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ABSTRACT

In this paper, the physics-based numerical simulation of the strongest instrumental earthquake in the recent seismic
history of Italy, i.e., the Nov 23, 1980 Irpinia earthquake in Southern Italy, with magnitude My, 6.8, is presented and
discussed. A 3D spectral element model covering an extended region (147 x 110 km?) was constructed, with a fre-
quency resolution up to 2 Hz, encompassing a rather complex multi-segment kinematic fault rupture model and a
crustal velocity model including the ground topography. Although a strict validation of the numerical model is not
possible, owing to the limited data available for this historical earthquake, simulations are found to capture the main
features of the spatial and temporal variability of ground motion realistically, as testified by the quantitative com-
parison with the available recordings and with the macroseismic intensity observations. The results are investigated
to gain insights into the key features of near-source ground motion during normal-fault earthquakes, including the
spatial variability of the permanent ground deformation field, as well as amplitude, period content, azimuth, and
polarization (fault normal vs. fault parallel) of pulse-like signals caused by up-dip directivity effects.

1 | Introduction

Among the various approaches suitable to predict earthquake ground motion, physics-based simulations (PBS) are
obtained by numerical integration of the elastodynamic equations within a 3D computational domain embedding
the seismic source, the propagation path, and the shallow soil layers. Owing to the expertise gained in recent years
(see, e.g., Graves et al. 2011; Paolucci et al. 2018a; McCallen et al. 2021) and to the ever-increasing power of high-
performance computing, PBS are becoming a feasible and powerful alternative to empirical approaches for earthquake
ground motion assessment. As a matter of fact, although the accuracy of empirical ground motion models (GMM) is
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continuously enhanced up to the development of non-ergodic models (Sgobba et al. 2021c; Lavrentiadis et al. 2023) and of
sophisticated statistical techniques (e.g. Lanzano et al. 2021; Bortolotti et al. 2024), as more and more records of real
earthquakes become available, PBS have the advantage to provide time histories of ground motion accounting for
the specific features of the tectonic environment, of the near-source region and/or of the complex geological environment,
that may not be sufficiently well sampled yet by available records.

PBS has also attracted interest to simulate earthquake ground motions during historical earthquakes, as in the case of
some of the Italian catastrophic events of the past centuries (see, e.g., the 1693 Eastern Sicily, the 1908 Messina Straits, and
the 1915 Marsica earthquakes, addressed among others by Munafo et al. 2024, Convertito and Pino 2014, and Paolucci
et al. 2016, respectively). First, such simulations may provide useful results for better constraining the seismogenic source
of such earthquakes, often hardly known, by exploiting the sparse information available, typically consisting of the mac-
roseismic intensity field and of a few ground motion records, if any. Second, they may provide a comprehensive, realistic
picture of the earthquake ground motion, including its near-source features, its attenuation with distance, and its spatial
variability at small and large scales. Third, they may better constrain the vulnerability and risk assessment, providing
area-specific intensity measures of ground motion either for constructing empirical fragility curves or for generating
seismic damage scenarios (Kenawy et al. 2021; Rosti et al. 2023; Miah et al. 2024; Monsalvo-Franco et al. 2025). For
these reasons, taking advantage of the large amount of seismic source information and accelerometric records collected
after the major Italian earthquakes of the past 20 years, PBS have been extensively used for improving the understanding
of earthquake ground motion and of its spatial variability, especially in near-source conditions, such as for L’Aquila 2009
(e.g., Smerzini and Villani 2012; Evangelista et al. 2017; Artale Harris et al. 2025), Po Plain 2012 (e.g., Paolucci et al. 2015)
and Central Italy 2016 (e.g., Pitarka et al. 2022; Akinci et al. 2024).

The Irpinia earthquake, which occurred on November 23, 1980, was the last major seismic catastrophe of the past century
in Southern Italy, causing about 3000 fatalities. With a moment magnitude My, of 6.8, it was among the first large earth-
quakes in the world with a sufficiently extended coverage of analog seismic stations, the recordings of which were used for
years as seismic input for earthquake engineering in Italy and Europe, as well as for constraining the empirical GMM at
large magnitude. Still, only three stations were lying within less than 15 km distance from the surface projection of the
causative fault, so that it was not possible to derive a correlation of the observed largest level of building damage with a
well-constrained intensity of shaking. Furthermore, tens of rock and landslides occurred in the near-source area, causing
extensive failures in some villages, such as Calitri and Senerchia (Bernard and Zollo 1989; Porfido et al. 2007).
Additionally, large ground deformations were observed, sometimes causing distress to spatially extended infrastructures,
such as the Pavoncelli hydraulic tunnel (Cotecchia et al. 1990), the major hydraulic infrastructure that supplies water
toward the Apulia region.

As a consequence of the limited number of analog strong motion records and of the lack of extensive ground deformation
measurements, many questions are still open on the potential impact of a repetition of a similar earthquake from one of
the many active normal-type faults of this region. Indeed, the impact may be relevant up to the urban area of Napoli,
which, although lying at some tens of km away from the seismogenic source, experienced in 1980 the collapse of several
buildings with a large number of fatalities.

In this study, starting from the relatively limited information available, a regional-scale 3D PBS of the earthquake ground
motion within the broader Irpinia area was carried out. The simulation domain covers a wide area, encompassing dif-
ferent regions (mainly Campania and Basilicata), which suffered significant shaking intensity and physical damage in the
1980 earthquake. This is shown in Figure 1, where the macroseismic intensities according to the Mercalli-Cancani-
Sieberg scale (Ics, from Locati et al. 2022) are illustrated, together with the causative seismogenic faults of the
earthquake, as well as other active faults mapped in the Database of Individual Seismogenic Sources (DISS 2025).
The epicenters of the historical earthquakes in the region with My, > 6.0 (from Rovida et al. 2022) are also pointed
out. The PBS were performed using the spectral element code SPEED (Mazzieri et al. 2013), which has been extensively
used in the recent past to simulate earthquake ground motions from various real or scenario (hypothetical) earthquakes
in different regions worldwide, in most cases validated by station-by-station comparisons with the available seismic
records (e.g., Paolucci et al. 2015; Evangelista et al. 2017; Infantino et al. 2020; Smerzini et al. 2023). From such
PBS, a validated dataset of near-source simulated ground motions was constructed, named the BB-SPEED set
(Paolucci et al. 2021; Smerzini et al. 2024), aiming at providing a complement to records for seismic analyses of structures
or geotechnical systems.

After illustrating the setting and the main features of the numerical model, the simulated ground motions are compared
with the available analog recordings both in the time and frequency domains, as well as with the observed macroseismic
field. Subsequently, the near-source features of ground motion are investigated, including attenuation with distance,
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FIGURE 1 | Map including the region hit by the Nov 23, 1980, Irpinia earthquake, with the Macroseismic Intensities (Iycs
from Locati et al. 2022). The black rectangle delimits the extent of the numerical model developed in this study. The gray rectangles
show the Individual and Composite Seismic Sources (ISS and CSS) according to the Database of Individual Seismogenic Sources DISS
(2025). Blue triangles are the accelerometric stations that recorded the 1980 earthquake (records available from the ITACA database
https://itaca.mi.ingv.it/). Historical earthquakes with My, > 6.0, from Rovida et al. (2022), are shown by black squares.

spatial distribution of permanent ground deformation, features of impulsive signals, fault-related polarization, and up-dip
directivity effects.

2 | Set-up of the Regional-Scale 3D Numerical Model
2.1 | The Seismic Velocity Model

3D PBS relies on the available geological and geophysical characterization of shallow crustal layers, constraining the
definition of a wave propagation velocity model (in terms of S and P wave velocities, Vs and Vp) as well as an anelastic
attenuation model (in terms of Q factors). Extensive hydrocarbon explorations in the Southern Apennines since the 1980s
(Ascione et al. 2020; Porfido et al. 2022) have provided seismic reflection and well data, which have supported the defi-
nition of structural models of the Southern Apennines and the reconstruction of its tectonic evolution. The subsoil model
used in this study (shown in Table 1) considers only the rock crustal layering, up to an outcropping engineering bedrock
characterized by a V 3, of about 800 m/s, following the model proposed by Ameri et al. (2011) and then slightly modified
by Cauzzi et al. (2012). The shallower layers of this crustal model represent the sedimentary sequence of the Bradano
Through Quaternary deposits, while the deepest ones belong to the Apulia Carbonate Platform (Improta et al. 2003).

TABLE 1 | Crustal model adopted in the numerical simulations. Vp» =1.81-Vy is assumed for all layers. A frequency-dependent
attenuation model (Q=Q,*f/f,), with a reference frequency f, = 1 Hz and Q, values for S waves as given in the table, is adopted.

Thickness, m p, kg/m? Vs, m/s Qo (fr=1Hz), -
1000 (*) 1960 + 11 2% (**) 700 + 39 2% (**) 70
1000 2300 1930 70
2000 2500 2490 210
6000 2600 3150 420
12 000 2700 3590 420

(*) variable thickness (>1000 m) depending on ground surface elevation. (**) depth z is calculated from ground surface.
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FIGURE 2 | S-wave velocity Vs, P-wave velocity Vp, and mass density p profiles adopted in this study (black thick lines). The blue
and red lines show profiles from literature studies (Lancieri and Zollo 2009 and Dello Russo et al. 2017, respectively).

As specified in Table 1, parabolic profiles were introduced for Vs, Vp, and mass density p as a function of depth z from the
ground surface, to characterize the smooth increase in the soil properties in the first 1 km. Note that the 1D velocity model
of Table 1 was used throughout the computational domain, with the depth of the different soil layers changing locally
according to the topography, the latter one having been shaped according to a Digital Elevation Model (DEM) with 30 m
resolution. For all geologic layers, the values of Vp were calculated as 1.81-Vs, corresponding to a Poisson’s ratio v=0.28.
Figure 2 shows the modeled Vs, Vp, and p profiles in comparison with other literature studies (Lancieri and Zollo
2009; Dello Russo et al. 2017).

After a sensitivity analysis to fit the ground motion attenuation features observed during the 1980 earthquake, a
frequency-proportional quality factor Q was considered (Q = Q,-f/f,), with the reference frequency f,=1Hz and
the corresponding Q, values for S waves as shown in Table 1. Details for the numerical implementation of the fre-
quency proportional Q model are provided in Stupazzini et al. (2009). Such frequency dependence of Q was also
assumed by Rovelli (1983), who estimated for the shallow crustal layers Q = 40f, in one of the first attempts at cali-
bration of Q values from the Irpinia earthquake accelerometric records. With respect to Rovelli’s estimates, slightly
larger values of Q were adopted in the PBS to capture some relevant patterns of distant ground motion records, such as
Torre del Greco (TDG, see Figure 1). For the same reasons, the frequency-dependent Q model was preferred to the
frequency-independent Q model, that was suggested by other authors (e.g. Zollo et al. 2014) for the path attenuation
effect in the same area.

2.2 | Mesh and Computational Features

As shown in Figure 1, the numerical model covers an extended region of the Southern Apennines for a total of 147 X 110 km?.
This was done to explore the variability of ground motion within a relatively large area, including different locations, such as
the towns of Napoli (NW of the model) and Potenza (SE), with the perspective of using this PBS for seismic risk assessments at
an urban scale for a potential repetition of an earthquake similar to the 1980 event. The depth of the model, 22 km, was set to
encompass a sufficiently large portion of the Earth’s crust, allowing for future use of the model in the simulation of rupture
processes associated with other seismic events. An overview of the computational domain, meshed with hexahedral spectral
elements, is given in Figure 3.

Table 2 lists the computational features of the mesh. A spectral degree 4 has been used for all simulations, allowing
for a frequency resolution of about 2Hz, which was verified by a dedicated series of sensitivity analyses, as
well as by verifications using the Hisada and Bielak (2003) approach, not documented herein for the sake of
brevity. Simulations were performed on the CINECA, Italy, High Performance Computing (HPC) platform Galileo
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FIGURE3 | 3D view (top)and 2D lateral view (bottom) of the computational mesh adopted, with a detail of a 3D spectral element at
the ground surface.

TABLE 2 | Computational features of the simulations done with SPEED code.

Frequency Number of spectral Computational Simulation Computational

Model size resolution nodes, SD =4 time step duration time
110 km x 147 km X 2Hz ~67 M 0.001 s 80 s 4.14 hours
22km

Note: SD is the polynomial Spectral Degree adopted. The computational time refers to the use of 384 cores on the HPC G100 system of
computer centre CINECA, Italy (https://www.cineca.it/).

(https://www.hpc.cineca.it/systems/hardware/galileo100/), using 384 cores. This allowed us to complete 80 s of the sim-
ulation of the 1980 earthquake in about 4 hours.

2.3 | Kinematic Features of Seismic Source Models

To constrain the source model, we relied on the information coming from literature (e.g., among others, Bernard and
Zollo 1989; Westaway 1993; Ameri et al. 2011; Dello Russo et al. 2017), according to which the 1980 earthquake involved
the rupture of 3 fault segments, with a time-lag of about 20 s each. For ease of calculation, Ameri et al. (2011) limited their
study to the single-segment source rupturing at 0s. Figure 4 shows the geometry of the fault planes used for the sim-
ulations, with geometric parameters reported in Table 3. The distribution of the total magnitude (My, 6.8, as reported in
the most recent version of the CPTI15 catalog, Rovida et al. 2022) among the different fault planes was based on Bernard
and Zollo (1989).

The kinematic source model requires defining the spatial and temporal evolution of the co-seismic slip on the fault plane
and the location of the nucleation point. This is achieved by introducing, for each sub-fault in which the fault plane is
discretized, a suitable slip time function (STF), parametrized in terms of the rise time (t), the rupture time (Ty), or,
alternatively, the rupture velocity Vk.

The STF adopted in this study for each subfault has the exponential form shown in Equation (1), where f (¢) is the slip
velocity, t is the rise time (that is, the time required for the slip to reach 90% of its final value), and Tk is the rupture time:

(t=Tg)
t)=———-exp(—4(—-T 1
1= o (=4 =Te) 1) o)
Note that the geometry of the fault plane is not directly designed inside the numerical domain, as the code SPEED allows
for the use of a “not-honoring” strategy for the assignment of the kinematic parameters (amplitude, rupture, and rise time
of the seismic moment time function) of the discretized sub-faults to an arbitrary set of nodes. This approach makes the
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FIGURE 4 | Map of the fault segments (in green) used to simulate the multi-rupture 1980 earthquake, including the nucleation
points for each segment, the accelerometric stations, as well as the individual and composite sources of the DISS database (DISS 2025).

TABLE 3 | Geometric and kinematic properties of the 3-fault source model adopted in the simulation.
M,, LXxW, Top depth, Nucleation point: lat, lon,
M, Nm Segment Strike, ° Dip, ° Rake, ° km? km °; depth, km
6.8 8.7-10" 0s 315 60 270 40x9.5 2 40.75, 15.34; 8
410" 20s 300 20 270 20x 11 8 40.72, 15.42; 10
310" 40s 124 70 270 10x 10 2 40.84, 15.37; 8

code flexible to deal with multiple fault rupture realizations, as the same computational mesh can be used with different
sets of loaded spectral nodes, that is, different sets of assumed fault ruptures.

Figure 5 shows details of the slip distribution models adopted on each fault segment, borrowed from Ameri et al. (2011),
based on the source inversion study by Cocco and Pacor (1993), for the main segment, and from Dello Russo et al. (2017)

Depth(km)

0 10 20 30 40 50
time (s)

£ 10"
S 10

4525 4530 4535 o i)
4495 4500 4505 4510 4515 4520 £ ol 0 3

Y North (km) frequency (Hz)

FIGURE 5 | Left: 3D view of the slip distributions adopted on the 3 fault segments used for the simulation of the 1980 earthquake.
The hypocenter on the main fault is shown by a red star. Slip distributions are from Ameri et al. 2011 (for the main segment) and Dello
Russo et al. 2017 (for the smaller segments, with 20 s and 40 s rupturing delay). The kinematic features of the different fault segments
are given in Table 3. Right: total moment rate function of the source in time and frequency domain.

6 of 20 Earthquake Spectra, 2026

95UB017 SUOUIOD 9AI1e.1D) 3(cfedt|dde U Aq peusenob ke s VO ‘88N J0 SanJ o Akeiq 18Ul UO 8|1 LD (SUORIPUOD-PUE-SWBIALIOD™ A8 | 1M Ale.q U1 |UO//Sty) SUONIPUOD pue sWid | 8y} 89S *[9202/50/2T] uo Akeiq18uliuo A81IM * ONV 1IN 1A ODINOILITOd - luiZBWS eRIyD Ad 2200/ 7ds8/200T 0T/I0P/W0D" A8 |1 ARIq1 Ul juo//SANy WO pepeojumod ‘2 ‘9202 ‘T0Z8Yi6T



for the smaller segments. According to the former study, the slip on the main fault is characterized by two main asperities,
the largest one located close to the Southern edge of the fault and the other one located close to the Northern edge, both at
a depth between 6.5 and 11 km. Note that the dip of the 40s fault plane is antithetic to the Os and 20s fault planes
(Westaway 1993). The rupture velocity adopted for the simulations is Vx =0.8Vs. For the exponential STF, a constant
rise time T =0.5s was assumed, consistent with the frequency resolution of the mesh.

2.4 | High Frequency Enrichment

To generate broadband (BB) ground motions beyond the simulation frequency resolution threshold of 2 Hz, the results
were post-processed using the ANN2BB approach, introduced by Paolucci et al. (2018b) and later revisited in Paolucci
et al. (2021). Leaving a detailed introduction of the method to the above references, it is sufficient here to recall that the
approach consists of training an artificial neural network (ANN) based on strong ground motion records, suitable to
estimate, from the SPEED long-period response spectral ordinates, the corresponding short-period values and, thus,
to construct a BB response spectrum. BB time histories are then obtained by merging SPEED waveforms at low frequency
with a stochastic signal at high frequency, the latter being suitably scaled so that its response spectrum approaches the
target one given by the ANN. A merging period T* = 0.5 s was selected to glue the short and long period ranges, consistent
with the maximum frequency resolution. Finally, it is worth noting that such ANN2BB procedure does not alter the long-
period content of the SPEED simulations beyond T*, so that the remarks on the near source features presented in the
following sections are not affected by such processing, since they are governed by the long-period ground motion.

3 | Simulation Results and Comparison With Observations
3.1 | Introduction

One of the main advantages of PBS, with respect to empirical GMM, is the availability, in addition to peak values of
motion, of a comprehensive picture of the spatial and temporal evolution of earthquake ground motion. An example
of results is provided in Figure 6, where snapshots of the simulated velocity wavefield (EW component) are portrayed
for different instants of time, showing the progress of the seismic wavefield with the different phases of the multi-segment
rupture. Namely, because of the selected location of the cross-section BB’ considered in Figure 6, it is possible to clearly
distinguish the late rupture of the 40 s segment, which occurred right along the cross-section. The 20 s event is not evident
from this cross-section, because of the Southward directivity of the second event. Such complexity is also underlined by
Figure 7, showing the time series of displacement (fault parallel, FP, and vertical, UD, components), along a cross-section
throughout the area subjected to the various rupture episodes.

For the comparison of the simulation results with the available observations of the 1980 earthquake, the set of analog
accelerometric stations that were in operation at the time of the earthquake, shown in Figure 1, was considered. Records
are available from the Engineering Strong-Motion Database (ESM, https://esm-db.eu/, Luzi et al. 2020) of the Italian

)

VEL x (m/s) . <
g - T=48s

— 0.00

010

FIGURE 6 | Snapshots of EW simulated velocity wavefield showing the activation of the three fault segments (starting at 0, 20, and
40 s, respectively).
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FIGURE 7 | Simulated displacement time histories along the BB’ cross-section shown in the box on the left, for fault-parallel (FP)
and vertical (UD) components. Results at three near-field locations are highlighted in shades of blue.

Institute of Geophysics and Volcanology (INGV). In such comparison, it should be recalled that, as for any PBS of an
historical earthquake, the input information will generally lack details of both the soil and crustal properties over a large
spatial extent, including viscous and scattering attenuation, as well as of the kinematic source model, where the position
of local rupture asperities may strongly affect the ground motion, especially at near-source stations. Although, for these
reasons, the comparison with records cannot be regarded as a validation in strict sense, a quantitative evaluation of the
misfit between simulated and recorded motions is proposed in the following, in addition to more qualitative checks
regarding the visual inspection of results, in both time and frequency domain, as well as the spatial distribution of
the simulated ground shaking field with respect to the observed macroseismic intensities.

3.2 | Comparison With Recorded Time Histories and Response Spectra

Figures 8 and 9 show the comparison between the simulated (BB) and recorded velocity time histories, as well as the
corresponding Fourier and acceleration response spectra, at selected stations, namely, Calitri (CLT), Sturno (STR),
Bisaccia (BSC) and Torre del Greco (TDG), located at a distance R,p,; of 19 km, 33 km, 28 km and 78 km, respectively,
from the epicenter of the initial rupture. The location of these stations is shown in Figure 1. A reasonable agreement
between recorded and simulated motions is found, on the horizontal as well as on the vertical component, showing the
effect of the successive fault rupturing (note in particular station CLT, lying close to the third fault). Note that the analog
records are band-passed filtered in a f; - f;, range, where f; and fj, typically lie in the interval 0.1-0.2 Hz and 25-30 Hz,
respectively. Simulated motions in these plots are not filtered.

To assess quantitatively the agreement of the simulations with respect to records, in terms of response spectral ordinates,
Figure 10 (top) shows the logarithmic residuals, computed as log;(Sim/Rec), for the horizontal components, extended to
all available recording stations. A good agreement is found for all considered periods, with the single exception of T=2s,
for which there is a tendency of overestimation of simulations with respect to records, which is discussed later. It is also
worth to mention the excellent agreement in terms of the average spectral ordinate SA,,,, computed in the 0.2-1 s period
range, that was found in several studies as an efficient and sufficient ground motion intensity measure for fragility studies
(e.g., Kohrangi et al. 2017). This outcome confirms the effective potential use of the results of these simulations for appli-
cations of regional-scale seismic risk assessment in the study area.

The similar residual computation for the UD component (Figure 10, bottom) shows a slight systematic overestimation of
simulation results with respect to records. Although from the engineering and risk assessment applications, this bias has
no practical relevance, it demonstrates that some modeling assumptions regarding the UD component should be revis-
ited, more likely in terms of the P-wave Q factor, which was assumed to be twice that of S-waves.

3.3 | Peak Ground Shaking Maps

Figure 11 shows ground shaking maps of simulated peak ground acceleration (PGA) and velocity (PGV) for the geo-
metric mean of the horizontal components, together with the recorded peak values at the available accelerometric
stations, the latter ones denoted by a dot with the corresponding color scale. As a further term of comparison, the
isoseismal maps of the Irpinia earthquake, expressed in I,cs degrees, are also plotted, based on the compilation
by Postpischl et al. (1985). Despite the large spatial scale encompassed by the numerical simulations, the uncertainties
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FIGURE 8 | Simulated broadband (blue) and recorded (black) ground motion in time and spectral domain for CLT and STR, sta-
tions at respectively, 19 and 33 km from the epicenter. Velocity time histories are shown with respective Fourier and acceleration
response spectra. No filtering has been applied to simulations. The shaded area highlights frequency ranges where records have been
filtered.

in the definition of the kinematic fault model, and the relatively rough modeling of the site conditions, it can be noticed
that a realistic spatial distribution of ground motion is obtained, in reasonable agreement with both recorded values
and with the observed damage levels. As a reference, according to the correlation of Italian macroseismic data with
recorded peak values of ground motion made by Gomez-Capera et al. (2020), the VIII degree of the MCS scale cor-
responds to an average PGA value of about 2 m/s* and to an average PGV of about 0.12 m/s, that is reasonably close to
what is obtained from simulations, with a similar pattern of attenuation with respect to the main and secondary faults
of the earthquake. This supports the conclusion that, although a detailed agreement with the recorded time histories is
out of reach, because of the uncertainties mentioned previously, as well as of the sparse information for an earthquake
occurred more than 40 years ago, a realistic picture of ground motion can be achieved through the PBS, with the
potential of both a better understanding of near-source ground motions, as illustrated in the following sections,
and of investigating the potential impact of the repetition of such an earthquake, or of other possible ones, that is
the object of a study in progress.
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FIGURE 9 | Same as in Figure 8 for BSC and TDG stations, respectively, at 28 and 78 km from the epicenter.

3.4 | Permanent Ground Deformation

Among the variety of information on near-source ground motions that can be extracted by a PBS, the permanent ground
displacement field is a notable one, with potential practical implications on the estimation of the relative displacements of
adjacent points of extended structures and infrastructures (such as bridges, pipelines, rails) as well as on the correspond-
ing straining levels.

Figure 12 shows the maps of permanent ground displacements (PDIS) for the horizontal (H) and vertical (UD) compo-
nents. As a term of reference, the vertical throws measured at some locations on the 1980 fault scarp (Pantosti and
Valensise 1993) are superimposed on the map, showing a reasonably good agreement with simulations. In the H case,
the map plots the absolute value of displacement, with amplitude and direction denoted by arrows. Although no mea-
surement was available at that time to verify the H motion, it is interesting to point out the patterns of the horizontal
displacement, the direction of which is consistent with the focal mechanism far from the source, inducing an extensional
ground motion on the footwall (to the South-West) and hanging wall (to the North-East) sides. Instead, above the fault
surface projection, the permanent displacement field demonstrates its complexity, especially where the slip distribution
has its main asperities (Figure 5). In the interpretation of these results, it should be recalled that these displacements are
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FIGURE11 | Maps ofsimulated PGV (left) and PGA (right) for the horizontal (geometric mean) component of ground motion. The
superimposed colored dots show the recorded peak values at the available accelerometric stations (with the same color palette as for the
map). Isoseismal lines of the 1980 earthquake are also plotted, according to Postpischl et al. (1985).

related to an elastic dislocation with a continuous strain distribution, which can only approximate the finite surface
ground offset observed in the earthquake.

3.5 | Attenuation of Ground Motion With Distance

In Figure 13, the simulated rotD50 values (i.e. median of rotated amplitudes) of PGV and PGA are compared both with
the corresponding recorded values during the Irpinia earthquake and with other near-source worldwide records available
in the NESS2.0 dataset from Sgobba et al. (2021a), within the My, 6.7-6.9 range and stiff site category (A or B, according to
the Eurocode 8, CEN 2004). On the same plot, the GMM by Lanzano et al. (2019) calibrated on records from Italian crustal
earthquakes, and adjusted for a near-source correction factor (based on NESS dataset, Sgobba et al. 2021a), referred to as
ITA18ygss, is also shown (median and corresponding dispersion band o), for My, 6.8 and V; 3 = 800 m/s. Note that this
comparison is slightly biased by the presence of the three fault segments for the Irpinia earthquake: in this case, the
distance metric, that is the Joyner-Boore distance (Ryg), is defined by the minimum distance of the site with respect
to any of the surface projections of each segment. For a more quantitative comparison, Figure 14 shows the corresponding
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FIGURE12 | Maps of the simulated permanent displacement (PDIS) for the horizontal component (H, left), with the arrows denot-
ing the amplitude and direction of motion, and for the vertical component (UD, right). In the right panel, the trace of the 1980 fault
scarp (red dashed line), with measured vertical throws in cm, modified from Pantosti and Valensise (1993), is superimposed on the
PDIS plot. Note that the vertical plot refers to an area of reduced size with respect to the horizontal plot, as delimited on the left by the
black, dashed, square. A, B, C, and D (in the left panel) show the location of sites discussed in Section 4.
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FIGURE 13 | Attenuation as a function of R;g distance of simulated rotD50 PGV and PGA (gray dots), compared with recorded
values of both the Irpinia 1980 earthquake (blue dots) and of other worldwide events of similar magnitude (6.7 < M,, < 6.9) (green dots),
as given from the NESS2.0 database (Sgobba et al. 2021a), for comparable ground type (categories A or B of Eurocode 8). The cor-
responding empirical predictions (median *+ 1c) from the ITA18ygss ground motion model (Sgobba et al. 2021a) are also shown (M,,
6.8, Vi.30=23800m/s).

residuals as a function of period, computed as logarithmic differences (8,0410) of the recorded versus simulated values with
respect to the reference ITA18ygss model, and for three intervals of distance, i.e., Rjz < 1 km representing points above the
surface fault projections, 1 km < Ry <10 km representing intermediate near-source distances, and 10 km < Rjp <30 km
up to the limit of the near-source area of the Irpinia earthquake. Positive residuals correspond to recorded/simulated
values larger than the ITA18ygss model. The average of simulated residuals is denoted by a black line, blue dots corre-
spond to the residuals of Irpinia records, while green dots correspond to the other records of NESS2.0 in the same mag-
nitude and distance range, as well as site categories. These results show that there is a tendency of our PBS to overestimate
the median empirical GMM at intermediate to long periods, within a distance range R,z < 30 km, although this tendency
is also present in a significant fraction of the available records of the Irpinia earthquake. This overestimation is probably
because of an excess of coherence of the kinematic source model, which considers constant values of rupture velocity and
rise time. The relatively large simulated values of PGV close to the main asperity (1-2m/s) are likely related to the
assumption of constant rise time. Adopting a direct correlation of rise time and slip, such as in the Graves and
Pitarka (2016) rupture generator, instead, would lead to longer rise times at the asperities and consequently lower
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ground motion is shown by a black line, the residuals of the NESS2.0 Irpinia 1980 stations by blue dots, while those of the NESS2.0
stations (with comparable magnitude and site conditions) by green dots.

amplitudes of ground motion. Finally, we note that, in the short-period range, spectral values are in good agreement both
with the ITA18ygss and with the available Irpinia records.

4 | Near-Source Effects: Ground Motion Impulsive Features and Polarization

Ground motions recorded in the near-source region may have peculiar features in terms of amplitude, duration, fre-
quency content, and polarization owing to the strong influence of the characteristics of the fault rupture process.
These include the fault geometry relative to the site, focal mechanism, slip asperity, hypocenter location, and rupture
velocity. Sites in the near-fault region may exhibit pulse-like motions in which much of the seismic energy is concentrated
in a velocity cycle with predominant period Tp (Somerville et al. 1997). Double-sided pulses in the velocity time series are
often observed in the forward directivity region, i.e., where the rupture front propagates toward the site, and are most
pronounced on the fault normal (FN) component for strike-slip faults (Somerville et al. 1997; Baltzopoulos et al. 2020; Yen
et al. 2021). Other physical phenomena can influence the impulsive characteristics of ground motion, as those associated
with the fault static offset (Somerville et al. 1997; Dreger et al. 2011; Kamai et al. 2014), i.e. the so-called fling step, which
corresponds to a one-sided pulse in the velocity time series (Bolt 2010). It is recognized that impulsive ground motions
have a damage potential substantially different from that of ordinary motions due to the peculiar amplification of both
elastic and inelastic structural response over a narrow band of periods around Tp (Somerville et al. 2003; Tervolino et al.
2012; Baltzopoulos et al. 2015; Sgobba et al. 2021b).

Whereas the pulse-like features of ground motions originated by very large strike-slip events have been studied exten-
sively, less efforts have been made to investigate the behavior of near-source ground motions from dip-slip normal faults.
Providing a complete description of the seismic wavefield in the near-source region, this PBS study may add some inter-
esting insights into such features. For this purpose, the pulse-like waveforms were identified, and the corresponding T
values were computed by applying the wavelet-based algorithm of Shahi and Baker (2014). Figure 15 shows the maps of
Tp (left) and of the corresponding 6 (right), the latter ones corresponding to the orientation (azimuth) where the pulse is
the strongest. Superimposed on the Tp map are the contour lines of PGV, computed along 6, while on the 6 map, the FN/
FP ratio of PGV is also illustrated.

According to these results, the following remarks can be made:

« impulsive motions are found predominantly in a region extending from the top edge of the fault, with an anisotropic
pattern reflecting the rupture process (slip asperity relative to hypocenter location) and with very variable features in
terms of maximum amplitude, orientation, and Tp;

« short period pulses (typically in the range 0.5 - 1.5 s) in the FN direction are predominant along the top edge of the
fault, more specifically along the SE side (e.g., B and D sites), where they are associated with the largest PGV values,
sometimes exceeding 1.5 m/s, as a consequence of up-dip directivity effects. Note that up-dip directivity was com-
monly found to dominate the strongest ground motions recorded during the recent normal fault Italian earthquakes
(e.g., Tinti et al. 2014);

+ long period pulses, typically in the range 4-6 s, are found predominantly North of the fault along the FP component
(see cyan region on the right map) with lower PGV, of about 50 cm/s or less;
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FIGURE 15 | Map of pulse periods, T (left panel), and of respective pulse azimuth 0 (right panel). Black dots show locations A, B,
C, and D of time histories receivers discussed in Figure 16. In the left panel, contours of PGV of horizontal simulated ground motion,
rotated along the 0 directions, are shown. In the right panel, the fault normal over fault parallel (FN/FP) ratios of PGV are super-
imposed on the map.

« the up-dip directivity region with the short period pulses is characterized by the largest FN/FP values of PGV (up to
4.5), while the FP component is prevailing, with FN/FP decreasing down to about 0.5, where the long period pulses
occur;

« comparing the overall trends of Tp and PGV, and their spatial variability, it is clear that the damage potential of the
near-source ground motion is sharply different, and it cannot be identified solely by its impulsive nature. Indeed,
both Tp and PGV turn out to be highly variable, even at similar distances from the fault.

To provide further insights on the previous results, velocity and displacement time histories at a selection of receiver
points are shown in Figure 16, together with the corresponding acceleration and displacement response spectra: B and C
on the footwall (FW) side, A and D on the hanging wall (HW) side. B and D lie in proximity to the highest asperity region,
close to the surface projection of the top edge of the fault. Although all selected receivers are identified as impulsive
ground motions, at least in one direction, their features, in the time histories as well as response spectra, may be quite
different. B and D are similar in their FN component, while the components with a prominent fling step are C (FN) and D
(FP). At station A, the impulsive motion is identified in the FP direction, with a velocity pulse at about Tp =5 s, the effect
of which is also clearly visible in the peak of the displacement response spectrum (see the red arrow in Figure 16). We
further note that, at B and D sites, the FN motion exhibits an intense amplification of response spectral demands at
vibration periods between 0.5 and 1s (as denoted by the arrows in the figure) that will correspond to larger inelastic
spectral demands (e.g., Iervolino et al. 2012). At these two sites, which are located almost above and in the direction
normal to the main asperity, a larger FN component is expected from the S-wave radiation pattern of the main asperity.
Displacement response spectra show features that are well identified by the analytical spectral shapes derived by Faccioli
et al. (2004) for impulsive and fling step motions. In the latter case, i.e., when the fling is dominant with respect to other
vibratory effects (see D station, FP component), the displacement response spectral shape is monotonically increasing.

Other interesting features of the impulsive motions in the near-source region are found in Figure 17, which shows, on the
left, the trend of Tp as a function of My, as obtained from the simulated scenario (colored blue dots), in comparison with
the one from the NESS database of near-source recordings (black dots). The empirical relationship (green line and cor-
responding dispersion bands) by Shahi and Baker (2014) is also shown. Simulated Tp values range between about 1 s and
7s for My, 6.8, in substantial agreement with empirical evidence.

As also found from records, a large variability of T is found for an individual earthquake with a given My, as also pointed
out by Yen et al. (2021). The amplitude and Tp of impulsive ground motions depend on the rupture characteristics such as
slip and rupture velocity distributions, but also on the relative location of the receiver with respect to the fault (e.g., Akinci
et al. 2024; Mavroeidis and Papageorgiou 2010). Considering, for example, the sites close to the main asperity on the east,
such as sites B and D in Figure 15, where the seismic energy radiated from the asperity arrives in a short time window, the
shortest Tp are obtained (between 0.5 and 1.5 s, see Figure 16). Clearly, using a different value of rise time would slightly
change Tp (mostly in this region), but the overall patterns previously described would remain unchanged.

The trends of Tp as a function of PGD over PGV (in rotD50) are illustrated in Figure 17 (right panel) for the PBS of the
1980 event (colored blue dots) and for the NESS records (black dots). As commented previously, a very satisfactory
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FIGURE 16 | Left panels: FP and FN simulated velocity (top) and displacement (bottom) time histories, at the reference locations
shown in Figure 15. Right panels: response spectra of acceleration (top) and displacement (bottom) for the same reference locations.
The red arrows point out the large amplification of the response spectra (between 0.5s and 1s) occurring at locations B and D.

agreement is found between our results and NESS within comparable My, ranges. Superimposed on these plots, there also
the closed-form analytical relationships reported by Paolucci et al. (2021) for Tp as a function of the ratio PGD/PGV, based
on the analytical expressions of the “Ricker wavelet” (L1, cyan line), of the “double-impulse” (L2, dark blue line) and of
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FIGURE 17 | Pulse period Tp calculated from the PBS of Mw 6.8 earthquake (colored using the blue color bar of pulse azimuth 0),
compared with those computed from the NESS dataset, as a function of My, (left panel) and of PGD/PGV (in rotD50, right panel). In the
left plot, the empirical regression with respect to M,, from Shahi and Baker 2014 (Equation 21) is plotted in green. In the right plot, the
positions of A, B, C, and D receivers of Figure 15 are highlighted in red. The linear relationships in the right panel plot were derived
based on the analytical expressions of the “Ricker wavelet” (L1, cyan line), the “double-impulse” (L2, blue continuous line), and the
“gaussian” (L3, blue, dotted line) functional forms.
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the “gaussian” (L3, dashed line) functional forms. Note that the L2 waveform is the derivative of L3, and L1 is the deriva-
tive of L2. All the simulated as well as the observed points lie within the range identified by these three lines. This is also
the case of the 4 stations pointed out previously: (1) A (FP component) and B (FN component) lie close to the L1 line, with
a Ricker wavelet velocity pulse, made clearer by the double impulse in the displacement time history; (2) D (FN compo-
nent) lies close to the L2 line (double impulse velocity and gaussian displacement); (3) C (FN component) lies close to the
L3 line (gaussian velocity and fling step displacement). Note also that the largest fraction of long-period velocity pulses
lies on the North side of the fault and are mostly FP directed.

Finally, it is worth to remark that there is no clear evidence of systematic differences at sites lying at either the HW or the
FW sides of the fault, except for the obvious differences in terms of distance from the fault rupture. This is in agreement
with the parametric study based on dynamic rupture simulations by O’Connell et al. (2007), who concluded that simple
parameterizations based on the HW and/or FW position of the site may not be appropriate for normal faults with
dips>50°, as the case considered in this paper for the Irpinia fault.

5 | Conclusions

In this research, we developed a large-scale 3D spectral element model, extending about 150 km in the longitudinal
Southern Apennine chain and about 110 km in the transversal direction, surrounding the seismic faults that originated
the devastating M,, 6.8 Nov 23 1980 Irpinia earthquake. Normal-fault earthquakes of M,, ~ 7 are considered as an upper
bound along the Apennine mountain chain, but, owing to their relatively low frequency of occurrence (about 2-3 times
per century in the past few hundred years of historical documentation of Italian earthquakes), a better understanding of
the near-source ground motion associated with these events is a critical issue for an accurate quantification of seismic
hazard.

The 3D numerical model was used to perform PBS of the Irpinia earthquake, accounting for a multi-segment kinematic
source model rupturing in sequence three different faults, as identified based on past investigations, and on a relatively
simple shallow crustal model including topography. At outcropping ground V; 3, was set to 800 m/s, so that small-scale
site amplification effects throughout the investigated area are not accounted for.

Quantitative comparisons with the available analog recordings showed a reasonably good agreement, in spite of the
relatively limited information both on the seismic source model and on the ground properties, proving that the simulation
results provide a realistic approximation of the temporal and spatial features of the ground motion occurred during the
Irpinia earthquake.

These results allowed to shed light on some important features of near-source ground motions during a normal-fault
earthquake including:

« the relevance of up-dip directivity effects, with significant polarization in the FN direction and short period pulses
(Tp) in the interval of about 0.5-1.5s, as pointed out in other recent normal-fault earthquakes in Italy (see,
e.g. Chiocchiarelli and Iervolino 2010; Luzi et al. 2017);

« the dense presence of impulsive ground motions throughout the extension of the surface projection of the main
fault, up to few km of R;p distance;

« the sharp variability of Tp, ranging from about 0.5-1.5s along the top edge of the fault and with the largest PGV
values (FN component) above the main fault asperities, up to about 4-6s, above the down-dip region, where FP
motion prevails with lower amplitudes;

« the good agreement of the simulated Tp values as a function of PGD/PGV with the trend of recorded values available
from the NESS near-source source dataset as well as from empirical relationships from literature (Shahi and Baker
2014);

« the good correspondence of the simulated displacement response spectral shapes with the analytical expressions for
pulse-like motions (Faccioli et al. 2004);

« the possibility to obtain realistic evaluations of the three-component permanent displacement field, with potential
applications to the seismic assessment of extended infrastructures, such as pipelines or high-speed railway lines.

Finally, this study supports the potential application of PBS of historical earthquakes as a tool for better calibrating
fragility curves on observed damage, as demonstrated for the 2009 L’Aquila earthquake by Rosti et al. (2023)
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and Monsalvo-Franco et al. (2025), as well as to provide realistic risk scenarios for future earthquakes, constrained on the
specific tectonic and geological features of the study area (see, e.g., Stupazzini et al. 2021 for the Istanbul case).
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