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ABSTRACT
L’Aquila earthquake was a complex seismic event characterized by its mainshock on 6th April 2009 with moment magnitude Mw=6.3 and many foreshocks and aftershocks that stroke the whole Aterno River Valley from November 2008 up to September 2009. The huge amount of strong-motion records collected by permanent and temporary stations placed in the valley show a heterogeneous seismic hazard scenario related to different damage levels. With respect to the seismological features of the records within the “crater” (that is the portion of the Aterno Valley that suffered the strongest struck) they show “near field” and “near source” characters although the same records provide differentiated amplification effects among neighboring sites. Geological relieves and direct and indirect in field testing were performed for drawing seismic microzoning maps according to the “Guide Lines for Seismic Microzonation Activity” delivered by the National Department of  Italian Civil Protection. As the level three of microzonation studies is concerned, the calculation of amplification factors by means of 1D , 2D and 3D numerical simulations shall be carried out and results summarized within homogeneous seismic amplified areas. 
This paper focuses on and discusses results from one- and two-dimensional (1D and 2D) numerical simulations at the municipal area of Onna city, destroyed by the main shock on 6th April 2009. It is identified as Macroarea 5. The present study investigate the seismic main characters of the Onna valley response in “near field” conditions. Numerical results have been compared with some strong aftershocks recorded at Onna seismic station lying. 

SOMMARIO
Il terremoto dell’Aquila è stato un evento sismico complesso sfocito nel mainshock del 6 aprile del 2009 con magnitudo momento Mw=6.3  emolte scosse precursore e repliche che scossero la Valle dell’Aterno da novembre del 2008 a settembre del 2009. La grande quantità di registrazioni strong-motion acquisite dalle stazioni sismiche permanenti e temporanee posizionate nella valle hanno mostrato uno scenario di pericolosità sismica fortemente eterogeneo caratterizzato da differenti livelli di danneggiamento. Riguardo agli aspetti sismologici delle registrazioni acquisite nel “cratere” (cioè la porzione della Valle dell’Aterno che ha subito di maggiori danni), esse hanno mostrato caratteri di “campo vicino” e di “sorgente vicina” nonché differenti livelli di amplificazioni locali tra siti vicini. Rilievi geologici e prove in sito dirette ed indirette sono state effettuate per realizzare le mappe di micro zonazione secondo le “Linee giuda e criteri per la microzonazione” pubblicate dal Dipartimento Nazionale della Protezione Civile. Per quanto riguarda gli studi di microzonazione di terzo livello, il calcolo dei fattori di amplificazione deve essere fatto mediante analisi numeriche 1D, 2D ed anche 3D ed i risultati devono essere sintetizzati in aree ad amplificazione sismica omogenea. Questa nota ha come oggetto di discussione i risultati di analisi  numeriche 1D e 2D al sito di Onna, distrutta dalla scossa del 6 aprile 2009. Essa è identificata come Macroarea 5. Il lavoro studia gli aspetti principali della risposta sismica della Valle di Onna in condizioni “di campo vicino”. I risultati numerici saranno confrontati con alcuni forti repliche registrate dalla stazione sismica di Onna.

1. Introduction
L’Aquila earthquake 2009 is the Italian best documented seismic event than ever. Several registrations of strong motion and weak motion events are now available for free on the Itaca (www.itaca.it) and Iside (www.iside.it) databases. Furthermore the huge amount of studies concerning the geological, seismological, structural, geophysical and geotechnical characterization of the Aterno River Valley have been published by the National Department of  Civil Protection[Working group MS-AQ, 2010] and summarized by microzonation maps. Each map identifies homogeneous areas with respect to amplification effect, instability or liquefaction phenomena shown. Within the Aterno Valley, twelve areas have been studied within the “Crater”, that are those territories where L’Aquila earthquake caused effects higher than VI degree of Mercalli-Cancani-Sieberg (MCS) intensity scale. Three detail levels shall be used within microzoning studies: level 1, by mapping homogeneous geological units with respect to seismic behavior; level 2, by mapping numerical indexes for homogeneous susceptible areas; level 3, by mapping homogeneous seismic responses carried out by means of one-, two- and even three-dimensional numerical analyses. As the amplification effects are concerned, hereafter valley effects have been investigated within the Macroarea 5 (Onna city). It identifies Onna municipality, that was destroyed by the mainshock on 6th April 2009. Although a seismic station named MI03 was active there, it didn’t record the dreadful event. Strong aftershock registrations have been considered there for microzoning activity. In this Aterno Valley sector, south of L’Aquila city center, according to several researchers [Lanzo et al., 2011; Bergamaschi et al., 2011; Di Giulio et al., 2010; Monaco et al., 2009] local seismic effects can be detected associated with high spectral amplification and possibly due to valley effects. Since now, 2D numerical simulations have not been performed although geological, geophysical and geotechnical investigations have been accomplished. The present study shows results from 1D and 2D numerical simulations together with in field investigations and seismic registrations that the authors performed at Onna site aiming at improving numerical models. Results will be presented and compared with three strong aftershock registrations at Onna site.

2. Historical seismicity at Onna city site
The unpredicted main-shock occurred on 6/04/2009 01:32 UTC Mw=6.3 happened after a long foreshock sequence started in November 2008. At Onna city site, this main-shock destroyed almost the whole urban buildings, as can be seen in Fig. 1, causing damages classified as heavy as the IX-X degree of the MCS intensity scale. Aztori et al. [2009] defined the geometric and kinematic characteristics of the fault activated during the main-shock from the modeling of Envisat and COSMO-SkyMed DInSAR interferograms. Accordingly, their best-fit solution is represented by the northern part of Paganica-San Demetrio active normal fault system [Bagnaia et al., 1992], about 16km long and 12km wide and hypocentral depth of about 9km. As can be seen, Onna city is less than 5km far from Paganica fault whereas L’Aquila city is 5.7km far from it: the two cities fall within the Paganica fault hanging wall. Unfortunately, main shock registrations are not available at Onna city center although Aztori et al. [2009] measured a vertical displacement of the hanging wall about 30cm. Nonetheless, many differentiated effects were registered within the Aterno valley [Galli and Camassi, 2009]  after the main-shock: the highest intensity has been assigned to the Villages of Onna and Castelnuovo (Fig. 2a). Within the epicentral area, some Villages such as San Gregorio, L’Aquila, Villa Sant’Angelo were also heavily damaged (9 MCS) whereas Monticchio, Fossa, Tussio, San Pio delle Camere and Barisciano were less damaged (5-6 MCS). The lack of uniform damage level cannot be mainly attributed to building types and their structural features according to the damage survey carried out by Monaco et al. [2009], among others, especially in those municipalities placed South-East of L’Aquila city. 


a)  b)
Figure 1. a) Aerial photo of Onna city site taken few hours after the 2009 main shock; b)COSMO-SkyMed ascending interferogram (post-event image April 13), normal baseline 430 m, look angle 36° from an ascending orbit. Green symbol indicates the Mw=6.3 main-shock location [Atzori et al., 2009 modified].
Figura 1. Foto aerea della città di Onna fatta poche ore dopo il main shock del 2009; b) Interferogramma scendente di COSMO-SkyMed (immagine del dopo evento del 13 Aprile), linea base normale di 430m, angolo di visuale 36° da un orbita ascendente. Il simbolo verde indica l’epicentro del main-shock di magnitudo Mw=6.3 [Atzori et al., 2009 modified].


a) b)
Figure 2. a) Macro-seismic map of the main-shock on 6th April 2009 [Galli and Camassi, 2009 modified]; b)the most affected areas nearby L’Aquila city site from historical seismic events by Baratta [1901].
Figura 2. a) Mappa macrosismica del main shock del 6 aprile 2009 [Galli and Camassi, 2009 modified]; b) aree maggiormente danneggiate nei dintorni dell’Aquila da eventi sismici storici Baratta [1901].

Table 1. Historical seismicity at Onna city.
	Intensity at the Onna site (MCS)
	YearMonthDay    Hour
	Epicentral Area
	Intensity at the epicentral site (MCS)
	Magnitude Moment (Mw)

	7-8
	1915 01 13     06 52 
	Avezzano
	11
	6.99

	7-8
	1958 06 24     06 07 
	Aquilano
	7-8
	5.17

	8
	1703 02 02     11 05 
	Aquilano
	10
	6.65

	10
	1461 11 26     21 30 
	Aquilano
	10
	6.46




Considering the historical seismicity of Onna, Table 1 shows four seismic events that heavily struck Onna city: three out of four with an Intensity higher than 9. Concerning the most ancient seismic events reported in Table 1, that are 1461 and 1703, Baratta [1901] collected documentary information on those earthquakes at Onda (the ancient name of Onna): he reported a mournful comment, that is, they caused several deaths and complete destruction at Onda; but no further details about their sources or their shaking characters were reported.
Nonetheless, Baratta plotted the boundaries of the major damages due to some historical seismic events that affected the Aterno River Valley: a portion of this damage chart is illustrated in Fig. 2b that reports the elliptical boundary of the 1703 earthquake. As reported by the author, this event was characterized by several subsequent shocks with major damages registered South-Eastward of L’Aquila city. Moreover, Baratta drawn a spot-like distribution of damages associated to different seismic events; this “damage chart” resembles the macro-seismic map of Fig. 2, showing the South-East part of the Aterno Valley as the much affected territory by seismic events. Such evidences fit well with the 2009 earthquake damage framework: thus, local effects could play a relevant role in amplifying seismic signals where buildings are placed on soft and thick surficial sediments or where morphology and subsurface complex geometries can be detected. 
Accordingly, this paper deals with 2D numerical simulations of the Onna sector within the Aterno River Valley. The aims of this study are twofold: (1) to model the dynamic soil behavior and the geometry of the subsurface layer boundaries for calculating the extension of the local amplification on “near field” input motion, and (2) to try to weigh the contribution of the layer geometry and the seismic impedance contrast of the soil units on the overall amplification phenomenon at Onna site.
To this end, some in field tests have been performed at Onna city site by the present authors whereas geological cross section by Working group MS-AQ [2010] has been used and the most of the physical and dynamic characterization of the considered soil deposits at Onna site have been collected from literature [Working group MS-AQ, 2010; Compagnoni et al., 2011; Di Giulio et al., 2011]. Moreover, the strong aftershocks registered at Onna seismic station, that is MI03, are considered: (1) on 07/04/2009 at 17:47 UTC Mw=5.6 with epicentral distance Repi=5.9km; (2) on 07/04/2009 at 21:34 UTC Mw=4.6 with epicentral distance Repi=10km; and (3) on 09/04/2009 at 00:52 UTCMw=5.4 with epicentral distance Repi=20.5km.

3. Essential geological features of Onna, Monticchio and San Gregorio sites
The study area is located in the South-Eastern part of  River Aterno Valley (Fig. 3). It is a Quaternary tectonic basin elongated towards NW-SE direction bounded by predominately NW-SE-striking and SW-dipping active normal fault [Bagnaia et al., 1992]. The basin is filled by Holocene soils overlaying lacustrine deposits dated to Pleistocene age  [Bosi and Bertini, 1970]. The sediment sequence show a complex mixture of clay, silt, sand and gravel, according to the in field and laboratory investigations carried out by Working group MS-AQ [2010], Monaco et al. [2009] and Lanzo et al. [2011]. The interior of the basin is articulated by a number of NW-SE elongated ridges formed by pre-Quaternary carbonate rocks and emerging from the continental deposits.



Figure3. (a) Essential geologic outlines of the Aterno Valley.1)Continental deposits. 2)terrigenous units (upper Miocene).3)Mesozoic platform and miocenic limestones (area of Aterno River). 4) Cretaceous platform and miocenic limestones (Ocre Mts.) and calcareous-marly-detrital lithologies. 5)Mt. Ruzza area.6)Filetto-Pescomaggiore area.7)Mt. Pettino area.8)Roio-Tornimparte area. a)normal fault. b)presumed normal fault. c)overthrust or transgressive fault.(b) Geological map 1:5000 scale at San Gregorio site. SG: San Gregorio alluvial fan. T2: sandy silts and gravel. T1: gravel and conglomerate. LACa2: gravel. CFR2: calcarenite. [After Working group MS-AQ, 2010modified].
Figura 3.(a) Tratti essenziali della geologia della Valle dell’Aterno. 1) Dpositi continentali. 2) unità terrigene (Miocene Superiore). 3) Piattaforma Mesozoica e calcari Miocenici (area del fiume Aterno). 4) Piattaforma Cretacea e calcari Miocenici (Monte Ocre) e litologie detritiche-mernose-calcaree. 5) Area del Monte Ruzza. 6) Area di Filetto-Pescomaggiore. 7) Area del Monte Pettino. 8)Area di Roio-Tornimparte. a) faglia normale. b)faglia normale presunta. c)sovrascorrimento o faglia trasgressiva.(b) Mappa geologica a scala 1:5000 a sito di San Gregorio. SG: conoide alluvionale di San Gregorio. T2: limi sabbiosi e ghiaie. T1: ghiaia e conglomerati. LACa2: ghiaia. CFR2: calcarenite. [After Working group MS-AQ, 2010modified].



Figure 4.Geological setting along a section crossing the middle Aterno Valley [After Working group MS-AQ,2010 modified]. Unit 1: conglomerates and gravel. Unit 2: alternation of gravel, sand and silt. Unit 3: eluvium-colluvium made up of soft silt and clay with scattered gravel grains. Green unit: limestone or flysch bedrock. 
Figura 4. Assetto geologico lungo una sezione che attraversa la parte centrale della Valle dell’Aterno [After Working group MS-AQ,2010 modified]. Unità 1: ghiaie e conglomerati. Unità 2: alternanza di ghiaie, sabbie e limi. Unità 3: depositi eluvio-colluviali costituiti da limi e argille tenere con ghiaie. Unità verde: bedrock costituito da calcari e flysch.

With respect to Onna site, a geologic cross section is shown in Fig. 4 [Working group MS-AQ, 2010]. The AA’ cross section points out a very thin layer of Holocene deposit (unit 3) nearby Onna. At Onna site, where the average elevation is 580m, unit 3 lays on calcareous alluvial and fluvial deposits of sand and gravel with inter-bedded clay and silt overlying Pleistocene silty-clay sediments (unit 2), about 50m thick overlaying a lower Pleistocene conglomerate substrate (unit 1). The deep basement is assumed to be the Mesozoic limestone/Flysch that outcrops in the uppermost Monticchio village [Di Giulio et al., 2011], that is built on a gentle slope at the toe of the northern part of Cavalletto mountain at 600m elevation approximately. On the western plain of Monticchio a recent sounding has been drilled by Monaco et al. [2009] for geotechnical characterization of the Aterno River Valley (Fig. 5a). There, calcareous gravel and cobbles up to the bottom of the borehole, that was 40m, were detected (Fig. 5a). At San Gregorio site, crop out the oldest continental deposits (early Pleistocene) made up of very stiff or cemented lacustrine carbonate silt with sand interbeds [APAT, 2005].The geological relieves and two electrical resistivity tomography (ERT) carried on at San Gregorio site, show the well stratified bio-clastic calcarenite bedrock outcropping on the western flank of the San Gregorio hillside (named “calcareniti a foraminiferi”, CFR2 in Fig. 4c). This unit is locally intensely fissured as the authors relieved at the site where the geophone 4826 is placed (Fig.4c).


a)  b)
Figure 5. a) Stratigraphic profile from a 40m sounding at Monticchio site [After Monaco et al., 2009 modified]; b) Investigation map at Onna site [After Working group MS-AQ, 2010 modified].
Figura 5. a) Profilo stratigrafico ottenuto da un sondaggio di 40m a Monticchio [After Monaco et al., 2009 modified]; b )Mappa delle indagini al sito di Onna [After Working group MS-AQ, 2010 modified].

Geological and geophysical investigations have been performed at Onna site (Macroarea 5) for microzoning purpose. Here, a complex geological setting of sedimentary sequences of continental deposits made up of a mixture of gravel, sand and silt with highly variable thickness and degree of cementation [Bergamaschi et al., 2011]. Fig. 5b shows some of the numerous in field tests: one seismic refraction line (L7-SRZ1), two down-holes, soundings at 30mt depth, sounding at 60m depth, micro-tremor measures(Nakamura technique), three geo-electric lines (ERT), among others [Working group MS-AQ, 2010].Accordingly, at Onna site the quaternary continental deposits are made up of eluvium-colluvium of a few meter thickness overlaying fluvial and alluvial units much more than 60m depth. The geological bedrock has not been intercepted by the soundings although a seismic bedrock characterized by a shear wave velocity equal to 1000m/s has been found by means of the refraction line, performed by the present authors [Rainone et al., 2010]. A discussion on the experimental findings has been presented in the next paragraph although it is worth noticing that within the Onna sector of the Aterno River Valley, geological bedrock deepens according to a host-graben shape, thus, the deposit thickness varies point to point. Finally, hydrogeological investigations performed by ISPRA (http://sgi1.isprambiente.it/GeoMapViewer/index.html) have been considered. Relating to the Onna site the static water level in the water drilling is 75m measured atL’Aquila-156881well (Fig. 5b). Another water drilling performed between Bazzano and Onna, shows the static water level at 87 (L’Aquila-156727). Nonetheless, in the Pliocene-Quaternary deposits has been detected a phreatic groundwater measured at -11 and -17m depth in July 2005. Then, due to the variable characters of the continental deposit permeability a detailed hydrogeological study shall be undertaken.  


4. Experimental evidences of local seismic effects affecting the narrow area between Onna, Monticchio and San Gregorio

Some weak aftershocks of L’Aquila earthquake 2009 were registered at Onna, Monticchio and San Gregorio locations, as illustrated in Figures6-8.Arrays of SSU Micro-Seismograph (GeoSonics Inc.) seismometers and DAQLink III (Seismic Source Co.) seismometers with arrays of HS-1–LT 3C (Geo Space Corporation) geophones have been used. The monitoring activity has been undertaken by programming the velocimeters with a trigger threshold of 0.254 mm/s, a pre-trigger of 1s, a sampling step of 0.003s and a recording length of 15s.


Figure 6.Earthquake event on 21/04/2009 at 23:35 UTC: Onna (4823) and Monticchio (4824 and 4825) monitoring sites locations with signals spectra; geophysical surveys and borehole locations at the Onna site.
Figura 6.Evento sismico del 21/04/2009 ore 23:35 UTC: Monitoraggio effettuato nei siti di Onna (4823), Monticchio (4824 and 4825) and San Gregorio (4826) mediante segnali spettrali; localizzazione delle indagini geofisiche e dei sondaggi geognostici condotti ad Onna. 


Figure 7.Earthquake event on 21/04/2009 at 05:03 UTC: Onna (4823), Monticchio (4824) and sites in between (4825 and 4826) monitoring sites locations with signals spectra; geophysical surveys and borehole locations at the Onna site.
Figura 7. Evento sismico del 21/04/2009 ore 05:03 UTC: Monitoraggio effettuato nei siti di Onna (4823), Monticchio (4824 and 4825) ed in due siti tra di essi (4825 and 4826) mediante segnali spettrali; localizzazione delle indagini geofisiche e dei sondaggi geognostici condotti ad Onna. 


Figure 8. Earthquake event on 22/04/2009 at 04:46 UTC: Onna (4823) and Monticchio (4824 and 4825) monitoring sites locations with signals spectra; geophysical surveys and borehole locations at the Onna site.
Figura 8.Evento sismico del 21/04/2009 ore 23:35 UTC: Monitoraggio effettuato nei siti di Onna (4823) e Monticchio (4824 and 4825) mediante segnali spettrali; localizzazione delle indagini geofisiche e dei sondaggi geognostici condotti ad Onna. 

Although the geophones were installed within 3 km, the maximum values of PPV (Peak Pseudo Velocity) measured during these three seismic events show significant differences with respect to the maximum amplification and the amplified frequencies among the investigated sites. Figures 3-5 relate to the three registered events: on 21/04/2009 at 23:35 UTC with Ml=2.6 and hypocentre depth of 9.1 km (Fig. 6); on 21/04/2009 at 05:03UTC with Ml=2.5 and hypocentre depth of 10.5km  (Fig. 7); on 22/04/2009 at 04:46 UTC with Ml=2.6 and hypocentre depth of 10.1km (Fig. 8).The sensor 4823 installed on the silty-clayey and sandy-gravelly alluvial deposits at Onna city site,measured the highest peaks in the area: from PPV= 1.27mm/s to 6.35mm/s. Contemporary, the sensor 4824 installed on the mid-slope of calcareous rocks at Monticchio measured the lowest PPV values, varying from0.46mm/s to 0.56mm/s.Furthermore, the sensor 4826 installed at the top of the slope on calcareous rocks at San Gregorio measured a PPV of 1.27mm/s. An additional sensor 4825 installed on incoherent deposits at the entrance of a narrow valley, approximately 1km to the WSW of Monticchio, measured a PPV of 1.78 mm/s. The signal recorded at Onna site shows a maximum at a frequency of 7Hz whereas at Monticchio and San Gregorio sites the peak arises at 10-15Hz. It is evident that differentiated amplifications can be associated with different lithotypes, seismic impedance contrasts and possibly shear wave focalizations due to basin shapes and topographic reliefs [Rainone et al., 2013; Vessia et al., 2011]. As can be relieved in the sector under study [Galli and Camassi, 2009], local amplification was responsible for a difference of up to 3.5degreein MCS intensity scale among these three sites during the 6th April main-shock event: Onna shown IMCS=9.5 and Monticchio IMCS=6 to (Fig. 2a).


C

Figure 9: Shear waves tomographic section carried out at the Onna site (A); resistivity depth-sounding carried out at the Onna site (B); (C) Litho-seismic model at Onna seismic station named MI03: in red, the shear wave velocity profile measured  by Working group MS-AQ [2010]; in blue, the velocity profile measured by the present authors.
Figura 9. Sezione tomografica in onde di taglio fatta ad Onna (A); profilo di resistività fatto ad Onna (B); (C) Modello lito-sismico alla stazione sismica di Onna, MI03: in rosso, il profilo di velocità in onde di taglio misurato da Working group MS-AQ [2010]; in blu, il profilo di velocità misurato dagli autori.

Given that the geological bedrock depth at Onna site was only supposed in this geological frame, in absence of deep drillings, a resistivity depth-sounding (Fig. 9B)was carried out to identify the depth of the geological bedrock. Also a refraction seismic survey in P and SH waves processed with tomography techniques (Fig. 9A). Comparing the results coming from the application of the two surveys, it can be drawn that under the first 2m of cover deposits, alluvial deposits can be detected up to 100m depth. These deposits are characterized by two electrical horizon that are 63Ohm∙m resistivity as deep as 45m and 48 Ohm∙m up to 106m. Furthermore, a high resistivity unit of 240 Ohm∙m has been detected downwards. It is assumed as the geological bedrock provided that, the refraction line shows a seismic bedrock at about 40m with a shear wave velocity equal to 1000m/s (Fig. 9a). Based on the geophysical survey, a comparison with the seismic vertical profile measured by means of ESAC-FK method [Working group MS-AQ, 2010] and the authors’ seismic refraction line. From this comparison, a proposal for the mean shear wave velocity of the first 40m alluvial deposits has been drawn. Fig. 10 shows the new seismic vertical profile, named RIFRA, that has been used for 2D numerical simulations presented hereafter: shear wave velocity of 400m/s up to 40m depth and a seismic bedrock, made up of gravels and conglomerates in silty lacustrine matrix, with a mean value of 1000m/s. Such seismic model of the near-surface sediments fits well with the results from Di Giulio et al. [2011] and Bergamaschi et al. [2011] studies.

5. Numerical simulations of the Onna sector of the Aterno River Valley
Two dimensional numerical simulations have been carried out at Onna site, considering the alignment of Monticchio-Onna-SanGregorio covered by the geophone monitoring survey and described in the preceding paragraph. The numerical model of this sector of the Aterno River Valley is based on the geological model published by Working Group MS-AQ [2010] shown in Fig. 4. Besides, in the present numerical study, the modeled section has been rotated with respect to the reference section, as illustrated in Fig. 10. 


Figure 10.Traces of two cross-sections within the Aterno River Valley at Onna site: section EE’ is used for the present 2D numerical analyses; section AA’ refers to the geological section reported in Fig. 4.
Figura10. Tracce di due sezioni nella Valle dell’Aterno in corrispondenza del sito di Onna: la sezione EE’ è stata usata per la presente modellazione numerica 2D; la sezione AA’ si riferisce alla sezione geologica riportata in Fig. 4. 


Figure 11. 2D seismic model of the Aterno Valley sector of Onna city.
Figura 11.Modello sismico 2D del settore della Valle dell’Aterno in corrispondenza della città di Onna. 


Figure 12.Normalized shear modulus reduction and damping ratio curves with shear strain used for linear-equivalent constitutive law within the numerical analyses.
Figura 12. Curve di Modulo di rigidezza al taglio normalizzato e di smorzamento con la deformazione a taglio usate nel legame costitutivo lineare-equivalente nell’ambito delle analisi numeriche.


Table 2. Physical and mechanical property values of soil and rock units within the simulated section.
	Lithologic unit 
	Description
	γ (kN/m3)
	VS (m/s)
	G (kPa)
	Shear Modulus reduction and damping curve referred to Fig.12

	1 (orange)
	Eluvium-colluvium deposits
	18
	350
	2e+005
	Coll

	2 (light blue)
	Alternations of gravel, sand and clay 
	19
	450
	3.9e+005
	Db

	3 (yellow)
	Gravels
	21
	1000
	2.1e+006
	Db

	4 (fuxia) 
	Weathered carbonate bedrock
	21
	800
	1.3e+006
	Rock (by Idriss*)


* After Shake91 [Schnabel et al., 1991]

Doing this, the author aligned the section to the geophone locations 4824, 4823 and 4826 (Fig. 10); the seismic section modeled is shown in Fig. 11. The dynamic numerical analyses have been performed based on the soil properties derived from the experimental results from microzonation study at Onna site (Macroarea 5) and at San Gregorio site (Macroarea 3), from several research works published during the last three years [Monaco et al., 2009; Di Giulio et al., 2011; Bergamaschi et al., 2011] and from the authors in field experience. The seismic behavior used to simulate the seismic response of the formations within the model is the equivalent-linear behavior; the elastic dynamic properties are reported in Table 2. Fig. 12 shows the variation of the normalized shear modulus reduction and the damping ratio with the shear strain measured by Compagnoni et al. [2011]. For the weathered carbonate bedrock outcropping at San Gregorio site, curves from literature are used: such curves are retrieved from Shake91 code [Schnabel et al., 1991]. At this site, although Working group MS-AQ [2010] reported the presence of the terraced deposits of Valle Majelama Synthem superimposed on the calcareous bedrock, from the authors on site relieves at the geophone locations, fissured calcarenite unit has been identified, thus a mean value of shear wave velocity of 800m/s has been used within numerical analyses. Moreover, according to the authors knowledge on the hydrogeologic characters of the Onna sector of the Aterno River Valley, the groundwater level within the numerical analysis has been considered at 40m depth, although locally the presence of hanging superficial groundwater can be found due to the depositional system. 
The investigated section covers 3250m in length and 80m in elevation; the numerical method used is the finite element implemented in QUAKE/W [Krahn, 2004]. Rectangular shaped elements have been used in the finite element domain discretisation. The optimum maximum size of the finite elements has been derived from the following rule, after Kuhlemeyer and Lysmer [1973]:

												(1)

where VS is the shear wave velocity of the element material and fmax is the maximum frequency value of the input signal to be propagated toward the surface, which is assumed to be 20Hz. 
The boundary conditions applied to lateral cut-off boundaries are nodal zero vertical displacement and nodal horizontal dampers with a viscosity coefficient, Dnode, the values of which have been derived from the relationship:


											(2)

where  is the density and VS is the shear wave velocity of the material, and L/2 is half the distance between the nodes times a unit distance into the section. 


Figure13. Artificial input motions simulating 6th April 2009 main shock for numerical analyses to be carried out at the Aterno Valley..
Figura13. Input artificiali che simulano il terremoto del 6 aprile 2009 per condurre analisi numeriche nella Valle dell’Aterno.

The input motions considered and applied to the bottom border of the model (Fig. 11) are the time histories plotted in Fig. 13, provided by Compagnoni et al. (2011) for microzonation studies. They are derived from three spectra [Pace et al., 2011] as follows:
(1) the uniform hazard spectrum of the Italian Building code (NTC08). It is a lower bound spectrum of 2009 L’Aquila earthquake: is it named INORM;
(2) a probabilistic uniform hazard spectrum with a return period of 475 years has been obtained by two source models named LADE1 and SP96 GMPE. This spectrum gives an upper bound spectrum to L’Aquila earthquake, reaching a maximum spectral value of about 1g at 0.25s: it is named IPROB;
(3) a deterministic spectrum obtained from SP96 GMPE for a magnitude-distance pair (Mw 6.7, Repi=10km). The deterministic spectrum gives intermediate spectral values ranging from 0.35g at 0s, to 0.8g at 0.25s and 0.4g at 1s: it is named IDET.

The numerical analyses were performed considered the three artificial inputs scaled at three peak acceleration values (PGA): 0.05g; 0.015g and 0.25g and then deconvoluted at the bottom of the section, at 70m depth, by means of 1D EERA code [Bardet et al., 2000]. The spectra of the nine deconvoluted input signals are reported in Fig. 14. Such a choice has been suggested by the fact that at Onna site the seismic station MI03 didn’t record the main shock but registered three strong aftershocks: (1) on 07/04/2009 at 17:47 UTC Mw=5.6; (2) on 07/04/2009 at 21:34 UTC Mw=4.6; and (3) on 09/04/2009 at 00:52 UTC Mw=5.4. Thus, in order to verify the correctness of the numerical analyses , lower magnitude of input signal has been simulated in this fashion.

6. Discussion on numerical results
Two dimensional numerical results have two objectives: (1) to investigate the magnitude of the local amplification due to the complex geological conditions at Onna site, on high frequency seismic signals. Fig. 15 and 16 show results in terms of acceleration spectra calculated at two surficial nodes corresponding to Onna site: EXDHA and EXDHB (Fig. 11). 



Figure 14. Artificial input signals called NORM, DET and PROB scaled at 0.05g, 0.15g and 0.25g and deconvoluted to the bedrock depth 67mt for performing the 2D analyses within Onna sector of the Aterno Valley (Fig. 9).
Figura 14. Segnali di input artificiali indicate con NORM, DET e PROB scalati a 0.05g, 0.15g e 0.25g e deconvoluti a 67m al bedrock per le analisi numeriche 2D da effettuare in corrispondenza del settore dell’Aterno dove ricade Onna (Fig. 9)

a)b)
Figure 15. Aftershock registrations at MI03 (Onna seismic station) and 2D acceleration spectra calculated for DET, PROB and NORM artificial inputs scaled at 0.05g at the nodes called EXDH A and B: (a) WE components; (b)NS components.
Figura 15. Le registrazioni degli aftershock alla stazione MI03 (Onna) e spettri in accelerazione calcolati mediante l’analisi numerica 2D per gli input artificiali DET, PROB e NORM scalati a 0.05g ai nodi indicati con EXDHA ed EXDHB: (a) componenti WE; (b) componenti NS.

a) b)
Figure 16. WE components of aftershock registrations at MI03 (Onna seismic station) and 2D acceleration spectra calculated for DET, PROB and NORM artificial inputs scaled at: (a) 0.15g and (b) 0.25g at the nodes called EXDHA and EXDHB.
Figura16. Componente WE delle registrazioni degli aftershock alla stazione MI03(Onna) ed spettri in accelerazione calcolati mediante l’analisi numerica 2D per gli input artificiali DET, PROB e NORM scalati a: (a) 0.15g e (b) 0.25g ai nodi indicati con EXDHA ed EXDHB.

[bookmark: _GoBack]The calculated acceleration spectra are compared with the ones relating to the three aforementioned strong aftershocks registered at Onna site. Fig. 15 plotted the case of input signal scaled at 0.05g: as can be noted, the numerical response is in good agreement with the registrations. In Fig. 15a WE components of the strong aftershocks have been plotted whereas the NS components are plotted in Fig. 15b. The 17:47 WE aftershock seem to be in a better agreement with the numerical results: two amplification ranges of periods can be evidences. The lower range varying between 0.05 and 0.15s (6.7-20Hz) and the higher ranging between 0.4 and 0.75s (1.3-2.5Hz). Such outcomes well fit to the findings of spectral studies performed on registrations within this sector of the Aterno Valley: especially, at Onna site, Di Giulio et al. [2011] using the ratio between the horizontal components at MI03 and the ones at Monticchio. Furthermore, it can be noted that the lower range of periods doesn’t change according to the input signal considered whereas the second one is more sensitive to the type of input. It could be explained with the interaction between the model amplified period and the period content of the implemented input. Such a behavior can be seen in the aftershock registrations. As a matter of fact, the second period range appears only in the case of 17:47 WE aftershock although it is not present in its NS component. It could be due to the pulse character of this registration observed by Di Giulio et al. [2011]. Only NS component of 17:47 aftershock seems to be quite different from all the other registrations, in terms of amplified periods.
Results in Fig. 16 are related to the response spectra calculated by means of 2D analyses for input signals scaled at 0.15g and 0.25g. They are compared with the WE strong aftershock registrations at MI03: it can be noted that the seismic response at Onna site is much higher than the one shown by registration. Such differences are not only referred to the amplification magnitude but also to the ranges of period amplified. At first glance, it could be due to the nature of aftershock signals. The 17:47 aftershock is related to Mw=5.6, less than the main shock magnitude Mw=6.3. Nonetheless, whether the amplification functions are calculated as the ratios between the input signals and the numerical responses at EXDHA and EXDHB it can be noted that the trend of these functions are similar. Thus, Fig. 17 reports the amplification functions calculated for input signals scaled at 0.05g: similar trends can be detected for the scaled signals at 0.15g and 0.25g. In the plot, the surficial amplification due to the continental deposits increases for longer periods (higher frequencies). It varies between 2 and 5 in the period range 0.05-0.20s (5-20Hz), between 3.5 and 6 in the period range 0.23-0.55s (1.8-4.3Hz) and between 4.5 and 7.5 in the period range 0.55-0.75s (1.3-4.3Hz). A mean value for the amplification function at Onna site can be assumed as 5 in the period range 0.05-0.8s. This factor confirms the value suggested by Di Giulio et al. [2011] based on the analyses of spectra ratio of the strong aftershock registrations at Onna site. 
The amplification functions are, then, similar among all the numerical responses calculated for the nine input signals. It is not true when considering the amplified range of periods. Looking at Fig. 16 a shift of amplified periods can be observed with respect to Fig. 15. Accordingly, at higher PGA values correspond a peak at 0.12s (8.3Hz) for PGA=0.15g and between 0.1-0.2s (5-10Hz) for PGA=0.25g. Correspondingly, amplified higher periods vary between 0.4 and 0.8s (1.25-2.5s) for PGA=0.15g and between 0.4-1.2s (0.8-2.5Hz) for PGA=0.25g. This result can be seen also in the acceleration spectra of the strong aftershocks (Fig. 15a,b). It implies that higher input signals used higher error in estimating the amplified period/frequency range. Moreover, at Onna site the local amplification calculated by means of amplification function is 5 much higher than the amplification factor derived from the microzonation study at Onna site, that is 1.8 (Fig.18). 


Figure 17. Amplification function calculated for scaled input signals at 0.05g at Onna site (EXDH A and B).
Figura17. Funzione di amplificazione calcolata per un input scalato a 0.05g ad Onna (EXDH A e B)



Figure 18. Macroarea 5: amplification factor calculated by the seismic microzonation of level three at Onna city.
Figura 18. Macroarea 5: fattore di amplificazione calcolata dalla microzonazione sismica di terzo livello ad Onna.

This outcome could suggest to use higher weight for the local amplification in those territory where complex geological conditions are associated to basin shaped geometries. In these conditions, that are common along the Appenine chain, the near field conditions affect the period/frequency content of the seismic motions but the amplitude of the motions at outcropping rocks, soil A, is likely to be lower than ever thought. Whether a factor of 5 is applied to the strong aftershock spectra, a maximum peak of 0.1g could be given to the outcropping bedrock, whereas for the artificial main shock signals (Fig. 13) the maximum spectral acceleration should be 0.2g.

a)   b)
Figure 19. Acceleration spectra calculated by means of 2D numerical analyses at a) Monticchio and b) San Gregorio sites for the three artificial input motions scaled at 0.05g.
Figura 19. Spettri in accelerazione calcolati dall’analisi numerica 2D a ) Monticchio e b) San Gregorio, per tre moti di input artificiali scalati a 0.05g. 

a)b)
Figure 20. a) Spectral ratio between the aftershock registrations at MI03 and the corresponding deconvoluted signals at 40m depth, according to the 1D profile in b).
Figura 20. a) Rapporto spettrale tra gli aftershocks registrati alla stazione MI03 e gli stessi deconvoluti a 40m, secondo il profilo riportato in b).

Finally, Figs. 19a,b show the spectral accelerations calculated by means of the present 2D analysis at Monticchio and San Gregorio sites. In these locations, mean mechanical properties for the outcropping and deep formations have been considered in this study. For the site of Monticchio,  two amplified periods are calculated: 0.11s and 0.30s, that are low periods. At San Gregorio site, two period ranges have been amplified: 0.12-0.18s (5.6-8.3Hz) and 0.37-0.47s (2.13-2.7Hz). It can pointed out  that, at San Gregorio site, where the formation is less stiff than at Monticchio, as the input PGA increases, the amplified range of periods are shifted towards the higher periods according to the behavior evidenced at Onna site. This is not true at Monticchio site where stiffer units reduces the extension of the amplified period range and keep lower than San Gregorio the maximum spectral acceleration peaks. These calculated responses can explain the different damage levels suffered at the two sites.
Finally, in order to address the second objective of this numerical study, that is to calculate the weight of 2D and 1D effects on the amplification function, 1D analysis has been carried out at Onna site. The strong aftershock registrations previously considered, are now used as outcrop signals to be “deconvoluted” from the surface to the bedrock through 40m alluvial deposits at 400m/s up to the seismic bedrock, that is gravel and conglomerate with shear wave velocity at 1000m/s. Such a litho-seismic profile under MI03 seismic station has already been used for assessing the amplified frequency of the station [Rainone et al., 2013]: here, this profile gives a possible “transfer function” for separating the geometrical amplification effects (2D effect) from those due to the soil layer impedance contrasts (1D effect). 1D analysis has been performed by EERA code [Bardet et al., 2000] according to the litho-seismic profile drawn from the seismic refraction line executed by the present authors (Fig. 20b). The 1D deconvolution involved all the horizontal components of the strong aftershock registrations at MI03. Results in terms of acceleration spectral ratios, that are the ratio between the deconvoluted signal at the bedrock depth and the surficial registration: this ratio can be regarded as the ratio between the 2D amplification effect over the combination of 1D and 2D effects. Infact, the performed signal deconvolution try to eliminate the contribution of the seismic impedance contrast on the amplified signal registered at MI03.   
The acceleration spectral ratios plotted in Fig. 20 shows that, approximately in the period range 0.05-0.15s (6.7-20Hz) the geometry of the valley contribute as much as 60% on average. As periods increase there is a reduction in this contribution corresponding to a minor amplification effects (see Figs.16a,b) up to 0.4s. Since this period value on, the 2D contribution to the amplification extent increases: from 0.6s to 2s it becomes as relevant as almost 100%. This means that, for the soils considered, the impedance contrast plays a relevant role up to 0.18s because it is responsible for the 80% of the registered amplification; for higher periods, its contribution reduces to minimum values at 2s. This findings is consistent with the moderately high shear wave velocity measured at Onna site within the alluvial deposits and it can explain the two amplified period ranges observed: at low periods and high frequency the sediment/bedrock impedance prevails on the geometric amplification that is responsible for high peaks at longer periods. This is true at Onna site and for the strong aftershocks: it could be interesting verify these evidences for the mainshock along the Aterno Valley. 

Conclusions 
Two dimensional and 1D numerical analyses have been performed at Onna site. A cross section of the alignment of Monticchio-Onna-SanGregorio has been studied in order to achieve two main objectives: 1) to calculate the mean amplification in terms of spectral acceleration at Onna site for microzoning purpose and 2) to try to estimate the contribution due to  the impedance contrasts (1D effect) and the geometry (2D effect) to the overall amplification at the site. The 2D analysis results show comparable calculated amplification to the strong aftershock registrations just for the case of the input signal PGA=0.05g. Moreover a mean amplification factor of 5 has been calculated. This implies that for microzonation purpose higher amplification factor than 1.8 should be considered at Onna site. Accordingly, lower artificial input should be used for numerical simulations provided that higher shaking changes the response of the model specially in terms of amplified periods. Finally, the contribution of 2D geometry has been estimated to the amplification magnitude at Onna site: it is prevalent for periods higher than 0.4s, whereas at low periods 1D effects dominate the response at the site. These results could be useful for recalculating the microzonation amplification factors and for soliciting a novel awareness about the role played by local seismic effects in “near field” conditions.       
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