010). In addition to amplification, these studies enhance the
persistence of a significant directional effect on the top of reliefs, motion transversal to
the topography elongation being amplified more than parallel motion and much more
than the vertical one. Figure 5 is an example showing such a recurrent feature at
seismological stations installed in Italy on the top of ridges (Pischiutta et al., 2011), and
Figure 6 quantifies the difference observed among transversal and longitudinal
components of these stations in terms of response spectra.

Figure 5 – Directional amplification of horizontal motion on topography (redrawn from Pischiutta et al., 2011).
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Figure 6 – Amplification of transversal motions at one representative station (Cerreto Laziale, CERT), on a 1 km
wide and 300 m high ridge using ambient noise (cyan rose diagram) and seismic events (red rose diagram). In
the middle, the station location (red trangle) is shown on a DEM (redrawn from Pischiutta et al., 2011). On the
right: response spectra from Pischiutta et al. (2011) at rotation angles corresponding to the maximum- (red curve)
and minimum-amplitude azimuths (black curves) of each station. The bleu colored band represents +1 s.d. above
the expected curve of GMPEs by Di Alessandro et al. (2011) for class CL-V sites (hard rock with H/V <2).

Strong directional effects on topography have been also observed during experiments in
sites of southern Swiss Alps (Burjànek et al., 2010 and 2011; Moore et al., 2011).
Investigating the different behaviour of stable and unstable slopes of mountains, these
authors find large amplifications on unstable rock blocks at azimuths perpendicular to
the open cracks whereas stable portions of the mountain do not show neither
amplification nor polarization (Burjànek et al., 2010). Amplitude of site-to-reference ratio
at the resonant frequency increases toward the cliff, and results of high-resolution
beamforming show a sharp increase of apparent velocity close to resonant frequency
(Burjànek et al., 2011). Their conclusion is that not only geometrical factors contribute
to amplification and polarization, but mostly the internal structure of the rock and the
large stiffness anisotropy caused by the open cracks that have a preferential freedom
degree of vibration in the transverse direction. The observation of standing waves
instead of laterally propagating waves on unstable blocks definitely confirms this
interpretation.

Figure 7 – Result of a different polarization intensity (maxima are represented by red spots of stations in the
fractured part of the slope) at Walkerschmatt (Matter Valley, Switzerland). Open cracks mapped at the ground
surface are shown as red lines (redrawn from Burjànek et al., 2011).
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Other papers dealing with earthquake-induced landslides provide useful additional
information on topographic effects. From satellite detection of triggered landslides in
Papua, New Zealand and Taiwan, Meunier et al. (2008) observe a concentration of
landslides around the top of reliefs, with an asymmetric occurrence in the far side from
the earthquake source. Through numerical modeling, they explain this effect as due to
the larger amplification of the incoming wavefield in the far side of the crest top. The
influence of topography in varying the probability of earthquake-induced landslides is
dealt by Peng et al. (2009).
3. The selection of data sets to be analyzed in NERA in the 2nd year of
activity
During the NERA meeting held at ETH in Zürich on June 21, 2011 (Appendix 2),
participant teams agreed that instrumental data recorded on topographies and available
within the NERA partner consortium would be organized in a common data bank and
processed in a uniform approach.

	
  
Site name	
  

Rognes
Nice
SDSNet
Obervaz	
  
Graechen	
  
Randa	
  
Walkersch
matt	
  
Aegion
Grevena
INGV
stations
Narni
Nocera
Umbra
Castelvecchio
Subequo
	
  

Permanent/Semi-permanent stations	
  
Ambient	
   Earthquake Number Reference
Vibration	
   recordings	
  
of
station	
  
stations	
  

Noise survey	
  
Array 	
   Single
station	
   Appendix

YES
YES
YES
YES	
  
YES	
  
YES	
  
NO	
  

YES
YES
YES
YES	
  
YES	
  
YES	
  
NO	
  

9
5
10
1	
  
2	
  
2	
  
0	
  

YES
YES
NO
NO	
  
YES	
  
YES	
  
NO	
  

1x
NO
2x
1x	
  
3x	
  
3x	
  
3x	
  

YES
YES
NO
NO	
  
30x	
  
NO	
  
NO	
  

3
3
4
4
4
4
4

NO
YES
YES

YES
YES
YES

1
1
18

YES
YES
GMPE-rock

1
NO
NO

7
NO
NO

5
10
9

YES
NO

YES
YES

10
6

YES
YES

NO
NO

YES
YES

6
7

YES

YES

3

YES

NO

YES

8

Table	
  1:	
  Selection	
  of	
  sites	
  in	
  Europe	
  affected	
  by	
  topographic	
  effects	
  with	
  existing	
  seismic	
  recordings.	
  
The selected sites in France, Switzerland, Greece and Italy are illustrated in detail in
Appendix 3 to 10. Table 1 provides an overview summary for all of them, the main
peculiarities of each site are presented in the following.
4.1 Rognes (Provence)
The Provence earthquake (Ms 6.2), which occurred in 1909 in the south of France, is the
most significant French earthquake since the XIIIth century. It caused severe damage in
the small village of Rognes, especially on Foussa hill (intensity IX). All of the old
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constructions built on this hill were destroyed by the earthquake whereas the ones
located at the foothill suffered less severe damage. To investigate the topographic effect,
a field operation was conducted by the CETE Méditerranée Seismic Risk team, between
2007 and 2009, allowing continuous recordings on 9 selected sites. During this
campaign, more than 70 earthquakes (10 local events and 60 far events) were recorded
and analysed. Three computations were produced for each site: curves of H/V using
ambient vibrations, H/V using earthquakes and standard spectral ratios (SSR) using
earthquakes and a reference site (Duval et al., 2009). These data confirm a large ground
motion amplification in the area where the damage level was highest. Moreover, long
records of ambient vibrations are available at small-aperture arrays on the hill top and in
adjacent areas. Numerical models were also computed to assess theoretical levels of
amplification (Glinsky et al., 2010).
4.2 Nice (Southeastern France)
Nice is situated at the junction between the Alps and the Ligurian basin. In this zone, a
moderate but regular seismicity is recorded. Indeed, every 4 to 5 years, an earthquake
with a magnitude larger than 4.5 occurs (Salichon et al. 2009). Some destructive
earthquakes struck the region already in the past. In 1564, an inland earthquake
destroyed a village located 50 km north of Nice, causing several casualties (Lambert et
al. 1994). In 1887, a major earthquake of intensity X (MSK) occurred offshore in the
Ligurian sea, close to the Italian coast. This event caused the death of more than 600
people in Italy and a few casualties on the French Riviera between Menton and Nice.
Recent studies make the hypothesis that this kind of event could also occur closer to
Nice (e.g. Salichon et al., 2009, Bour et al., 2003), increasing the seismic risk in the city.
A part of Nice is built upon Jurassic and Cretaceous rocky outcrops to the east and thick
Pliocene conglomerates to the west. In order to study topographic effects in the city,
several seismological stations were installed on the eastern hills and the Pliocene
conglomerates in order to define a possible reference station for Nice and others were
installed on Jurassic and cretaceous limestones, close to the top of the mount Gros (372
m altitude). Between the beginning of its installation and the end of 2010, the temporary
network recorded 110 workable earthquakes including 42 local events (epicentral
distance smaller than 500 km) and 68 teleseismic earthquakes. For the teleseismic
events, the larger magnitude is equal to 9.0 (Great Tohoku earthquake), whereas for the
local events the magnitude (Mw) is ranging from 1.7 to 4.9. During the experiment, a
couple of local earthquake were distinctly felt by the population. Ambient vibration
records are available as well at these stations.
4.3 Stations in Swiss Alps
Instrumental data of topographic effects in Switzerland come from i) recordings of
stations (10) of the permanent Swiss Digital Seismic Network (SDSNet), and ii)
recordings of specific sites (4) where strong site effects related to the topography have
been already observed or are expected. Permanent stations are located either close to
the top of hills and ridges or just in the middle of the slope. Stations have been
recording in continuous mode. Both recordings of earthquakes (weak motion) and
ambient vibrations are available. Most of stations have a detailed site characterization
including mean velocity profiles down to 30 m, and mean amplification functions relative
to Swiss reference profile (Fäh et al., 2009; Poggi et al., 2011). The role of rock
fractures and open cracks in amplifications observed during these experiments is
described in several papers (Burjànek et al., 2010 and 2011; Moore et al., 2011).
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4.4 Aegion (Corinthian Gulf)
The city of Aegion is located in the South side of the Corinthian Gulf, Greece. The site
combines three factors that make it interesting from a seismic risk perspective: high
seismicity, complex geomorphology, and availability of instrumental data. The city of
Aegion has been struck by significant earthquakes in the past, the strongest recent one
being that of June 15, 1995 (Ms=6.2). The peak ground acceleration recorded uphill was
nearly 0.5g, one of the strongest recorded in Greece. Local morphology is controlled by
the Aegion fault which crosses the city. With an escarpment of around 40m–100m, this
normal fault divides the city into two levels. The uphill part consists of soft rock
(conglomerate) with a shallow soil cover (maximum thickness 20 m). Downhill, the basin
begins near the slope toe and extends towards the North into the Corinth Gulf. Nearsurface structure has been deeply investigated (Apostolidis et al., 2006; Ktenidou et al.,
2009) and a reliable 2D geotechnical model is available. The site is well instrumented.
Corinth Soft Soil Array (CORSSA, Pitilakis et al., 2004) lies at the lower part of the city,
on the hanging wall, and provides reference sites. Moreover, an accelerometer has been
installed by the National Kapodistrian University of Athens (NKUA) in the City Hall, it is a
FBA-3 with a NS-EW orientation connected to a K2/ETNA digital recording system. Its
distance from the crest is around 250 m. About 80 earthquake triggered both the uphill
and downhill instruments during 6 years of operation of CORSSA (February 2002 until
February 2008).
4.5 Grevena (Northwestern Greece)
The town of Grevena has a population of about 10.000 inhabitants. The town was
recently hit by the Kozani-Grevena earthquake (M6.6) on 13/5/1995, with an average
estimated Modified Mercalli Intensity (MMI) around VII. The main part of the town is
built on an alluvium basin surrounded by hills where a few suburbs are built. Two sites
were instrumented in the town of Grevena with seismographs for a period of two months
for site effect studies (SyNaRMa Project Report, 2008). One site is situated close to the
foothill; the other instrumented site is at an altitude of 600m a.s.l. on the top of a hill.
The distance between these two sites is 1.3km, with an altitude difference of about 70
meters. Instrumental data show an average spectral ratio between the two stations with
a distinct amplification in the frequency band around 3Hz and slightly varying values
between 7.5 to 8.5 between NS and EW directions, respectively. A similar behavior is
observed at the station on the topography in the average Horizontal to Vertical Spectral
Ratio based on earthquake recordings, with a clear peak amplitude around 3 Hz, though
with a lower spectral peak value of 4.
4.6 Narni (central Apennines)
In the framework of the 2007-2009 agreement between the Italian Department of Civil
Protection (DPC) and Istituto Nazionale di Geofisica e Vulcanologia (INGV), the seismic
response of the hill of Narni was investigated (project “Banca Dati Accelerometrica
Italiana”, available at http://esse4.mi.ingv.it). Ten seismological stations were installed
in the period March to September 2009. The relief is a N31°W oriented and 1.3 km long
ridge, characterized by a quota difference between the top and the base ranging from
100 m, in the NW edge, to 220 m in correspondence of its southern part. The width of
the ridge ranges from about 450 m, in the northwestern part, to about 850 m in the
southeastern part. The transverse section of the hill is characterized by an evident
asymmetry, western and eastern slopes being 35° and 22° steep, respectively. From a
geological point of view, the site is characterized by a massive limestone formation, with
a negligible level of rock fracturing (Geological Map of Italy, 1:100.000, sheet 138).
The data set is composed of 702 earthquakes, many of them come from the 2009
L’Aquila sequence. These data have been analyzed by Massa et al. (2010) who assessed
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the dependence of directional amplification as a function of morphological features,
amplitude spectra having been computed for horizontal components rotated into a range
of azimuths. Both the ratio of the horizontal-to-vertical-component spectra and the ratio
of the spectra at the ridge crest with respect to a reference station at the base of the
ridge showed amplification by a factor of 4 to 5 for frequencies between 4 and 5 Hz,
perpendicularly to the crest orientation. Lovati et al. (2011) used 2-D and 3-D models to
fit observations: their results were satisfactory in terms of amplified frequencies, but
amplifications were underestimated by a factor of about 2.
4.7 Nocera Umbra (northern Apennines)
Seven seismological stations were installed on the hill of Nocera Umbra after the
damaging Umbria-Marche earthquakes of September 1997. In the period March to April
4 a hundred aftershocks were recorded, among them Pischiutta et al. (2010) selected 14
events characterized by a satisfactory signal-to-noise ratio (2.6<ML<4.1). These
earthquakes were clustered in two different epicentral zones, north and southeast of the
hill. Results by Pischiutta et al. (2010) indicate a moderate, distinctly transversal
amplification on the hill (with a maximum of 4 on the top) in the frequency band of 3 to
4 Hz, that is interpreted as the fundamental resonance of the hill consistently with 2D
modelling. Large high-frequency (f > 10 Hz) amplifications are distinctly observed as
well, with significant site-to-site variability.
4.8 Castelvecchio Subequo (central Apennines)
This site has been selected since an anomalously high degree of damage (i.e. intensity
VII of the MCS scale at 40-km distance from the epicentre) was there experienced
during the April 6, 2009 Mw 6.3 L’Aquila earthquake, compared to nearby other
inhabited villages showing considerably lower intensities, ranging between intensities V
to VI MCS. According to Marzorati et al. (2011), the damage was irregularly distributed
within Castelvecchio Subequo, being mainly concentrated in the uppermost portion of
the old village. Ambient noise and weak earthquakes records revealed site effect
variations with the largest, directional amplifications on the ridge top where sets of
fractures, joints and shear planes are well evident. These lateral discontinuities are
roughly NW–SE trending and are related to the deformation zone of the Subequana
valley fault system. Marzorati et al. (2011) infer that amplifications occur where joints
sets are open whereas no significant amplification is observed in portions of the ridge
where the bedrock is densely fractured but no open joints are found. Ground motion
amplification strongly increases on the top of the ridge and displays a NE–SW
orientation, i.e. striking perpendicularly to the major axis of the ridge and to the attitude
of the open fractures, suggesting that seismic waves excite the oscillation of the different
rock slabs perpendicularly to the main attitude of the open fractures.
4.9 Broad-band stations of the Italian Network (Alps and Apennines)
Many stations of the Italian Seismic Network are installed on sharp topography.
Pischiutta et al. (2011) found that about 30% of rock stations in Italy show a strong
directional amplification, and often this effect occurs at stations on topography.
Earthquake waveforms and ambient noise show a consistent behavior. A large data set is
therefore available for a comparative study of effects at stations with different
topography geometries and different levels of amplification. Among stations that honor
these requirements (see Figures 5 and 6 for some examples), 18 have been selected to
be used in the joint analysis of NERA.
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Minutes of the JRA1 Meeting on “Topographic Effects in Past
Earthquakes”, ETH in Zürich, 21/6/2011, 8:30-17:00.
Present:
P.-Y. Bard, E. Bertrand, J. Burjanek, C. Cauzzi, C. Cornou, L. Dalguer, D. Fäh,
M. Pischiutta, V. Pessina, V. Poggi, A. Rovelli, N. Theodulidis
Could not come: S. Parolai, K. Pitilakis

ISSUES
Polarization and amplification of the ambient vibration wave-field and earthquake ground
motions can have particular properties at sites where topographic effects have been
observed in past earthquakes. Polarization is seen in Swiss sites, Italian sites, and sites
in Southern France. It seems that not only geometrical factors of the topography
contribute to these observations, but mostly the internal structure of the rock, the
presence of weathering/fractures or sedimentary deposits may control the directional
amplification/polarization mechanisms.
GOALS
SED-ETH Zürich, INGV-Roma, and ITSAK-Thessaloniki together with interested persons
from INGV-Milano and CNRS/CETE Nice met in Zürich to compare relevant findings, and
to
1) Prepare an inventory of the most interesting sites.
2) Decide on the possibility to apply of a common processing to all datasets.
3) Prepare the base for deciding criteria for numerical simulations.
4) Discuss a potential test site for controlled geophysical experiments.
List of presentations:
Donat Fäh: Goals of the workshop
Vera Pessina: GIS-based identification and morphometric analysis of topographic sites
with seismic amplification effects
Jan Burjanek: Seismic response of unstable rockslopes. Topographic site effect?
Marta Pischiutta: Directional amplification of rock stations of the Italian Broadband
Network: the role of topography and intensely fractured rocks.
Antonio Rovelli: Topographic effects in Italy: a review.
Etienne Bertrand: Experimental and numerical approaches of topographic site effect
claimed to be responsible for 1909 Provence earthquake damage distribution.
Nikos Theodoulidis: Suspected Topographic Effect: Case Study for the town of GrevenaGreece
In the afternoon, Jan Burjanek discusses the feasibility of a common strategy for
processing available data. It is decided that a team composed of ETH, INGV and CNRS
researchers, coordinated by Jan Burjanek, will collect and analyze data from past
experiments in Europe. For all the sites, topography geometry will be parameterized
using the method proposed by Vera Pessina, and spectral ratios (both reference- and
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non-reference-site) and time-frequency polarization diagrams of sites will be computed.
It is expected that the comparative analysis between many sites with different patterns
and levels of amplification will help understanding the competing role of internal
structure/fractures and topography geometry. Intentionally, the analysis will also include
relieves where no (or small amplification) is observed in spite of significant topographic
irregularities. The bulk method will be the polarization analysis aimed at finding spatial
changes at high frequency, other possible methods are estimates of κ value identified
from response spectra of local earthquakes and the use of GMPEs of response spectra.
Carlo Cauzzi proposes the generation of new GMPEs including a topography term.
Antonio Rovelli opens the discussion about a test site where, on Spring 2012, NERA
partners will perform controlled geophysical experiments at a detail scale to increase the
knowledge of the near-surface structure in an area where topographic amplifications are
observed. One proposed site is the hill of Narni, central Italy, because of the large
amount of data including local and teleseismic events, and the long sequence of the
2009 L’Aquila earthquakes, that occurred about 80 km from Narni. In addition to
conventional geological surveys and shallow geophysics, investigation methods will be
based on dense temporary installation of seismic stations for a duration of several days
to weeks, with the goal of recording earthquakes and ambient vibrations and applying
dispersion curves and noise correlation techniques as well as the study of polarization
spatial variations at high frequency.
Pierre-Yves Bard remarks the still uncertain origin of many observations and the relative
weight of many physical factors varying from focusing in convex parts to seismic
impedance variations on the summit areas and fracturing/anisotropy. There is a need for
well focused experiments to provide valid answers. These answers will be crucial for the
implementation of numerical models of topographic effects to be developed later. For
numerical simulations, the lesson derived from the huge amount of models already
available must be enriched with new attempts aimed at reproducing the topography
response of “SESAME type” models where random sources and paths are propagated
and compare properties of synthetics with real data in terms of H/V, directional
amplifications and so on.
Donat Fäh presents a summary remarking the main conclusions of the meeting and the
list of next actions.
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DELIVRABLE D11.2 : REVIEW OF RECENT DATA ON SURFACE
TOPOGRAPHY EFFECTS - CETE MEDITERRANEE, LRPC NICE
CONTRIBUTION

1. Introduction
Many experimental records have been performed during the last 20 years by the CETE
Méditerranée Seismic Risk team. Local seismicity and teleseismic events have been
recorded in different sites in France and elsewhere: sedimentary basins, deep alluvial sites,
topographic profiles and reference sites (flat rock site). These recordings have been
processed to produce the sites transfer functions showing that each site has its own
response. Recently, two temporary seismological experiments have been conducted in
Rognes (Provence area) and Nice in order to study in particular the influence of the local
topography on the seismic surface ground motion.

2. Rognes area
The Provence earthquake (Ms 6.2), which occurred in 1909 in the south of France, is the
most significant French earthquake since the XIIIth century. It caused severe damage in the
small village of Rognes, especially on Foussa hill, probably due to site effects. To highlight
this, a field operation has been conducted by the CETE Méditerranée Seismic Risk team,
between 2007 and 2009, allowing continuous recordings on nine selected sites (see Fig. 3.1
for some of them). During this campaign, more than 70 earthquakes (10 local events and 60
far events) have been recorded and analysed. Three computations have been produced for
each site : curves of H/V on ambient vibrations, H/V on earthquakes and site on reference
standard spectral ratios (SSR) on earthquakes (Duval et al., 2009).

2.1.

Geological and topographical description

A North-South cross-section of Foussa hill and Rognes village is shown Figure 1. According
to a previous study (CETE Méditerranée, 1983) Foussa hill is mainly composed of Miocene
sandstone lying above cretaceous limestone. The hill is about 50 m high and 300 m large at
its basement.
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Foussa hill

Figure 1: Schematic geological cross section of the studied zone (N-S profile) (CETE
Méditerranée, 1983).

2.2.

Seismicity

Nice
Rognes

Figure 2: Major seismicity of France (1300-2007) (SISFRANCE, 2009).
The French metropolitan territory is far away from the high deformation zones, which on a
global scale are represented by the plate boundaries. Considered as low on the European
scale, the seismicity here is typical of low deformation rate intra-continental regions, meaning
a long return period for major seismic events On average, we observe in the studied area
6/6

Review of recent data on surface topography effects – CETE Méditerranée, LRPC Nice
one highly destructive earthquake and four earthquakes responsible for severe damage per
century over a thousand years of history (sisfrance, 2009).
The Provence earthquake (Ms 6.2), which occurred in 1909 in the south of France, is the
most significant French earthquake since the XIIIth century. It caused severe damage in the
small village of Rognes, especially on Foussa hill (intensity IX). All of the old constructions
built on this hill were destroyed by the earthquake whereas the ones located at the foothill
were less severely damaged.

Figure 3: Damage at Rognes during the 1909 earthquake.

2.3.

Available data

2.3.1.

Seismological campaign

A temporary array recorded continuously at a sampling rate of 150 Hz between 2007 and
2009. The array was composed of 9 stations (Lennartz Le3D sensors coupled to Leas
Hathor 3 digitizer). Besides these temporary array, several noise recordings have been
realized in the area. The whole available data are:
• Noise recordings: single points all over the site
• Array recordings: small array at the top of Foussa hill
• Earthquake recordings (weak motion only: about 10 local events and 60 far events)
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N

Figure 4: Temporary array set up from 2007 to 2009 in the studied area.

2.3.2.

Estimated amplification

The sites amplification have been estimated using several classical spectral ratio
computations: HVNSR (H-over-V ratio on noise recordings), HVEQ (H-over-V on earthquake
recordings) and SSR (standard spectral ratio). In the SSR method, the reference station
considered is PEIG.
The results obtained using the three methods are very consistent. Figure 5 shows the results
derived at station FOUS. This station exhibits a clear amplification starting from 2 Hz, with an
amplification level close to 5. The same frequency is amplified at the top of the hill (FOUH)
but with a higher level (almost 10) (Figure 6). At ECOL, located at Foussa's foothill, the
amplification starts at higher frequencies (5 Hz) with slightly lower amplitudes.
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Figure 5: Comparison of HVNSR, HVEQ and SSR at station FOUS.

Figure 6: SSR at ECOL (grey curve), FOUS (purple curve), FOUH (blue curve).

2.3.3.

Numerical modeling

The discontinuous Galerkin method (DG), introduced by Reed and Hill (1973) for the solution
of neutron transport problems, has known a renewed interest from the 90’s and is, now, very
9/9
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popular to solve hyperbolic problems especially computational electromagnetics. In spite of
its success in many domains of applications, this method has been rarely applied to seismic
wave propagation problems (Delcourte et al. (2009), Käser et al. (2008) and references
herein). Compared to other methods, it has many advantages: 1) it can easily deal with
discontinuous coefficients and solutions (thus, is well adapted to heterogeneous media), 2) it
can handle unstructured/locally refined meshes and the use of simplicial meshes
(triangular/tetrahedral) allows an accurate approximation of the topography, 3) it is naturally
adapted to a high order approximation of the unknown field; moreover, one may increase the
degree of approximation in the whole mesh but this can also be done very locally, 4) when
the discretization in space is coupled to an explicit time integration method, the DG method
leads to an easily invertible block diagonal mass matrix independently of the form of the local
approximation which is a striking difference with classical, continuous finite element
formulations. Its main drawback is the number of unknowns, since each mesh element
possesses its own degrees of freedom, which can be readily overcome since the method is
easily parallelized.
To reproduce numerically SSR curves, in the 2-dimensional case, we extract a profile from
the topography of the Rognes area by considering a south-north line containing the top of the
Foussa Hill. From the coordinate system (x positive north and z positive upward), we
consider a 2-dimensional domain where the upper boundary is the topography (as shown on
Figure 7) on which free surface condition is applied. The numerical domain is large enough
to avoid spurious reflections from the three other boundaries. It is 10km wide and 4km deep.
Seven sensors are virtually placed at different positions on the hill surface (as shown on
Figure 7), the station 5 being very similar to the “FOUH” site of the real measurements. This
domain is discretized in triangles whose smallest edge size is about 12m and the mesh
contains 512 000 triangles. The model matches the idea we have of the geological structure
under the studied area. It is composed of two layers, one corresponding to the Miocene
layers and a second one, underlying the first one, referring to the cretaceous substratum.

Figure 7: North-South 2D profile of the Rognes area and stations location.
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We proceed to the propagation of series of vertical P- and S- plane waves by solving the
equation:

The incident waves are Ricker wavelets of central frequency varying from 0.2 to 10.0 Hz (0.2
and from 0.5 to 10.0 with a step equal to 0.5). For each frequency and at each station, we
obtain the velocity time history of both components. Then, for a given frequency, we apply
the following procedure:
- we compute the spectrum for each station as well as the reference solution,
- we search the maximum value of the each spectrum,
- we deduce the amplification ratio by dividing the maximum value at a station by the
maximum value at the reference site,
- for each station, we collect the amplification ratios obtained at the different frequencies and
plot the amplification with respect to the frequency.
In our case, the reference solution is calculated for the same type of waves but without any
topography. Thus, for instance for the P-wave, the horizontal component of the velocity of the
reference solution is equal to zero. The amplification ratios are thus computed only from time
histories of the vertical velocity. The same is true for the S-wave and the ratios are calculated
only from the horizontal velocity.
The results obtain at the equivalent position of stations FOUH, FOUS and ECOL are shown
in the following figure.

Figure 8: Computed seismic response at the equivalent position of stations FOUS,
FOUH and ECOL.
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The amplifications in the numerical simulation fit well the ones obtained with the real
recordings. For instance, at FOUH and FOUS, the amplification starts at 2 Hz and begins at
higher frequencies at ECOL.

2.4.

Tabulated information

Site name

Ambient
Vibration

Rognes

YES

temporary stations
Earthquake
Number
recordings
of
stations
YES
9

Reference
station
YES

Noise survey
Array
Single
station
1 at the
top of the
hill (small
aperture)

10 in the
vicinity

3. Nice area
Nice is situated in the southeast of France at the junction between the Alps and the Ligurian
basin. In this zone, a moderate but regular seismicity is recorded. Indeed, every 4 to 5 years,
an earthquake with a magnitude larger than 4.5 occurs (Salichon et al. 2009). The most
recent
one
struck
the
area
the
7/7/2011
(Mw
=
4.9;
https://geoazur.oca.eu/spip.php?article1149). Its epicenter was located offshore Corsica
Island, far enough not to produce any damage in Nice even if most of the local population felt
it. Some destructive earthquakes have however hit the region already in the past. In 1564, an
inland earthquake destroyed a village located 50 km north of Nice, causing several
casualties (Lambert et al. 1994). In 1887, a major earthquake of intensity X (MSK) occurred
offshore in the Ligurian sea, close to the Italian coast. This event caused the death of more
than 600 people in Italy and a few casualties on the French Riviera between Menton and
Nice. Its magnitude was estimated to be at least M=6.3 (Ferrari, 1991; Bakun and Scotti,
2006). Recent studies make the hypothesis that this kind of event could also occur closer to
Nice (e.g. Salichon et al., 2009, Bour et al., 2003), increasing the seismic risk in the city.

3.1.

Geological and topographical description

Nice spreads over 72 km2 and roughly 20% of the city is built upon recent alluvium deposits.
Other parts of the city are built upon Jurassic and Cretaceous rocky outcrops to the east and
thick Pliocene conglomerates to the west (Figure 9).
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Figure 9: Geological settings and seismological arrays in Nice. The surface geology
contour matches the city limits. KVIC, KPOU, KACA, KOBS, KMAR and KCER are the
stations located on the topography.

3.1.

Available data

3.1.1.

Seismological campaign

In order to better constrain the seismic hazard in Nice, a temporary array composed of 12
seismological stations has been gradually set up throughout the city in different geological
and topographical site conditions since late 2008 (Figure 9).
Half of the stations have been installed in the Var Valley western of Nice (KARE, KCGA,
KCAD, KSUB, KSLA and KMAU). This valley, is 1.2 km wide and is bordered by small
hillside where Pliocene conglomerates outcrop on a height close to 200m. These
conglomerates were deposit in a former delta of the river and overlay Pliocene marl. The
area results from the plio-quaternary evolution of the alpine landscapes at the time of sea
level variations and tectonic readjustments. Indeed, at the end of Miocene, a marine
regression involves the digging of a deep canyon currently immersed off the airport of Nice.
The plaisancian transgression that goes up to 20 kilometers inside the land produces the
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deposit of marl sediments that moves, in a final phase, into thick conglomerates of several
hundreds of meters. Lastly, the quaternary alternation of regressions and transgressions, in
particular the large wurmian regression, models the current plain and guides the installation
of the alluvial terraces that borders it (Guglielmi, 1993). The valley sediments are mainly
composed of alluvial deposit with variable thickness alternating sands, clays, gravel and
pebble. Previous geophysical and geotechnical studies show that in the studied area the
bedrock could be reached at a maximum of about 200 m depth (Guglielmi, 1993) and that its
geometry is rather complex.
The six remaining stations are used to investigate the seismic response of the eastern hills
and the Pliocene conglomerates in order to better define a possible reference station for Nice
(KVIC, KPOU, KACA, KOBS, KCER and KMAR). KVIC and KPOU are recording on the
Pliocene conglomerates whereas the other have been used to investigate the response of
the site on eastern Jurassic and cretaceous limestones forming the mount Boron and mount
Gros. KACA and KOBS are installed close to the top of the mount Gros (372 m altitude),
KCER and KMAR are located down the mount Boron, at roughly 10 m and 50 m altitude
respectively.
The seismic stations have been equipped with Lennartz Le3d-5s velocimeters and Geosig
AC23 accelerometers coupled with 12-bits digitizers (Ageocodagis Kephren). For the
purpose of this paper, the velocimetric recordings were the only one used. The transduction
of these sensors is equal to 400 mV/mm/s and their natural frequency is close to 0.2 Hz. In
most of the case, electricity has been supplied to the station and the time accuracy is
guaranteed by GPS antenna connection. The accelerometric and velocimetric sensors have
mostly been installed either inside or next to small buildings. Except for KCER, recording the
ground motion in a cave at the bottom of the Mount Boron and KOBS, set up in the
basement of the astronomical observatory dome building. The stations are continuously
recording the ground motion at a sample rate of 150 Hz. Between the beginning of its
installation and the end of 2010, the temporary network recorded 110 workable earthquakes
including 42 local events (epicentral distance smaller than 500 km) and 68 teleseismic
earthquakes (Fig. 3). For the teleseismic events, the larger magnitude is equal to 9.0 (Great
Tohoku earthquake), whereas for the local events the magnitude is ranging from 1.7 to 4.9
(Mw). During the experiment the people have felt a couple of local earthquake. The strongest
shaking was due to the 7/7/2011 earthquake.

3.1.1.

Estimated amplification

Three different spectral ratio computations have been processed. To avoid any
misinterpretation, all of three methods are only considering the recordings in the frequency
band where the signal-to-noise ratio is larger than 3. The Fourier spectra have been obtained
by a standard Fast Fourier Transform scheme (FFT). To process the signal, the time series
are tapered with a cosine taper with a length of 10% of the considered window. The resulting
Fourier spectra have been smoothed using the Konno and Ohmachi (1998) smoothing
technique. The FFT has been computed on a time window including the whole seismic
signal. This window is larger for the teleseismic event than for the local one. The combined
use of the distant and local earthquake recordings allows us to investigate the site response
in a broad frequency band.
The mean H-over-V spectral ratios (HVEQ) for the rock sites are shown in Figure 10. The
curves derived from the teleseismic events are plotted together with the ones deduced from
14 / 14

Review of recent data on surface topography effects – CETE Méditerranée, LRPC Nice
the local earthquake data. The mean ratios are figured in red and blue lines for the
teleseismic and the local events respectively. The black lines represent one standard
deviation over or below the mean. In the frequency band where both curves are jointly
defined, we notice that the mean ratio derived from the teleseismic events is always smaller
than the ratio computed from the local ones. The standard deviation is also smaller for the
distant earthquake mean than for the local event one. As expected for rock sites, no
significant peak is emerging at the six stations. Nevertheless, the ratios present some
fluctuations. For frequencies smaller than 1 Hz, KOBS and KACA present similarly high
HVEQ ratio but around 3 Hz KOBS exhibits a second peak that is not found on KACA mean
ratio. KCER and KPOU show the flattest curve, their mean ratios are very close to 1 for the
whole frequency band investigated.

Figure 10: HVEQ computed at the rock sites. The curve in red has been derived from
the teleseismic events, the blue one from the local events. The black curves
correspond to one standard deviation above or below the mean. KACA, KCER, KMAR
and KOBS are located on Mesozoic rocks whereas KPOU and KVIC lay on Pliocene
conglomerates.

An interesting alternative to the SSR computation consists in considering the mean spectrum
computed from all recordings instead of one single recording as the denominator of the
spectral division. This is particularly useful when the reference station is unknown and allows
investigating which station deviates the most from the mean. The MSR technique has been
particularly applied to the data of the stations installed on rock sites. It has been derived from
the method developed by Wilson and Pavlis (2000) and used recently by Mauffroy et al.
(2011).
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The MSR processing confirms the HVEQ results: all the stations located on rocky outcrop
exhibits a response almost flat between 0.2 Hz and 10 Hz (Figure 11). But, looking in details,
one can observe that in some frequency bands the data collected at KPOU and KCER show,
on average, less amplitude that the other stations. Indeed, between 1.3 Hz and 15 Hz for
KCER and between 0.4 Hz and 1.3 Hz for KPOU, the MSR is smaller than 1. For KCER the
minimum is reached at 4.10 Hz. At this frequency the MSR is equal to 0.49. At KPOU, the
minimum, equal to 0.47, is pointed out at 0.5 Hz. Using these stations as references in the
SSR processing may thus slightly overestimate the probed site response in these frequency
bands. On the contrary, KOBS is the station where the seismic motion seems to be the most
amplified compared to the others. Below 2.3 Hz the MSR at this station is very similar to the
one obtained at KACA but a peak can be pointed out around 3 Hz on KPOU MSR that is not
seen on KACA mean ratio. At this frequency, the motion at KOBS is on average twice as
important as the mean of the motion recorded at the other stations. Both stations are distant
from only few meters and the main difference between them is the building in which they are
installed. Thus, the peak observed at 3 Hz on KOBS MSR could be linked to the response of
the astronomical observatory dome.

Figure 11: MSSR computed at KACA, KCER, KMAR, KOBS and KPOU.

3.1.

Tabulated information

Site name

Ambient
Vibration

Nice

YES

temporary stations
Earthquake
Number
recordings
of
stations
YES
5

Reference
station
YES

Noise survey
Array
Single
station
NO

YES
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Overview	
  of	
  the	
  Swiss	
  sites	
  with	
  pronounced	
  topography	
  
The	
  seismic	
  data	
  acquired	
  at	
  sites	
  with	
  pronounced	
  topography	
  in	
  Switzerland	
  can	
  be	
  generally	
  classified	
  
into	
   two	
   main	
   groups:	
   1)	
   Recordings	
   of	
   the	
   permanent	
   Swiss	
   Digital	
   Seismic	
   Network	
   (SDSNet);	
   2)	
  
Recordings	
   obtained	
   at	
   specific	
   sites,	
   where	
   the	
   strong	
   site	
   effects	
   (related	
   to	
   the	
   topography)	
   have	
  
been	
  already	
  observed	
  or	
  are	
  expected.	
  The	
  overview	
  of	
  the	
  available	
  data	
  is	
  presented	
  in	
  Table	
  1	
  and	
  
the	
  map	
  with	
  the	
  site	
  locations	
  is	
  in	
  Figure	
  1.	
  
	
  
Site	
  name	
  

Permanent/Semi-‐permanent	
  stations	
  
Noise	
  survey	
  
Ambient	
   Earthquake	
   Number	
  of	
   Reference	
  
Array	
  	
  
Single	
  
Vibration	
   recordings	
  
stations	
  
station	
  
station	
  
SDSNet	
  
YES	
  
YES	
  
10	
  
NO	
  
2x	
  
NO	
  
Obervaz	
  
YES	
  
YES	
  
1	
  
NO	
  
1x	
  
NO	
  
Graechen	
  
YES	
  
YES	
  
2	
  
YES	
  
3x	
  
30x	
  
Randa	
  
YES	
  
YES	
  
2	
  
YES	
  
3x	
  
NO	
  
Walkerschmatt	
  
NO	
  
NO	
  
0	
  
NO	
  
3x	
  
NO	
  
Table	
  1:	
  Swiss	
  sites	
  with	
  pronounced	
  topography	
  with	
  existing	
  seismic	
  recordings.	
  
	
  
Let	
  us	
  briefly	
  introduce	
  the	
  sites:	
  
SDSNet	
  sites	
  
10	
   stations	
   of	
   Swiss	
   Digital	
   Seismic	
   Network	
   (SDSNet)	
   placed	
   at	
   sites	
   with	
   pronounced	
   topography	
   were	
  
selected.	
   The	
   overview	
   is	
   given	
   in	
   Table	
   2.	
   Some	
   of	
   the	
   sites	
   are	
   located	
   close	
   to	
   the	
   top	
   of	
   hills	
   and	
  
ridges,	
   whereas	
   the	
   other	
   sites	
   are	
   just	
   in	
   the	
   middle	
   of	
   the	
   slope.	
   Stations	
   have	
   been	
   recording	
   in	
  
continuous	
  mode.	
  Both	
  recordings	
  of	
  earthquakes	
  (weak	
  motion)	
  and	
  ambient	
  vibrations	
  are	
  available.	
  
Moreover,	
   site	
   characterization	
   is	
   available	
   for	
   most	
   of	
   the	
   stations,	
   including	
   mean	
   velocity	
   profiles	
  
down	
   to	
   30	
   m,	
   and	
   mean	
   amplification	
   functions	
   relative	
   to	
   Swiss	
   reference	
   profile	
   (Fäh	
   et	
   al.,	
   2009;	
  
Poggi	
  et	
  al.,	
  2011).	
  
Station	
  code	
  
ACB	
  
AIGLE	
  
BALST	
  
DAVOX	
  
FLACH	
  
HASLI	
  
MUGIO	
  
STEIN	
  
SULZ	
  
WILA	
  

Sensor	
  type	
  
LE3D-‐5s	
  
STS-‐2	
  
STS-‐2	
  
STS-‐2	
  
LE3D-‐5s	
  
STS-‐2	
  
STS-‐2	
  
LE3D-‐5s	
  
STS-‐2	
  
STS-‐2	
  

Note	
  
ridge/hill	
  
ridge/hill	
  
ridge/hill	
  
slope	
  
slope	
  
ridge/hill	
  
slope	
  
slope	
  
ridge/hill	
  
ridge/hill	
  

Longitude	
  
8°15'15.624"	
  
6°57'12.096"	
  
7°41'41.928"	
  
9°52'46.272"	
  
8°34'4.440"	
  
8°9'4.212"	
  
9°2'30.012"	
  
8°52'8.364"	
  
8°6'41.508"	
  
8°54'27.108"	
  

Latitude	
  
47°35'15.180"	
  
46°20'29.796"	
  
47°20'8.808"	
  
46°46'49.800"	
  
47°34'20.676"	
  
46°45'24.516"	
  
45°55'18.696"	
  
47°40'11.064"	
  
47°31'38.928"	
  
47°24'52.740"	
  

Site	
  characterization	
  
YES	
  
YES	
  
YES	
  
NO	
  
YES	
  
YES	
  
NO	
  
YES	
  
YES	
  
YES	
  

Table	
  2:	
  	
  SDSNet	
  sites	
  with	
  pronounced	
  topography,	
  instrument	
  type,	
  qualitative	
  morphologic	
  site	
  
conditions,	
  coordinates,	
  and	
  availability	
  of	
  the	
  site	
  characterization.	
  
	
  

	
  
Figure	
  1:	
  Selected	
  sites	
  with	
  the	
  topographic	
  relief	
  in	
  the	
  background.	
  
Obervaz	
  
Coordinates:	
  9°31'34.01",	
  46°41'35"	
  
The	
   municipality	
   of	
   Obervaz	
   is	
   located	
   on	
   the	
   southern	
   slope	
   of	
   Mount	
   Crap	
   la	
   Pala	
   (canton	
  
Graubünden,	
  eastern	
  Switzerland)	
  at	
  an	
  altitude	
  of	
  1200	
  m	
  a.s.l.	
  The	
  area	
  is	
  considered	
  as	
  a	
  deep-‐seated	
  
landslide	
  subjected	
  to	
  low	
  amplitude	
  displacement	
  due	
  to	
  moving	
  bedrock.	
  The	
  site	
  is	
  equipped	
  with	
  a	
  
permanent	
  strong	
  motion	
  station	
  which	
  recorded	
  6	
  events	
  in	
  last	
  twenty	
  years	
  including	
  aftershocks	
  of	
  	
  
1991	
   M5	
   event,	
   which	
   caused	
   observable	
   damage	
   to	
   some	
   of	
   the	
   buildings.	
   The	
   site	
   was	
   investigated	
   in	
  
2010	
   during	
   the	
   renewal	
   of	
   the	
   stations.	
   An	
   ambient	
   vibration	
   array	
   measurement	
   was	
   performed,	
  
retrieving	
   the	
   S-‐wave	
   velocity	
   structure	
   down	
   to	
   30	
   m	
   (Michel	
   et	
   al.,	
   2011).	
   A	
   directional	
   resonance	
   was	
  
observed	
  in	
  the	
  noise	
  recordings.	
  
Grächen	
  
Coordinates:	
  7°50'30.99",	
  46°11'58.012"	
  

The	
   village	
   of	
   Grächen	
   is	
   located	
   on	
   a	
   morphological	
   terrace	
   at	
   an	
   altitude	
   of	
   1600	
   m	
   a.s.l.	
   on	
   the	
  
eastern	
   flank	
   of	
   the	
   Matter	
   valley	
   (canton	
   Valais,	
   southern	
   Switzerland).	
   The	
   area	
   is	
   subject	
   to	
   very	
  
large-‐scale,	
  low-‐amplitude	
  displacement	
  due	
  to	
  deep-‐seated	
  sagging	
  movement	
  of	
  the	
  bedrock.	
  The	
  site	
  
has	
   been	
   equipped	
   with	
   strong	
   motion	
   station	
   since	
   2010.	
   An	
   extensive	
   measurement	
   campaign	
   was	
  
performed	
   recently	
   including	
   three	
   ambient	
   vibration	
   array	
   measurements,	
   over	
   thirty	
   single	
   station	
  
measurements,	
   and	
   the	
   deployment	
   of	
   the	
   two	
   temporary	
   short	
   period	
   stations,	
   which	
   recorded	
   a	
  
number	
  of	
  regional	
  earthquakes	
  (5	
  and	
  3	
  respectively).	
  The	
  summary	
  of	
  this	
  measurement	
  campaign	
  can	
  
be	
  found	
  in	
  the	
  reports	
  by	
  Burjanek	
  et	
  al.	
  (2010c,	
  2010d).	
  
Randa	
  
Coordinates:	
  7°46'11.991",	
  46°6'54.991"	
  
The	
  study	
  site	
  Randa	
  is	
  a	
  rock	
  slope	
  instability	
  located	
  in	
  the	
  vicinity	
  of	
  village	
  of	
  Randa	
  (canton	
  Valais,	
  
southern	
   Switzerland),	
   and	
   is	
   the	
   legacy	
   of	
   two	
   catastrophic	
   failures	
   in	
   April	
   and	
   May	
   1991.	
   Around	
   5	
  
million	
  m3	
  of	
  layered	
  paragneiss	
  and	
  schists	
  remain	
  unstable	
  today	
  (the	
  upper	
  half	
  of	
  the	
  1991	
  failure	
  
scarp,	
  elevation	
  range	
  between	
  2000	
  –	
  2400	
  m	
  a.s.l.),	
  moving	
  at	
  rates	
  up	
  to	
  20	
  mm/yr.	
  The	
  site	
  has	
  been	
  
extensively	
   studied	
   during	
   last	
   15	
   years,	
   including	
   three	
   ambient	
   vibration	
   array	
   measurements,	
   and	
  
deployment	
   of	
   the	
   two	
   temporary	
   short	
   period	
   stations	
   during	
   2009,	
   which	
   recorded	
   7	
   regional	
  
earthquakes.	
   Seismic	
   measurements	
   revealed	
   strong	
   polarization	
   of	
   the	
   wave	
   field	
   in	
   the	
   direction	
   of	
  
maximum	
   slope	
   displacement,	
   with	
   spectral	
   amplification	
   factors	
   ~5	
   within	
   the	
   unstable	
   area.	
   The	
  
results	
  of	
  the	
  ambient	
  vibration	
  survey	
  were	
  published	
  by	
  Burjanek	
  et	
  al.	
  (2010a),	
  and	
  the	
  basic	
  analysis	
  
of	
   the	
   earthquake	
   recordings	
   in	
   Burjanek	
   et	
   al.	
   (2010b).	
   The	
   preliminary	
   numerical	
   models	
   explaining	
  
the	
  observed	
  site	
  effects	
  can	
  be	
  found	
  in	
  papers	
  by	
  Burjanek	
  et	
  al.	
  (2011a)	
  and	
  Moore	
  et	
  al.	
  (2011).	
  
Walkerschmatt	
  
Coordinates:	
  7°46'47.977",	
  46°9'44.998"	
  
The	
   study	
   site	
   Walkerschmatt	
   is	
   a	
   small	
   topographic	
   bench	
   bounded	
   by	
   steep	
   cliffs	
   located	
   near	
   the	
  
village	
   of	
   St.	
   Niklaus	
   in	
   the	
   Matter	
   valley	
   (canton	
   Valais,	
   southern	
   Switzerland).	
   The	
   potential	
   slope	
  
instability	
   consists	
   of	
   an	
   estimated	
   800,000	
   –	
   1,000,000	
   m3	
   of	
   crystalline	
   rock,	
   located	
   within	
   an	
  
elevation	
  range	
  between	
  1855	
   –	
  2130	
  m	
  a.s.l.	
  An	
  ambient	
  noise	
  survey	
  consisting	
  of	
  three	
  arrays	
  was	
  
performed	
  in	
  2009.	
  Strong	
  directional	
  amplification	
  (amplification	
  factors	
  ~7)	
  observed	
  on	
  the	
  site	
  was	
  
linked	
   to	
   the	
   internal	
   structure	
   of	
   the	
   rock	
   mass.	
   The	
   detailed	
   analysis	
   of	
   the	
   measurements	
   can	
   be	
  
found	
  in	
  the	
  paper	
  by	
  Burjanek	
  et	
  al.	
  (2011b).	
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1. THE STUDY AREA
The study area suggested is the city of Aegion, which lies on the South side of the Corinthian Gulf,
Greece (Figure 1). The site combines three factors that make it interesting from a seismic risk
perspective: high seismicity, complex geomorphology, and instrumentation.

Figure 1. Location of Aegion and city plan showing topography.

2. SEISMICITY
The region is one of the most seismically active regions in Europe, comprising a multitude of active
normal faults (Figure 2). The city itself has been struck by significant earthquakes in the past, the
strongest recent one being that of June 15, 1995 (Ms=6.2). The peak ground acceleration recorded
uphill was nearly 0.5g, one of the strongest recorded in Greece.

Figure 2. Mapped faults in the Gulf of Corinth (Moretti et al., 2003).

3. GEOMORPHOLOGY & SITE INVESTIGATIONS
The city of Aegion is traversed by the Aegion fault. With an escarpment of around 40m–100m, it
divides the city into two levels (Figure 3). The uphill part consists of soft rock (conglomerate) with a
shallow soil cover (maximum thickness 20 m). Downhill, the basin begins near the slope toe and
extends towards the North into the Corinth Gulf.

The escarpment height ranges from 40 to 100 m and it dies out to the east (Figure 1). Different values
have been used in the past. Stamatopoulos et al (2007) studied the eastern part of the town and assumed a
height of 40 m and an inclination of 30º. Athanasopoulos et al. (1999) studied a section towards the centre
of the town. They assumed a height of 70 m for the slope and an inclination of 55º towards its foot and
15º towards the crest. Place et al. (2007) assumed a height of 70 m with a 30º inclination, as does
CORSEIS (2001) for the central part of town.

Figure 3. 2D geotechnical model of Aegion by Apostolidis et al. (2006) showing Vs velocities and locations of in
situ measurements.

Apostolidis et al. (2006) gathered available data and conducted a campaign of additional surveys in
order to construct a detailed 2D geotechnical model. Five formations were identified (A-E) based on
logging and SPT. In order to evaluate dynamic soil properties for these layers, array microtremor
measurements were made at three locations along the section (GHP, XAR, THA). The SPAC method
was used to derive Vs velocity profiles (Figure 4), which were correlated with available data from
boreholes and geophysical prospecting. The array noise measurements were coupled with single
station noise measurements which were performed at points 1 through 17 of Figure 3, in order to
compute H/V and better estimate the resonant frequency and amplification along the cross-section
(Figure 5),.

Figure 4. Dispersion curves from array noise measurements (Apostolidis et al., 2006).

Figure 5. Resonant frequency and amplification along the cross-section (Apostolidis et al., 2006)

4. INSTRUMENTATION
Downhill
Corinth Soft Soil Array (CORSSA, Pitilakis et al., 2004) lies at the lower part of the city, on the hanging
wall, near the coast (Figure 6). The soil profile downhill consists of soft loose marine materials
overlying stiffer soil formations. Beneath these lies a hard conglomerate. Triaxial broadband
accelerometers (FBA-23DH) are installed at depths 178, 57, 31 and 14 m, along with a surface
accelerometer (Episensor ES-T), as shown in Figure 7. The deepest instrument is within the
conglomerate to serve as reference. Instruments have a gain of 1.25 V/g and are connected to a
central recording system (Mt Whitney) with GPS antenna. Orientation of the downhole stations was
determined by Ktenidou (2010). More detailed information regarding CORSSA can be found at the
site’s webpage: http://geo.civil.auth.gr/Staff/dep/pitilakis/ CORSSA/data-base.html.

Figure 6. Location of the instruments whose records are used in this thesis: in cross-section (top) and in plan,
adapted from Google Earth (bottom) (Ktenidou, 2010).

Figure 7 Borehole, accelerometer and pore-pressure transducer layout at CORSSA in plan (left) and crosssection (right) (CORSEIS, 2002).

Uphill
An accelerometer is installed by the National Kapodistrian University of Athens (NKUA) in the City Hall
(Dimarhio, N 38.2503º, E 22.0878º), indicated in as DIM in Figure 6. It is a FBA-3 with a NS-EW
orientation connected to a K2/ETNA digital recording system. This instrument is part of NKUA’s
RASMON strong motion network. Its distance from the crest is around 250 m.

5. DATA USED
We use 81 earthquake records from events that triggered both the uphill and downhill instruments
during its first 6 years of operation of CORSSA (February 2002 until February 2008). Events were
cross-checked with the four major Greek earthquake catalogues to determine the earthquake
parameters. The epicentre distribution of this dataset and the basic event parameters are shown in
Figure 8 (Ktenidou, 2010).

Figure 8. Epicenters of seismic events plotted as red circles according to magnitude (top).Moment magnitudes
(left) and focal depths (right) versus epicentral distances for available seismic events (Ktenidou, 2010).

6. ESTIMATED AMPLIFICATION

The site has been modelled numerically and dynamic 2D analyses have been conducted by
Ktenidou (2011) using two different codes, implementing P-SV and SH waves respectively.
The topographic amplification computed for the vicinity of the slope is shown in Figures 9 and
10 in the time and frequency domain. In the simulations the geometry suggested by
Apostolidis et al. (2006) was used, which is a 90 m slope height with a 30º slope inclination.

Figure 9. Peak motion amplification near the crest in the time domain, compared with code provisions by AFPS
and EC - values are normalised by the free field (Ktenidou et al., 2009).

Figure 10. Topographic amplification factor in the frequency domain at various distances from the crest with
respect to the free field (Ktenidou et al., 2011).

7. TABULATED INFORMATION

Site name
Aegion – City Hall (“DIM”)

Permanent/Semi-permanent stations
Ambient Earthquak
Number Referenc
Vibratio
e
of
e station
n
recordings
stations
NO
YES
1
YES

Noise survey
Array
Single station
1

7 in the vicinity

REFERENCES
Apostolidis P., Raptakis D, Pandi K., Manakou M., and Pitilakis K. (2006), “Definition of subsoil
structure and preliminary ground response in Aigion city (Greece) using microtremor and
earthquakes”, Soil Dyn. Earthq. Eng. 26, pp. 922-940.
Athanasopoulos, GA, Pelekis PC, Leonidou EA (1999). "Effects of surface topography on seismic
ground response in the Aigion (Greece) 15 June 1995 earthquake". Soil Dyn. Earthq. Eng. 18, pp.
135-49.
CORSEIS (2001). An integrated study of hazard assessment in the area of Aigion, Gulf of Corinth,
Greece. EVG1-CT99-00002. First year report. Laboratory of Soil Mechanics and Foundation, Civil
Engineering Department, Aristotle University of Thessaloniki, Greece.
CORSEIS (2002). An integrated study of hazard assessment in the area of Aigion, Gulf of Corinth,
Greece. EVG1-CT99-00002. Final project report. Laboratory of Soil Mechanics and Foundation,
Civil Engineering Department, Aristotle University of Thessaloniki, Greece.
Ktenidou, O.-J. (2010). Theoretical and instrumental study of site and topographic effects on strong
ground motion in Aegion, Ph.D. Thesis, Aristotle University, Thessaloniki, Greece.
Ktenidou Ο.-J., F.J. Chávez-García, D. Raptakis, Κ. Pitilakis (2009). ‘Engineering aspects of site and
topography effects at Aegion, Greece’. 3rd Greece-Japan Workshop on Seismic Design,
Observation and Retrofit of Foundations with Special Issues on Protection of Cultural Heritages,
Balkema (Gazetas, Tazoh, Goto eds.), Santorini, September 22-23, 2009.
Ktenidou Ο.-J., F.J. Chávez-García, D. Raptakis, Κ. Pitilakis (2011). ‘Numerical investigation of site
effects at Aegion, Greece’. 5th International Conference on Earthquake Geotechnical
Engineering, Santiago, Chile. Jan. 10-13, 2011.
Moretti, I., D. Sakellariou, V. Lykousis, L. Micarelli (2003). “The Gulf of Corinth: an active half
graben?”, J. Geodynamics 36, pp. 323-340
Pitilakis K., Makropoulos K., Bernard P., Lemeiile F., Lyon-Caen H., Berge-Thierry C., Tika Th.,
Manakou M., Diagourtas D., Raptakis D., Kallioglou P., Makra K., Pitilakis D., Bonilla F. (2004).
“The Corinth Gulf Soft Soil Array (CORSSA) to study site effects/Le réseau en sols meubles
(CORSSA) du Golfe de Corinthe pour l'étude des effets de site", C. R. Geoscience 336, pp. 353365.
Place, J., C. Naville, I. Moretti (2007). "Fault throw determination using 4 component VSP: Aigion fault
(Greece) case study". Tectonophysics 440, pp. 141-158.
Stamatopoulos, C. A., Bassanou M., Brennan A. J., Madabhushi G. (2007). "Effectiveness of anchors
in mitigating the seismic motion near the crest of cliff-type topographies", Soil Dyn. Earthq. Eng.
27, pp. 1082-1100.

Deliverable D11.2
“Review of recent data on surface topography effects”

APPENDIX 6
The site of Narni, Italy

Marco Massa
Francesca Pacor

INGV-Milano

October 2011

1. The study area
The investigated ridge, where the small village of Narni is located, arise in the central Italian
Apennines, in the Southern part of the Umbria region. Narni is a sparsely inhabited centre that was
built along the main axis of the ridge, the maximun elongation of which is N 31° W. The crest of the
ridge has an elevation that ranges from ca. 320 m a.s.l. in the South-Eastern portion to ca. 190 m a.s.l.
in the North-Western one. On average, the difference between the top and the bottom ranges from ca.
100 m, in correspondence of the North limit, to ca. 220 m in the Southern end of the ridge. The
longitudinal section is ca. 1.300 m long while the transverse one ranges from ca. 450 m (North) to 850
m (South). The ridge is characterized by a steepness asymmetry, with a pronounced slope (ca. 35°) in
correspondence of the Western side (Figure 1), and a more gentle slope (ca. 22°) in correspondence
of the Eastern one.

Figure 1. Narni ridge (Central Italian Apennines)
2. Geology
From a geological point of view (sheet 138 of the 1:100.000 Geological Map of Italy; Amanti et al.,
2002), the ridge is characterized by a limestone massif (Figure 2), constituted by cherty and marly
limestone with very thin marly and clayed levels, belonging to the Umbria–Marche stratigraphic
succession. The level land at the base of the hill is characterized by alluvial, lacustrine and fluvial
deposits that overlap locally with the limestone massif. Isolated debris flows are present on South
West and South East sides. A detailed geological and structural survey performed both on the ridge
and surroundings, showed that the level of fracturing of the limestone massif is negligible, especially at
the top of the hill.
th

As a consequence of the moderate 16 December 2000, ML 4.2, earthquake (http://iside.rm.ingv.it),
that occurred 5.5 km East of Narni ridge, the Umbria Region promoted the execution of seismic
microzonation and the definition of seismic hazard of the area. The downhole test executed few
kilometers South of Narni (on the same lithology) provided Vs20 close to 1000 m/s.
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Figure 2. Geology of Narni ridge desumed from the 1.100.000 Geological Map of Italy (Sheet 138,
Amanti et al., 2002). Triangles indicate the temporary velocimetric network: white represent the
reference stations at the base (NRN2, NRN3, NRN5), grey indicates the station installed at the middle
of East slope (NRN1) while dark indicate the stations installed at the top (NRN4, NRN6, NRN7, NRN8,
NRN9, NR10). White square indicates NRN-RAN (National Accelerometric Network,
www.protezionecivile.it) strong motion station installed since 1974. (From Massa et al., 2010).
3. Historical and instrumental seismicity of the area
In the last 30 years the central Italian Apenninic sector where Narni arise (Figure 3), were
st
characterized by moderate seismicity. From 1 January 1983, ca. 60 moderate events, with local
magnitude ranging from 4.0 to 5.8 occurred. In particolar the 6 events with ML>5, depicted in yellow in
the right panel of figure 3, occurred at distances of about 60 km with respect to the investigated ridge
(http://bollettinosismico.rm.ingv.it/; http://iside.rm.ingv.it). In particular Narni and surrounding are in
st
general characterized by a low degree of seismicity. In the area, from 1 January 2000, 143 events
with magnitude in the range 3.0<ML<4.2 (Figure 3, right) were collected by INGV official bulletin. Also
concerning historical seismicity, the strongest events occurred very close to Narni (distance < 30 km),
were not able to produce Io (MCS scale) higher than 7.5 (http://emidius.mi.ingv.it/CPTI04).

Figure 3. Seismicity occurred in proximity of the investigated area (yellow triangle) in the last 30 years.
3

th

4. The 16 December 2000, ML 4.2, Narni earthquake
th

On 16 December 2000, an earthquake with ML 4.2 occurred 5.5 km East of the Narni ridge, at depth
of 9.8 km. The ground motion was recorded by the RAN analog strong motion station. This event
represents the strongest one occurred close to Narni in the last few decades. The peak ground
2
acceleration (PGA) on EW component was 54.12 cm/s , almost double with respect to that recorded
2
on NS component (28.78 cm/s ). In this way, to reveal direction-dependent amplification, rotational
Horizontal to Vertical Spectral Ratios (HVSR, Lermo and Chavez Garcia, 1993) were performed
considering 10 s of S-phase: the results are presented in figure 4. Direction-dependent amplification
effects were detectable when considering the differences in the amplification functions computed
taking into account the different directions of the horizontal ground shaking: for the peak around 4 Hz,
the HVSR, computed considering the components perpendicular to the main elongation of the ridge
(i.e. between 50° and 100°, in the W-SW E-NE directions) showed amplification levels almost double
with respect to the other directions. On the contrary, such azimuthal dependence was not so evident
considering the amplification peak around 1 Hz.

th

Figure 4. Rotational HVSR performed on 10 s of S-phase for the 16 December 2000, ML 4.2,
earthqueake (Left). On the right the azimuth frequency plot is shown. (From Massa et al., 2010)
5. Velocimetric temporary network
th

The field experiment was carried out in the urban area of Narni and surroundings from 25 March to
th
7 September 2009. During this recording time a total of 10 velocimetric stations were installed. The
stations were equipped with Lennartz 5 s velocimeters (flat response between 0.2 and 40 Hz) coupled
with 24-bits digital dataloggers (Reftek 130/01 and Lennartz MarsLite). The instrumentation was
provided by INGV (depertments of Milano-Pavia, http://rais.mi.ingv.it and CNT-Rome, http://cnt.rm.it)
and Genova University (http://www.dipteris.unige.it/geofisica/). All stations were installed directly on
rock-site. The stations NRN2, NRN3, NRN4 and NRN7 recorded events during the overall period, the
th
th
stations NRN1, NRN5 and NRN6 recorded events from 25 March to 8 June, 2009 and the stations
th
th
NRN8, NRN9 and NR10 worked from 15 July to 7 September 2009.
6. Dataset and data-processing
Over the whole period the velocimetric network recorded 702 events (Figure 5) with ML ranging from
1.5 to 5.3 (the strongest aftershocks recorded during the April, 2009, L’Aquila sequence) and
epicentral distances from 5 to 100 km. The total number of recorded waveforms was 9744. For the ML
5.8 L'Aquila mainshock, a complete analysis was not possible due to saturation and/or distortion
phenomena detected in correspondence of some stations. In the area close to the ridge (epicentral
distance up to 30 km) the network recorded 60 events (ML up to 3.6), whereas most of the recorded
4

events (642 events) occurred in the area surrounding the town of L’Aquila (central Italy) at a distance
of about 80 km. The processing of the data (recorded at a sampling rate of 125 Hz) included the
following steps: removal of the mean and linear trends; application of an acasual 4-pole Butterworth
band-pass filter (low-pass frequency equal to 30 Hz and high-pass frequency selected by visual
inspection considering the single magnitude value); 1% cosine tapering. Fourier spectra were
computed considering different time windows (S-phase and coda). Directional spectral ratios were
obtained by rotating the NS component of each event clockwise from the North, between 0° and 175°,
in angular steps of 5° (36 directions of ground shaking). Spectra were smoothed using the Konno and
Ohmachi (1998) window (b = 20). For each direction, average HVSRs and SSRs (Borcherdt, 1970)
were computed.

Figure 5. Earthquakes recorded during the Narni experiment (From Massa et al., 2010).
7. Results
In general the SSRs indicate that for all stations installed on the top of the ridge (NRN6, NRN7, NR10,
NRN4, NRN8) the amplification effects involve frequencies between 3 Hz and 5 Hz, with amplification
factors ranging from 4 to 9 (Figure 6). The highest amplification values were detected in
correspondence of the stations installed in the highest part of the ridge (NRN4 and NRN8). The
amplification effects, always polarized in the direction perpendicular to the main axis of the crest,
seem to be strongly dependent to the single event backazimuth, providing systematic higher
amplifications considering events that occurred East of Narni. The amplification effects between 3 Hz
and 5 Hz were independent of the earthquake distance and magnitude. Weakly amplification
phenomena around 2 Hz were moreover detectable when only near-source earthquakes were
selected (e.g. epicentral distances lower than 30 km), indicating an origin that was probably more
complex that a simple topographic irregularity. No evidence of amplification was detected at NRN1,
installed in the middle of the East slope (Massa et al., 2010).
In general the results (not reported here) obtained by the single station technique (HVSR) well agree
to those obtained by SSRs, at least in terms of frequency. The same consideration is valid also
considering single noise measurements performed in correspondence of the stations installed at the
top of the ridge.

5

Figure 6. Example of experimantal rotational SSRs obtained at NRN7 and NRN4 staions (top). NRN2
was selected as a reference site (From Lovati et al., 2011)
Regarding numerical simulations the site response of the studied ridge was evaluated both
considering two transversal profiles in correspondence of NRN7 and NRN4 stations and by a 3D
model. The models were subjected to vertically propagating incident P-SV Ricker wavelets. For two
dimensional simulations, a time domain boundary elements method based on code named HYBRID
(Kamalian et al., 2003) was used, while for 3D analyses the time domain boundary element method
was implemented in a code named BEMSA (Sohrabi). In both cases, in general the results show a
good agreement with the experimental ones in term of frequency, showing amplification around 4.5
Hz, but stronlgy underestimate the amplification factors (not higher than 1.8 for receiver points along
the crest, Lovati et al., 2011).

Figure 7 - Example of results obtained by 3D numerical simulation (From Lovati et al., 2011).
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1. The study area
The study area is the ridge where the village of Nocera Umbra grew during the last three centuries
(Figure 1). It is located in the Umbria-Marche sector of central Apennines. The Nocera Umbra hill is
elongated in the NNW-SSE direction, with a maximum height of 574 m a.s.l., and an elevation
difference from the base of 144 m. The northern side is quite gentle while the southern one is very
steep; therefore the longitudinal section is asymmetric with a narrow summit part. In contrast, the
transverse section is more regular and symmetric, with a base width of about 400 m (see the insets of
Figure 2).

Figure 1. Nocera Umbra village ridge (Central Italian Apennines)
2. Geology
The geology of the area is characterized by the presence of lithotypes belonging to the silicocarbonate pelagic sequence known as “Umbria Marche Formation”, a multi-layered alternation of
limestone, marly limestone, marls, and flysch sequences. These geological units were first deformed
by a compressional structural phase, during the belt construction, but they have been subsequently
dissected by the Quaternary extensional regime (Calamita et al. 1994). Many of the structures which
were formed during the compressional phase were then reactivated as normal faults. This extensional
tectonic regime is also the main cause of the current seismicity of the area, and the 1997-1998
seismic sequence was the most recent manifestation of the activity of these faults. The town of Nocera
Umbra was settled on a NNW-SSE trending anticline, where Eocene- Oligocene limestone (Scaglia
Formations) overthrusts a Miocene flysch sequence (Marnoso- Arenacea Formation) with north-

2

eastward vergence, in agreement with the original NE-SW trend of the Appenninic belt (Figure 2). On
the western flank of this anticline, the contact between the carbonatic formations and the MarnosoArenacea occurs through a N30°E segment of a regional lineament that extends from the town of
Gualdo Tadino down to Capodacqua, with an average N-S trend (Marra et al. 2000, Rovelli et al.
2002). It had formed during Pliocene as right-lateral strike- slip fault, and was reactivated as a normalto-oblique fault during the Pleistocene extensional phase. This shear zone is responsible for intense
degree of fracturation in the outcropping limestone about 500 m from the hill, with decreasing spacing
and intensity at increasing distance from the shear zone (Tirelli 2002).

Figure 2. Geological sketch and position of the seismic array on the Nocera Umbra hill. The insets
show the topography profiles along the major and minor axis (Pischiutta et al. 2010).

3

3. Historical and instrumental seismicity of the area
In the last 30 years, the area of the central Appenines where Nocera Umbra is located, was
characterized by moderate seismicity. On September 26, 1997, at 0:33 GMT a Mw 5.7 earthquake
occurred in the Umbria-Marche Apennines, central Italy, its epicenter being located between the
villages of Cesi and Colfiorito (Amato et al. 1998). Nine hours later, this event was followed by a Mw
6.0 earthquake, located between the villages of Colfiorito and Annifo, few kms north of the previous
one (see Figure 1). Of these two shocks, the Mw 6.0 earthquake caused the highest damage in
Nocera Umbra as due to the proximity from the causative fault and source directivity toward NW
(Cultrera et al. 2009). On the hill of Nocera Umbra, damage was moderate to heavy (MCS intensity
VII–VIII) although no total collapse was observed, except for the ancient (Middle Ages) bell tower
situated in the southern part of the hill top (Donati et al. 2001). The urbanized area counts around
2
6000 inhabitants, and spreads over 157.19 km . The building stock in the historical sector consists of
regular or irregular masonry, mostly from 18th century, of different degree of quality and without
earthquake-resistant design, which have often been modified over the years, without coherence with
the original structure. In their work, Donati et al. (2001) assessed that about 90 per cent of the
buildings in the historical centre is made of simple stones with poor mortar, as typically found in the
ancient settlements of central Italy, and it can be identified with type A of the European Macroseismic
Scale (EMS-98). However, the less vulnerable buildings (EMS-98 type B) on the hilltop experienced a
damage grade comparable to one of the buildings in stiff zones not affected by strong topographic
irregularities. This led Donati et al. (2001) to ascribe the occurrence of diffuse damage on the hilltop to
the pre-dominance of highly vulnerable buildings of type A.
st

After 1 January 1981, around 500 seismic events occurred in the magnitude interval between 3 and
5.5 (Figure 3 left panel). The largest part of them are related to the “Umbria-Marche” seismic
sequence that followed the two above mentioned mainshocks (http://bollettinosismico.rm.ingv.it/;
http://iside.rm.ingv.it).
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Figure 3. Left panel: Seismicity with magnitude >3 in last 30 years. Right panel: Seismicity occurred in
proximity of the investigated area in the last 30 years.

4. The array experiment
The field experiment was carried out from May to June 1998, during the Umbria-Marche seismic
sequence. A seismic array of 8 stations (Figure 2) was deployed on the southern side of the hill
composed of portable stations equipped with broadband Guralp CMG40T seismometers coupled to
Reftek 72A07 24-bit digitizers. All stations were synchronized by the GPS timing system. Sampling
rate was fixed at 125 sps. Receivers were buried in the ground in 20-cm deep holes. The reference
station (TOP0) was installed at the base of the hill, in a site that was already used as the reference
station of previous studies in the Nocera Umbra area (Caserta et al. 2000; Marra et al. 2000; Rovelli et
al. 2002; Cultrera et al. 2003). The station was deployed on a concrete floor having its foundations on
limestone.

Figure 4 – Seismic events (full circles) used for the analysis. The black stars are the epicenters of the
two mainshocks, their relative faults are projected to the surface (open rectangles). The square
represents the experiment area.

5. Dataset and data-processing
Over the whole period the array seismometers recorded about 134 events, whose hypocentres were
taken from the bulletin of the Istituto Nazionale di Geofisica e Vulcanologia (INGV). Two main
seismogenic areas were recognized: Colfiorito-Sellano area, located 10-35 km SSE from the array,
and Gualdo Tadino area, 10-20 km to the north. The hypocentral depths were in the range 5 to 12 km.
Data were selected among events with the highest magnitude (ML between 2.6 and 4.1) that were also
simultaneously recorded by at least 5 stations, including the reference one (TOP0). The signal-tonoise ratio was computed; a value of 5 was fixed as a threshold for this ratio. A seismometer
malfunction was observed at TOP1, as records show a very low signal-to-noise ratio, therefore the
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station was not included in the analysis. Based on these criteria, Pischiutta et al. (2010) selected 14
seismic events from the two different seismic sources (Figure 4) considered separately in order to
distinguish the occurrence, if any, of different levels of amplification for different source backazimuths.
The time window starting 1s before the direct S arrival and including the significant duration of the
recording was selected for the spectral analysis (between 8 and 24 s depending on magnitude), which
was detrended and then windowed by a Hanning taper. To quantify the level and the frequency band
of amplification and investigate possible directional resonance effects, standard spectral ratios (SSRs)
using the reference site (TOP0) were calculated. Because of spectral ratios may be biased by
anomalies in the denominator spectrum, we also applied in the time domain the .covariance matrix
method (Jurkevics, 1988), to obtain a direct estimate of the ground motion polarization, consistently
with the approach of Rigano et al. (2008). On the basis of the frequency peaks of the SSR analysis
(Figure 3), three frequency bands (2-5 Hz, 5-10 Hz, 10-20 Hz) were chosen by Pischiutta et al. (2010)
to band-pass filter the three components of ground motion. Then, for each band, the polarization
ellipsoid was calculated along signals using a 2-s moving window with 10% overlap. For each time
window, the value of the polarization azimuth was obtained as the angle between the projection on the
horizontal plane of the largest eigenvector and geographic north, measured clockwise.

6
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Figure 5 – Contour plots of geometric mean of SSRs ± 1 standard deviation as a function of frequency
(x axis) and azimuth of motion (y axis). In each panel, two frequency bands (f < 5 Hz and f > 5 Hz) are
plotted with a different amplitude scale. Events from the two source zones active during the
experiment (NNE and SSE of the array) were considered separately(Pischiutta et al. 2010).
6. Evidence of directional amplification
Results of SSRs smoothed through a 0.4 running frequency window are shown in Figure 5. In each
panel, two frequency bands ( f < 5 Hz and f > 5 Hz) are plotted with a different amplitude scale. The
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resonance effect can be recognized through the peaks in the contour map, that quantify both
frequency (x axis) and polarization angle (y axis).
Stations on the hill top (TOP3, TOP4 and TOP5) showed the largest amplifications (up to a factor of 4)
in the frequency band 2-4 Hz, while stations deployed on the hill flanks (TOP2, TOP6, TOP7) reached
a maximum amplitude ratio of 2.5, approximately. Even though the level of amplification is not very
high, the amplified frequency band is near to the resonance frequency of a large part of buildings,
being the three-storey houses the predominant building typology in the ancient sector of Nocera
Umbra.
Large amplifications also occur at frequencies above 10 Hz often exceeding a factor of 20, especially
for those stations located on the western flank of the hill, but the polarization pattern is very scattered.
Application of the covariance matrix analysis (results are shown in Figure 6) confirm what was
obtained through SSRs providing a more direct visual inspection of the predominant polarization
direction, represented through a rose diagram computed at bins of 10°.
In the frequency bands 2-5 Hz and 5-10 Hz a predominant polarization is evident in an approximately
NE-SW direction, transversal to the major hill axis. In the high frequency band (10 – 20 Hz) a common
trend is not identifiable, since each station shows different polarization features both in terms of
direction and frequency. The spatial distribution at which amplification occurs is likely consistent with a
topographic effect, the observed spectral peak (about 3.5 Hz) being consistent with the expected order
of magnitude of the resonance frequency f0=Vs/L (Geli et al. 1988), where L is the topography width
(between 450 and 500 m) and Vs is shear velocity of outcropping limestones. In situ downhole
measurements at a site 500 m away (GNDT, 1999) show values of about 1000 m/s at the hole bottom,
in the same geological formation.

Figure 6 – Rose diagrams representing the results of the covariance matrix analysis applied to single
stations for two groups of azimuth and three frequency bands (Pischiutta et al 2010).
In order to better interpret the ground motion observations, numerical simulations of the hill seismic
response were performed by Pischiutta et al. (2010) using two 2D models, one parallel and one
transverse to the hill major axis (N20°W). Moreover, 3D models are in progress but preliminary results
(Ivo Oprsal, private communication) indicate that the scenario does not change substantially
compared to the 2D approximation. To be consistent with the observed mostly transverse polarization,
Pischiutta et al. used out-of-plane modelling for the longitudinal section and in-plane modelling for the
9

transverse section, simulations using a finite differences and a finite elements method, respectively
(Figure 7).
In both the longitudinal and the transversal model, two peaks were observed by Pischiutta et al. for
stations on the hill top, in the frequency bands 2-4 Hz and 10-14 Hz. The additional simulations
performed using nearly-monochromatic Gabor pulses confirmed that the first peak is the fundamental
mode, whole the second one is the second higher mode.
Amplification levels were found to be always smaller than the experimental ones never exceeding 1.4
and 1.8 for the SH and P-SV waves, respectively. It can also be observed that deamplification occurs
at the base of the hill, up to a factor of 0.5 (e.g., Bouchon & Barker 1996). The result of the out-ofplane model is more complex than the in-plane one, because of the asymmetric shape of the crosssection.

Figure 7 – 2D numerical models by Pischiutta et al. (2010) showing the amplification pattern of the
Nocera Umbra hill. The in-plane motion simulation (left-hand side) is carried out applying a delta-like
SV pulse to a profile perpendicular to the hill elongation, the out-of-plane simulation is performed for a
profile parallel to the hill elongation using a delta-like SH pulse. For both simulations, the synthetic
seismograms are shown on the top with the input incident spectrum (in the insets). Middle panels
show the two models of the topographical profiles used, orthogonal (to the left) and parallel (to the
right) to the hill elongation. The frequency responses of the topography to the delta-like pulses are
shown on the bottom, using contour graphs along both profiles. The color scale represents spectral
amplitudes along the profile (on the x-axis) and at the different frequencies (on the y-axis).
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1. THE STUDY AREA
The study area suggested is the village of Castelvecchio Subequo, which lies south of the area
strucked by Mw 6.3 L’Aquila (central Italy) earthquake on April 6, 2009. Along the Aterno river valley,
the intensities decreased to Is=5–6 (Mercalli-Cancani-Sieberg scale) about 40km far from L’Aquila.
Nevertheless, the intensity distribution revealed an evident “anomaly” in the southern portion of the
damaged region, i.e. in the Subequana valley (Fig.1). In particular, besides the anomalous intensity,
Castelvecchio Subequo (hereafter CS) showed a peculiar distribution of damage. The strongest
damage affected, indeed, the uppermost portion of the village, where the partial collapse of several
buildings occurred. Although the aging and the characteristics of the buildings have certainly
contributed to the intensity related to the 2009 seismic event, nevertheless the oldest portion of the
village has not been affected by a homogeneous damage degree.

Figure 1. a) Intensity (Mercalli-Cancani-Sieberg scale) distribution of the 2009 L’Aquila earthquake
(Galli and Camassi, 2009); b) Seismotectonic framework of the central Apennines (modified after
Galadini et al. 2009). Faults: MVEF, Mt. Vettore; NFS, Norcia; LMF, Laga Mts.; UAVFS, upper Aterno
Valley; CIFS, Campo Imperatore; CF-OPF, Campo Felice-Ovindoli-Pezza; MAVFS, middle Aterno
Valley; SVF, Subequana Valley; MMF,Mt. Morrone; FF, Fucino; MPF, Maiella-Porrara; ACF,
Aremogna-Cinquemiglia; USFS, upper Sangro Valley; red rectangle, the location of Castelvecchio
Subequo. (from Marzorati et al., 2011).
2. GEOLOGICAL/STRUCTURAL
(MARZORATI ET AL., 2011)

AND GEOMECHANICAL INVESTIGATIONS AT

CASTELVECCHIO SUBEQUO

Castelvecchio Subequo (CS) raises at about 500 m a.s.l. on a small NW–SE elongated carbonate
ridge, located at the northern termination of Mt. Urano and bounded towards E and W by stream
incisions, up to 20–30m deep. The eastern incision morphologically separates the ridge from the Mt.
Urano SW slopes.
At the southern portion of the CS ridge, Cretacic limestone—pertaining to the Maiolica Formation—
crop out (Foglio CARG 2009), while the northern portion is made of fluviolacustrine sediments, LowerMiddle Pleistocene in age (Foglio CARG 2009), unconformably overlaying limestone sequences of the
Maiolica and Scaglia Detritica Formations (Foglio CARG 2009) (Fig. 2). Field observations indicate
that the area of the old village is characterised by a complex structural setting. Indeed, the ridge is

located at the northern termination of the Subequana Valley Fault (SVF, Fig.1a) westernmost branch.
Here, the fault splits into two splays (Fig. 2), bounding the ridge to NE and to SW (Falcucci et al.
2011).
Moreover, within the area of CS, the westernmost SVF splay intersects further tectonic elements,
about N–S and NNE–SSW trending, characterised by a normal-to-transtensive kinematics (Fig. 2). In
particular, according to Falcucci et al. (2011), these structural features, responsible for the
displacement of fluvial deposits of probable Late Pleistocene age, represent transfer faults that
structurally and kinematically link the SVF with a further active tectonic structure, namely the Middle
Aterno Valley normal fault (e.g. Galadini and Galli 2000). As depicted below, such complex active fault
pattern has strongly influenced—and it is still influencing—the structural characteristics of the
carbonate rock mass on which CS is founded, determining the present structural setting of the ridge.

Figure 2. Geological scheme and cross-sections of the area of Castelvecchio Subequo; rose
diagrams (insets) on which the azimuth and the relative abundance of the structural discontinuities
affecting the limestone bedrock are shown. Each diagram plots the measurements performed within 1to-4 squared metre of bedrock exposure (from Marzorati et al., 2011).
The deformation related to the faults resulted in sets of fractures, conjugate shear planes paralleling
the SVF branch and the transfer faults—that have heavily modified the primary fabric of the limestone,

almost completely obliterating the original bedrock stratification In particular, in the southernmost
sector of the CS ridge, the bedrock exposed at the lowermost portion of the small relief is affected by
near vertical, narrowly spaced shear planes and closed fractures. In the uppermost portion of the
ridge, instead, the rock mass is affected by opening mode discontinuities, i.e. open, planar parallel
fractures and joints, that separate different slabs of limestone bedrock.
Our observations indicate that the fractures originated from antithetic and synthetic shear planes
mainly related to the SVF segment and, secondarily, to the above mentioned transfer faults . The
progressive spreading of the fractures is probably due to the tendency of the rock blocks to topple
towards the incisions bounding the CS ridge.
In order to achieve a quantitative picture of the above described structural characteristics of the rock
mass—in particular of the jointing condition of the ridge—we performed a geomechanical analysis
along 10 geomechanical stations corresponding to bedrock outcrops 1-to-4-m2 wide (Fig. 2).
We proceeded with two steps: firstly,we defined the main discontinuities sets, i.e. structural features
having homogeneous geometrical features; secondly, we performed a detailed characterisation of
each set. This allowed the definition of conventional geomechanical indexes, namely Jv (number of
discontinuities per unit volume), JRC (Joint Roughness Coefficient), Undulation, RQD (Rock Quality
Designation) (ISRM 1978; Hudson and Priest 1979; Hoekand Bray 1981). The collected data revealed
a very good correlation between the different sets of joints and the main tectonic features affecting the
CS ridge, i.e. the above mentioned SVF western segment and the transfer faults.
These analyses allowed to confirm the difference in the deformation style between the lowermost and
the uppermost portions of the ridge, as already defined by the qualitative structural observations.
Indeed, as shown by the data collected in the different geomechanical stations analysed along the
ridge, the bedrock of the lowermost sectors of the rock mass is characterised by poorer
geomechanical characteristics than that exposed at the uppermost part of the ridge where open
fractures have been identified.

3. GEOPHYSICAL SURVEY (MARZORATI ET AL., 2011)

Campaigns of ambient seismic noise recording were carried out between July, 2009 and February,
2010 with the aim of obtaining information about possible local amplification of the ground motion in
the area of CS.
We have acquired twenty-two reliable ambient seismic noise recordings along the CS ridge (from the
basal portion to the uppermost sector), in the ancient portion of the village and in the surrounding
areas (Table 1, Fig.3). Six of these were performed on the upper portion of the ridge. Microtremors
were recorded through two portable seismic stations equipped with Lennartz 5s (www.lennartzelectronic.de) velocimetric sensors and 24-bit Reftek 130 (www.reftek.com) Digital Acquisition
Systems (hereafter DAS). The ambient seismic noise measurements were carried out on exposures of
limestone bedrock detected within the village and on pavings superposed to the bedrock. All the
measurements were performed in free-field, courtyards, squares and cellars excavated in the bedrock
(Table 1).
Besides, a small temporary seismic network (made of three seismic stations, Fig.4) was installed from
September 17 to November 4, 2009 to collect earthquake waveforms. The stations were equipped
with Episensor FBA accelerometers (www.kinemetrics.com), in addition to velocimetric sensor
Lennartz 5s., in order to avoid the saturation of digital seismic signals due to strong ground motions.
The Reftek 130 DAS recorded a continuous dataset with rate of 100 samples per second. A dataset of
earthquake waveforms was created selecting the events (Fig.5) from the Italian Seismological
Instrumental and Parametric Data-basE (ISIDE, http://www.iside.rm.ingv.it). We followed the following
procedure: firstly,we performed manual picking of the S-phase on the horizontal components and
events with a low signal-to-noise ratio were removed. Then, we checked that no saturation of the
seismic signal occurred in the velocimetric traces. This procedure resulted in 295, 234 and 308
events, recorded by CA01, CA02 and CA03 stations, respectively (Table 1, Fig. 3, Fig.4).

Table 1 – Description of the measurement sites. Code = site name; Amplif = presence of amplification;
Amplitude: maximum amplitude of HVSR related to Main Direction; Freq = frequency of HVSR
maximum amplitude; Main Direction = degree from the North of the clear direction of amplification;
Noise = noise measurement; Earthquake = number of the earthquakes recorded at the site; Ground =
type of ground
Code

Amplif

CA01

Amplitude

Earthquake

Ground

Yes

295

rock

CA02

No

234

rock

CA03

Yes

308

rock

CVS1

Yes

4.37

6.49

35

x

rock

CVS2

Yes

5.95

3.98

60

x

rock

CVS3

Yes

11.38

6.19

75

x

paved

CVS4

Yes

3.81

1.69

145

x

rock

CVS5

Yes

5.61

3.88

75

x

1

paved

CVS6

Yes

4.58

21.54

85

x

1

paved

CVS7

Yes

2.94

1.30

65

x

asphalt

CVS8

No

x

asphalt

CVS9

No

x

rock

CV16

Yes

x

rock

CV17

No

x

rock

CV18

No

x

rock

CV21

No

x

asphalt

CV26

No

x

rock

CV29

Yes

x

soil

CV30

No

x

rock

CV31

Yes

4.43

3.13

55

x

rock

CV40

Yes

3.93

3.50

95

x

rock

CV72

No

x

soil

CV83

Yes

7.16

3.87

70

x

paved

CV84

Yes

15.77

5.42

70

x

rock

CV85

Yes

4.71

3.85

95

x

rock

4.85

3.89

Freq

5.35

4.00

Main Direction

35

140

Noise

Figure 3. Ambient seismic noise stations (red triangles) and temporary seismic network (blue
triangles) in CS and in its hinterland. CS buildings are represented with light green polygons.
Background: Carta Tecnica Regionale (1:5000) Regione Abruzzo. CS buildings are represented with
light green polygons. Blue numbers are the elevation a.m.s.l.. Green numbers are elevation relative to
height contours.

Figure 4. Panoramic view of the temporary seismic network (red triangles). CA03 is located in the
historical part of CS, in the foundation floor of a building (bottom on the left); CA02 is located on the
slope of Urano mountain in the natural cave; CA01 is located at the base of the relief in a cellar inside
the rock outcrop

Figure 5. Map of the 903 epicentres resulting from earthquakes data set selected on 9 November
2009. Red triangle marks the position of the CS temporary seismic network. Image taken from
http://www.iside.rm.ingv.it

4. ESTIMATED AMPLIFICATION

Figure 6 shows the waveforms of the 4.1 Ml earthquake recorded by the three stations of the network.
The 2–4Hz band-pass filtered waveforms (red) overlap the original waveforms (black). The CA03
station amplitudes are larger than those of the other two stations in the frequency band where spectral
ratios are amplified. There is also a clear effect on the signal duration which is extended by a few tens
of seconds.

Figure 6. East–West (EW) waveforms of three earthquakes recorded at CA03, CA01, CA02 stations.
Black titles origin time and magnitude of the seismic event. RIDGE: station at the ridge of the relief;
BASE: station at the base of the relief; REF: reference station on the slope of the Urano mountain.
Black line original waveform. Red line band-pass filtered waveform from 2 to 4Hz
The Horizontal to Vertical Spectral Ratio (hereafter HVSR) (Lermo and Chavez-Garcia 1993) and
Standard Spectral Ratio (hereafter SSR) (Borcherdt 1970) analyses were applied to the selected
earthquake waveforms with the aim of obtaining an estimate of local seismic response. The spectral
ratios were calculated on time-windows of 10 s from the onset of the S phase.
The HVSR of the stations at the base (CA01) and at the top (CA03) of the ridge show significant
amplifications. The larger amplification occur on the EW component. At CA01 station, the EW
component is amplified in the frequency range 5–8 Hz with respect to the vertical component while,
HVSR of CA03 station is greater than 2 between 1 and 8Hz, and the maximum amplification appears
around 3Hz.
SSRs are calculated for the three components of the signal (Fig. 7). The station CA03 was compared
with CA02 (REF) and CA01 stations (Fig. 7 top and middle). The CA01 station was divided by the
CA02 station (Fig. 7 bottom). Our analyses indicate the lack of amplifications on the NS and vertical
components for CA03 and CA01 stations with respect to the reference station CA02. In contrast, clear
amplifications emerge on the EW component. The SSR between CA03 and CA02 shows amplification
peaks between 2 and 4 Hz on the EW horizontal component, with amplitudes that reach the mean
value of 3. The SSR between CA01 and CA02 shows amplifications between 5–8 Hz on the EW
component. Finally, the SSR between (CA03) and (CA01) shows amplification at 3 Hz on the EW
component.

Figure 7. Summary of results about earthquake SSR analysis. EW/EW: SSR between East–West
components. NS/NS: SSR between North–South components. UP/UP: SSR between vertical
components. Thick blue line SSR geometrical average; thin blue lines SSR standard deviation. Black
titles analysed station code on reference station code, SSR type, number of seismic events used for
SSR analysis
The ambient seismic noise recordings were manually selected in order to remove the possible traces
of signal affected by disturbances and artificial transients. Each measure lasted at least 30 min, with
rate of 100 sps. Also, the mean, the linear trend and the instrumental response were removed from all
the recordings. The waveforms were windowed in 120-s-long time series. Each trace was rotated
between 0° and 175° (with steps of 5°) to investigate preferential directions of the amplifications. The
Power Spectral Density (hereafter PSD) was calculated for the East–West (hereafter EW), North–
South (hereafter NS) and vertical (hereafter VT) components, as described in McNamara and Buland
(2004); the single PSD was smoothed using the Konno and Ohmachi (1998) technique (with
smoothing parameter, b = 40). In order to compute the Horizontal to Vertical Spectral Ratio (Nogoshi
and Igarashi 1971; Nakamura 1989) from the ambient noise recordings (hereafter NHVSR) for each
considered azimuth, the ratio between the spectrum of the radial and vertical components was
calculated. The resulting NHVSR was obtained by geometrical mean of the NHVSRs from all the
selected signal windows. Strong amplification of ground motion of the horizontal components

compared to that of the vertical components are observed from the measurements performed at the
uppermost portion of the ridge (sector UPR). The site amplifications appear in the frequency range
1.5–8 Hz, with larger amplitudes around 3–4 Hz. The direction of the maximum amplifications is about
70◦–250◦ striking, i.e. perpendicular to the main axis of the ridge elongation.
As for the cause of the ground motion amplification, topographic effect is generally considered as the
main factor that influences local site effects along small and narrow mountain ridges (e.g. Géli et al.
1988; Massa et al. 2010). It must be noted that topographic effects involve the whole relief and is due
to the fundamental frequency of resonance of ridges (Faccioli et al. 2002). Furthermore, they are
characterised by an increase of the amplification amplitude from the base to the top of the ridge.
These two seismological features are clearly visible and definitive in many cases, e.g. in the case of
Castelnuovo village, severely damaged by the April 6, 2009 earthquake (Gallipoli et al. 2009).
Nevertheless, the marked heterogeneities concerning frequency, amplitude and polarization in the
local seismic response of the Castelvecchio Subequo (CS) ridge suggest that other causes have to be
invoked to better explain at least part of the observed ground motion amplification.
The results of our geological/structural investigations, coupled with quantitative geomechanical
analyses of the jointing condition of the rock mass, have shown that the limestone bedrock of the CS
ridge is affected by different deformation style between the lowermost and the uppermost sectors. The
uppermost portions of the ridge is mainly characterised by rock slabs—i.e. “block-type” deformation—
separated by moderately spaced joints and fractures (geomechanical stations CS5 and CS8, Fig.2).
Also, differently from the lowermost sectors, the joints sets paralleling the NW–SE trending branch of
the SVF are open of up to some tens of centimetres at the very top of the ridge.
This “picture” allows to hypothesise that the heterogeneity of the local seismic response is related to
the depicted structural characteristics of the CS ridge. Indeed, despite a low rock quality at the
lowermost portions of the rock mass, no significant ground motion amplification has been here
identified. On the other hand, ground motion amplifications strongly increase at the uppermost portion
of the ridge and displays a NE–SW orientation, i.e. striking perpendicularly to the major axis of the
ridge and to the attitude of the open fractures, as the seismic waves determine the oscillation of the
different rock slabs perpendicularly to the main attitude of the open fractures (Fig. 8).

Figure 8. Structural discontinuities (CS1) versus amplification directions (CVS3) at top of the ridge.
Left panels rose diagrams on which the azimuth and the relative abundance of the structural
discontinuities affecting the limestone bedrock; each diagram plots the measurements performed
within one squared metre of bedrock exposure. Right panels polar plot of NHVSR curves; outer black
numbers mark degrees from the North; color bar marks the NHVSR amplitudes
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1. INTRODUCTION
In Italy, a large part of the national territory is affected by significant topographic variations (grey scale
variations of Fig.1). Inevitably, many stations of the Italian Seismic Network (a total of more than 250 broadband seismological stations) are installed on topographic irregularities. The frequent seismicity of Italy (Fig.
1) produces a useful data set for a comparative study of effects caused by typical topographic shapes (e.g.
ridges and cliffs). This report illustrates criteria adopted for the station selection and methods to be used in
NERA for the characterization of station topography and site amplification. 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  

Figure 1 – Seismicity recorded in the period 2000-2011. Topography is represented through a 30 m resolution DEM.

2. STATIONS
This report deals with permanent broad-band stations of the Italian Seismic Network run by Istituto Nazionale
di Geofisica e Vulcanologia (INGV). Their signals are all transmitted in real time to the National Earthquake
Center of Rome, where waveforms are stored in the European Integrated Data Archive (EIDA, available at
http://eida.rm.ingv.it/). The installation sites are investigated through a high-resolution Digital Elevation Model
(DEM) and geological maps. Stations installed on alluvial deposits are discarded in this report. The final
station sample is composed of around 220 stations installed on rock outcrops, they are represented by
circles in Fig. 2. Among them, we will select a twenty of stations (listed in Table 1) with different levels of
amplification and well identified topographies.

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  	
  	
  	
  
	
  
Figure 2 – Rock stations of the INGV permanent network over the DEM.

3. THE DEFINITION OF STATION TOPOGRAPHY
In order to investigate topography variation at each site, a procedure is implemented through a morphometric
analysis of high resolution DEM, with the support of Geographic Information Systems (GIS). The goal is to
identify isolated or complex reliefs, calculate ridge orientations and evaluate the position of the recording
station on the ridge. This topographic identification procedure derives from a previously developed analysis
aimed at classifying the reliefs according to the EC8 indications and, hence, based on a simpler 2D
investigation (Di Capua et al., 2011).
Exploiting the Neighborhood Statistics GIS application, the elevation of each pixel is compared to those of
the adjacent ones in proper buffer zones, according to the Topographic Position Index procedure (Jenness,
2006); successively a landform classification is performed by a 30 m resolution Global Digital Elevation
Model (ASTER GDEM, 2009). The identification of ridges is achieved through the development of a proper
RIDGE application that links together sequences of GIS tools (mainly curvature, slope, flow accumulation
and focal statistics) and automates the identification process (Pessina et al., 2010).
The relief is fully characterized by identifying its base as a simple and regular polygon framing all the pixels
higher than the valley zones; once the base is defined, the transversal/longitudinal dimensions, height

difference, average slope and other morphometric parameters are consequently outlined. An example of the
automatic identification of the hill shape is shown in Figure 3 for one of the stations (CERT).

Figure 3 - Automatic identification of the hill shape of station CERT using the proposed methodology. On the left the
topographic profiles (transversal and longitudinal, respectively) are drawn, providing an estimate of the elevation. On the
right, the slope distributions around the hill are obtained through the DEM.

	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Station	
  code	
  
AGST	
  
BULG	
  
CARO	
  
CERT	
  
CLTB	
  
HAVL	
  
INTR	
  
LADO	
  
MAON	
  
MOCO	
  
MRGE	
  
MSAG	
  
MTSN	
  
	
  
PIEI	
  
PTRP	
  
RNI2	
  
TRAV	
  
VULT	
  

Sensor	
  type	
  
LE3D-‐5s	
  
Trillium	
  40s	
  
Trillium	
  40s	
  
Trillium	
  40s	
  
Trillium	
  120s	
  
Trillium	
  40s	
  
Trillium	
  40	
  
KS-‐2000	
  
Trillium	
  40s	
  
Trillium	
  40s	
  
Trillium	
  40s	
  
Trillium	
  40s	
  
Trillium	
  40s	
  
Trillium	
  40s	
  
LE3D-‐5s	
  
Trillium	
  40s	
  
Trillium	
  40s	
  
Trillium	
  40s	
  

Note	
  
Slope	
  
Slope	
  
Ridge	
  
Ridge	
  
Ridge	
  
Ridge	
  
Ridge	
  
Slope	
  
Ridge	
  
Hill	
  
Slope	
  
Slope	
  
Ridge	
  
Slope	
  
Ridge	
  
Ridge	
  
Slope	
  
Slope	
  

Longitude	
  (°)	
  
15.227130	
  
15.377600	
  
16.219000	
  
12.981760	
  
13.215620	
  
15.122000	
  
13.904600	
  
16.979492	
  
11.130900	
  
15.158000	
  
7.061010	
  
15.909600	
  
15.751500	
  
12.535000	
  
16.061240	
  
14.152400	
  
7.747000	
  
15.616300	
  

Latitude	
  (°)	
  
37.256520	
  
40.078300	
  
39.254000	
  
41.949030	
  
37.578570	
  
36.959600	
  
42.011540	
  
39.283981	
  
42.428280	
  
41.370000	
  
45.769750	
  
41.712000	
  
40.266300	
  
43.535670	
  
40.521480	
  
41.703280	
  
45.512670	
  
40.954900	
  

	
  
Table 1: Broad-band stations of the Italian seismic network located on topography. Instrument type, morphologic site
conditions, and coordinates are listed.

	
  
	
  

4. CHARACTERIZATION OF STATION RESPONSE AND ISSUES TO BE FOCUSED IN NERA
Pischiutta et al. (2011) performed a systematic investigation on rock site stations in Italy to estimate the site
amplification of the horizontal motion and its tendency to be directional. Their analysis method combines H/V
spectral ratios in the frequency domain (Nakamura, 1989) and assessment of the horizontal polarization
angle in the time domain. Using the large data set of the Italian stations (as shown in Figure 2), the first step
of their analysis was the spectral characterization of one hour of calm ambient noise recorded at each station
during the night. Non-stationary disturbances were eliminated using the anti-trigger algorithm proposed in the
SESAME guidelines. On the selected 1-hour records, the horizontal-to-vertical spectral ratios (HVSRs) were
computed for rotation angles of 10° to 180°. The mean spectral ratios plotted versus frequency and rotation
angle are a powerfull tool to display the occurrence, if any, of differential amplification of the horizontal
motion along a specific azimuth (see Figures 4 to 7). In Pischiutta et al. (2011), this tendency of many rock
sites is also confirmed by the application of a time domain technique based on the covariance matrix method
(Jurkevics, 1988). Pischiutta et al. (2011) computed the polarization ellipsoid along the station signals (both
ambient noise and earthquakes) and concluded that 30% of rock stations shows an horizontal amplification
larger than 2 and this amplification is strongly directional. As expected, many of stations that show this
behavior are installed on topographic irregularities: it is known from the literature that instrumental
observations of topographic effects indicate larger motions transversally to the elongation of the relief
(Spudich et al., 1996; Massa et al., 2010; Pischiutta et al., 2010; Buech et al., 2010; Marzorati et al., 2011).
The selected stations of Table 1 are some of the ones analyzed by Pischiutta et al. (2011). Considering
amplification levels (response spectra are the most reliable indicator for engineering oriented applications)
and polarization direction as well as morphological conditions at each station, three main categories are
recognized:
1. Stations with high amplification levels and polarization substantially transversal to the relief
elongation, already identified by Pischiutta et al. (2011);

	
  

Figure 4 - Results of polarization analysis at station CERT (Cerreto Laziale), on a 1.5 km wide and 300 m high ridge
using ambient noise (cyan rose diagram) and seismic events (red rose diagram). In the middle, the station location (red
trangle) is shown on a DEM. On the right: response spectra from Pischiutta et al. (2011) at rotation angles corresponding
to the maximum- (red curve) and minimum-amplitude azimuths (black curves) of CERT. The bleu colored band
represents +1 s.d. above the expected curve of GMPEs by Di Alessandro et al. (2011) for class CL-V sites (hard rock
with H/V <2).

	
  

2. Stations characterized by significant amplification and polarization, but directional amplification is not
perpendicular to the ridge elongation;

Figure 5 - Results of polarization analysis at station INTR (Introdacqua) located on the top of an elongated ridge (on the
left). In the middle, rose diagrams obtained from ambient noise (in red) and seismic events (in cyan) are shown. On the
right, HVSRs calculated using ambient noise are shown. Directional amplification is large but not transversal to the ridge
direction: in distinct contrast, it shows a very low angle from the ridge orientation.

	
  
3. Stations lying on elongated ridges that do not show significant amplification effect.	
  

Figure 6 - Results of polarization analysis at station CARO (Carolei) which is located on the top of a ridge. H/V spectral
ratios show a low-level amplification and polarization is anisotropic: in the right hand panels, response spectra do not
show significant difference between maximum and minimum amplitude components, and are satisfactorily fitted by
GMPEs of rock sites.

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure 7 - Results of polarization analysis at station PTRP (Pietracquaria) which is located on the top of a ridge. H/V
spectral ratios show a low-level amplification and polarization is anisotropic. On the right hand panels, response spectra
do not show significant difference between maximum and minimum amplitude component. Moreover, short-period
(T<0.5sec) spectral ordinates are overpredicted by GMPEs of rock sites.
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Introduction
The town of Grevena is situated in the northwestern Greece and has a population of
about 10.000 inhabitants. The town was recently hit by the Kozani-Grevena earthquake
(M6.6) on 13/5/1995, with an average estimated intensity (MMI) around VII. The main
part of the town is built on an alluvium basin surrounded by hills where a few suburbs
are built (Fig. 1, 2).

Fig. 1. Grevena town plan view and the sites HOTM (top of hill), HOS (foothill
reference) under study for topographic effect.
In Fig. 1 the plan view of the broader area of Grevena town is shown as well as the two
sites where topographic effect is going to be investigated. The site HOS at an altitude of
530m is situated close to the foothill while the site HOTM at an altitude of 600m on the
top of hill. The distance between these two sites is 1.3km. A bird eye view of the
examined sites is given in Fig. 2. Between site HOS and HOTM the Grevena narrow
basin intercedes. In the aforementioned sites – among others – seismographs were
installed for a period of two months for site effect studies (SyNaRMa prj. Report,
2008).

Fig. 2. North to south view of the sites HOS(foothill reference) and HOTM(top of hill) at the
Grevena town.
Geology of the Area
The geology of the study area (Fig. 3) shows that Grevena town is build upon the recent
Quaternary formations which were deposited at the edges of the river’s bed crossing the
town. The underlying Pliocene-Pleistocene sedimentary formations are identified over
the fringes of Grevena town, mainly to the northern and southwestern part of the
broader study area, which also exhibit the maximum altitude (~ 600m). The older
(Oligocene-Miocene) Mesohellenic Graben’s formations crop out in the south, west and
northwest of the town, at an approximate distance of 5 Km from the town center (IGME
geologic map 1:50.000, 1972). This formation can be considered as the effective
bedrock formation of the region and consists of a series of cohesive conglomerates and
sandstones. In summary, Grevena town is built on a typical but complex sedimentary
basin, where hard rock formations are covered by two younger and softer sedimentary
layers of more recent geological age, hence their response to seismic motion can
potentially influence the seismic risk assessment of this urban area. In addition, seismic
risk maybe increased due to hilly area surrounding the town where the building
extension plan is scheduled.

Fig. 3. Geology of the broader Grevena town and the two examined sites HOS, HOTM.

Topography of the area
To form the topographic relief in the vicinity of Grevena town the Aster global digital
elevation

model

(DEM

with

pixel

size

30mX30m)

was

used

[

http://www.nasa.gov/topics/earth/features/aster-20090629.html ] . In Fig. 4 the cross
section between the sites HOS and HOTM is shown together with the geology of the
area. In Fig 5. the Digital Elevation Model (DEM) for the broader area of Grevena town
together with the geology and the cross section between sites HOS and HOTM, are also
given. The hill where the site HOTM is located is shown in Fig. 5 with a dashed yellow
line ellipsis. The altitude difference between HOS and HOTM is about 70 meters.

Fig. 4. Cross section from site HOS to site HOTM (top of hill) showing the slope
between them (Profile X-axis in Km*10-2, Y-axis in meters).

Fig. 5. Digital Elevation Model (DEM) for the broader area of Grevena town together
with the cross section between sites HOS and HOTM (Profile X-axis in Km*10-2, Yaxis in meters).

Data from Earthquakes and Ambient Noise
During the period 7/11/2007 to 7/2/2008 an array of six seismographs (Guralp S.,
CMG-6TD) was deployed within the existing as well as in the extension plan area of
the Grevena town (SyNaRMa prj., Report, 2008). A number of 53 local and regional
events (15km≤R<500km), with magnitudes 2.0≤M ≤6.5, were recorded with a good
signal to noise ratio (Fig. 6).

At the same sites, ambient noise recordings were

obtained. The aim of the following analysis is to empirically examine whether or not
there is a topographic effect at the site HOTM due to the hill south of Grevena town.

Fig. 6. Map showing the epicenters of the 53 earthquakes recorded by the Grevena
temporary array during the period 7/11/2007 to 7/2/2008.
Preliminary Results and Discussion
For the calculation of the Horizontal to Vertical Spectral Ratio based on earthquake
recordings (RF: Receiver Function), only the time history beyond the S-wave arrival
was used (Anthymides, 2008). For the Horizontal to Vertical Spectral Ratio based on
ambient noise 30min duration the SESAME guidelines (SESAME prj. Report, 2010)
procedure was used (noise window length, wl=30sec).

Freq. (Hz)
Fig. 7. Average Horizontal to Vertical spectral ratio (RF) based on earthquake
recordings at the site HOS (± one standard deviation: dashed line).

Freq. (Hz)
Fig. 8. Average Horizontal to Vertical Spectral Ratio based on ambient noise (HVSR),
along with the average Horizontal to Vertical spectral ratio (RF) based on earthquake
recordings at the site HOS.

As it is apparent from Figs. 7 and 8, both Horizontal to Vertical spectral ratio (RF)
based on earthquake recordings and Horizontal to Vertical Spectral Ratio (HVSR)
based on ambient noise have amplitudes varying from 0.5 to 2, implying thus an
acceptable reference site for studying site effects. In addition, from the geology of the
area (Fig. 3) it seems that the site HOS lies on Neogene formations as the site HOTM.
Using site HOS as a reference one, the Standard Spectral Ratio (SSR) for the site
HOTM was estimated in both direction (NS and EW). A clear high SSR amplification
appears at the frequency around 3Hz, with slightly varying values between 7.5 to 8.5
between NS and EW directions, respectively (Fig. 9). Similar behavior is observed at
the average Horizontal to Vertical Spectral Ratio based on earthquake recordings (RF),
with a clear peak amplitude around 3 Hz, though with a lower value of 4.

Freq. (Hz)
Fig. 9. Average Standard Spectral Ratio [SSR] (solid line) ± one standard deviation
(dashed line) for the site HOTM, for directions NS and EW, using HOS as a reference
site.

Freq. (Hz)
Fig. 10. Comparison of the average Horizontal to Vertical Spectral Ratio based on
earthquake recordings (RF) with the Standard Spectral ratio (SSR) at the site HOTM
[reference site HOS].
In summary, the site HOTM at the top of the hill shows a stable behavior in amplifying
ground motion (seismic, ambient noise) at 3Hz. Taking into account that both HOTM
and HOS reference site are overlain similar thick Neogene formations, most probably
such an amplification is due to topographic effect. Thus, it is suggested that 2D (or even
3D) theoretical analyses must be performed to shed additional light to our empirically
observed result.
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