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Summary

In this Report comparisons of seismic damage distribution  with the (H/V)  spectral ratio results is attempted, under the framework of the SESAME Project (Site Effects Assessment Using Ambient Excitations, EC-RGD, Project No. EVG1-CT-2000-00026 SESAME), Task A (H/V technique), Work Package 04 (WP04– H/V Technique: Empirical Evaluation).
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Chapter 1: Introduction

The aim of the WP04 is - parallel to the theoretical and numerical analyses - to achieve a purely empirical, experimental assessment of the meaning of the horizontal to vertical component spectral ratio (H/V ratio) based on ambient noise measurements, in order to answer the following questions:
· Does H/V ratio provide a reliable estimate of the fundamental frequency at a given site ?

· Does H/V ratio indicate the frequency band over which the ground motion is amplified ?

· Does H/V ratio provide a quantitative estimate of the corresponding amplification or a lower bound estimate ? 

· Can we learn anything about the limitations in noise H/V technique related to non-linear soil behavior ?
· How does H/V spectral ratio compare with damage distribution in modern cities ?
The basic work of the WP consist in comparing the site effect estimates obtained with classical, well accepted methods (site to reference spectral ratio on earthquake recordings) with H/V noise and earthquake ratios obtained at the same sites. To accomplish this task all available data within the consortium decided to be compiled in order to analyse them in a common and homogeneous way. All the partners have agreed and provided their earthquake and noise recordings obtained for site effect estimation at many different sites throughout Europe and elsewhere to the task leader. In addition, some more noise recordings have been acquired at sites where site effects have been reliably estimated, in particular, at numerous strong motion sites where strong motion recordings are available. After the noise recordings compiled they processed with the technique developed and agreed upon in Work Package 3 of the SESAME project. 

Then the experimental (H/V) spectral ratios were compared with seismic damage distribution in six modern cities of Europe, namely, Thessaloniki, Kalamata (Greece), Rome, Fabrianno, Palermo (Italy), and Angra-do-Heroismo (Portugal). Qualitative and quantitative correlation of (H/V) specral ratio characteristics [fundamental frequency, corresponding amplitude] was attempted and showed from good, to fuzzy and to no-correlation, indicating thus the complex character of the parameters involved. 

       In this Report [“Comparisons of Damage Distribution in Modern Urban Areas with Results from (H/V) Spectral Ratio” , Deliverable D20.04] experimental (H/V) spectral ratio characteristics with seismic damage distribution for six modern European cities are compared. This sub-task started at the 28th month and the final Report integrated at the 39th month of the project. There was a shift / delay of about  10 months in the final Deliverable submission [see next diagram of Milestones and Expected Results]. This delay is due to the following reasons: 

(i) Additional data, enriched the SESAME noise/earthquake recordings database and consequently caused a time shift in converting existing data set  from various formats to SAF.

(ii) The JSESAME software development integrated with a certain delay.

(iii) For a number of sites noise measurements were repeated due to “bad” noise recordings initially acquired. 
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Milestones & Expected Results:                                                                

D04.04: Homogeneous Data Set of Noise and Earthquake Recordings at Many Sites

D16.04: Report Providing Comparisons of Experimentally and Theoretically Estimated Transfer Functions with the  (H/V) Spectral Ratio 

              Ambient Vibrations Technique and Evaluation of the Applicability of the Latter in Cases of Linear or/and non-Linear Soil Behavior  

D20.04: Report Including Comparisons of Damage Distribution in Modern Urban Areas with Results from (H/V) Spectral Ratio

Chapter 2 : Correlation between (H/V) ratio and seismic damage:The case of the city of Thessaloniki [by Panou A., Theodulidis N., Hatzidimitriou P, Papazachos C., Stilianidis K.] 
2.1. Data Acquisition and Processing
Ambient noise measurements were performed in the downtown district of the city of Thessaloniki (Northern Greece) (upper part of Figure 1). The measurement grid (about 150mX150m) covered the historical center of the city and in total 250 measurements were carried out (lower part of Figure 1). The records were preformed from Monday to Friday either during evening period (18:00pm-22:00pm GMT with closed market) or during night period (23:00pm-05:00am GMT) as proposed by Panou et al., (2004). The equipment used was the Cityshark 24-bits recorder (Chatelain et al., 2000) coupled with a Lennartz 3D/5s velocimeter sensor. The response of the seismometer is flat to velocity between 0.2 and 50 Hz. Data analysis was focused in the frequency range between 0.2 and 20 Hz. Ohta et al., (1978) have suggested an observation record at a point at least 10-to-20 minutes long in order to get a record good enough for analysis. In this work for each site the recording system operated continuously for 20 min with a sample rate of 100 Hz. 

Ambient noise data were processed in two stages. First, for each ambient noise recording, a number of windows, having a duration of 20 sec each, were selected using the ‘window selection’ module of the JSESAME software (SESAME project, 2001), in order to exclude portions with unrealistically large amplitudes or spikes, as has been also suggested by Duval et al., (2003). Using the ‘H/V processing’ module of the JSESAME software, the following steps were applied on the ambient noise data: (a) offset correction, (b) computation of Fourier spectra in all three components (E–W, N–S, UP), (c) application of a cosine taper, (d) smoothing of the Fourier amplitude spectra by a Konno-Ohmachi algorithm (Konno and Ohmachi, 1998). 

For each frequency point the horizontal recording spectrum was divided by the vertical one, separately for both horizontal components, in order to detect any significant difference between the EW/V and NS/V spectral ratios. For each measurement point a spectral ratio and an estimation of the fundamental frequency for each horizontal component (foew and fons) and the corresponding H/V amplitude level (Aoew and Aons), were provided. The fundamental frequencies calculated from the EW/V ambient noise spectral ratio (foew) versus the ones obtained from NS/V ambient noise spectral ratios (fons) were found to be almost similar. Thus, hereafter in the present study the average value of the fundamental frequency, fo, is used. 
2.2. Comparison with damage distribution

The city of Thessaloniki was strongly affected by the June 20, 1978 earthquake (M6.5) that occurred at an epicentral distance of about 30km. The historical center of Thessaloniki at the time of the earthquake consisted mainly of buildings of six to nine stories height and selected as a test area for comparing the results of the (H/V) ambient noise spectral ratio of 250 ‘in situ’ measurements with damage distribution (Penelis et al., 1985). Figure 2 shows the comparison of the contour map of the fundamental frequencies (upper part) and the H/V amplitude level (lower part) with the damage distribution per building square. It is qualitatively observed that there is a correlation between them.  

To further investigate this correlation the building squares were split into buildings based on the material that they were build, as is showed in Figure 3. The majority of the buildings, is mainly constructed by reinforced concrete. Then only the R/C buildings were clasified by the coloured card (Figure 4). Only 22 buildings fall in red category. At Figures 5 and 6 the cost of walls repair and the structural cost of repair is given, respectively. It is clear from this figures that although some of the buildings squares were clasiied as of high or very high damage, only a few buildings belonging to them exhibited high level damage.

In 1959 the seismic code of Greece changed drastically. Thus, buildings of the center of the city  separated into 2 categories, those built before and those after 1959. The vast majority the buildings in the studied area were built after 1960 (Figure 7). In Figure 8 the histogram of the year of completion of the buildings while in Figure 9 the histogram of the buildings built before and after 1959 at each damage category is, respectively, illustrated.

Finally, based on the previous information the damage distribution due to 20/6/1978 earthquake (Penelis et al., 1985) was also converted to EMS_98 (European Macroseismic Scale, 1998). Figure 10 shows the maps of the maximum amplifications of the (H/V) spectral ratio (Lower part) observed at the fundamental frequency (Upper part) of each site, on which the four grades of EMS_98 damage distribution are superposed. Despite the observed scatter, the comparison between the observed intensity of the 1978 earthquake, with the fundamental frequency (fo) and the corresponding H/V amplitude level (Ao) of ambient noise H/V spectral ratio (Figure 11) reveals a satisfactory correlation.
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List of Figures

Figure 1: Upper part: Map of the Thessaloniki, Northern Greece. Lower part: Location of ambient noise measurements in the downtown district of the city of Thessaloniki.

Figure 2: Comparison of the fundamental frequency (Upper part: east-west) and the corresponding H/V amplitude level (Lower part: east-west) with the damage distribution during the 20/06/1978 earthquake (Penelis et al., 1985). The categories are shown with different color symbols. 

Figure 3: Distribution of damage per building square against the type of structure. 

Figure 4: Distribution of damage per building square against the coloured card. 

Figure 5: Distribution of damage per building square against the cost of the repair in walls.

Figure 6: Distribution of damage per building square against the structural cost of the repair. 

Figure 7: Distribution of damage per building square against the seismic code.

Figure 8: Histogram of the year of completion of the buildings.

Figure 9: Histogram of the buildings that corresponds at each damage category before and after 1959.

Figure 10: Comparison of the fundamental frequencies (Upper part: east-west) and the corresponding H/V amplitude level (Lower part: east-west) with recorded intensities of 1978 earthquake (EMS, 98). 

Figure 11: Correlation between fundamental frequency (fo) and corresponding average amplitude (Ao), with 4 damage grades of EMS-98 scale, from the 1978 Thessaloniki earthquake.
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Chapter 3: Correlation between (H/V) ratio and seismic damage: The case of the city of Kalamata [by Panou A., Theodulidis, Savvaidis A.]
3.1. Data Acquisition and Processing

In August 2003 ambient noise measurements took place in the city of Kalamata (Southern Greece) (Figure 1). The grid of measurements covered almost the entire city. The recordings were preformed late evening early morning [20:00pm to 01:00am GMT] from Monday to Friday. The equipment used comprises the Cityshark recorder 24-bits recorder (Chatelain et al., 2000) coupled with a Lennartz 3D/5s velocimeter sensor. A GPS system provided the geographic position of each measurement point. In the experiment, the recording system operated continuously for 20 min. The sample rate was 100 Hz.

Ambient noise data were processed in two stages. First, for each ambient noise recording, a number of windows, having a duration of 20 sec each, were selected using the ‘winselect’ code of the JSESAME software (SESAME project, 2001), in order to exclude portions with forbiddingly large amplitudes or spikes, as has been suggested by Duval et al., (2003). To these data, using the ‘hvproc’ code of the JSESAME software (SESAME project, 2001), the following processing was made: (a) computation of Fourier spectra in all three components (E–W, N–S, UP), (b) offset correction, (c) application of a cosine taper, (d) smoothing of the Fourier spectra by the Konno-Ohmachi routine (Konno and Ohmachi, 1998). For each point the horizontal record spectrum was divided by the vertical one and the H/V spectral ratio were obtained.

The second step consists of plotting ambient noise H/V spectral ratio versus frequency. Each measurement point provides a spectral ratio and enables an estimation of the fundamental frequency (fo) and the maximum value of the ambient noise (H/V) spectral ratio amplitude level (Ao) at the site studied. By spatial interpolation between these points, we can deduce a map of resonance frequencies (fo) and a map of the maximum H/V amplitude level (Ao) observed at these fundamental frequencies. Figure 2 presents the variation with frequency of the average H/V ambient noise spectral ratio for three representative ambient noise recordings. The averaged H/V ambient noise spectral ratios, shown in Figure 2 display a range in complexity (e.g. ranging from a unique peak ratio to a series of peaks). The character of the H/V ambient noise spectral ratios might be related to sub-soil topography or/and to underlying geological formations. 

Other researchers have also observed this variation. Luzón et al., (2001), studied the seismic response of flat sedimentary basins and carried out numerical experiments to determine the applicability of the H/V ambient noise spectral ratio in two different kinds of structure. They concluded that H/V ambient noise spectral ratio could, reasonably well, predict the fundamental local frequency when there is a high-impedance contrast between the sedimentary basin and the bedrock, except in the center of the basin. On the other hand H/V ambient noise spectral ratio could not be used, at least in sedimentary basins with low-impedance contrast with respect to bedrock. Cid et al., (2001), studied the seismic response of different sites of Barchelona through numerical modeling. Their numerical results compared with those obtained from ambient noise measurements and showed that H/V ambient noise spectral ratio predicts the fundamental frequency of the site only when there is a sharp shear-wave velocity interface in the soil column. Woolery and Street (2002), observed that a relatively horizontal, sharp shear-wave velocity interface in the soil column resulted in an H/V ambient noise spectral ratio with a single well-defined peak in the New Madrid seismic zone in the central United States. 

Observations at sites with more than one sharp shear-wave velocity contrast and horizontally arranged soil layers resulted in at least two well-defined H/V ambient noise spectral ratio peaks. Furthermore, at sites where there were sharp shear-wave velocity contrasts in non-horizontal, near-surface soil layers, the H/V ambient noise spectra exhibited a broad-bandwidth, relatively low amplitude signal instead of a single well-defined peak. Taking into account he aforementioned, two sets of contour maps were produced; one with  fundamental frequencies, fo > 1 Hz, and another with fo <1 Hz. 
3.2. Comparison with Macroseismic Data

Figure 3 shows the contour maps of the fundamental frequency, fo, and of the maximum amplifications, Ao, respectively, when fo > 1 Hz, of the H/V spectral ratio observed at the of each site. On the same map the isoseismal intensities IMM from the 13/09/1986 Earthquake (Leventakis et al., 1992), is superposed. A quantitative comparison from the previous data is presented in Figures 4.  A correlation between intensity and fo-Ao is clearly observed. 

Figure 5 shows the contour maps of the fundamental frequency, fo, and of the maximum amplifications, Ao, respectively, when fo < 1 Hz, of the H/V spectral ratio observed at the of each site. On the same map the isoseismal intensities IMM from the 13/09/1986 Earthquake (Leventakis et al., 1992), is superposed. A quantitative comparison from the previous data is attempted in Figure 6.  In this case, there is no correlation between intensity and fo-Ao. 
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Figure 1: Location of ambient noise measurements in the city of Kalamata, Southern Greece with the Isoseismal Intensities IMM from the 13/09/1986 Earthquake (Green line: VI, Brown line: VII, Red line: VIII, Black line: IX).

Figure 2: Plot of the average H/V spectral ratio versus frequency for three measurement points. (Red line: east-west component, Black line: north-south component). 

Figure 3: Upper part: Contour map of the fundamental frequencies, when fo > 1 Hz (east-west component). The categories are shown with different color symbols. Lower part: Contour map of the H/V amplification level (Ao) at fundamental frequencies (east-west component), when fo > 1 Hz. The categories are shown with different color symbols. The Isoseismal Intensities IMM (Green line: VI, Brown line: VII, Red line: VIII, Black line: IX) from the 13/09/1986 Earthquake are also shown.

Figure 4: Upper Part: Correlation between the fundamental frequency (Upper part: east-west) and the corresponding H/V amplitude level (Ao) (Lower part: east-west component) when fo > 1 Hz, with the Isoseismal Intensities IMM (Green line: VI, Brown line: VII, Red line: VIII, Black line: IX) from the 13/09/1986 Earthquake.

Figure 5: Upper part: Contour map of the fundamental frequencies, when fo < 1 Hz (east-west component). The categories are shown with different color symbols. Lower part: Contour map of the H/V amplification level (Ao) at fundamental frequencies (east-west component), when fo < 1 Hz. The categories are shown with different color symbols. The Isoseismal Intensities IMM (Green line: VI, Brown line: VII, Red line: VIII, Black line: IX) from the 13/09/1986 Earthquake are also shown.

Figure 6: Upper Part: Correlation between the fundamental frequency (Upper part: east-west) and the corresponding H/V amplitude level (Ao) (Lower part: east-west component) when fo < 1 Hz, with the Isoseismal Intensities IMM (Green line: VI, Brown line: VII, Red line: VIII, Black line: IX) from the 13/09/1986 Earthquake.
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Figure 2
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Figure 3

[image: image93.jpg]


[image: image94.wmf]1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

f

o

 

a

v

e

 

(

H

z

)

6

8

10

5

7

9

11

I

n

t

e

n

s

i

t

y

1

[image: image95.wmf]1

2

3

4

a

m

p

 

a

v

e

 

l

e

v

e

l

 

4

6

8

10

5

7

9

11

I

n

t

e

n

s

i

t

y

[image: image96.wmf]1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

f

o

 

a

v

e

 

(

H

z

)

5

6

7

8

9

10

11

I

n

t

e

n

s

i

t

y


Figure 4

[image: image22.jpg]fo<1Hz

050-0.85
[ 0.35- 050
N 0.24-035





[image: image23.jpg]KALAMATA

HV
ampltude level
(fo <1Hz)
Ml:0-50
[ 20-30
[13-20





Figure 5
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Figure 6

Chapter 4: Correlation between (H/V) ratio and seismic damage: The case of the city of Rome  [byFabrizio Cara, Giuseppe Di Giulio, Fabrizio Marra, Giovanna Cultrera, Andrea Tertulliani, Paola Bordoni, Luca Lenti, Giuliano Milana, Antonio Rovelli.]
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Chapter 5: Correlation between (H/V) ratio and seismic damage: The case of the city of Palermo [by Fabrizio Cara, Giuseppe Di Giulio, Giovanna Cultrera, Antonio Rovelli (1,) Riccardo Mario Azzara (2,) Maria Stella Giammarinaro, Paola Vallone (3,) Roberto D’Anna, Giuseppe Passafiume (4)]

(1) Istituto Nazionale di Geofisica e Vulcanologia, Roma,(2) Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Sismologico di Arezzo,(3) Università di Palermo – Dipartimento di Geologia,(4) Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Geofisico di Gibilmanna(Palermo)
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Chapter 6: Correlation between (H/V) ratio and seismic damage: The case of the city of Angra-do-Heroismo [by Paula TEVES-COSTA 1, 2, M. Luisa SENOS3 and Carlos S. OLIVEIRA4, Proc. 13th World Conference on Earthquake Engineering

Vancouver, B.C., Canada, Paper No. 1004, August 1-6, 2004.
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Chapter 7: Correlation between (H/V) ratio and seismic damage: The case of the city of Fabriano [by Marco Pagani, Alberto Marcellini, Alberto Tento, Istituto per la Dinamica dei Processi Ambientali, CNR, Milano]

Background

Fabriano is a city of approx 30.000 inhabitants stricken by the Umbria-Marche sequence of 1997 (Amato et al., 1998). The anomalous level of damage with respect to the magnitudes and epicentral distances (MW=5.7 and 6.0, epicentral distance greater than 30 km) and the economical importance of the city stimulated the Italian civil protection to issue a microzonation project with the goal to support the reconstruction planning in order to reduce the level of risk (Marcellini et al., 2001). 
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Figure 1 Geological map of Fabriano after Parroni et al. (2001). The blue rectangle borders the area containing damage data.

This project consisted in the collection, processing and synthesis of a large quantity of seismological, geological, geotechnical and structural information. A team of structural engineers completed a detailed damage database allowing, with a proper organization of data, a comparison with geological and seismological information available. 

Geological settings

The historical core of Fabriano (see Figure 1) lies on alluvial deposits of the Giano river and eluvial-colluvial materials produced by the crumbling of slopes (Parroni et al, 2001). Alluvial deposits are mostly gravels and coarse sands locally alternated to silt and organic clays of lacustrine origin. Silty and clayey materials of Schlier and Gessoso Solfiera formation compose the eluvial and colluvial deposits at Serraloggia-La Spina and Borgo. The depth of fluvio-lacustrine deposits reaches 30 meters at most in the center of the valley where it is located the historical part of the town, while the thickness of alluvial terraces on the sides of the valley gently decreases moving toward the borders. 

Eluvial and colluvial materials are predominantly thinner than the fluvio-lacustrine deposits reaching a thickness of about 20 meters at most. The mechanical properties of these materials is generally poor; as an example, a down-hole test performed at the contact between fluvio-lacustrine and eluvial colluvial deposits in the zone of Serralogia-La Spina (Crespellani et al., 2001) measured shear waves velocities of 135 m/s between 0 and 4m, 230 m/s until 8m of depth and 340m/s till the top (located at 10.3m) of marls owing to the Gessoso-solfifera formation (VS velocities in the upper weathered part of this formation are between 450 and 650 m/s).

Damage data 
Historical Damage data
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The occurrence of damaging events for Fabriano is well documented by several historical documents (Castelli and Monachesi, 2001). Figure 3 shows the seismic history of Fabriano as contained in the DOM4.1 database (Monachesi and Stucchi, 1997). Since 1279 the city experienced at least seven events with intensity larger than six while the highest observed intensity corresponds to nine.

Castelli and Monachesi (2001) reconstructed a detailed historical earthquake scenario for the event occurred in 1741 (Is=9.0, estimated magnitude 6.2) using historical reports of reparation costs, prepared for each of the four quartieri (portions of the city). The reconstructed scenario (see Figure 2) points out a differential response corresponding to a difference of one degree of intensity at maximum between the most damaged areas (at E and SW, yellow and green sectors in Figure 2) and the less damaged ones.
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Figure 3 Seismic history for the city of Fabriano as described in the DOM4.1 database (Monachesi and Stucchi, 1997).

1997 earthquake damage data

In autumn 1997 (Dolce and Larotonda, 2001) completed a vulnerability and damage survey of the city of Fabriano. The investigated areas were the historical center, and two recently built suburbs where the level of damage was considered particularly anomalous given magnitude and distance of 1997 earthquakes. 

Damage database structure

The structure of the database adopted for information collection and storage corresponds to a standardized survey form (“Scheda di I livello di rilevamento del danno, pronto intervento e agibilità per edifici ordinary nell’emergenza post-sismica”, Dipartimento Nazionale di Protezione Civile) where the stored data are gathered into four main sections, corresponding to: 

1. General info;

2. Major building characteristics;

3. Building structural properties;

4. Damage data.
The first part collects general data relative to each building such as the cadastral parcel or the municipality name; the second one groups the most relevant information regarding the building: e.g. number of floors, year of construction. The third is a section dedicated to the description of the structural properties of the construction while the last section contains information relative to the level of damage produced by the main shock and eventually the aftershocks. 

Buildings properties in the historical center of Fabriano

In the period immediately after the 26 September 1997, 883 buildings were inspected in the historical center. This zone encompasses ancient buildings with masonry vertical structures and wooden roofs of different quality: from good quality (e.g. masonry structure with iron ties) to poor structural quality (e.g. masonry with bad mortar). The distribution of building typologies is (Dolce and Larotonda, 2001): 

	R/C
	02.50%

	Mixed masonry – R/C
	00.12%

	Masonry
	97.40%


Buildings characteristics in Serraloggia- La Spina quarter

This quarter is located east of the historical center on a gentle slope of outcropping eluvial and colluvial materials; the buildings in this area were built generally after 1960. The types of structures are equally divided between masonry structures and reinforced concrete structures (Dolce and Larotonda, 2001) as specified in the table below. 

	R/C
	50.80%

	Mixed masonry – R/C
	  1.7%

	Masonry
	47.50%


Damage distribution

Figure 4 represents the damage distribution in Fabriano as described in Dolce and Larotonda (2001). The damage description is separated in two parts, one to non structural wrecking and one devoted to structural damage. 

Non structural damage in the historical part of the city (Figure 4, top panel) does not show a clear pattern or an evident clustering. Nevertheless, in the western part the level of non structural damage appears higher than in the remnant parts; this observation is in contrast with the content of Figure 2 where the earthquake damage scenario for the event of 1741 evidences the eastern and southwestern parts as the ones with major damages. Data relative to structural damage in the historical center, on the contrary, are less diffused and their low density and sparseness inhibit the identification of possible concentrations.

The suburb of Serraloggia – La Spina provides evidences of severe non structural and structural damages indicating a probable stronger level of shaking for this area. This deduction is well supported by geological and geotechnical investigation that found superficial low velocity materials and, most of all, by the results of standard spectral ratios on weak motion data (Tento et al., 2001) and of site effects computed using inversion techniques (Michelini et al., 2001). It must be pointed out, however, that a factor contributing to this level of damage could be brought back to slope instabilities apparently active even in static conditions.
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Figure 4 Fabriano non structural (top panel) and structural damage(bottom panel) according to Dolce and Larotonda (2001). Damage grade in the upper and lower legends: 0 – no damage, 1 – light damage, 2 – moderate to heavy damage, 3 – heavy damage to collapse. 

Damage database acquisition 

The damage database prepared in the framework the Umbria-Marche microzonation project (see the CD-ROM included in Marcellini and Tiberi, 2000) had the drawback of not being georeferenced and it lacked of synthetic definitions of non-structural and structural damage for each building as published in Dolce and Larotonda (2001). 

The damage maps considered as the most representative for this experiment (Dolce e Larotonda, 2001) were consequently acquired in a digital raster format and georeferenced within the ArcViewTM GIS using a reference vectorial building theme provided by the Fabriano municipality. The damage data contained in the georeferenced images were manually digitized to obtain a point theme where each point have two indexes comprised between 0 and 3 for the description of non-structural and structural damage (see Figure 4).  
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Figure 5 EMS98 damage distribution in Fabriano.

The EMS 98 damage grade was computed by processing the point theme with a translation algorithm based on EMS 98 damage definition criteria (Grünthal, 1998). In this contest, the levels of structural and non-structural damage defined by Dolce and Larotonda were equalized to the first three levels of damage contained in the EMS 98 (e.g. EMS 98 slight non-structural damage corresponds to the light non-structural damage defined by Dolce and Larotonda, 2001). The point theme with the computed EMS 98 damage grade is represented in Figure 5.
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Figure 6 Weak motion and noise point of measure in Fabriano. Short codes represent points where both weak motion and microtremor were measured while long names identify points where only microtremor measures were carried out.

Earthquake recordings and seismic noise data 

With the specific aim of site effects assessment, a dense velocimetric network monitored 21 sites in the urban area of Fabriano  for a period of about two months (from October to November, 1997).  A detailed description of the deployment of the array, data acquisition and processing is contained in de Franco et al., 2000,  whereas Franceschina, 2000, fully describes the obtained database of the selected events and noise samples. Tento et al., 2001, performed the site effects zonation of this area whose main steps are illustrated in the following. 

The array was deployed mainly on the fluvio-lacustrine deposits that characterize the geology of the area investigated but for two stations that were installed on the outcrops of the Umbro-Marchigiana series  to be taken as reference sites for the analyses (Figure 6).  

The collected data allowed the creation of a database with about 1500 seismometric 3D recordings corresponding to 114 seismic events  (70 events per site on the average) whose Magnitude  ranges from ML 2.1 to 4.6 while their hypocentral distances are between 25 to 40 km and their back azimuth, with respect to the center of the array, are between 170 to 220 degrees. 

Microtremor measurements were performed in the same sites of the seismological stations only in 5 cases  whereas they are also available in 10 additional sites.

The data recorded evidenced a remarkable variability of site effects in the area investigated. For instance, the acceleration response spectra, 5% damping, of a ML 4.5 earthquake, generated at about 55 km, approximately the same source zone of the mainshocks, show a variability as high as 4 for PGA, 6.5 for T=0.1 s and 3.5 for T=0.5 s.

The basic elaborations of the velocimetric data, which are aimed to the construction of the site effects map, concern:

· Analysis of the incidence angle of the first arrivals of P waves at  the different stations with respect to that of the reference stations. The results are used to verify a qualitative correlation with the local geology of the monitored sites.

· Computation of spectral ratios and receiver functions using a standard technique.

· H/V spectral ratio of noise. Direct measurements of seismic noise were available at 15 sites, in these cases a standard procedure for the evaluation of H/V ratios was employed. For the remaining sites, corresponding to the other seismological stations, H/V ratio was estimated using, for each place, several  pre-event windows opportunely  selected from the available recordings. The ultimate result of this step is the map of the fundamental period of soil (T0). This map, redrawn with respect to the original one and  reported in figure 10,  was recomputed in terms of a triangulated irregular network (TIN) using a GIS software. We avoided the use of gridding algorithms, such as Inverse distance weighted methods or splines, because from our tests we observed a relevant variability on the distribution of maps especially in areas where the density of point of measure it is not satisfactory.
The above reported analyses led to construction of a map that characterize the examined area in terms of zones with overall homogeneous seismic behavior. The map, reported in figure 7, identifies these zones:  

zone 0
Zone with amplification 1. Such zone is limited by the geologic boundaries of the Schlier and Bisciaro formations that can be considered as seismic bedrock on the base of geological evidences, receiver functions and H/V ratios of noise. Besides, the highest P wave incidence angles are observed in this zone. 

zone 1
This zone, which approximately corresponds to zone “Borgo”, comprises three different kinds of lithotypes. It is characterized by spectral ratios which show the highest amplification experienced in the investigated area attaining values greater than 2.5 in a wide frequency band, from 2 to 8 Hz. Zone 1 is limited at South by the border of zone 0 and at East by the limit of the outcrop of the Gessosa Solfifera formation.

zone 2
This zone approximately encompasses the Fabriano historical center. It is characterized by spectral ratios with an amplification peak around 3 between 2 and 3 Hz. In this zone the incidence angle is comparable or greater than in zone 4. The isoline of T0 map corresponding to 0.5 s  has been used  to draw the Southern and Eastern limit of this zone.

zone 3
This zone includes two part located at North and South of zone 2. Incidence angles are in general higher than those of the zone 2 and T0 is generally lower. Spectral ratios show amplifications comparable or lower than those in zone 2. Border of the Northern part of this zone is quite uncertain. 

zone 4
This zone corresponds to “Serraloggia – Spina” and is characterized by spectral ratios which show relevant amplifications, in some cases up to 6 in the interval between 2 and 4 Hz and a little lower but over a wider frequency range in other sites. A significant feature of this zone is the considerable variability of the expected ground motion as evidenced by the difference in the spectral ratios between stations located at less than 200 meters. Incidence angles are the lowest in the Fabriano area. It is possible to delimit such zone only to East at the boundary with zone 2 on the base of T0 map.

As already mentioned, the results of weak motion processing, synthesized in the zonation map, and the damage distribution are generally in a good accordance; the damage, indeed, is concentrated in two suburbs, Borgo and Serraloggia-La Spina (zone 1 and 2) where spectral ratios show the highest amplifications. 
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Figure 7 Site effects zonation map of Fabriano (Tento et al., 2001)
Comparison between H/V results and geology


Figure 8 shows a map of Fabriano basin depth obtained using borehole data. The basin has an ellipsoidal shape with the major axis elongated parallel to the axis of the valley. Its maximum depth reaches about 30 meters below the eastern part of the historical center. 
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Figure 9 represents noise H/V ratios on some stations located along a NW-SE direction across the Fabriano basin and a T0 profile (upper right panel). The coherence between the deepest portions of the basin and the stations with the lowest values of the fundamental period is fairly good as well as the higher values of fundamental period observable on the two sides of the valley (stations GE2, Garibaldi and Poio; see also Figure 6).

Comparisons between damage distribution and H/V results

The comparison between damage grade (defined according to EMS 98) and the fundamental period of soil is represented in figure 10. At a glance, this figure does not show a clear correspondence between the map of the fundamental period and the damage; on the contrary the pattern of the underlying grid appears to be correlated with the one represented in figure 8, confirming a conformity between the geological properties of the basin and noise H/V processing results.

The four panels of Figure 11 represent for each damage grade, the distribution of the soil period under the analyzed buildings. For instance, the bottom panel (EMS98 damage grade 0) shows an almost uniform distribution of the number of buildings for each interval of the soil fundamental period (all the histograms are normalized to the total number of buildings surveyed). As already observed for figure 10, figure 11 does not show any clear evidence of correlation between soil period and damage.
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Figure 10 Comparison between the spatial distribution of deposit fundamental period (orange scale grid) and the spatial distribution of damage - EMS 98 (dots of different colors) for Fabriano. 
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Figure 11 The four panels show the distribution for each damage grade (according to the EMS98 scale), of the soil period under the analyzed buildings. Each green circle represents a single building. Histograms are normalized in respect to the total number of buildings surveyed. 

Conclusions

Using damage database, geological information, weak motion recordings and noise data collected in the framework of the Umbria-Marche microzonation project, we compared the results of noise H/V processing with geological and damage distribution. We found that the fundamental period of the soil as obtained by noise H/V is in agreement with the map of the basin depth obtained using boreholes information (see Figures 8, 9 and 10). However, the areal distribution of damage does not show a clear correlation to the fundamental period of the deposit pattern (Figure 10). Moreover no clear correlation, as it appears from figure 11, was observed between the damage grade and soil fundamental period. 

References 

1. Amato, A., A. Azzara, C. Chiarabba, G.B. Cimini, M. Cocco, M. Di Bona, L. Margheriti, S. Mazza, F. Mele, G. Selvaggi, A. Basili, E. Boschi, F. Courboulex, A. Dechamps, S. Gaffet, G. Bittarelli, L. Chiaraluce, D. Piccinini (1998). The 1997 Umbria-Marche, Italy, earthquake sequence: A first look at the main shocks and aftershocks. Geophysical Research Letters, 25(15), 2861-2864.

2. Castelli, V., G. Monachesi (2001). Seismic history and historical earthquake scenario for the town of Fabriano (Central Italy). Italian Geotechnical Journal, XXXV(2), 36-46.

3. Crespellani, T., B. Ciulli, C. Madiai, G. Vannucchi (2001). Dynamic geotechnical testing and seismic response analysis at Fabriano, Italy. Italian Geotechnical Journal, XXXV(2), 146-158.
4. Dolce, M. and A. Larotonda (2001). Earthquake’s effects on the Fabriano, Nocera Umbra and Sellano’s buildings. Italian Geotechnical Journal, XXXV(2), 10-19.
5. de Franco R., Boniolo G., Corsi A., Daminelli R., Franceschina G.L., Maistrello M., Morrone A., Pagani M., Tento A., Pierni G., Stoppoloni R., Tiberi P., Michelini A., Govoni A., Duri G.,  Ponton F., Romanelli F., Cattaneo M., Augliera P., Bindi D., Carenzo G., Eva E., Lanza V., Parolai S., Pasta M., Spallarossa D., Zunino E., Gorini A., Marcucci S., Marsan P., Milana G., Zambonelli E., Mucciarelli M., Monachesi G. (2000) - Registrazioni velocimetriche. In Marcellini A., Tiberi P. (eds.) "La microzonazione sismica di Fabriano", Biemmegraf, Piediripa di Macerata, pp.149-190 (in Italian).

6. Franceschina G.L. (2000) - CD-ROM delle registrazioni velocimetriche delle repliche effettuate dalla rete installata a Fabriano . In Marcellini A., Tiberi P. (eds.) "La microzonazione sismica di Fabriano", Biemmegraf, Piediripa di Macerata, pp.257-291 (in Italian).

7. Grünthal, G. (editor) (1998). European Macroseismic Scale 1998. Cahiers du Centre Europeen de Geodynamique et Sismologie, vol 15. 

8. Marcellini, A., P.Tiberi (eds.) (2000). La Microzonazione sismica di Fabriano. Biemmegraf, Piediripa di Macerata. 

9. Marcellini, A., R. Daminelli, A. Tento, G.L. Franceschina,M. Pagani (2001). The Umbria-Marche Microzonation Project: outline of the project and the example of Fabriano results. Italian Geotechnical Journal, XXXV(2), 28-35.

10. Michelini, A., A. Govoni (2001). Site amplification from earthquake data in Fabriano,Central Italy. Italian Geotechnical Journal, XXXV(2), 118-130

11. Monachesi, G, M. Stucchi (eds.) (1997). DOM4.1 Un database di osservazioni macrosismiche di terremoti di area italiana, al di sopra della soglia del danno. CNR-GNDT technical report, 2 vols. Available at the website http://emidius.mi.ingv.it/DOM/ 

12. Parroni, F., G. Scarascia-Mugnozza, P. Traversa, G. Valentini (2001). Engineering geological investigations for the seismic microzonation of Fabriano (Marche, Italy). Italian Geotechnical Journal, XXXV(2), 86-97.

13. Tento A., R. de Franco , G. Franceschina,  M. Pagani  (2001). Site effect zonation of the Fabriano municipality. Italian Geotechnical Journal, XXXV(2), 131-145.

D16.04





D20.04





D04.04





MODERATE DAMAGE





LOW DAMAGE





Distribution of Damage per 


Building Square during 


the 20/6/1978 Earthquake


(Penelis et al., 1985) 





VERY HIGH DAMAGE





HIGH DAMAGE





NO DAMAGE





MODERATE DAMAGE





LOW DAMAGE





Distribution of Damage per 


Building Square during 


the 20/6/1978 Earthquake


(Penelis et al., 1985) 





VERY HIGH DAMAGE





HIGH DAMAGE





NO DAMAGE





MODERATE DAMAGE





NO DAMAGE





LOW DAMAGE





LOW DAMAGE





Distribution of Damage per 


Building Square during 


the 20/6/1978 Earthquake


(Penelis et al., 1985) 





VERY HIGH DAMAGE





NO DAMAGE





HIGH DAMAGE





LOW DAMAGE





HIGH DAMAGE





VERY HIGH DAMAGE





Distribution of Damage per 


Building Square during 


the 20/6/1978 Earthquake


(Penelis et al., 1985) 





MODERATE DAMAGE





MODERATE DAMAGE





NO DAMAGE





HIGH DAMAGE





VERY HIGH DAMAGE





Distribution of Damage per 


Building Square during 


the 20/6/1978 Earthquake


(Penelis et al., 1985) 





SEISMIC CODE 1959





� EMBED Grapher.Document  ���





4       HIGH





3       MODERATE 





� EMBED Grapher.Document  ���





1       NO 





2       LOW 





5       VERY HIGH





Distribution of Damage 


per Building Square during 


the 20/6/1978 Earthquake


(Penelis et al., 1985) 





� EMBED Grapher.Document  ���





LOW DAMAGE





MODERATE DAMAGE





NO DAMAGE





HIGH DAMAGE





VERY HIGH DAMAGE





Distribution of Damage per 


Building Square during 


the 20/6/1978 Earthquake


(Penelis et al., 1985) 





LOW DAMAGE





MODERATE DAMAGE





NO DAMAGE





HIGH DAMAGE





VERY HIGH DAMAGE





Distribution of Damage per 


Building Square during 


the 20/6/1978 Earthquake


(Penelis et al., 1985) 





� EMBED Grapher.Document  ���





� EMBED Grapher.Document  ���





� EMBED Grapher.Document  ���





� EMBED Grapher.Document  ���





� EMBED Grapher.Document  ���





� EMBED Grapher.Document  ���





� EMBED Grapher.Document  ���





� EMBED Grapher.Document  ���





� EMBED Grapher.Document  ���





GREECE





�





Figure 8 Map of the depth of the basin of Fabriano (Parroni et al., 2001).





Figure 2 Historical Earthquake damage scenario in Fabriano due to the 1741 earthquake (Castelli and Monachesi, 2001).











Figure 9 H/V ratios at some station along a profile perpendicular to the axis of the valley (Tento et al., 2001)
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