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Abstract

After an earthquake event, major ground effects include 
landslides. In Italy, the most common type of earthquake- 
induced landslides are rockfalls. The assessment of the 
extent and magnitude of an earthquake-induced landslide 
event may be of importance for both preparedness and 
response operations. An earlier work devised a modeling 
chain including an empirical ground shaking scenario and 
a three-dimensional model for rockfalls, which can be 
calibrated and possibly applied in real time after an earth-
quake event. In this study, we explore the combined use of 
two physics-based methods for both earthquake and rock-
fall modeling and their possible contribution towards a 
better understanding of the triggering mechanisms and 
characterization of seismically induced rockfalls. 
Speci!cally, by modeling a set of ground shaking scenar-
ios, which account for increasingly complex details 
(including multiple seismic events, as well as point and 
extended sources) and the related rockfall scenarios, we 
aim to capture the main spatial patterns of observed rock-

falls. Application of the proposed modeling chain sug-
gests an advantage of using multiple sources over a single 
source, and point sources with respect to approximate 
extended representations when constrained by limited 
available data. This follows from the comparison of rock-
fall trajectory simulations for the Friuli 1976 event in 
Northern Italy with observed rockfalls induced by the 
seismic sequence. The obtained results evidence the 
opportunity of including topographic effects in the ground 
shaking simulations and highlights the possibility of fur-
ther investigating the cumulative effect of complex seis-
mic sequences and their in"uence on modulating landslide 
susceptibility.
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1  Introduction

The response of slopes under the action of ground shaking 
caused by a strong earthquake, can result in ground deforma-
tions and failures. Major ground effects include landslides; 
in Italy, the most common type of earthquake-induced land-
slides are rockfalls. Numerous studies have demonstrated a 
strong connection between the spatial distribution pattern of 
coseismic landslides/rockfalls and ground motion intensities 
(e.g., Keefer 2000; Luzi and Pergalani 2000; Jibson 2011; 
Tiwari et al. 2017; Alvioli et al. 2024). Speci!cally speaking, 
for the 1997 Mw5.5 Umbria-Marche earthquake in Italy, the 
landslide density map was quite well correlated with Arias 
Intensity by Luzi and Pergalani (2000). These studies col-
lectively emphasize the signi!cant contributions of control-
ling factors in the occurrence and distribution of coseismic 
landslides. In a previous work (Alvioli et al. 2024), they sug-
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gested a method for rapid post-earthquake rockfall scenario 
assessment, adopting ground-shaking estimates from empiri-
cal models (i.e. Ground Motion Models, GMMs) and the 
three-dimensional model STONE for rockfall trajectories. In 
the proposed method, ground-shaking maps corresponding 
to the May sixth 1976 Friuli earthquake (FVG, Friuli Venezia 
Giulia region, North-Eastern Italy) were used to suppress the 
probability of activation of rockfall sources at locations with 
low ground shaking, while enhancing that in areas close to 
the epicenter. Results of the modeling chain compared with 
an accurate inventory of earthquake-induced rockfalls (Govi 
1977), suggested that the framework may be suitable for 
rapid rockfall impact assessment using ground-shaking esti-
mates, in the immediate aftermath of a seismic event (Tanyaú 
et al. 2019). Here, we explore the possibility of replacing the 
adopted GMM with the physical modeling of seismic waves 
propagation, seeking an improvement of the agreement 
between the full modeling chain results and the rockfalls 
observed after the FVG 1976 earthquake sequence (see also 
Valagussa et al. 2014).

The study area (Fig. 1) is prone to a high seismic hazard, as 
con!rmed by historical seismicity (Rovida et  al. 2022) and 
studies based on morphostructural analysis (Gorshkov et al. 
2009). The region is on the Alps-Dinarides junction, with 
compressional seismotectonic regime, with E-W trending 
thrust systems, mostly south dipping, with a subordinate 
strike-slip component to the east. Seismicity, spatial, and kine-
matic characteristics of main seismogenic sources of the area 
are summarized in Slejko et al. (1999), Bressan et al. (2018), 
and Aoudia et al. (2000). Complex seismic sequences are pos-
sible in this region (Peresan and Gentili 2018), the most dam-

aging and recent one being the sequence associated with the 
1976 FVG earthquake. Accordingly, this study aims at assess-
ing the possible combined use of physics-based methods for 
both earthquake and rockfall modeling, towards an improved 
characterization of seismically induced rockfalls.

Speci!cally, by modeling a suite of ground shaking sce-
narios, which capture increasingly complex features of 
earthquakes occurrence (including multiple seismic events, 
point and extended source representations), we attempt to 
investigate the cumulative effect of a complex seismic 
sequence and its possible in"uence on modulating landslide 
susceptibility.

In the previous study (Alvioli et al. 2024) they used Peak 
Ground Acceleration (PGA) to represent ground shaking 
associated to the May sixth, 1976 mainshock. We obtained a 
PGA map with the ShakeMap software (Worden et al. 2020), 
using few ground motion observations available and the 
ground motion model (GMM) of Akkar and Bommer (2007). 
Despite being a fast tool for studying the dependence 
between rockfall occurrences and seismic shaking, shake-
maps can be unreliable if based on limited data. In scenarios 
like the Friuli 1976 seismic sequence, the selected GMM 
plays a crucial role, highlighting their inherent limitations. In 
fact, the ergodic assumption required by GMMs is not always 
ful!lled in seismic scenarios. Moreover, GMMs may contain 
signi!cant uncertainties and biases due to the limited data 
used to constrain them. Consequently, GMMs may not cap-
ture signi!cant features of earthquake waveforms, such as 
topographic ampli!cation, shaking duration, and rupture 
directivity. These characteristics are crucial in understanding 
phenomena like landslide occurrence (Fan et al. 2019; Dahal 
et al. 2023).

A better way for accurately estimating ground shaking 
intensity parameters involves the computation of broadband 
synthetic seismograms. This approach utilizes physics-based 
simulations that convolve the contributions of seismic 
source, and path to the site(s) of interest. Various methods 
exist to obtain synthetic seismograms (e.g., Panza et al. 2001, 
2012; Igel 2016), each offering different levels of accuracy 
depending on the availability of parameters describing the 
seismic source (i.e. fault geometry and slip distribution) and 
subsurface mechanical properties along the propagation 
path. The calculation of synthetic seismograms requires geo-
logical/geophysical and seismological data from the region 
of interest, ensuring a comprehensive representation of seis-
mic activity speci!c to that area. However, modeling a spe-
ci!c past event often involves considerable uncertainties, 
particularly when limited data is available to provide a basis 
for comparison with full waveform modeling. In the case of 
the FVG 1976 seismic sequence, signi!cant uncertainty 
exists not only regarding the source process, but also con-
cerning the epicenter’s location (e.g, Aoudia et  al. 2000, 
Rovida et al. 2022).

Fig. 1 Location of the study area within the FVG region (delimited in 
brown), illustrating the ground motion simulation domain (black rect-
angle). The map includes the earthquake epicentres of the Mw = 6.5 
sixth May 1976 main shock (red diamond), and its strongest aftershocks 
(grey and yellow diamonds for the !rst and second aftershock, respec-
tively). The rockfalls location points (blue circles) are from Govi inven-
tory (1977)
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The main objective of this work is to answer the question: 
how well do the modeled ground shaking scenarios capture 
the spatial distribution of observed coseismic rockfalls, and 
which scenario(s) best !ts such distribution? We conducted 
tests to explore the connection between ground motion 
acceleration and rockfall distribution patterns. We assessed if 
PGA maps from physics-based simulations using point and 
extended source models for the main shock alone can explain 
landslide distribution. Understanding this connection is cru-
cial for gaining insights in pre-disaster prevention and imple-
menting ef!cient mitigation strategies.

2  Methods

2.1  Physics-Based Ground Motion 
Simulations

Simulations of the FVG 1976 seismic sequence, including 
wave propagation from the source to the area of interest, 
allowed us to obtain synthetic seismograms in the 
0 ≤  f ≤ 10 Hz frequency band. Convolution of the source 
term with the Green function, according to the representation 
theorem, is a common way to do that. We modeled earth-
quake scenarios considering both point and extended source 
models approximation. In the calculation of Green’s func-
tions we represented the structural model by a semi-in!nite 
space in plane and parallel inelastic layers, corresponding to 
laterally homogeneous media, using the discrete wavenum-
ber technique-DWN (Pavlov 2009), which allows the com-
putation of synthetic accelerograms also in the near !eld.

In the point-source case, we produced the synthetic accel-
erograms for double-couple point sources, which are scaled 
for their dimensions using the spectral scaling laws proposed 
by Gusev (1983), as reported in Aki (1987). This was accom-
plished by leveraging some modules of the Neo-Deterministic 
Seismic Hazard Assessment (hereafter referred to as 
NDSHA, Panza et al., 2001, 2012) package, which relies on 
de!ning earthquake ground motion through the calculation 
of synthetic seismograms for a range of earthquake scenar-
ios. In the extended-source case, the fault surface is repre-
sented by a rectangle modeled as a grid of point sub-sources, 
whose seismic moment is calculated by considering each of 
them as a component of a realization of a non-stationary ran-
dom process.

Assuming a realistic kinematic description of the rupture 
process, the extended seismic source model allows for gener-
ating a spectrum (in amplitude and phase) of the temporal 
function of the source that takes into account both the rup-
ture process and the effects of directivity. We used the algo-
rithm PULSYN06 (Gusev 2011) for the simulation of the 
space and time evolution of the rupture. For each scenario, 
different possible realizations of the rupture process can be 

considered to take into account the stochastic nature of the 
fault rupture. Each realization is characterized by a different 
slip distribution on the fault plane, nucleation point, and time 
evolution. However, in this study, only one realization for 
each considered seismic source was selected, thus neglecting 
the uncertainties associated with the rupture process.

From the set of complete synthetic seismograms, various 
maps of ground shaking describing the maximum ground 
shaking parameters at the bedrock can be extracted. From the 
several parameters representative of earthquake ground 
motion we have focused on the horizontal PGA (i.e., the vec-
tor sum of the two horizontal components) computed consid-
ering bedrock conditions.

2.2  Three-Dimensional Rockfall Modeling

We adopted the three-dimensional program STONE to simu-
late block trajectories initiated from user-de!ned grid cells 
(Guzzetti et al. 2002). In this work, and following previous 
work, we adopted a set of “static” rockfall sources singled 
out on a 10 m × 10 m digital topography with statistical con-
siderations, speci!c of the area, based on a set of expert- 
mapped rockfall sources (Alvioli et al. 2021) within a large 
sample of slope units (Alvioli et al. 2020). Combination with 
seismic shaking allows selecting a subset of “static” rockfall 
sources, thus obtaining “dynamic” sources, speci!c of a par-
ticular earthquake. Running STONE with “dynamic” sources 
provides a probabilistic estimate of potential rockfalls trig-
gered by the earthquake. Results by Alvioli et  al. (2024) 
show that the data available for the FVG 1976 earthquake 
allows tuning of the parameters involved by the models in 
the framework outlined above. The same method, with few 
variations, was applied before either at smaller scale (Alvioli 
et al. 2022), and at national scale, using maps of maximum 
expected PGA with different return times (Alvioli et  al. 
2023).

2.3  Input Data and Results

To analyze the results of the modeling chain for seismically 
induced rockfalls adopted here, !rst applied in the same area 
by Alvioli et al. (2024), we show the main input data and 
outcome of different steps, leading to the !nal rockfall simu-
lation maps. First, we show results for the PGA maps, 
obtained using different modeling approximations to 
describe the FVG 1976 seismic sequence sources, relating 
them to the real coseismic rockfall distribution triggered by 
the seismic sequence. Next, we analyze the different ground 
motion scenarios considering the landslides/rockfalls 
observed after the sequence. Finally, we show results of 
probabilistic simulations of rockfall trajectories by STONE 
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model, with different ground motion scenarios and two 
parametrizations of the coupling between maps of PGA and 
rockfall sources.

We considered three earthquake sources of the FVG 1976 
seismic sequence (Fig. 1), with a magnitude close to 6.0 or 
larger, for the physics-based simulations described in 
 previous section. Table 1 lists the input parameters for the 
point source approximation (longitude, latitude, and depth), 
retrieved from the CPTI15 catalog (Rovida et al. 2022), to 
which the focal mechanisms taken from the Database of 
Individual Seismogenic Sources (DISS 3.3.0, DISS Working 
Group 2021) were associated. The DISS3.3.0 was also 
adopted as a reference database for the magnitude and fault 
geometry associated with the extended source models 
(Table 1).

The 1D structural models adopted for the computation of 
the Green’s functions were de!ned according to the average 
models associated with the regional polygons previously 
de!ned in the framework of GNDT (Gruppo Nazionale per 
la Difesa dai Terremoti of the Consiglio Nazionale delle 
Ricerche, Rome) activities, which were widely adopted for 
NDSHA purposes (Panza et al. 2001, 2012). Each layer of 
the 1D structural model has homogeneous values of thick-
ness, P-wave velocity, S-wave velocity, density, and quality 
factors associated with both P- and S- waves.

2.4  Ground Motion Modeling

The PGA values were estimated at regular grid points with a 
spacing 2 × 2 km, considering four different earthquake sce-
narios, namely: one earthquake point source (the main 
shock), three aggregated earthquake point sources, one 
earthquake extended source (the main shock) and three 
aggregated earthquake extended sources. The grid covering 
the study area is composed by 306 cells, for a total area of 
1224  km2 (Fig. 2). Subsequently, we compared the spatial 
distribution patterns of landslides/rockfalls and PGAs for the 
site of interest using the Quantum Geographic Information 
System (QGIS) tool.

Govi (1977) mapped the landslides collectively triggered 
by the earthquakes of May 6, 1976 (6.5 Mw), September 15, 
1976 (6.0 Mw), and September 15, 1976 (6.1 Mw) alto-
gether, and developed a landslide inventory consisting of 

1007 landslide occurrences (Figs.  1 and 2). Moreover, to 
perform geo-statistical analyses and relate the landslides 
distribution with PGA values, the PGA computed at the cen-
tre of each grid cell is assigned to the entire grid cell; the 
resulting discrete spatial distribution of PGA accounts for 
actual density of modelling results and avoids interpola-
tions. On account of seismic ground motion uncertainty and 
signi!cance (particularly relevant considering that historical 
information largely relies on macroseismic data), it is 
important to note that a doubling of the values of shaking 
roughly corresponds to a variation of one degree in the scale 
of macroseismic intensities, as formally de!ned by Cancani 
(1904) and demonstrated, on solid numerical basis by Panza 
et  al. (1997). Accordingly, six PGA thresholds are used, 
namely: 20–40; 40–80; 80–150; 150–300; 300–600; 
and > 600 gal, which roughly correspond to different mac-
roseismic intensity levels of the Mercalli-Cancani-Sieberg 
Intensity scale (MCS).

In the case the main earthquake (i.e. Mw 6.5 6th May, 
1976 earthquake) is modeled as a point source, for the 
ground shaking threshold PGA ≥ 40 gal an area equal to 
the 78% of the entire grid is identi!ed, and all of the trig-
gered landslides are located within this area, as shown in 
Fig. 2a and summarized in Table 2. When selecting the ter-
ritory affected by the strongest shaking, namely for 
PGA  ≥  300  gal, we !nd that only 17% of the area is 
assigned this PGA value and about 70% of the observed 
landslides is missed (i.e. 70% of landslides are located out-
side the area where PGA  ≥  300  gal). While considering 
three earthquakes (i.e. 6th May, 1976, Mw 6.0 15th 

September, 1976, and Mw 6.1 15th September, 1976), sim-
ulated using the point source approximation, for the same 
PGA thresholds (i.e. PGA ≥ 40 gal and PGA ≥ 300 gal), 
83% and 18% of the grid area is selected and none and 
70% landslides are missed, respectively (Fig.  2b and 
Table 2). On the other hand, the extended source models 
(Fig.  2c, d) provide slightly different spatial patterns of 
ground motion and higher values of shaking, for both the 
May 6, 1976 earthquake scenario and for the three earth-
quake scenarios computed using point source model 
(Fig. 2a, b, respectively). When he extended source models 
are used, practically all the territory (99%) is selected and 
no landslides are missed in the case of PGA  ≥  40  gal, 
while for PGA  ≥  300  gal about 34% of the territory is 

Table 1 Parameters of the seismic point sources considered in this study. The DISS-ID column also identi!es the individual sources of the DISS 
3.3.0 database (DISS Working Group 2021) used to retrieve the fault geometry for the extended source approximation. SRC stands for source; time 
in 24 h notation

No.  
SRC Date Time

Mw 
CPTI15

Lon.  
[deg]

Lat.  
[deg] Depth [km]

Strike  
[deg]

Dip  
[deg]

Rake  
[deg] DISS-ID Mw DISS3.3.1

1 05/06/1976 20:00 6.45 46.24 13.12 5.7 290 30 105 ITIS120 6.5
2 09/15/1976 03:15 5.93 46.28 13.20 6.8 274 35 90 ITIS121 6.0
3 09/15/1976 09:21 5.95 46.30 13.17 11.2 276 35 110 ITIS122 6.1

A. Peresan et al.
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selected and about 27% landslides are missed (Table  2). 
The main information we obtained from the set of the four 
different simulations, shown in Fig. 2, is that using three 
earthquake sources either modeled according to a point or 

extended source approximation is important to reproduce 
the spatial distribution pattern of ground shaking that cor-
responds to, or encompass, the whole region affected by 
landslides.

Fig. 2 Spatial distribution of modeled ground shaking (PGA [gal]) for: 
(a) the point-source main shock, (b) the three aggregated point sources, 
(c) the extended-source main shock and (d) the three aggregated 
extended sources. The locations of landslide points from Govi (1977) 

inventory are marked by blue dots. The grid cells are colored according 
to the PGA values computed at their central points. The black diamonds 
indicate the epicenters of the earthquakes considered in each panel

Table 2 Forecasting scores for the predictive analysis of rockfalls versus modeled ground shaking. The events to be predicted correspond to the 
landslide points reported in the inventory by Govi (1977). The errors obtained for each PGA threshold are compared for the four different models. 
The best prediction result, providing the lowest total error, is highlighted in bold

PGA 
threshold 
gal)

One point source Three point sources One extended source Three extended sources

 Area 
(α%)

Missed 
landslides 
(η%)

Total 
error 
(α + η)

Area 
(α%)

Missed 
landslides 
(η%)

Total 
error 
(α + η)

Area 
(α%)

Missed 
landslides (η 
%)

Total 
error 
(α + η)

Area 
(α%)

Missed 
landslides (η 
%)

Total 
error 
(α + η)

40 78.1 0.0 78.1 83.0 0.0 83.0 98.4 0.0 98.4 99.0 0.0 99.0
80 53.3 6.6 59.8 60.8 0.6 61.4 70.9 0.1 71.0 71.2 0.1 71.3
150 34.6 27.3 62.0 44.8 8.3 53.1 52.9 6.6 59.5 52.9 6.6 59.5
300 17.3 70.7 88.0 18.0 69.9 87.9 34.6 27.2 61.9 34.6 27.2 61.9
600 = = = = = = 19.6 61.7 81.3 19.6 61.7 81.3
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2.5  Assessing the Correspondence 
Between Ground Motion and Rockfall 
Spatial Patterns

To explore the relation between the spatial pattern of ground 
motion and its possible effects on rockfall occurrences, we 
adopt a binary “forecasting” approach. Basically, we assess 
the presence (or absence) of rockfalls within a territory 
selected according to a speci!c value of the ground shaking 
parameter, and then we check whether the number of rock-
falls identi!ed based on ground motion is larger than that 
from a random guess. According to this scheme, by setting a 
threshold for a ground motion parameter, we identify the 
area (namely a set of grid cells) where this threshold is 
exceeded and which is assumed prone to the occurrence of 
rockfalls/landslides. When a landslide occurs within such 
alerted area, then it is counted as a successful prediction, 
otherwise it is referred as failure to predict; if no landslide 
occurs within a selected cell, then the cell is considered as a 
false alarm.

Following Molchan (1990), the results of this forecasting 
scheme can be characterized by two types of errors. The !rst 
one is the percentage η of failures to predict: η = F/N, where 
F is the number of failures to predict (i.e. rockfalls outside 
the alerted area) and N is the total number of occurred rock-
falls. The second one is the percentage α of alarms: α = A/T, 
where A is the extent of the alarmed area (the alerted cells) 
and T is the extent of the study area (the entire grid). The 
strength of a prediction is estimated by the analysis of the 
error diagram, collecting information on both types of errors. 
In order to characterize the quality of forecasting results in 
terms of the errors η and α, it is possible to consider any con-
vex function Ω = f(η,α); amongst the several possible func-
tions, the sum of errors is the most straightforward and 
widely used for the evaluation of forecasting results (Molchan 
1990, 1997).

Hence in this study the quality of rockfall predictions is 
quanti!ed by the sum of errors: Ω = η + α, but different pos-
sible measures are possible as well (e.g. Dahal et al. 2023). 
Accordingly, one can roughly estimate the quality of rock-
falls prediction by the deviation of Ω from the percentage 
Ω = 100%, which corresponds to random prediction results. 
Low values of Ω characterize accurate predictions, while as 
Ω increases toward 100% the quality of results decreases. 
Graphically in the errors diagram, the diagonal line from the 
upper left corner to the lower right corner corresponds to the 
points for which it holds Ω = η + α = 100%, namely to the 
results that can be obtained by random guess. The more the 
results are distant from the diagonal line (corresponding to a 
random guess) and close to the origin of the axes (i.e., for 
low fraction of both alarms and failures), the better the fore-
cast performance.

The forecasting scores, obtained for the four different sce-
narios and for the selected PGA thresholds, considering the 
landslide points reported by Govi (1977), are shown in Fig. 3 
and listed in Table 2. The forecasting results, obtained only 
from the spatial distribution of slope angles and with no 
information about ground shaking, are provided for 
comparison.

The landslide inventory prepared by Govi (1977) after the 
seismic sequence includes 272 polygons, corresponding to a 
subset of the 1007 landslide points, consisting almost entirely 
by rockfalls. The polygons have area in the range 
389 m2–72,753 m2. We used this subset of the inventory to 
measure the performance of rockfall modeling, counting the 
number of simulated trajectories crossing each landslide 
body.

Physically based rockfall assessment was performed 
using the TINITALY digital elevation model, with a 10 m 
grid cell size (Tarquini et al. 2007), and terrain parameters 
entering the STONE model were extracted using the 
1:100,000 lithological map of Italy by Bucci et al. (2022). 
The high resolution of elevation data dictates the resolution 
of the simulated rockfall trajectories. This implies that using 
point landslide data to assess results would be dif!cult at this 
level of detail, thus we opted for the polygonal set of the 
inventory, in the following.

Figure 4 shows histograms of the distribution of the num-
ber of polygonal landslides (a, b; yellow bars) and the total 

Fig. 3 Errors diagram for the predictive analysis of rockfalls versus 
modeled ground shaking (PGA [gal]).The percentage of failures to pre-
dict is η%, and α% is the percentage of total area selected by a speci!c 
PGA threshold. The diagonal line corresponds to the results of a ran-
dom guess (η  +  α  =  100%). The different curves correspond to the 
results obtained for the four different models and the PGA thresholds 
listed in Table 2. The prediction results, obtained based only on the spa-
tial distribution of ground slope angles are provided for comparison

A. Peresan et al.
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landslide area (c, d; red bars) as a function of PGA, for the 
approximations of one and three point sources, respectively, 
corresponding to panels (a) and (b) in Fig. 2. All of the dis-
tributions compare the number/area histograms to the overall 
distribution of PGA in the study area (blue bars). One can see 
that simulating three point sources gives an advantage with 
respect to the case based on one source only, both in terms of 
number of landslides associated with larger values of PGA, 
and in terms of the area occupied by the corresponding poly-
gons. This can be considered as a quantitative evidence of 
the conclusions drawn from visual assessment of the results 
in Figs. 2 and 3. This analysis compares with that of Dahal 
et al. (2023).

Eventually, Fig. 5 shows the actual simulations of rockfall 
trajectories with the three-dimensional model STONE. The 
four different maps distinguish different approximations 
both on the modeled earthquake scenarios side and on the 
rockfall modeling side. Speci!cally, two different scenarios 
are considered for the earthquake sources (one point source—
left panels, and three point sources—right panels) and two 

different parametrizations are used for the coupling between 
shake maps and rockfall initiation points (linear rescaling of 
PGA—top panels, and non-linear rescaling—bottom panels, 
see Alvioli et al. (2024) for details on the functional forms).

Visual assessment of the results clearly suggests that the 
three-source description has an advantage with respect to the 
one-source case. That could be expected, considering the 
ground shaking maps alone (Fig. 2a, b), which already sug-
gest better agreement on the three-source case. On the other 
hand, the approximations for the PGA-rockfall sources cou-
pling seem equally valid, and it is dif!cult to understand the 
balance of positive and negative predicted areas with respect 
to observed landslides. Thus, in Table 3 we reported numeri-
cal values describing the agreement between the output of 
the model STONE and observed landslides. The model cal-
culates rockfall trajectories, and the output is a raster con-
taining the count of the number of trajectories crossing each 
grid cell.

The table shows the percentage area of rockfall polygons 
crossed by at least one simulated trajectory, in the four dif-

Fig. 4 Distribution of the number of observed landslides (LDS; a, b) 
and of total landslide area (c, d) as a function of PGA values, in inter-
vals of 50 gal. In all of the plots, the background blue distribution of the 

number of PGA grid cells (cf. Fig. 1, top row). The distributions in (a) 
and (c) correspond to one point source, in (b) and (d) to three point 
sources

An Approach to Rockfall Hazard Scenarios Based on Earthquake Ground Motion



114

ferent cases, and the percentage gain using the PGA obtained 
from three seismic sources with respect to a single source, in 
both PGA-rockfall initiating points coupling schemes. The 
gain is larger in the non-linear coupling case, 16.3% vs.4.2% 
for the linear case. That is at the expense of overall lower 
percentage area correctly predicted as unstable in both one- 
source and three-sources earthquake simulations.

Fig. 5 Maps of cumulative counts of trajectory obtained with 
STONE. We adopted two different approximations for the seismologi-
cal simulations (left panels: one point source; right panels: three point 
sources), and two different approximations for the selection of dynamic 
rockfall sources from the static rockfall sources (top panels: linear res-

caling of PGA; bottom panels: non-linear rescaling of PGA using a 
normalized tunable sigmoid function, see Alvioli et  al. 2023). Blue 
polygons represent observed rockfalls. The trajectory counts are classi-
!ed with a head/tail algorithm. See Table 3 for numerical results

Table 3 Agreement between probabilistic, modeled rockfall run out 
and observed rockfall polygons. The !rst two rows represent the per-
centage of rockfall area intersected by at least one rockfall trajectory; 
the last row represent the percentage gain using the PGA map obtained 
from three point sources, with respect to using the one corresponding to 
one point source

Linear NTSF 1
One point source 68.5% 52.5%
Three point sources 71.4% 61.3%
Gain 4.2% 16.3%
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3  Discussion and Conclusions

The aim of this study is to analyze the spatial distribution 
pattern of rockfalls triggered by the FVG 1976 seismic 
sequence, considering various earthquake scenarios. We uti-
lized a physics-based approach to compute the correspond-
ing PGA and landslides density at a regular grid of 2 × 2 km, 
incorporating both point and extended source models for one 
earthquake (the main shock), as well as an aggregated 
 scenario of three earthquakes (main shock and the strongest 
aftershocks with Mw close to 6.0) shown in Table  1 and 
Fig. 1. Next, we compared the spatial distribution patterns of 
landslides/rockfalls and PGAs for the site of interest using 
the Quantum Geographic Information System (QGIS) tool. 
Overlaying both datasets in a geographic information system 
enabled us to assess whether ground motion simulation sce-
narios accurately capture the observed distribution patterns 
of landslides. Additionally, we investigated which earth-
quake scenario, if any, effectively captures this pattern.

Associating the spatial distribution pattern of observed 
landslides, triggered by the Friuli 1976 seismic sequence, 
with the PGA pattern computed for the main shock using a 
point source model seems unsatisfactory, as compared to 
those obtained for the aggregated scenario of the seismic 
sequence (Fig. 2a, b). Additionally, we tested the extended 
source model for both the main shock and the three earth-
quakes aggregated scenario. Though the resulting ground 
motion simulations slightly improved the spatial pattern, 
compared to those from the single point source model, the 
improvement was not as evident as that achieved with the 
three point sources model (see Fig. 2).

The map depicting the difference between the PGA 
maps of the three earthquakes aggregated scenario and the 

main shock (both from point source models), combined 
with rockfall density, supports this conclusion (Fig. 6). The 
map shows that the aftershocks of the Mw 6.5 1976 Friuli 
earthquake signi!cantly in"uenced the PGA ground shak-
ing pattern, prevailing in the north-eastern parts of the 
study area, where high rockfall density is observed as well. 
This conclusion is corroborated by the error diagram analy-
sis, shown in Fig. 3, which shows how well the modeled 
ground shaking “predicts” the spatial distribution of rock-
falls, comparing the percentage of failures η and the per-
centage of area α selected by a speci!c PGA threshold, for 
increasing threshold values. The curves obtained for the 
four different models and the PGA thresholds listed in 
Table 2, show that the three point source scenario best cap-
ture the spatial pattern of observed landslides. Moreover, 
all modeled ground shaking scenarios display better predic-
tion results than those obtained considering only the spatial 
distribution of ground slope angles, which are provided for 
comparison.

The complete modeling chain considers physical three- 
dimensional modeling of rockfall trajectories, coupled 
with ground-shaking scenarios. High resolution analysis 
gives the opportunity of considering the polygonal subset 
of the inventory compiled after the FVG 1976 seismic 
sequence. We analyzed the distribution of number of land-
slides and landslide area as a function of PGA from the 
two-point source scenarios, with the same conclusions of 
the 2 × 2 km grid analysis (Fig. 4). Moreover, runs of the 
code STONE for a probabilistic assessment of rockfall tra-
jectories in the two scenarios with point sources at 10 m 
resolution, suggests a better match with observed landslide 
polygons and the scenario with three point sources (Fig. 5, 
Table  3). This study suggests us further exploring the 
numerous possibilities offered by the combined use of 
physics-based methods, for both earthquake and rockfall 
modeling, and their possible contribution towards a better 
understanding of the triggering mechanisms of Coseismic 
rockfalls, including the in"uence of topography on seismic 
ground shaking.

The results of the current study highlighted an important 
aspect: the potential of the strongest aftershocks of the 1976 
FVG seismic sequence on the !nal spatial distribution pat-
tern of these rockfalls cannot be overlooked. It is crucial to 
consider that the susceptibility to landslides might increase 
in the aftermath of the main shock. In fact, the shaking 
caused by earthquake can destabilize slopes by loosening 
the soil or rock material. This increased instability can lead 
to landslides occurring both during and after the shaking. 
Moreover, aftershocks can continue to shake the ground and 
further weaken already compromised slopes, potentially 
triggering new landslides/rockfalls.Fig. 6 Map of the difference between PGA computed for three earth-

quake aggregated scenario and one main earthquake for point source 
model compared with the density of observed landslides
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The spatial distribution pattern and density of coseismic 
landslides induced by the 1976 Friuli sequence well corre-
sponds to the peak ground acceleration obtained modeling 
the main shock along with the two strongest aftershocks. 
This is quite evident in the maps showing the difference 
between the PGA estimated separately for the main shock 
and the sequence. It is apparent that the PGA values from the 
sequence display a better correlation with the coseismic 
landslide density map, compared to those from the main 
shock alone.
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