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Abstract The Santa Maria di Collemaggio Basilica is an important cultural heritage site and exemplifies Romanesque-16 
Gothic art in the Abruzzo region (central Italy). Erected in the second half of the XII century, the Basilica was severely 17 
damaged during the April 6, 2009 L’Aquila earthquake (MW  6.1). In particular, the area of the transept collapsed 18 
causing the dome to fall. A refined two-dimensional (2D) geotechnical model was built representing a section that 19 
includes the Basilica, in order to better understand the soil response of the Basilica site. The subsoil model was 20 
constrained using the geophysical and geotechnical data collected from the seismic microzonation studies, the 21 
reconstruction of private damaged buildings and other technical and scientific studies realized in the L'Aquila basin and 22 
in the area of the Basilica before and after L’Aquila earthquake. 2D site response analyses were performed to verify the 23 
presence of local site effects by comparing simulated versus experimental transfer functions. Moreover, a frequency-24 
wavenumber (f-k) analysis was executed with the aim of evaluating the occurrence of surface waves generated within 25 
the basin. 2D seismic effects involve significant amplification in the period range of engineering interest, therein 26 
providing an appropriate elastic response spectrum for the restoration of the Basilica. 27 
 28 
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1. Introduction 32 

Preservation of cultural heritages becomes a crucial issue in seismically active areas. A comprehension of the dynamic 33 
response of the inheritance under investigation is required together with an estimate of the ground motion expected at 34 
the site, including site effects evaluation. In fact, it is well known that amplification due the local subsoil conditions can 35 
strongly affect ground motion, causing severe damages (Kramer 1996). Therefore several studies have been performed 36 
over the last few decades regarding the cultural heritage structures that suffered damages attributed to local site effects 37 
(e.g. in Italy, Galli and Molin 2014; Pagliaroli et al. 2014; Hailemikael et al. 2017; in Greece, Hinojosa-Prieto and 38 
Hinzen 2015; in Nepal, Guatam et al. 2016; in South Korea, Park et al. 2013), and the evaluation and mitigation of 39 
seismic risk for the protection of the historical monuments (e.g. in Greece, Lagomarsino et al. 2010, Sboras et al. 2017). 40 
Moreover, it is worth noticing that Italian prescriptions state that any retrofitting design or restoration work has to 41 
properly accomplish both the intrinsic vulnerability and the dynamic response to the earthquakes of the target structure. 42 
In this framework, the Santa Maria di Collemaggio Basilica (SMCB) in L’Aquila is a very interesting monumental test 43 
site in one of the most hazardous regions in central Italy (Abruzzo region). Erected in the second half of the XII century, 44 
it has suffered numerous transformations partly due to the damages incurred as result of several seismic events 45 
(Clementi and Piroddi 1986; Ranalli et al. 2004). The 2009 L’Aquila earthquake (MW 6.1) caused a partial collapse of 46 
the transept and roof of the Basilica. Therefore, a permanent wireless structural monitoring system was installed inside 47 
the damaged church, to investigate the possible causes of the collapse and to monitor the eventual progression of the 48 
damage (Gattulli et al. 2013; Potenza et al. 2015). 49 
The present paper focuses on the one-dimensional (1D) and two-dimensional (2D) seismic response evaluation at the 50 
Basilica site. 2D phenomena are often neglected and, as an example, in the Italian Building Code (NTC 2008) no 51 
special analyses are required in presence of basins, even though some proposals on basin amplification factors are 52 
available (e.g. Chavez-Garcia and Faccioli 2000; Riga et al. 2016). However, scientific literature clearly demonstrates 53 
that  basin effects can be responsible for significant ground motion amplifications (e.g. Bard and Bouchon 1985; Bard 54 
and Gariel 1986), and 2D numerical simulations have long highlighted the appearance of different physical phenomena, 55 
with respect to the 1D case, such as generation of surface waves and possible 2D resonance (e.g. Bard and Bouchon 56 
1980). Basin effects are also documented by experimental studies including weak motion data (e.g. in Japan, Kudo and 57 
Sawada 1998; in California, Cramer and Real 1992; Real et al. 2006; Kwok et al. 2008; in Greece, Raptakis et al. 2000; 58 
Chavez-Garcia et al. 2000; in Alpine Valley, Roten et al. 2006, Poggi et al. 2015;  in Australia, Claprood et al. 2011; in 59 
central Italy Bindi et al. 2009). 60 
In this paper we describe the geological setting of the southern part of L’Aquila terrace and the adopted geotechnical 61 
model which we used to perform  one-dimensional (1D)  and two-dimensional (2D) site response analyses in the area of 62 
the Basilica. The results are shown in terms of 1D and 2D simulated transfer functions compared to the empirical ones, 63 
allowing to validate the proposed model and to study site effects affecting L’Aquila basin. The 2D synthetics along the 64 
target profile are also used to investigate the role of surface waves by means of a frequency-wavenumber (f-k) analysis .  65 

2. Geological setting  66 

Santa Maria di Collemaggio Basilica is located in the southern part of the L’Aquila downtown (see white circle in Fig. 67 
1), a moderate-sized city (about 70,000 inhabitants) of central Apennines founded at the half of the XIII century. 68 
L’Aquila is settled in a Quaternary tectonic graben characterized by clastic deposits of fluvial and slope environments 69 
and bordered by prominent calcareous ranges and active normal faults (Storti et al. 2013; Moro et al 2017). One of these 70 
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faults, the Paganica fault, was accountable for the April 6, 2009 mainshock (MW 6.1) which caused severe damages in 71 
the L’Aquila municipality and its neighbourhoods (Chiarabba et al. 2009).  72 

 73 

 74 
Fig. 1 Geological map of the studied area. AF- Anthropic fill (Holocene); CO- fine-grained colluvial deposit 75 

(Holocene); AL- fine- and coarse-grained alluvial deposit (Holocene); SL- coarse-grained slope deposits (Holocene); 76 
RD- Reddish deposit (colluviated terra rossa and weathered breccia) (Middle Pleistocene); TA- mainly coarse-grained 77 
terraced alluvial deposit (Middle Pleistocene); BR- L’Aquila breccia (Middle Pleistocene); PS- Pelite and sand (Early 78 

Pleistocene); SA- Upper Miocene sandstone substratum (i.e. seismic bedrock); LI- Meso-Cenozoic limestone 79 
substratum (i.e. seismic bedrock); 1- fault (orthogonal to the fault short dashes show downthrown block; dashed line 80 

where inferred); 2- deep boreholes used to set up the local subsoil soil  model (see Figs. 2 and 3); 3- geological section 81 
of  Fig. 2 and geotechnical section of  Fig. 5 used for the numerical simulations; 4- Santa Maria di Collemaggio Basilica 82 

site location; 5- available investigations used for the reconstruction of the subsoil model; 6- temporary and permanent 83 
seismic stations installed after L’Aquila earthquake in proximity of A-B section; 7- single station noise measurements 84 
along the slope of the terrace in proximity of the Basilica; 8- sites with deep in-hole VS measurement in the historical 85 

centre of L’Aquila 86 
 87 
The city centre is placed on a flat terraced relief carved by several minor fluvial valleys. The schematic geological 88 
setting consists, from the top to the bottom, of Middle Pleistocene 80-100 m-thick calcareous breccias (L’Aquila 89 
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breccia: “BR” of Figs. 1 and 2), which lay onto a 250-270 m-thick homogeneous Early Pleistocene fluvial pelite and 90 
sand (“PS” of Figs. 1 and 2). The geological map and the section of Figs. 1 and 2 were compiled taking into account 91 
data (mostly detailed geological mapping and borehole logs) from Cosentino et al. (2017), Durante et al. (2017) and 92 
Nocentini et al. (2017), respectively. L’Aquila breccias are composed of fine to coarse calcareous fragments of variable 93 
size (mostly of several cm) embedded in sandy or silty carbonate matrix, characterized by highly mechanical properties 94 
and variable degrees of cementation. Sometimes calcareous or marly silt horizons, with several meters of thickness, 95 
interlayer in the L’Aquila breccia formation. During sedimentation (Middle Pleistocene), the L’Aquila breccias were 96 
subjected to recurrent episodes of rock avalanches, sturzstroms and debris flows, with L’Aquila city relief representing 97 
the distal sedimentation body of such deposit (Blumetti et al. 1996; Demageot 1965; Esposito et al. 2014; Tallini et al. 98 
2012). On the contrary, the pelite and sand formation is of fluvial environment, and it consists of homogeneous fine- to 99 
medium-grained horizons, interlayered with sands, becoming coarser upward (Del Monaco et al. 2013; MS–AQ 100 
Working Group 2010). Pelite and sand formation is placed onto the Meso-Cenozoic carbonate formations (“LI” of Figs. 101 
1 and 2), and partly onto Miocene arenaceous and marly formations (“SA” and “MO” in Fig. 2) which represent the 102 
seismic bedrock. Its depth decreases toward the NE (Fig. 2), as testified by deep boreholes and gravimetric and seismic 103 
reflection investigations (Amoroso et al. 2010; Del Monaco et al. 2013; MS–AQ Working Group 2010; Tallini et al. 104 
2012). L’Aquila breccia thickness decreases from about 100 m in the L’Aquila central part to 0-10 m in the southern 105 
slope of L’Aquila relief, where this formation is laterally replaced by sands, pelites and calcareous gravels of pelite and 106 
sand formation and layers of calcareous breccias representing the distal sedimentation of L’Aquila breccia (Del Monaco 107 
et al. 2013). 108 
 109 

 110 
Fig. 2 Geological section used for the numerical simulations. FA- Anthropic fill (Holocene); CO- fine-grained colluvial 111 

deposit (Holocene); SL- coarse-grained slope deposits (Holocene); AL- fine- and coarse-grained alluvial deposit 112 
(Holocene); RD- Reddish deposit (colluviated terra rossa and weathered breccia) (Middle Pleistocene); BR- L’Aquila 113 
breccia (Early Pleistocene); PS- Pelite and sand (Early Pleistocene); SA- sandstone (Upper Miocene); MO- Marls with 114 

Orbulina (Middle Miocene); LI- Meso-Cenozoic limestone; 1- boreholes used to set up the subsoil model; W1, W2, W3 115 
and W4: deep boreholes (Fig. 3); SMCB: Santa Maria di Collemaggio Basilica location; SA, MO and LI formations 116 

represent the seismic bedrock 117 
 118 
Fine-grained reddish colluviated paleosols (reddish deposit: “RD” in Figs. 1 and 2) fill, with a maximum thickness of 119 
20 meters, buried paleovalleys or dolines carving the paleomorphology of L’Aquila breccias. Red silts are interpreted as 120 
resedimented paleosols, deriving from karst dissolution of calcareous rocks (L’Aquila breccia and Meso-Cenozoic 121 
substratum) happened in Middle Pleistocene time (Magaldi and Tallini 2000). 122 



5 
 

Reddish deposits (“RD”) show a random lithological variability. The above-mentioned colluviated paleosols often 123 
contain levels of weathered L’Aquila breccias (i.e. calcareous gravels interlayered with slacked Havana mud-supported 124 
calcareous breccia and gravels). 125 
Within approximately 10-20 meters above ground surface of L’Aquila breccia, a presumable well-developed epikarst 126 
and surface karst features are placed in L’Aquila city area, as confirmed by several observations (Del Monaco et al. 127 
2013; MS–AQ Working Group, 2010; Magaldi and Lorè 2015; Martelli et al 2012; Tallini et al. 2012). 128 
The L’Aquila breccia paleomorphology, originated mainly from karst dissolution, water erosion and anthropic activity, 129 
is almost all buried by reddish deposit. Locally anthropic fills, characterized by a thickness of several meters, are 130 
located in L’Aquila city, such as the remarkable road embankment crossing the valley west to Santa Maria di 131 
Collemaggio Basilica (“AF” of Figs. 1 and 2). 132 
The Basilica is located just outside the southeastern part of the medieval walls of L’Aquila city. It is placed in a NNE-133 
SSW trending flat terraced relief (flank inclination of about 20°) whose fine scale subsoil model was improved through 134 
deep boreholes (W1, W2, W3, W4; Figs. 1, 2 and 3) carried out also within the activity of the SMCB dome 135 
reconstruction and restoration project. In the Basilica area the rough subsoil model is composed from the top to the 136 
bottom by the following formations (Figs. 2 and 3): (i) reddish deposits – “RD” (thickness: about 16 m); (ii) L’Aquila 137 
breccia – “BR” (thickness: 41-44 m); (iii) pelite and sand – “PS” (thickness encountered in borehole W3: 234 m; 138 
presumable total thickness about 270 m); (iv) Meso-Cenozoic carbonate substratum (“LI” of Figs. 1 and 2), considered 139 
in the simulation the seismic bedrock. 140 
 141 

 142 
Fig. 3 Local subsoil model at Santa Maria di Collemaggio Basilica (SMCB) site deduced mainly from boreholes W1, 143 
W2, W3 and W4. The boreholes shown in red colour are projected. RD- Reddish deposit (colluviated terra rossa and 144 

weathered breccia); BR- L’Aquila breccia (sl: local calcareous silt lenses); PS- Pelite and sand; Bedrock- Meso-145 
Cenozoic substratum corresponding to the seismic bedrock 146 

 147 
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3. Dataset for the reconstruction of the subsoil model 148 

A detailed 2D subsoil model was constructed along section A-B, using the geophysical and geotechnical data collected 149 
from the seismic microzonation studies, the reconstruction of private damaged buildings and other technical and 150 
scientific studies realized in the L'Aquila basin and in the area of the Basilica before and after L’Aquila 2009 151 
earthquake. All this information (blue dots in Fig. 1) was used to  estimate the geometry of the bedrock at depth, the 152 
geotechnical properties of the shallow and, where possible, deep layers, giving priority to the closest investigations to 153 
cross section A-B. However, when the geotechnical characterization of the deepest layers could not be performed on the 154 
basis of the available closest information, the use of the data farthest from section A-B was justified, since the northern 155 
and southern investigations of the historical centre (western portion of Fig. 1) are consistent and the entire city centre is 156 
placed on a flat terraced relief carved by several minor fluvial valleys. Further details are provided in section 4. In this 157 
respect, the whole dataset of L’Aquila downtown was a relevant resource for the definition of the 2D geotechnical 158 
model of the present study. The available investigations include: more than one hundred boreholes to 20-35 m depth, 159 
eight deep boreholes to 50-270 m depth, twenty down-hole tests to 30-52 m depth, one cross-hole test to 92 m depth, 160 
five seismic dilatometer tests to 5-17 m depth, eighteen seismic dilatometer tests in a backfilled borehole to 25-133 m 161 
depth, few resonant column/cyclic torsional shear tests, several surface wave tests, electrical tomography surveys, and 162 
extensive seismic noise measurements. 163 
In particular, a significant amount of information was provided by the seismic microzonation studies promoted by the 164 
Department of Civil Protection (MS–AQ Working Group 2010) after the 2009 earthquake, and deep boreholes in the 165 
historical centre carried out by the University of L'Aquila – Centre for Research and Education in Earthquake 166 
Engineering (CERFIS; Amoroso et al. 2010, Cardarelli and Cercato 2010). Several investigations were also performed 167 
for the reconstruction of private damaged buildings (Amoroso et al. 2015a; Monaco and Amoroso 2016) together with 168 
numerous research studies realized in L'Aquila basin (Amoroso et al. 2014; Bordoni et al. 2014; Monaco et al. 2013; 169 
Santucci de Magistris et al. 2013). 170 
Before and after L’Aquila earthquake the Santa Maria di Collemaggio Basilica was also subject of different technical 171 
and scientific studies related to its Botanical Garden (about fourteen shallow boreholes and a well of 70 m depth), and 172 
to the still on-going seismic reinforcement and rebuilding project of the Basilica financed by Eni (three deep boreholes, 173 
i.e. 80 m, 120 m and 270 m depth, and several shallow ones together with geotechnical and geophysical investigations, 174 
i.e. seismic dilatometer tests, cyclic laboratory tests, seismic noise measurements, MASW and seismic refraction 175 
surveys; AA.VV. 2013, Amoroso et al. 2013; Amoroso et al. 2015b). 176 
In addition, Milana et al. (2011) described the results of temporary seismic stations installed in the city centre of 177 
L'Aquila after April 6, 2009. Among others AQ01, AQ03, AQ11, FAQ2, NAP stations lay in the studied area as 178 
indicated by the triangles in Fig. 1. The stations recorded local earthquakes from 28 May 2009 to 2 July 2009. In the 179 
present study the dataset of these stations was used for retrieving the Standard Spectral Ratio (SSR) curves. Following 180 
Milana et al. (2011), the SSR ratios were computed using AQ12 station as reference site (Poggio di Roio, south-west of 181 
L’Aquila; not visible in the map of Fig. 1). 182 
Furthermore, the authors also deployed two parallel transepts of seismic stations recording few hours of ambient noise 183 
vibrations, in order to investigate site effects along the slope of the terrace in proximity of the Basilica (stations from 184 
CM01 to CM11 in Fig. 1). Fig. 4 shows the results from these measurements in terms of Horizontal to Vertical, namely 185 
HV, curves. A strong peak at low frequency (about 0.6 Hz) can be noticed in accordance to previous studies (De Luca 186 
et al. 2005; Di Giulio et al. 2014), and directional noise analysis does not show particular polarization effects related to 187 
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the presence of the slope in proximity of the target site. The amplified frequency of 0.6 Hz corresponds to the 188 
fundamental resonance of the subsoil model in L’Aquila area (Milana et al. 2011). 189 
 190 

 191 
Fig. 4 Horizontal to Vertical, namely HV, results of noise measurements (from CM01 to CM11) carried out along the 192 
slope nearby the target site SMCB.  The map in the lower-right panel shows the position of CM01-CM11 stations. An 193 
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elevation profile (CM-CM' corresponding to the red line in the map) is also shown. Black and dotted curves in the HV 194 
plots show the mean and the mean+/- 1 standard deviation, respectively.  The grey area indicates the low-frequency 195 
resonance (about 0.6 Hz). The contour plot shows the directional HV analysis for each site, where the colour scale is 196 

proportional to the HV amplitude. 197 

 198 

4. Geotechnical model for ground response analyses 199 

As discussed in the previous section, the introduced geotechnical and geophysical dataset was used to develop a reliable 200 
subsoil model for 2D ground response analyses with reference to the whole area of cross section A-B, and for 1D 201 
numerical analyses in correspondence with four seismic stations located approximately along the 2D section, namely 202 
AQ11 (close to the Basilica), NAP, AQ01 and AQ03. 203 
The construction of the 2D geotechnical model started from the analysis of a series of selected deep investigations 204 
carried out in the historical city centre, as shown in Fig. 5. These data include soil profiles of relevant boreholes coupled 205 
with the VS profiles (Fig. 5a) and the noise measurements (Fig. 5b, Milana et al. 2011; Di Giulio et al. 2014). In detail, 206 
the VS measurements are close (a 92 m-deep cross-hole test at Fontana 99 Cannelle site, namely CH-F99C, Cardarelli 207 
and Cercato 2010; a 52 m-deep down-hole test at Viale XXIV Maggio site, namely DH-XXIVM, MS-AQ Working 208 
Group 2010; a 49 m-deep seismic dilatometer at Via De Bartholomaeis site, namely SDMT-VDB, Amoroso et al. 209 
2015a) and far (a 133 m-deep seismic dilatometer test at Fontana 99 Cannelle site, namely SDMT-F99C, Monaco et al 210 
2013; a 74 m-deep seismic dilatometer test and other 34 m-deep seismic dilatometer and down-hole tests at Palazzo 211 
Camponeschi site, namely SDMT-PC, Monaco et al. 2013; a 25 m and a 29 m-deep seismic dilatometer tests at Scuola 212 
De Amicis site, namely SDMT-SDA, Monaco et al. 2013; Santucci de Magistris et al. 2013) from cross section A-B, as 213 
shown in Fig. 1. As it can be observed in Fig. 5, the investigations from the northern and the southern areas of the 214 
historical centre agree about the VS values of the calcareous breccias and of the upper 92 m-deep fluvial deposits, 215 
ranging on average between 800 and 1200 m/s and between 400 and 700 m/s, respectively. In addition, all the noise 216 
measurements identify a strong peak at about 0.6 Hz, in accordance to the fundamental resonance frequency of 217 
L’Aquila downtown (Milana et al. 2011), and  to the results of the temporary seismic stations (AQ01, AQ03, AQ11, 218 
FAQ2, NAP) installed in the city centre and in proximity of the Basilica (from CM01 to CM11). These considerations 219 
support the definition of a 2D geotechnical model, evaluating the shear wave velocity from the seismic dilatometer, 220 
down-hole and cross-hole tests closest to cross section A-B and, when necessary, farthest from the cross section A-B 221 
(Cardarelli and Cercato 2010; Monaco et al. 2013; Santucci de Magistris et al. 2013; Amoroso et al. 2015a), and 222 
constraining the VS model in L’Aquila downtown also by a surface-wave analysis based on ambient vibration data (Di 223 
Giulio et al. 2014). 224 
 225 
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 226 
Fig. 5 Deep investigations carried out in different sites of L’Aquila historical centre: a soil profiles with VS 227 

measurements (modified after Cardarelli and Cercato 2010; Working Group 2010; Amoroso et al. 2015a; Monaco et al 228 
2013; Santucci de Magistris et al. 2013)  b noise measurements (modified after Milana et al. 2011; Di Giulio et al. 229 

2014) 230 

 231 
Therefore, the subsoil velocity profile of L'Aquila historical centre was characterized by a VS inversion at the transition 232 
from the upper breccias (VS ≈ 800-1200 m/s) to the underlying fine- to medium-grained, mostly silty fluvial deposits (VS 233 
≈ 550-810 m/s). The VS values of these fluvial deposits, when not available from direct measurements or specific 234 
studies, were estimated by experimental relationships (Chiara 2001; Crespellani et al. 1989) to consider the lithostatic 235 
pressure of the deposit. According to the available investigations, lower VS values were assigned to the calcareous 236 
breccias detected in the eastern side of L’Aquila (VS ≈ 600-800 m/s). In addition, low VS values were assigned to the 237 
upper portion of the breccias (i.e. reddish deposits with VS ≈ 350 m/s) and to the shallow deposits (i.e. alluvial, debris 238 
flow and colluvial deposits with VS ≈ 200-350 m/s). The bedrock was located over the fluvial silts, assuming VS equal to 239 
2000 m/s according to Bordoni et al. (2011). Therefore, in the numerical simulations the parametrization of the 240 
mechanical and dynamical soil properties of each geotechnical unit GU underwent a simplification. The GU considered 241 
in the modeling of the whole geotechnical cross section A-B, shown in Fig. 6 (the section trace is the same used for the 242 
geological cross section in Fig. 1), were: fill materials “Af”, alluvial deposits “Al”, debris slope deposits “Dt”, colluvial 243 
deposits “Cl”, reddish deposits “Rd”, calcareous breccias, divided into three sublayers due to the highly variable 244 
cementation and mechanical properties,“Br1”, “Br2”, “Br3”, fluvial deposits, divided into five sublayers due to the 245 
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overburden stress, “Fl1”,“ Fl2”, “Fl3”, “Fl4”, “Fl5”, and calcareous bedrock “Bedrock”. The VS profile, used for the 1D 246 
numerical analysis at AQ11 station, is shown in Fig. 7 together with the corresponding geotechnical units and the small 247 
strain shear modulus G0 values, obtained from VS using the theory of elasticity. 248 
 249 

 250 
Fig. 6 Geotechnical model used for 1D and 2D seismic response analyses 251 

 252 

 253 
Fig. 7 Subsoil model at AQ11 station: geotechnical units, shear wave velocity VS and small strain shear modulus G0 254 

profiles used for the 1D numerical analysis 255 

 256 
Table 1 summarizes the mechanical and dynamical soil parameters estimated for each GU and introduced into 1D and 257 
2D numerical analyses, by including unit weight γ, Poisson coefficient ν, shear wave velocity VS, stiffness decay G/G0 258 
and damping ratio D curves. Fig. 8 shows the curves of normalized shear modulus G/G0 and damping ratio D versus 259 
shear strain γ with reference to: 260 
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– the resonant column/torsional shear test results obtained at SDMT-VDB site by Amoroso et al. (2015a) into the 261 
reddish deposits of the Southern part of L’Aquila city, at 3.50-4.00 m depth, for “Rd” and “Cl” units; 262 

– the gravel reference curve into the numerical analyses developed for the seismic microzonation studies (MS–AQ 263 
Working Group 2010) for “Al”, “Dt” and “Af” units; 264 

– the dense gravel curve evaluated by Modoni and Gazzelloni (2010) for “Br1” and “Br2” units, weakly cemented 265 
breccias; 266 

– the resonant column/torsional shear test results obtained by C.A.S.E. Project (Santucci de Magistris et al. 2013) 267 
into the fluvial deposits of Roio Piano, at 50 m depth, for “Fl1”, “Fl2”, “Fl3”, “Fl4” and “Fl5” units. 268 

In addition a linear elastic behaviour was assigned to “Br3” (highly cemented breccias) and to “Bedrock”, assuming a 269 
small strain shear modulus G0 approximately equal to 3200 MPa and 9000 MPa for breccias and bedrock, respectively, 270 
and an initial critical damping ratio D0 equal to 0.5 % for both the geotechnical units. 271 
 272 
Table 1 Mechanical and dynamical soil parameters of each geotechnical unit 273 

GU 
γ 

(kN/m3) 
ν 

VS 
(m/s) 

G/G0 and D curves 

Af 17 0.2 250 MS–AQ Working Group (2010) 

Al 19 0.2 200 MS–AQ Working Group (2010) 

Dt 19 0.2 300 MS–AQ Working Group (2010) 

Cl 19 0.2 350 Amoroso et al. (2015a) 

Rd 19 0.2 350 Amoroso et al. (2015a) 

Br1 20 0.2 600 Modoni and Gazzelloni (2010) 

Br2 20 0.2 800 Modoni and Gazzelloni (2010) 

Br3 21 0.2 1200 
Linear elastic behavior 

(G0 ~ 9000 MPa, D0 ~ 0.5 %) 

Fl1 19 0.2 550 Santucci de Magistris et al. 2013 

Fl2 19 0.2 600 Santucci de Magistris et al. 2013 

Fl3 19 0.2 670 Santucci de Magistris et al. 2013 

Fl4 19 0.2 740 Santucci de Magistris et al. 2013 

Fl5 19 0.2 810 Santucci de Magistris et al. 2013 

Bedrock 22 0.2 2000 
Linear elastic behavior 

(G0 ~ 9000 MPa, D0 ~ 0.5 %) 

 274 



12 
 

 275 
Fig. 8 G/G0-γ and D-γ curves assumed in the 1D and 2D numerical modeling 276 

 277 

5. 1D and 2D numerical modeling 278 

Numerical analyses of seismic site response were carried out using the computer codes EERA (Bardet et al. 2000) and 279 
QUAD4M (Hudson et al. 1994), that are based on a 1D and 2D linear equivalent models, respectively. EERA iterates 280 
the 1D analysis in order to follow the variation of normalized shear modulus G/G0 and damping ratio D with shear 281 
strain. It assumes simplified soil deposit conditions, such as horizontal soil layers of infinite extent. QUAD4M is a 282 
dynamic, equivalent linear two-dimensional computer program. It uses a finite elements procedure to approximate the 283 
domain with a mesh of finite number of triangular and/or quadrilateral elements interconnected at their common nodes. 284 
The QUAD4M code solves the elastodynamic computation by using a step-by step integration in the time domain. The 285 
parameters are fixed for the whole duration of the input signal, and the computation is repeated with the update of the 286 
stiffness and the damping matrices, as happens in the one-dimensional code SHAKE (Schnabel et al. 1972; Idriss and 287 
Sun 1992). QUAD4M propagates P and/or SV waves with vertical incidence. The artificial reflection of seismic waves 288 
should be minimized at the domain boundaries, as well as at the underlying half-space, to represent the response of an 289 
infinite field condition. The code allows for the introduction of base dampers (Lysmer and Kuhlemeyer, 1969) to add 290 
damping at each of the nodes at the base of the finite model. The software includes a method for the introduction of 291 
damping matrices to reduce the damping at highest frequencies, which are commonly associated with the Rayleigh 292 
damping formulation (Lanzo et al. 2003). In the QUAD4M code the α and β coefficients of the Rayleigh damping 293 
formulation are set starting from two control frequencies, fmin and fmax, that define the frequency interval where the 294 
damping can be assumed free from numerical bias. The first frequency, fmin, is the natural frequency of the model, and it 295 
corresponds to the first natural circular frequency of the last iteration, ω, while the second frequency, fmax, is a function 296 
of fmin and of the predominant frequency of the input earthquake motion, finput (as indicated in Hudson et al. 1994). 297 
Following Pace et al. (2011), in the case of L’Aquila there are three different approaches for the definition of input 298 
accelerograms for rock-site conditions: (i) a probabilistic approach (PROB LADE) for seismic hazard assessment 299 
introducing some time-dependency for individual faults on the study area; (ii) a deterministic approach (DET1, DET2, 300 
DET3) computed from magnitude/distance pairs; (iii) the Italian Building Code approach (NTC08; NTC 2008).  301 
The present work used one of the accelerograms of the deterministic approach, namely DET1 (Fig. 9a). DET1 is 302 
compatible with the deterministic spectrum obtained from Sabetta and Pugliese (1996) attenuation relation for the 303 
moment magnitude MW – epicentral distance Repi (Mw =6.7, Repi =10 km), established by means of disaggregation 304 
analysis corresponding to a return period TR = 475 years. It is important to highlight that DET1 is an artificial 305 
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accelerogram, not strictly admitted by NTC (2008) and CEN (2003) prescriptions. In this case, its use was possible 306 
because it was obtained via simulations of the source-mechanism and the propagation path, under justified 307 
characteristics of the seismogenetic source and medium propagation. DET1 is characterized by a relatively significant 308 
peak ground acceleration PGA (equal to 0.375g), introducing non-linear approximation under higher level of induced 309 
strains. The PGA of DET1 was similar to the PGA value recorded by seismic stations deployed in L’Aquila downtown 310 
during the 2009 mainshock (Çelebi et al. 2010).  311 
An additional input motion, specifically AQKdec (Fig. 9b), was introduced into the numerical analyses to try to 312 
reproduce the 2009 L’Aquila earthquake. Following Di Giulio et al. (2014), AQKdec was obtained as input motion by 313 
deconvolving at the bedrock level the 2009 main shock recorded at the strong motion station AQK.  314 
 315 

 316 
Fig. 9 Input accelerograms used in the numerical analyses: a DET1, b AQKdec 317 

 318 
For each accelerogram used in the 2D analyses, Table 2 indicates the first natural circular frequency of the last iteration, 319 
ω, the predominant frequency of the input earthquake motion, finput, and the two control frequencies, fmin and fmax, 320 
derived from the Rayleigh damping formulation.  321 
 322 
Table 2 Rayleigh damping formulation frequencies of the 2D numerical analyses 323 

Accelerogram 
ω 

(rad/s) 

finput 

(Hz) 

fmin 

 (Hz) 

fmax 

 (Hz) 

DET1 3.582 5.55 0.6 
6.8  

(11 times fmin) 

AQKdec 3.879 6.25 0.6 
6.3  

(11 times fmin) 

 324 
In QUAD4M computation the 2D mesh size was adapted to the velocity model (mesh adaptivity procedure) in order to 325 
reduce the computational cost. The minimum element size was assumed equal to 1/6 of the minimum wavelength of 326 
interest.  This wavelength corresponds to the ratio between the lowest value of VS in the model and the frequency of 10 327 
Hz, chosen as “compromise” frequency between the computational cost and the engineering interest. The resulting 2D 328 
model, using the software GID (http://www.gidhome.com) considered a geotechnical cross section of 3.7 km of length 329 
and 1.4 km of thickness, in order to reduce the influence of artificial reflected waves, with 99,200 triangular elements 330 
and 49,710 nodes. In order to minimize the artificial reflection of seismic waves, the lateral domain was extended for 331 
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each side of about 7 km from the region of interest, and a compliant base was used introducing a series of base dampers 332 
according to Lysmer and Kuhlemeyer (1969). 333 
A sketch of the 2D mesh for the southern edge of L’Aquila terrace, including the Santa Maria di Collemaggio Basilica, 334 
is shown in Fig. 10. Output nodes were chosen in correspondence with the temporary stations AQ11, AQ01, NAP and 335 
AQ03. 336 
 337 

 338 
Fig. 10 Mesh of 2D numerical analyses 339 

 340 

Figs. 11 and 12 show the comparison of transfer functions computed by considering 1D or 2D and linear (“LIN”) or 341 
linear equivalent (“LIN-EQ”) approaches, using both accelerograms as input motion (DET1 and AQKdec). The transfer 342 
functions are similar in case of the two seismic inputs. Both 1D and 2D analyses detected a low-frequency resonance, 343 
identifying the deep bedrock which is in reasonable agreement with the fundamental frequency of 0.6-0.7 Hz obtained 344 
from the experimental SSR curves (Standard Spectral Ratio). The SSR curves reported in Figs. 11 and 12 indicate the 345 
mean SSR curves computed by Milana et al. (2011) on local earthquakes (magnitude ranging from 0.7 to 3.6) following 346 
the 2009 seismic sequence. The number of earthquakes used by these authors in the SSR computation was 172, 86, 160 347 
and 172 for AQ01, AQ03, NAP and AQ11 stations, respectively. However, at each of the four selected stations (AQ01, 348 
AQ03, NAP and AQ11) the 1D modeling underestimates strongly the amplitude value compared to SSR analysis (Figs. 349 
11 and 12). This discrepancy between 1D modeling and SSR curves is likely related to 2D basin effects caused by the 350 
generation of lateral surface-waves propagation within the valley (Bard and Bouchon 1985; Graves et al. 1998; 351 
Smerzini et al. 2011; Riga et al. 2016 among many others).  Figs. 11 and 12 also show that 1D results are quite similar, 352 
considering both the linear and the linear equivalent approaches. On the contrary, 2D modeling highlights the 353 
difference, as expected, between linear and linear equivalent results, that overestimate and fit quite well the amplitude 354 
of SRR transfer function, respectively. This latter aspect underlines the importance to insert the non-linear soil 355 
behaviour into numerical analyses in order to obtain more realistic results.  356 
Moreover, the 2D modelled transfer functions of each site clearly presented a secondary natural frequency between 2 357 
and 6 Hz. This frequency is generally not detected considering the experimental SSR curves. This can be interpreted 358 
twofold: (i) as an effect of the degree of non-linearity reached in the simulation that is not able to generate high strains 359 
in the reddish soils; (ii) as some 2D effects due to the presence of the reddish soils, not investigable by means of SSR 360 
because of the limitations at the base of the technique (i.e. a reference site with the horizontal-to-vertical spectral ratio 361 
not perfectly unitary on the entire frequency band of analysis). In this respect, Milana et al. (2011) observed that the 362 
reference site AQ12, used in the SSR computation, was characterized by a weak HV peak (average value of 2) in the 363 
frequency band 2.5-4 Hz, probably due to the effect of fractured outcropping limestone in the L’Aquila area. 364 
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 365 

 366 
Fig. 11 Transfer functions using DET1 as seismic input in correspondence with the temporary stations a AQ01, b NAP, 367 

c AQ03 and d AQ11 368 

 369 

370 
Fig. 12 Transfer functions using AQKdec as seismic input in correspondence with the temporary stations a AQ01, b 371 

NAP, c AQ03 and d AQ11 372 

 373 
In addition, Fig. 13 depicts the linear-equivalent transfer functions computed at other points along the cross section, by 374 
considering the 2D linear equivalent model and the AQKdec seismic input. The numerical analyses confirm the results 375 
previously shown: the peak at low frequency (< 1 Hz) is linked with the deeper basin contrast. It reaches the minimum 376 
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value of frequency at the centre of the basin (see H54 and H34 points), and it disappears at the edges of the valley (see 377 
H42 and H48 points) where the fundamental frequency moves towards 2-3 Hz.  378 
 379 

 380 
Fig. 13 a Mesh of 2D numerical analyses; b transfer Functions across the section. The Basilica is located in proximity 381 

of H54 point. SSR curves at AQ11 were computed by Milana et al. (2011) using 172 local earthquakes 382 

 383 

Fig. 14 summarizes the 2D transfer functions obtained in the Basilica surroundings, using the 2D linear equivalent 384 
model and the AQKdec seismic input. The fundamental resonance at 0.7 Hz is consistently found in the Basilica 385 
surroundings. Moreover, moving from the top toward the scarp (i.e. from H22 to H52 point), the modelled transfer 386 
functions show a peak centered at 5.5 Hz, while another amplification (between 2 and 2.5 Hz) gradually disappears on 387 
the flank (H52 point), i.e. when reddish deposits are not present. 388 
 389 

 390 
Fig. 14 a Mesh of 2D numerical analyses; b transfer functions in the Basilica surroundings 391 

 392 
Only the transfer function at H32 point has a different shape, likely due to the geological variability of the covers. 393 
A significant role of surface-waves is also confirmed by Fig. 15, where the synthetics of the horizontal and vertical 394 
components, obtained from QUAD4M computations, are plotted. A larger magnification and duration of the seismic 395 
signal is observed in correspondence with the Basilica, probably due to constructive interference between direct waves 396 
and horizontally propagating surface-waves. 397 
 398 
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 399 
Fig. 15 Waveforms from QUAD4M computations along the cross section of Fig. 6. The horizontal and vertical 400 

component are plotted in the left and right panel, respectively. The 1 Hz low-pass filtered synthetics are plotted in the 401 
bottom panel. The positions of AQ01, NAPO, AQ03, SMCB and AQ11 are also shown 402 
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 403 

6. F-k analysis 404 

The synthetics, obtained from the 2D simulation using AQKdec as seismic input, were analyzed by a conventional 405 
(CVFK; Lacoss et al. 1969) and high-resolution f-k analysis (HRFK; Capon 1969). The analysis was focused on the flat 406 
area surrounding the Basilica, where the 2D mesh was built to provide a large spatial sampling (the inter-distance for 407 
adjacent nodes varies from 6 to 12 m). The f-k analysis was computed on the synthetics of Fig. 15, considering a time-408 
window of 20 sec centered on surface waves through the geopsy tool (www.geopsy.org). The f-k results are shown in 409 
Fig. 16 in grey tonalities, where the colour scale, ranging from white to black, is proportional to the normalized beam 410 
power. In addition to these theoretical results, Fig. 16 presents, as red curves (dashed or continuous; see Fig. 16), three 411 
experimental surface-wave dispersion curves measured by Di Giulio et al. (2014) in the southern sector of the L’Aquila 412 
downtown nearby the SMCB site. In detail, these authors used 2D arrays of seismic stations recording ambient noise 413 
with different array aperture (dashed curves in Fig. 16), and 1D linear array of vertical geophones recording active 414 
signals (continuous curve in Fig. 16). 415 
The results show, for both components, dispersion properties related to the theoretical fundamental mode of Rayleigh 416 
waves (Fig. 16). This is true in the frequency range from 1.5 to 10 Hz. However, the dispersion curve, derived from 417 
simulation, is not continuous in the entire frequency range, which may be attributed to  the role of interferences between 418 
surface waves and other types of waves. The inversion of velocity related to the presence of breccias over fluvial 419 
deposits can be also recognized in the shape of the fundamental mode (see Fig. 16).  The role of higher modes (at least 420 
first and second higher modes) seems negligible.  421 
 422 
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 423 
Fig. 16 Dispersions curves obtained from high-resolution (HR) and conventional (CV) f-k analysis computed on 424 

synthetics resulting from QUAD4M code in the area surrounding the Santa Maria di Collemaggio Basilica (see Fig. 15). 425 
The white-to-black color scale shows the normalized beam power from the f-k linear analysis computed on both 426 

components (X and Z means horizontal  and vertical components). The red curves (dashed or continuous curves with 427 
error bars) are the experimental dispersion curves measured by Di Giulio et al. (2014), using two specific 2D arrays of 428 

seismic stations (dashed curves) and 1D array of geophones (continuous curve) 429 

 430 
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7. Discussion and conclusions 431 

The huge amount of geological, geotechnical and geophysical data provided by numerous studies in L'Aquila 432 
downtown, allowed to rebuild a subsoil model for the 1D and 2D seismic response analyses of the site of Santa Maria di 433 
Collemaggio Basilica. 434 
Thanks to the availability of aftershoks records of the sequence of 2009 earthquake close to the Basilica, the site was 435 
suitable for an accurate seismic modeling, providing the rare opportunity to compare numerical and experimental data. 436 
2D analysis was able to reproduce the site response better than 1D modeling, and the proposed model confirms the 437 
presence of 2D effects in L’Aquila downtown. Even though amplification values are not exactly reproduced, linear 438 
equivalent results approximate satisfactorily the experimental ones. In this respect, the proposed geotechnical model 439 
appeared to be reliable, confirming the presence of 2D effects in L’Aquila city centre via the high frequency peaks (i.e. 440 
≥ 2Hz). 441 
Finally, Fig. 17 shows the 1D elastic response spectrum obtained close to the Basilica (H22), by multiplying the spectral 442 
acceleration computed by EERA with the maximum aggravation factor, max AGF, to take into account the basin effect, 443 
following Riga et al. (2016). This procedure is based on the results of several numerical modeling, and it provides 444 
aggravation factors for response spectra, considering different basin geometries and velocity contrasts. Max AFG was 445 
assumed equal to 1.36, according to the basin geometry and the dynamic properties of SMCB. The graph plots also the 446 
2D response spectra obtained in correspondence with the same point (H22), and two additional 2D response spectra 447 
computed at H34 and H52 points. This comparison suggests a twofold conclusion: (i) despite the aggravation from 448 
basin effects, the 1D modeling still gives lower amplification over a wide period range up to 2 sec that may be partially 449 
justified also by the topography of SMCB relief; (ii) the role of subsoil conditions is very significant, inducing changes 450 
in the shapes of spectra, even at little scale. The variability of the elastic response spectra obtained from numerical 451 
modeling highlights the fact that the choice of the dimensionality of the problem is one of the most crucial steps in such 452 
numerical analyses. 453 
 454 

 455 
Fig. 17 a Mesh of 2D numerical analyses; b elastic response spectrum close to the Basilica (point H22) obtained from 456 
1D analysis and amplified with maximum aggravation factor after Riga et al. (2016) (blue line), compared to elastic 457 

response spectra obtained from 2D analyses at points H22 (black line), H34 (red line) and H52 (green line) 458 
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