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ABSTRACT 

 

Numerical ground motion simulations have been performed to study the seismic response of the Gubbio 

sedimentary plain to the main shock of the 1997 Umbria-Marche earthquake sequence (MW6.0 Sept 26, 

1997, 09.40 GMT). Seismic records within the Gubbio plain clearly highlighted prominent long period 

components of ground motion, related to surface waves originated within the basin, at about 40 km 

epicentral distance. To explore the distinctive features of the seismic response of Gubbio basin, the 

spectral element code GeoELSE (http://geoelse.stru.polimi.it), tailored on parallel computer architectures, 

has been used, which allows for high performance 3D numerical simulations, encompassing in the same 

numerical model the causative fault and the basin itself. Comparison of 3D, 2D and 1D numerical 

simulations with the observed records clearly points to the need of realistic 3D numerical modeling to 

predict the combined effects of radiation pattern, propagation path in irregular geological structures and 

complex site effects, that may be strongly underestimated or neglected at all by numerical approaches 

based on 1D wave propagation theory. 
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INTRODUCTION 

 

Intra-mountain alluvial basins are a typical surface expression of the extensional tectonic regime that 

dominates the seismic activity in Central/Southern Italy along the Apennines chain, as shown by several 

examples in Figure 1. A frequent feature of such basins is the closed-shape, the relatively small spatial 

extension (up to few tens of km) and the association to a normal active fault system, capable to produce 

earthquakes up to magnitude 6.5-7. 

 

Standard approaches based on the assumption of vertical propagation of plane waves in horizontally 

layered media are not suitable for earthquake ground motion prediction in such basins, because they 

cannot account for the wave phenomena arising from the vicinity to the seismic source, such as the 

polarization of motion related to the focal mechanism, the rupture directivity, and from the complex 

geomorphology of the basin, including resonance effects and surface wave propagation induced by body 

wave incidence at the basin edge. 

 

Many among the most important Italian earthquakes were originated within normal fault related 

extensional basins, the last one being the Mw6.3 that devasted L’Aquila and the surrounding villages 

within the Aterno Valley in Central Italy on Apr 6, 2009, but it is worth to recall as well the Mw7 Marsica 
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earthquake, just about 50 km S of L’Aquila in the Abruzzi region, that on Jan 13, 1915, devastated 

Avezzano and the villages surrounding the Fucino plain, causing more than 30,000 deaths, with 

consequences probably strongly magnified by the basin-induced ground motion amplification. 

 

 
Figure 1 Examples of closed-shape intra-mountain sedimentary basins in Central Italy, 

related to an extensional tectonic regime.  

 

One of the most typical features of seismic response within such basins is the evidence of prominent 

contributions of surface waves to long period ground motion, as shown by many examples of strong 

motion records obtained at stations of the Italian strong motion network and available in the ITalian 

ACcelerometric Archive (ITACA, http://itaca.mi.ingv.it). The strong motion records obtained in Gubbio 

Piana (GBP) during the Umbria-Marche seismic sequence provide the clearest examples of earthquake 

ground motion within intra-mountain basins in Central Italy. The sequence started on Sep 26, 1997 with 

two major shocks, the first one at 00:33 GMT, MW 5.7, and the mainshock at 9:40, MW 6.0, both at 

around 40 km epicentral distance (Re) from GBP. At GBP a digital SSA instrument operated between 

1991 and 2004 and provided several 3-component records of the Umbria-Marche sequence, while an 

analog strong motion station (GBB), still in operation, was located at a stiff soil site close to Gubbio 

downtown, at the edge of the basin. An investigation on the Gubbio records and on the seismic 

characterization and monitoring of the basin can be found in Pacor et al. (2007) and Bindi et al.(2009). 

 

In this paper we will study some of the most relevant features of its seismic response at long periods 

based on different numerical assumptions. Namely, we will investigate and compare results of numerical 

simulations of earthquake ground motion during the 09:40 Sep 26 1997 Umbria-Marche mainshock from 

the following numerical models: 

 

a) 3D model of the basin along with a proper 3D kinematic characterization of the seismic source; 

b) 2D models of longitudinal and transverse cross-sections of the basin under vertical and oblique 

plane wave propagation, using, as input, the output of the 3D simulation at outcropping bedrock ; 
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c) 1D model under vertical plane-wave propagation, using the same input as for point b). 

Since one of the main outcomes of this work will be the comparison of results from the different 

numerical approaches, we will use the same simplified stratigraphy for all models. 

 

3D NUMERICAL SIMULATIONS 

 

Numerical model 

The seismic response of the Gubbio basin to the Umbria-Marche mainshock (MW 6.0) was first studied by 

making use of the Spectral Element Method (SEM) software package GeoELSE (GeoELastodynamics by 
Spectral Elements, http://geoelse.stru.polimi.it). The theoretical development of the spectral element code 

implemented in GeoELSE is shown by Faccioli et al. (1997), while a comprehensive application to the 3D 

numerical simulation of the near-fault seismic response of the Grenoble basin is illustrated in Stupazzini 

et al. (2009). In the latter reference, remarks on the implementation of GeoELSE in parallel computer 

architectures can be found as well. 

 

The 3D numerical model is constructed by combining the following features: a) the kinematic seismic 

source model of the Umbria-Marche mainshock proposed by Hernandez et al. (2004); b) the 3D model of 

the Gubbio alluvial basin; c) a layered deep crustal model; d) hexahedral unstructured mesh including 

both the Gubbio plain and the causative fault; e) linear visco-elastic material behaviour with a Q factor 

proportional to frequency. For point (b), we made reference to Deliverable D21 (Project S3, DPC-INGV 

Agreement 2004-2006), where a 3D reconstruction of the basin-to-bedrock interface was provided, as 

well as the shear wave velocity profiles at various sites and several cross-sections within the basin. Based 

on such study a homogenous soil profile, expressed as a function of depth z (measured in m from the 

basin surface) was calibrated as follows: 

 

VP(z) = 1000+30 z1/2
; VS (z)= 250+30z1/2

, ρ = 1900 and QS = 50       (1) 

 

where VP and VS are the P- and S-wave velocity (in m/s), respectively, ρ is the mass density (in kg/m
3
), 

and QS  is the S-wave quality factor. For further details on the numerical model and on the 

implementation of the kinematic source within the numerical model, the reader is referred to Smerzini et 

al. (2010). We limit here ourselves to note that the final mesh consists of 361,752 spectral elements, the 

size of which ranges from a minimum of about 100 m (inside the alluvial basin) up to 900 m in order to 

propagate frequencies up to around 3 Hz with spectral degree SD = 4, for a total of about 23.5 million of 

spectral nodes. The numerical simulations were performed with the Lagrange computer cluster located at 

CILEA (http://www.cilea.it/).  

 

Comparison with observed strong motion records 

The simulated velocity time histories and the corresponding Fourier amplitude spectra at GBB, located on 

gravel breccias at the eastern edge of the basin (left hand side), and at GBP, within the Gubbio plain 

(right hand side) are compared with the strong motion observations in Figure 2. Synthetics and 

observations are processed with a high-pass acausal Butterworth filter at fh=0.1 Hz on the three 

components, for GBP, and at fh=0.4 Hz on the horizontal components and fh=0.6 Hz on the vertical one, 

for GBB. The low pass filter is at fl=3 Hz in all cases, due to the frequency resolution of numerical 

simulations. The difference of high-pass filter is due to the poor quality of the GBB record that, besides 

being obtained by an analog instrument, suffered from late-triggering on the S-phase. The record was 

processed using the procedure described in Paolucci et al. (2010) for similar records in the ITACA 

database, but inevitably much information was lost in the early phase of ground motion.  
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These comparisons show that there is a reasonable agreement both in time and frequency between 

simulations and observations, considering the relatively rough modeling of both the source and the 

propagation path. On the other side, it is worth to remark that the numerical model is capable of 

propagating accurately frequencies up to about 3 Hz, that is a major achievement for this class of 

numerical analyses, usually limited to a frequency range up to about 0.5-1 Hz. With regard to this issue, 

we refer the reader to Stupazzini et al. (2009) for a comprehensive summary on the main features of 

physics-based 3D numerical simulations of strong earthquake ground motion in densely populated 

alluvial basins.  

 

 
Figure 2 Comparison of 3D numerical simulation (grey line) by the spectral element code GeoELSE 

with strong ground motion observations (black line): velocity time histories (left) and 

corresponding Fourier amplitude spectra (right) obtained at: a) GBB (Gubbio) and b) GBP 

(Gubbio Piana). Data are band-pass filtered between 0.4 (except for vertical component: 0.6 Hz as 

denoted by the superimposed arrow) and 3.0 Hz for a) and between 0.1 and 3.0 Hz for b). 

 

 

COMPARISON WITH 1D AND 2D SOLUTIONS  

 
After the successful results obtained by the 3D numerical simulations, we aim in this section at checking 

the capability of 1D and 2D models to reproduce the observed long period ground motion and to provide 

a systematic comparison between 3D results and those obtained by simpler approaches. For this purpose, 

we started from the same numerical model, as used for 3D numerical analyses, and extracted from such 

model two cross-sections of the basin and one soil profile at GBP site, to perform 2D and 1D numerical 

simulations, respectively.  

 

Leaving to Smerzini et al. (2010) a detailed presentation of the procedure to perform 2D numerical 

simulations of seismic response along two orthogonal (longitudinal and transversal) cross-sections of the 

Gubbio basin, we limit here to remark that 2D simulations failed to provide a similar onset of prominent 

surface wave propagation along the basin as in the 3D simulations. This is clear when comparing in 

Figure 3 the 3D and 2D horizontal displacement time histories along the longitudinal cross-section of the 

basin, both under vertical (left side) or oblique (20° inclination, right side) plane wave propagation.  
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Figure 2. Horizontal displacement time histories at equally spaced receivers located along 

the NW-SW longitudinal cross-section of the basin. Thin black lines refer to the 3D 

numerical simulations while thick grey lines refer to the 2D model subjected to vertical (left 

hand side) and oblique (right hand side) plane waves.  

 

A comprehensive comparison of ground motion recordings with the results obtained by 3D, 2D and 1D 

numerical approaches is illustrated in Figure 4, both in terms of displacement time histories at GBP (left 

top panel) and Standard Spectral Ratios (SSRs, bottom panel), the latter being computed as ratio of the 

Fourier spectrum at GBP over that at a nearby rock reference station. Observed and 3D simulated time 

histories have been obtained by rotation of the horizontal components along the considered cross-section 

(either TT’ or LL’ as indicated in brackets). 2D synthetics refer to the results obtained by vertical plane 

wave incidence using, as input, the output of the 3D simulations at site A’ and B’ for the TT’ and LL’ 

cross-section, respectively. Finally, 1D synthetics have been obtained by convolution of the 1D transfer 

function, computed for a representative soil column beneath GBP, with the same input as for the 2D 

simulations. Results have been low-pass filtered below a corner frequency of 3 Hz, that is the maximum 

resolution of the numerical simulations. It is noted that 3D ground motion time histories at GBP are fairly 

close to the observations in terms of amplitude and spectral content, especially when the TT’ component 

is analyzed. In contrast, 2D and 1D simulations tend to underestimate significantly the amplitude of the 

observed ground motion inside the alluvial basin, of at least a factor of 2 in terms of peak values, and are 

lacking in spectral contributions for frequencies lower than about 1 Hz.  

 

The SSRs shown on the bottom panel of Figure 4 can be regarded as numerical estimates of the 

amplification function at GBP. More specifically, observed and 3D simulated SSRs have been calculated 

as geometric mean of the ratios of the horizontal Fourier spectrum GBP/GBB, while 2D numerical 

simulations refer to the spectral ratios of GBP over the reference rock site A or B’, for the TT’ and LL’ 

cross-section, respectively. The 1D analytical transfer function, computed as stated above, is also 

displayed for comparison purposes. For sake of clarity, the results for 2D oblique plane wave incidence 

are not shown. Note that recorded SSRs are not displayed below 0.4 Hz due to the high pass filter applied 

to the analog GBB recordings. SSRs obtained by 3D simulations turn out to be broadband over a range of 
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frequency between 0.3 and 0.8 Hz suggesting a major amplification of ground motion inside the Gubbio 

plain at around 0.5 Hz, associated to spectral amplification factors of the order of 20. On the contrary, 1D 

and 2D simulations provide a lower and narrower amplification band at around 0.35 Hz, that is the 

fundamental 1D resonance frequency at GBP. It is interesting to remark that the level of complexity of 

seismic response, but also the adherence to observations, introduced by 3D numerical modeling is much 

higher than 1D and 2D modeling. As a matter of fact, the contribution of higher 3D vibration modes tends 

to spread the ground motion amplification over a much broader frequency range than in 1D and 2D. 

Nevertheless, 2D and 1D simulations provide a better agreement with the observations in the high 

frequency range, f > 2 Hz, where the 3D results provide larger levels of spectral amplification than those 

inferred by strong ground motion recordings, probably due to the frequency dependent quality factor 

adopted in the spectral element code.  

 

 
Figure 4. Comparison of observation with 3D, 2D and 1D numerical modeling. Left top 

panel: comparison in terms of displacement time histories at GBP. Bottom panel: 

comparison of recorded SSRs of GBP/GBB with those obtained by 3D, 2D (for both TT’ 

and LL’ cross-section under vertical plane wave incidence, oblique incidence is omitted for 

sake of clarity) and 1D modeling. The right top map points out the location of the reference 

ground motions used to compute the SSRs. 

 

Figure 5 depicts a similar synthesis of results from different modeling assumptions in terms of ratio of 

response spectral ordinates (RSRs) with respect to a reference site: the observed response spectral factors 

of GBP over GBB are compared with those obtained by 3D, 2D, for both the TT’ and LL’ cross-sections 

under vertical and oblique plane wave incidence, and by 1D numerical analyses. For the 2D numerical 

simulations reference sites A and B’ have been considered for the TT’ and LL’ cross-sections, 
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respectively, as in Figure 4. Again, 3D numerical simulations predict spectral amplification factors that 

are very close to the recorded ones for a period range spanning from about 0.4 to 2 s. On the other hand, 

the 1D and 2D approaches provide a similar strong underestimation of the observed spectral ratios, of a 

factor of about 4-5 on the entire period range under consideration.  

This study clearly shows that the long period basin-induced amplification observed at GBP cannot be 

accurately predicted by either 2D or 1D numerical approach. These approaches cannot reproduce the 

complexity of seismic wave propagation from an extended seismic source to 3D geological structures due 

to their strong simplifications concerning both the seismic input and soil configuration. Instead, the 

agreement with the numerical 3D spectral ratio for T>~1 s is remarkable and clearly points out that the 

distinctive features of seismic response in the presence of strong lateral discontinuities, such as deep 

closed-shape sedimentary basin, cannot be accurately predicted but with advanced numerical tools based 

on 3D wave propagation theory. 

 

 
Figure 5. Comparison between recorded, 3D, 2D (for both transverse and longitudinal 

cross-section under vertical and oblique plane wave incidence) and 1D RSRs computed at 

GBP station. The reference rock station is either GBB (observations, 1D and 3D modeling) 

or site A’ and B’ for the TT’ and LL’ cross-section, respectively. GM denotes geometric 

mean of the horizontal components. 

 

 

CONCLUSIONS 

 

This study clearly shows that the long period basin-induced amplification observed at GBP cannot be 

accurately predicted either by 2D or 1D numerical approach. These approaches cannot account for the 

complexity of seismic wave propagation from an extended seismic source to 3D geological structures due 

to their strong simplifications concerning both the seismic input and soil configuration. Instead, the 

agreement with the numerical 3D spectral ratio for T>~1 s is remarkable and clearly points out that the 

distinctive features of seismic response in the presence of strong lateral discontinuities, such as deep 

closed-shape sedimentary basin, cannot be accurately predicted but with advanced numerical tools based 

on 3D wave propagation theory. 
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