The 6 April 2009, Mw 6.3, L’Aquila (Central Italy) earthquake: strong-motion observations
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Introduction
On 6 April 2009, 01:32:40 UTC, an Mw 6.3 earthquake occurred in the Abruzzo region (central Italy), close to L’Aquila, a town of 68,500 inhabitants. About 300 people died because of the collapse of many residential and public build​ings, and damage was widespread in L’Aquila and its neighbor​ing municipalities. 

The earthquake occurred at 9.5 km depth along a NW-SW normal fault with SW dip, located below the city of L’Aquila (Istituto Nazionale di Geofisica e Vulcanologia [INGV] 2009a). The maximum observed intensity is IX–X in the MCS scale and the most relevant damages are distributed in the NW-SE direc​tion, with evident predominance toward the southeast (Istituto Nazionale di Geofisica e Vulcanologia 2009b). This event rep​resents the third largest earthquake recorded by strong-motion instruments in Italy, after the 1980 Mw 6.9 Irpinia and the 1976 Mw 6.4 Friuli earthquakes (Luzi et al. 2008). 

The mainshock was followed by seven aftershocks of moment magnitude larger than or equal to 5, the two stron​gest of which occurred on April 7 (Mw = 5.6) and April 9 (Mw = 5.4). The mainshock and its aftershocks have been recorded by several digital stations of the Italian strong-motion network (Rete Accelerometrica Nazionale, R AN), operated by the Italian Department of Civil Protection (DPC); by the Italian seismometric network (Rete Sismometrica Nazionale, operated by INGV-Centro Nazionale Terremoti (CNT); http://cnt. rm.ingv.it); and by a temporary strong-motion array installed by the INGV Sezione di Milano-Pavia (MI-PV; http://www. mi.ingv.it). 

A total of 56 three-component strong-motion record​ings were obtained within 280 km for the mainshock, with 23 being within 100 km of the epicenter. Horizontal peak ground motions in the near-fault region range from 327 to 646 cm/sec2, the latter representing one of the highest values recorded in Italy. This strong-motion data set, consisting of 954 waveforms from Mw > 4.0 events, is unique in Italy because it is entirely digital and includes observations from near-fault dis​tances to some hundred kilometers away. The data set has been integrated in the new Italian strong-motion database ITACA (ITalian ACcelerometric Archive), available at http://itaca. mi.ingv.it. 

This paper provides an overview of the strong-motion recordings of the mainshock and the two strongest aftershocks with preliminary analyses of different strong-motion param​eters as a function of distance, azimuth, and site conditions. 
Seismic sequence and historical seismicity

The area struck by the earthquake, located in the Lazio-Abruzzo Apennines (central Italy), has undergone southwest-northeast extension since the Middle Pliocene (Pace et al. 2006). It is pres​ently characterized by active NE- and SW-dipping normal and normal-oblique faults, mainly located along the Apennines, which are often associated with ancient continental basins. Weak and moderate events have been recorded in the area in the past 20 years, mainly concentrated in the upper crust with hypocentral depths of about 15 km (Boncio et al. 2004). Historical destructive earthquakes since 1300 B.C. have been documented (Stucchi et al. 2007); the three strongest events occurred in 1349 (maximum MCS intensity: IX–X), 1461(X), and 1703 (X). 

The mainshock of the recent seismic sequence occurred on 6 April 2009 at 01:32:40 UTC, with the epicenter located near the town of L’Aquila (Figure 1). The epicenter location and the origin time have been refined by merging the records of the National Seismic Network and the regional networks of the Marche and Abruzzo regions (INGV 2009a), leading to a shift to the northeast with respect to the first official location (INGV-CNT Bulletin, http://cnt.rm.ingv.it). The day after the mainshock, the strongest aftershock (Mw 5.6) occurred to the southeast (Figure 1); later the seismicity migrated to the north​west in the Campotosto area, on a NW-SE normal fault border​ing the Laga Mountains. In Figure 1 the epicenters of the 13 events with Mw > 4 are plotted together with the focal mecha​nisms of the three strongest earthquakes; their source param​eters are given in Table 1. The causative fault of the mainshock is associated with the tectonic depression of the Aterno River Valley, sited between two main calcareous ridges, the Velino-Sirente to the south​west and the Gran Sasso to the north-northeast. The fault has been identified by geological surveys (INGV 2009c; Falcucci et al. 2009) and constrained by SAR interferometry (INGV 2009d) and aftershocks (INGV-CNT Bulletin, http://cnt. rm.ingv.it). The surface projection of the inferred rupture sur​face is shown in Figure 1. 
Strong-motion data set

The strong-motion data set consists of data recorded by the RAN, available in the ITACA database, and by the INGV MI-PV temporary network (http://rais.mi.ingv.it/). 

The L’Aquila data set is of major relevance for a complex regional context such as Italy, as well as worldwide, as normal-fault events are poorly represented in global strong-motion databases. Figure 2 shows the magnitude versus distance distribution of 270 three-components recordings from the eleven major normal events (Mw > 4.0) of the L’Aquila sequence (see Table 1) compared to normal-fault data compiled for the Next Generation of Attenuation (NGA) ground motion prediction equations (Chiou et al., 2008; http://peer.berkeley.edu/nga/) and normal faulting data from the ITACA database (Luzi et al., 2008). The latter has been used to calibrate Italian ground-motion prediction equations (Bindi et al., 2009), using strong-motion data from 107 earthquakes that occurred in Italy from 1972 to 2004, with magnitudes ranging from 4 to 6.9 and with Joyner-Boore distances (RJB) between 0 – 100 km.

For this paper, we analyzed the recordings from 70 strong-motion stations triggered by the L’Aquila earthquake and its aftershocks. The station characteristics are available in Table 2. The sites are classified according to the Eurocode 8 (EC8; CEN, 2004) based on the shear-wave velocity averaged over the top 30 m of the soil profile - Vs30 (where EC8 class A > 800 m/s, B=360-800 m/s, C=180-360 m/s, and D<180 m/s). The classes denoted by star have been attributed on the basis of geological/geophysical information (S4 project – http://esse4.mi.ingv.it – Deliverable D4, 2009), while the others have been assigned by a direct measure of Vs30. Most stations belong to class A or B, while a few stations are classified as class C.

The accelerographs are generally Kinemetrics three-component instruments with full scale set at 1 or 2 g, coupled with 24-bit digitizers and sampled at 200 S/s. The stations GSA and GSG (Table2) are located within the Istituto Nazionale Fisica Nucleare Laboratory: the former is in the free field while the latter is in a tunnel inside the Gran Sasso mountain at 200m below the surface. The GSG recordings were not used in the following analyses. 

The four INGV MI-PV temporary stations were installed in the epicentral area a few hours after the mainshock occurred; each was equipped with both an accelerometer (Kinemetrics Episensor ES-T) and a seismometer (either Lennartz 3D-5s or 3DLite) connected to a Reftek130 6 channel digitizer with a sampling rate of 100 S/s. The stations were installed along a transect transverse to the middle Aterno Valley with the aim of recording the strongest aftershocks and evaluating the effect of site conditions on the ground motion.

The recorded waveforms were processed with the procedure described in Massa et al. (2009). This includes the removal of the linear trend fitting the entire record, a cosine taper and band pass filtering with a time-domain acausal 4th order Butterworth filter. Both the high-pass and low-pass frequencies were selected through visual inspection of the Fourier spectrum. The typical band-pass frequency range is between 0.1 and 30 to 50 Hz.. The cutoff frequencies and the main strong-motion parameters (PGA, PGV, Arias Intensity and significant duration) relative to all records are available in the electronic supplement.

The mainshock (Mw=6.3) was recorded by 56 digital stations of the RAN. The epicentral distances range from 1.7 km to about 276 km with Joyner-Boore distances (RJB) ranging from 0 to 266 km. In particular, there are 9 records with epicentral distances less than 30 km and 4 records with RJB = 0. 

The largest PGA (PGV) is 646 cm/s2 (43 cm/s) recorded at station AQV; in general all PGAs recorded at epicentral distance less than 5km are greater than 350 cm/s2 and the PGVs greater than 30 cm/s. The near-fault stations are characterized by vertical PGA that are nearly the same as the horizontal PGA.

The two strongest aftershocks, Mw=5.6 and Mw=5.4 (Figure 1 and Table 1) were recorded by 38 and 30 RAN stations, respectively. Moreover, they were recorded by 4 stations of the INGV MI-PV temporary network. The maximum PGA and PGV from the Mw 5.6 event are 674 cm/s2 and 23.5 cm/s, respectively, recorded at the station MI05 at an epicentral distance of 5.3 km. The maximum recorded PGA and PGV from the Mw 5.4 event are 177.6 cm/s2 and 8.2 cm/s, respectively, recorded at the GSA station at an epicentral distance of 16 km.

Spatial distribution of ground motion 

An overview of the spatial variability of ground motion recorded in the epicentral area is illustrated in Figure 3a where the maximum horizontal PGA values have been interpolated. In order to better constrain the interpolation, PGA from the stations of the INGV-CNT network used to construct the ShakeMaps (peak values available at http://earthquake.rm.ingv.it/shakemap/shake) were also used. The data interpolation was performed via Kriging algorithm (Davis, 1973), which predicts unknown values using variograms to express the spatial variation and minimizes the error of predicted values. 

The area of maximum PGA occurs inside the surface projection of the fault, i.e., on the hanging wall. Note that the PGA contours are elongated in the north–south direction. The attenuation of PGA with distance from the epicenter looks strongly asymmetric, with higher decay rate towards the west. Furthermore, the area corresponding to the PGA range 125-300 cm/s2, stretches to the southeast, possibly indicating directivity effects in the rupture propagation along the fault. 

To examine the azimuthal dependence of the ground motion, we calculated the residuals between observed and predicted acceleration response spectra (at 5% damping) using the empirical ground motion prediction equation ITA08 by Bindi et al. (2009). We restricted the analysis to data from RAN stations within 100km of the fault. The results are plotted in Figure 3b as a function of the source-to-station azimuth, measured clockwise from the north direction and for spectral ordinates of 0.3 and 2.0 seconds.
The residual distribution shows a clear trend with azimuth: at long periods (T=2.0 s), observations in the northeast and southeast quadrants (stations with azimuths from about 50° to 180°) are underestimated by the ITA08 model (positive residuals) while those in the western quadrants (from 200° to 330°) are overestimated (negative residuals). At higher frequencies (T = 0.3s) the underestimation in the eastern sector is not observed (the bias, i.e., mean of the residuals for azimuths 50° to 180° is about zero). The northeastern sector (0-90°) is poorly sampled due to the station distribution. The four stations located within the fault projection (RJB=0) are shown by gray symbols in Figure 3b, because their motion is likely governed by source effects not accounted by the simple ITA08 equations. Moreover the azimuth of these sites can be largely affected by uncertainties in the epicenter location.
Because the fault strike and up-dip directions (147° and 57°, respectively, shown by vertical lines in Figure 3b) point towards the southeast and northeast quadrants, the positive residuals for long-period motions can be explained as directivity-induced amplification effects due to both up-dip and along-strike rupture propagation (e.g., Aagaard et al., 2004). The negative residuals obtained at short and long periods in the northwest and southwest quadrants (200°-to-330° azimuth range) can be both ascribed to backward directivity effects and to different seismic wave attenuation with respect to the eastern sector. Future investigations should be undertaken to understand the origin of the azimuthal dependence of the ground motion observed during this earthquake. 

We did similar analysis for the two strongest aftershocks: the PGA distribution of the Mw=5.6 event, located southeast of the mainshock, is characterized by PGA contours elongated in the NNW-SSE direction with the area with the strongest shaking located north of its epicenter (Figure 4 left). The Mw=5.4 aftershock, located northeast of the mainshock, shows a PGA distribution parallel to the fault strike (Figure 4 right). Although the spatial distributions of PGA are different for the these two events, it is evident that the ground motion amplitudes decay faster toward the west than toward the east, similar to that observed for the mainshock. This asymmetry in attenuation of PGA suggests that propagation effects could have an important role in the interpretation of the ground motion variability in the area. 

Comparison with Ground Motion Prediction Equations (GMPEs)

We compare the attenuation with distance of the peak ground motion parameters, (PGA and PGV), observed during the mainshock, with predictions from global and regional models: Bindi et al. (2009, ITA08), developed for Italy, Akkar and Bommer (2007a,b; AkB07), based on the European and Middle East data, and Boore and Atkinson (2008, BAT08), based on a worldwide data set. This comparison is useful to understand the average characteristic of the L’Aquila earthquake ground motion and to validate predictive models exploiting data sets with different magnitude and distance ranges. 

Figure 5 shows the data fit to the GMPEs for maximum horizontal component (i.e., the larger value between the NS and EW components) and different site conditions. Formally the BAT08 equation is developed for an orientation independent measure of ground motion (i.e., GMRotI50; Boore et al., 2006) which in most cases can be approximated with the simple geometric mean (Boore and Atkinson, 2008; Beyer and Bommer, 2006). We used the relationships proposed by Beyer and Bommer (2006) to convert the BAT08 median estimates to the maximum horizontal component of motion for consistency with the other GMPEs.
The panels represent EC8 site classes (A, B and C). An equivalent EC8 class is used for the GMPEs adopting different soil parameterization. Note that for BAT08 model we assigned a representative Vs30 to each class—class A: Vs30 = 900 m/s; class B: Vs30 = 537 m/s; class C: Vs30 = 255 m/s. Moreover, the data set was split into two groups: stations located in the azimuth range 0° - 180° with respect to the epicenter (empty symbols) and in the 180°- 360° (gray filled symbols). 
The comparison with GMPEs considering PGA and PGV up to 100 km confirms the azimuthal dependence shown in Figure 3. In particular, for distances from 10 to about 100 km and for all site classes, the data east to the epicenter (azimuth 0° - 180° ) follow the median trend estimated by the GMPEs, while the sites located in the western sectors (180° to 360°) are less than the median minus one standard deviation. The same trend (not shown here) is observed for vertical PGAs and PGVs when compared to the ITA08.

At distances larger than 100 km PGAs show a faster decay than PGVs. All the PGA values are below the BAT08 median estimates while the observed PGVs are in good agreement with those predicted by BAT08 up to 200 km (at least for A and B site classes). Moreover the azimuth dependence is not clearly evident as for shorter distances.
The near-fault PGAs and PGVs (RJB = 0 km) are better fit by the median predictions from AKB07. However, they generally are inside the median plus one standard deviation of the ITA08 model, although this GMPE is based on a data set that poorly samples the near-fault distances (see Figure 2).
Figure 6 shows the comparison between the predictions made by the GMPEs and the observed spectral acceleration (at 5% damping) for three different periods, 0.3, 1.0 and 2.0 s. 

For class A sites, the discrepancy between median predictions and observations decreases with increasing period. At 0.3 s, observations are well described by the median for the azimuth 0°-180°, while in the range 180°-360° the observations fall below the predicted median minus one standard deviation. At 1.0 s the discrepancy between observations in the two azimuth sectors increases with distance, suggesting a different attenuation of waves traveling along these sectors. The observed variability of ground motions is within the variability predicted by ITA08. At both 1.0 and 2.0 s, the median of the predicted spectral acceleration describes an average behavior between the observations in the two sectors. For class B and C too few observations are available to draw any conclusion. However all median predictions clearly underestimate, especially at 2.0 s, the observations for RJB=0, that will be described in the next section. Finally, site effects at long periods can affect the observed spectral values for classes B and C. For example, the large spectral acceleration at 2.0 s observed at a distance of 52 km is related to amplification effects within the Chieti Basin (station CHT, class B). 
The near-fault motions at the Aterno Valley array 

In 2001 the DPC installed a strong-motion array consisting of 6 stations across the upper Aterno Valley to detect the variation of the ground motion for different geological conditions (Figure 7). These stations are located within the surface projection of the L'Aquila mainshock fault and are at distances less than 5 km from the mainshock epicenter (Figure 1). This array, together with the AQK station located close to L'Aquila downtown, provided a near-fault strong-motion data set, never recorded in Italy for any event with M > 5. 

The Aterno Valley fills a tectonic depression, where a lacustrine deposition occurred in the Pleistocene. Recent Holocenic alluvial deposits overlay lacustrine sediments and slope debris and alluvial fans border the NE flanks. Stations AQP, AQF, AQM and AQG are installed on bedrock (limestones), while the rest of the stations are installed on the lacustrine or alluvial deposits. A cross-hole test was performed at station AQV (http://esse6.mi.ingv.it), located in the center of the valley, measuring the shear-wave velocity down to a depth of about 50 meters. Here an alternating sequence of sands and gravels with variable grain size is present down to a depth of 47 meters, below which white limestones are found. The shear-wave velocity profile is characterized by an average value of 500 m/s in the first 50 meters, with a velocity inversion due to less cemented deposits between 20 and 30 m. The EC8 classification is B, based on the Vs30 value.

Horizontal to vertical spectral ratios

The horizontal to vertical spectral ratios, HVSRs, (Lermo and Chavez-Garcia, 1993) have been calculated for the stations of the array using separately the twelve aftershocks and the mainshock (Table 1). The S-wave windows were selected starting about 1 s before the S-wave onset and ending when 90% of the total energy of the signal has been released, assuming that this interval corresponds to the strong-motion phase. The acceleration Fourier spectra were smoothed using the Konno and Ohmachi (1998) algorithm, fixing the smoothing parameter b to 20.

The average HVSR plus/minus one standard deviation has been calculated for the 12 aftershocks; the HVSR of the mainshock is overlain on each plot (Figure 7). From the analysis of the aftershocks, it is evident that all the stations installed on Quaternary deposits of the upper Aterno Valley show remarkable amplifications (AQA, AQV, AQK, Figures 7, left panels). In particular, AQA and AQV have a broadband amplification while station AQK, located in the centre of L’Aquila town has a strong amplification peak at low frequency (about 0.6 Hz), as also demonstrated by De Luca et al. (2005) using weak motion and ambient noise data. This peak is not as pronounced on the aftershocks as it is for the mainshock. The same is observed for the mainshock HVSR of station AQV, where an amplification peak at 1.5 Hz is evident.
Stations installed on bedrock (AQG, AQM, AQP, Figure 7 right panels) have variable HVSR curves. In particular, AQP, installed on the top of Mt. Pettino ridge, shows a broadband amplification more evident in the NS component. Station AQG, installed on fractured limestones, shows a broadband amplification on both components. Finally, AQM presents the response features of a standard bedrock site, since the average response is flat over the entire frequency range, with a slight amplification at frequencies larger than 5 Hz, only for the NS component.
Unfortunately, during the L'Aquila mainshock, two stations of the array (AQF and AQP) did not trigger, while AQM, set to 1g full-scale, saturated, although this site does not show clear amplification in the HVSR. The reliability of the AQM mainshock recording is presently under investigation. 

The difference between the HVSRs calculated for the mainshock and the aftershocks is evident at soil sites (AQK, AQV and AQA), for which the mainshock amplification peak is larger than the average plus one standard deviation obtained from the aftershocks.
Acceleration, velocity and displacement waveforms

Horizontal and vertical acceleration time series recorded at the array stations and at AQK during the mainshock are shown in Figure 8; also shown are the normalized Husid plots (cumulative squared acceleration). For AQA, AQV and AQK stations, the vertical and horizontal peak ground accelerations are of the same order, while at AQG station the vertical PGA is a factor 2 smaller than the horizontal. AQG is located on bedrock, while the other stations are installed on soft deposits that might influence the vertical-to-horizontal ratio, as observed in other studies (e.g., Bozorgnia and Campbell, 2004; Cauzzi and Faccioli; 2008; Bindi et al 2009). The horizontal PGA varies significantly for near-fault stations only few kilometers apart; from 327 to 646 cm/s2 (to more than 1 g if we consider the saturated records at AQM).

The different duration (based on 5%-75%) between the two horizontal components of AQA and AQV records is related to the different spectral content of the two recordings. In particular, the Husid plots of the accelerograms show that the 50% of the energy is accumulated in approximately 3 seconds from the first arrival of each record. In contrast the energy accumulated from 50%-75% takes longer for the EW components than for the NS. This time-lengthening in the Husid curves for the EW components of AQA and AQV is likely due to high-frequency energy arriving about 3s after the S-phase. 

AQK records present on average a 5%-75% duration longer than the array stations especially for the vertical component, as evident in the slow increase of the Husid curves for this station. This difference might be related to the larger low-frequency content of AQK record compared to the other records (see below).
Figures 9 and 10 illustrate the 3-components velocity and displacement time histories, respectively, recorded at the array sites (AQG, AQA, AQV) and AQK. To avoid the onset of spurious arrivals in the displacement waveforms from acausal, high-pass filtering and to recover reliable permanent displacements from double integration of accelerations, we processed the records using a baseline correction technique that consists of least-squares fitting the velocity time histories by three consecutive line segments then removing these trends from the velocity time histories. This is similar to the procedure originally proposed by Iwan et al. (1985) and later modified by Boore (2001). As shown in Figure 10, coherent displacement time series are obtained. The displacements show a downwards permanent displacement in the southeast direction, in agreement with the GPS-based findings reported by (INGV, 2009e).

Ground motion velocity pulses, possibly related to source effects, are present on all the array records, and, to a larger extent, on the AQK record. At AQK the long period ground motion is likely due to the combined effect of the seismic source radiation and the interaction with deep lacustrine sediments of the Aterno Valley overlain by stiffer alluvial soil. 

To investigate possible source-related effects on the L’Aquila records, the ground motion has been decomposed into its fault normal (FN) and fault parallel (FP) components, assuming a 147° fault strike angle (Table 1). The predominant period TFN and TFP of the main velocity pulses are determined for the fault-normal and fault-parallel components along with the corresponding peak ground velocities (PGV). These results are summarized in Table 3. They are compared with the corresponding values provided by the empirical relationships of Bray and Rodriguez-Marek (2004), (BR04). TFN is around 1.0 s for stations AQA, AQG and AQV, but it increases significantly up to about 1.5 s for station AQK The ratio TFP/TFN is about 0.75, in agreement with similar observations from other worldwide earthquakes recorded in near-fault, as reported by BR04. Observed PGVs from about 30 to 40 cm/s in the FN and from about 20 to 30 cm/s in the FP directions are also in reasonable agreement with the BR04 predictions. Note that all 4 stations show a predominant velocity pulse in the FN direction.

Comparison with design spectra

Figure 11a compares the 5% damped elastic response acceleration spectra of the mainshock records considered in the previous section, in terms of both horizontal (left panel) and vertical (right) components, with the design spectra prescribed by the Italian Technical norms for buildings (NTC08) and by the Eurocode 8 (EC8). The EC8 acceleration spectra are anchored to the PGA value (250 cm/s2) assigned for L’Aquila by the Italian seismic hazard map (Gruppo di Lavoro MPS, 2004) for probability of exceedance of 10% in 50 years. In Figure 11b the horizontal response displacement spectra are compared. 

The observed spectral ordinates are close, and in many cases exceed (primarily at frequencies > 2 Hz), the elastic design spectrum prescribed by the most recent seismic norms NTC08 and EC8 for the ultimate (no collapse) limit state. This may explain the widespread damage of buildings, especially those designed before modern seismic norms were enforced. The main discrepancies are found at AQK, displaying a large displacement response peak at around 2 s, and at AQG, showing a response closer to the soil class B rather than class A. In the vertical direction, the NTC08 spectral ordinates appear to be deficient, while there is better agreement with the EC8 vertical design spectra. 

Data and Resources

The strong-motion data recoded by the RAN, as well as the metadata, are available through the Italian Accelerometric Archive (ITACA, Luzi et al., 2008) at http://itaca.mi.ingv.it/ItacaNet/. Both corrected (Massa et al., 2009) and uncorrected waveforms are available for download. 

ITACA is the Italian strong-motion database, developed from 2004 in the framework of the 2004-2006 DPC-INGV agreement and includes strong-motion data (1972-2004) from the Rete Accelerometrica Nazionale (RAN), presently operated by DPC. Waveforms are supplied by events, recording sites and instrument metadata. Currently an updated and improved release of ITACA is under construction including strong-motion data from 2005 to 2007 and records from the latest major earthquake occurred in Italy (the 2008, M 5.1, Parma earthquake and the 2009 L’Aquila seismic sequence).

The raw data are available from the Italian Strong-Motion Network website (Rete Accelerometrica Nazionale, RAN) at http://www.protezionecivile.it/minisite/index.php?dir_pk=249&cms_pk=1451.

Origin times, epicenters location and focal parameters for the seismic sequence are available at the INGV-CNT website at http://cnt.rm.ingv.it
Data and information on the temporary strong-motion array installed by the INGV MI-PV are available at http://www.mi.ingv.it and at http://rais.mi.ingv.it/
More information on site classification adopted for the strong-motion stations can be found on the DPC-INGV S4 project at http://esse4.mi.ingv.it
The ShakeMaps of the main events of the sequence are available at  http://earthquake.rm.ingv.it/shakemap/shake
Summary
The 6 April 2009 L’Aquila MW 6.3 earthquake and its aftershocks yielded the most extensive set of strong-motion data in the near-source region yet obtained in Italy. The mainshock was recorded by 56 strong-motion stations belonging to the RAN, with 19 of these located within 50 km of the surface projection of the fault. The available data set is composed of more than 300 three-components strong-motion records from Mw ≥ 4 events recorded by RAN and INGV MI-PV stations, with about 90 records within 50 km of the corresponding epicenters. 

The strong ground motions from the mainshock show a clear dependence on azimuth, that can be attributed both to source effects (i.e., directivity effects) and to different attenuation properties of seismic waves at crustal scale (as suggested by the peak acceleration maps from the two strongest aftershocks).

These records contribute to fill important gaps in the magnitude-distance-style of faulting distributions of global and regional data sets used to derive ground motion prediction equations. The near-fault peak ground motions (RJB=0) are generally underestimated by GMPEs, while at larger distances the accuracy of fit depends on the azimuthal distribution of the observations. 

Preliminary analyses of near-fault records from the mainshock shows that peak motion varies significantly for stations within 5 km from the epicenter. The PGA ranges from 327 cm/s2 to more than 1 g (AQM saturated station). A specific baseline correction procedure was applied to these records in order to recover permanent displacements, that were found to be consistent with results based on GPS measurements.

We proposed a classification of the recording stations based on the EC8. The site response for the near-fault stations (Aterno Valley array) was analyzed based on HVSRs. 

A comparison of the observed acceleration response spectra with recently proposed design spectra for the town of L’Aquila shows that the near-fault motion generally exceeded the no collapse limit state design spectra both for horizontal and vertical components.
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Table 1. Main source parameters of the Mw > 4 events

	Date*

yyyymmdd
	time (UTC)*
hhmmss
	Lat.(N)*

[°]
	Lon.(E)*

[°]
	H*

[km]
	Ml*
	Mw+
	Strike+
[°]
	Dip+
[°]
	Rake+
[°]

	20090406

20090406
	013239

013240
	42.334

42.348
	13.334

13.380
	8.8

9.5
	5.8
	6.3
	147.0
	43.0
	-88.0

	20090406
	023704
	42.366
	13.340
	10.1
	4.6
	5.1
	124.0
	62.0
	-118.0

	20090406
	163809
	42.362
	13.333
	10.2
	4.0
	4.4
	143.0
	50.0
	-123.0

	20090406
	231537
	42.451
	13.364
	8.6
	4.8
	5.1
	133.0
	53.0
	-108.0

	20090407
	092628
	42.342
	13.338
	10.2
	4.7
	5.0
	137.0
	56.0
	-99.0

	20090407
	174737
	42.275
	13.464
	15.1
	5.3
	5.6
	109.0
	51.0
	-124.0

	20090407
	213429
	42.380
	13.376
	7.4
	4.2
	4.6
	112.0
	51.0
	-103.0

	20090408
	225650
	42.507
	13.364
	10.2
	4.3
	4.1
	136.0
	71.0
	-102.0

	20090409
	005259
	42.484
	13.343
	15.4
	5.1
	5.4
	148.0
	40.0
	-90.0

	20090409
	031452
	42.338
	13.437
	18.0
	4.2
	4.4
	326.0
	66.0
	-29.0

	20090409
	043244
	42.445
	13.420
	8.1
	4.0
	4.2
	127.0
	62.0
	-139.0

	20090409
	193816
	42.501
	13.356
	17.2
	4.9
	5.3
	146.0
	43.0
	-75.0

	20090413
	211424
	42.504
	13.363
	7.5
	4.9
	5.1
	133.0
	59.0
	-116.0


* from INGV-CNT Bulletin; + from RCMT-INGV; in italic the new INGV location calculated using data from National, regional and temporary networks (INGV, 2009a)

Table 2 – RAN (#1 to #65) and INGV MI-PV (#66 to #69) strong-motion stations installed in the area. Geographical coordinates, site class according to EC8 site classification and the number of records available at each station are reported in the relative column. 

	#
	Code
	Station name
	Lat.(N)

[°]
	Lon. (E) [°]
	Site class
	#rec

	1
	AMT
	AMATRICE
	42.6325
	13.2862
	A*
	1

	2
	ANT
	ANTRODOCO 
	42.4180
	13.0790
	B*
	12

	3
	AQA
	L'AQUILA - V. Aterno - F. Aterno 
	42.3760
	13.3390
	B*
	6

	4
	AQF
	L'AQUILA – V. Aterno – Ferriera
	42.3805
	13.3547
	B*
	1

	5
	AQG
	L'AQUILA - V. Aterno - Colle Grilli
	42.3730
	13.3370
	A*
	10

	6
	AQK
	Aquil PARK ing. 
	42.3450
	13.4010
	B*
	13

	7
	AQM
	L'AQUILA - V. Aterno – Il Moro 
	42.3786
	13.3493
	A*
	10

	8
	AQP
	L'AQUILA - V. Aterno – Pettino
	42.3837
	13.3686
	A*
	7

	9
	AQV
	L'AQUILA - V. Aterno - Centro Valle 
	42.3770
	13.3440
	B
	12

	10
	ASS
	ASSISI 
	43.0750
	12.6040
	A*
	6

	11
	AVL
	AVELLINO 
	40.9230
	14.7870
	B*
	1

	12
	AVZ
	AVEZZANO 
	42.0270
	13.4260
	B*
	10

	13
	BBN
	BIBBIENA 
	43.7480
	11.8210
	A*
	1

	14
	BDT
	BADIA TEDALDA 
	43.7070
	12.1880
	A*
	2

	15
	BNE
	BENEVENTO 
	41.1280
	14.7850
	B*
	1

	16
	BOJ
	BOJANO 
	41.4840
	14.4720
	B*
	4

	17
	BRS
	BARISCIANO
	42.3239
	13.5903
	B*
	6

	18
	BZZ
	BAZZANO
	42.3370
	13.4686
	C*
	7

	19
	CAN
	CANDELA
	41.2030
	15.4750
	A*
	1

	20
	CDS
	CASTEL DI SANGRO 
	41.7870
	14.1120
	A*
	3

	21
	CHT
	CHIETI 
	42.3700
	14.1480
	B
	9

	22
	CLN
	CELANO 
	42.0850
	13.5210
	A*
	7

	23
	CMB
	CAMPOBASSO 
	41.5630
	14.6520
	A*
	1

	24
	CMR
	CASTELMAURO 
	41.8330
	14.7120
	A*
	2

	25
	CNM
	CASALNUOVO MONTEROTARO 
	41.6180
	15.1050
	B*
	1

	26
	CSO1
	CARSOLI 1 
	42.1000
	13.0880
	A*
	6

	27
	CSS
	CASSINO 
	41.4860
	13.8230
	A*
	3

	28
	CTL
	CATTOLICA 
	43.9550
	12.7360
	B*
	2

	29
	FMG
	FIAMIGNANO 
	42.2680
	13.1170
	A*
	10

	30
	FOR
	FORLI' 
	44.1990
	12.0420
	C
	1

	31
	GNL
	GENZANO DI LUCANIA 
	40.8430
	16.0330
	A*
	1

	32
	GSA
	GRAN SASSO (Assergi) 
	42.4210
	13.5190
	A*
	9

	33
	GSG
	GRAN SASSO (Lab. INFN galleria) 
	42.4600
	13.5500
	A*
	6

	34
	ISR
	ISERNIA 
	41.6110
	14.2360
	C*
	1

	35
	LSS
	LEONESSA 
	42.5580
	12.9690
	A*
	8

	36
	MMP
	MOMPEO 1 
	42.2490
	12.7480
	A*
	7

	37
	MNG
	MONTE S. ANGELO 
	41.7040
	15.9580
	A*
	1

	38
	MNN
	MANFREDONIA 
	41.6340
	15.9110
	A*
	2

	39
	MTR
	MONTEREALE 
	42.5240
	13.2450
	A*
	10

	40
	NAP
	NAPOLI Ovest 
	40.7990
	14.1800
	C*
	1

	41
	NOR
	NORCIA
	42.7924
	13.0924
	B*
	3

	42
	ORC
	ORTUCCHIO 
	41.9540
	13.6420
	A*
	11

	43
	PDM
	PIEDIMONTE MATESE 
	41.3550
	14.3850
	C*
	1

	44
	PIC
	PIANCASTAGNAIO 
	42.8500
	11.6850
	B*
	2

	45
	PSC
	PESCASSEROLI
	41.8120
	13.7892
	A*
	2

	46
	PTF
	PETRELLA TIFERNINA 
	41.6960
	14.7020
	B*
	3

	47
	RIC
	RICCIA 
	41.4830
	14.8380
	B*
	1

	48
	SBC
	SUBIACO 
	41.9130
	13.1060
	A*
	2

	49
	SCM
	S. CROCE DI MAGLIANO 
	41.7110
	14.9840
	B*
	1

	50
	SCN
	SCANNO
	41.9187
	13.8724
	C*
	4

	51
	SCP
	SERRACAPRIOLA 
	41.8070
	15.1650
	B*
	3

	52
	SDG
	S. GIOVANNI ROTONDO 
	41.7090
	15.7330
	A*
	1

	53
	SEP
	S. ELIA A PIANISI 
	41.6250
	14.8800
	A*
	1

	54
	SNM
	SAN MARINO 
	43.9340
	12.4490
	A*
	2

	55
	SNS
	SANSEPOLCRO
	40.2430
	15.5500
	C*
	2

	56
	SPC
	SPOLETO (cantina) 
	42.7430
	12.7400
	C*
	7

	57
	SPO
	SPOLETO 
	42.7340
	12.7410
	A*
	7

	58
	SSR
	S. SEVERO 
	41.6910
	15.3740
	B°
	1

	59
	STL
	SATRIANO DI LUCANIA 
	40.5410
	15.6420
	A*
	1

	60
	STN
	STURNO 
	41.0180
	15.1120
	A*
	1

	61
	SUL
	SULMONA 
	42.0890
	13.9340
	A*
	7

	62
	TLS
	TELESE TERME 
	41.2220
	14.5300
	A*
	1

	63
	TMO
	TERMOLI 
	41.9890
	14.9750
	B*
	3

	64
	VIE
	VIESTE 
	41.8770
	16.1650
	A*
	1

	65
	VRP
	VAIRANO PATENORA 
	41.3330
	14.1320
	A*
	1

	66
	MI01
	PESCOMAGGIORE
	42.3577
	13.5109
	A*
	12

	67
	MI02
	PAGANICA
	42.3544
	13.4745
	C*
	12

	68
	MI03
	ONNA
	42.3274
	13.4757
	C*
	11

	69
	MI05
	S. EUSANIO FORCONESE
	42.2890
	13.5251
	C*
	12


* EC8 classes attributed on the basis of geological/geophysical information (S4 project, http://esse4.mi.ingv.it)
Table 3. Observed values of the period of the fault Normal (FN) and fault parallel (FP) largest velocity pulse, along with the corresponding PGV and the median values estimated according to Bray and Rodriguez-Marek (2004). A strike angle of 147° is assumed.
	
	AQG
	AQV
	AQA
	AQK
	BR04, Mw6.3, R=6km

	
	
	
	
	
	Rock
	Soil

	TFN (s)
	1.10
	0.90
	1
	1.55
	0.75
	1.30

	TFP (s)
	0.78
	0.80
	0.7
	1.30
	
	

	PGVFN (cm/s)
	34.8
	40.7
	32.6
	44.7
	51.6
	58.1

	PGVFP (cm/s)
	28.2
	31.6
	21.0
	20.5
	
	


Figure Captions
Figure 1 - Location of the main events (Mw > 4) of the L’Aquila sequence (red stars) and of the accelerometric stations belonging to RAN (triangles) and to INGV MI-PV (dots). The surface projection of the fault is also shown. Focal mechanisms are shown for the three strongest events. The black star indicates the old mainshock location.

Figure 2 – Magnitude-distance distribution of the data from normal-fault events recorded during the L’Aquila sequence for Mw> 4.0 by RAN and INGV MI-PV stations  (gray dots) compared to those listed in the NGA (extracted from the “mechanism based on rake angle” column of the NGA flatfile), and ITA08 databases (black crosses). 
Figure 3 - a) Peak ground acceleration map (for maximum horizontal component) for the mainshock obtained interpolating data from different seismic networks (triangles: National Seismometric Network, INGV-CNT; dots: Italian Strong-Motion Network, RAN). The star indicates the earthquake epicenter and the black rectangle represents the surface projection of the fault plane (see text). The northeast, southeast, southwest and northwest quadrants, with respect to the epicenter, are highlighted. 
b) Residuals of acceleration spectral ordinates (5% damping), at periods of 0.3 (red dots) and 2.0 (black crosses) seconds, calculated respect to the ITA08 ground motion prediction equations (Bindi et al., 2009). Residuals are plotted versus the source-to-station azimuth measured clockwise from north for RAN stations within 100km. Vertical lines show the fault strike and up-dip directions (147° and 57°, respectively). Note that residuals having RJB=0 are plotted as gray symbols.
Figure 4 – Peak ground acceleration maps (for maximum horizontal component) for the April 7, Mw 5.6, (left panel) and April 9, Mw 5.4, events, obtained interpolating data from different seismic networks (triangles: National Seismometric Network, INGV-CNT; squares: temporary strong-motion stations, INGV MI-PV; dots: Italian Strong-Motion Network, RAN). The stars indicate the earthquake epicenters.

Figure 5 – Peak ground acceleration (PGA) and velocity (PGV) for maximum horizontal component (mH) versus Joyner and Boore distance (RJB). Data are separated according to EC8 site classification and compared with different ground motion prediction equations. Empty and gray filled symbols correspond to observations over the azimuthal range 0° - 180° and 180° - 360°, respectively (see text for explanation). The shaded area represents the mean plus and minus one standard deviation interval of the ITA08 GMPE. Note that points with RJB less than 1 km are plotted at 1 km as empty symbols.

Figure 6 - Spectral acceleration (SA) 5% damped at three reference periods (0.1, 1 and 2 seconds) for maximum horizontal component versus Joyner and Boore distance (RJB). Data are separated according to EC8 site classification and compared with different ground motion prediction equations. Empty and gray filled symbols correspond to observations over the azimuthal range  0° - 180° and 180° - 360°, respectively (see text for explanation). Shaded area represents the mean plus and minus one standard deviation interval of the ITA08 GMPE. Note that points with RJB less than 1 km are plotted at 1 km as empty symbols.

Figure 7 – Upper panel: stations of the Aterno Valley array (plus AQK) plotted on local geology. Lower panel: horizontal to vertical spectral ratios (HVSR) calculated at each station (for both horizontal components) using the twelve aftershocks are shown as black lines (mean ± 1 standard deviation). The red line show the HVSR calculated using the mainshock records only.
Figure 8 – Acceleration time series for the array sites (AQG, AQA, AQV) and AQK: NS component (left panel), EW component (centre) and UP component (right). For each record also shown are the normalized Husid plots (cumulative squared acceleration), with horizontal dashed lines drawn at values of 0.05 and 0.75. The PGA (cm/s2) and the 5%-75% duration (s) (Ou and Herrmann, 1990) are reported in the inset of each plot. 

Figure 9 –Velocity time histories recorded at the array sites (AQG, AQA, AQV) and AQK: NS component (left panel), EW component (center) and UP component (right). 
Figure 10 - Displacement time histories recorded at the array sites (AQG, AQA, AQV) and AQK: NS component (left panel), EW component (centre) and UP component (right). The time series are obtained by double integration of the acceleration series of Figure 8. Note the different amplitude scale for the AQK records and that these records have been plotted only up to 15 s, because it was not possible to remove a further displacement trend with the adopted baseline correction procedure.
Figure 11 – a) Comparison of the recorded response acceleration spectra (at 5% damping) with the spectral accelerations prescribed by the NTC08 and EC8 for the horizontal (left panel) and vertical (right) components for 10% exceedance probability in 50 years. b) Same as in a) but in terms of horizontal response spectral displacements. 
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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