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Abstract
In May 1976, a devastating earthquake of magnitude Ms 6.5 occurred in Friuli, Italy,
resulting in 976 deaths, 2000 injured, and 60,000 homeless. It is notable that, at the time
of the earthquake, only one station was installed in the affected region. The resulting
lack of information, combined with a dearth of mitigation planning for responding to
such events, lead to a clear picture of the impact of the disaster being available only
after a few days.

This region is now covered by nearly 100 seismological and strong-motion stations
operating in real time. Furthermore, 30 average-cost strong-motion stations have been
recently added, with the goals of improving the density of real-time ground-motion
observations and measuring the level of shaking recorded at selected buildings. The
final goal is to allow rapid impact estimations to be made to improve the response
of civil protection authorities. Today, considering the higher density seismological net-
work, new efforts in terms of the implementation and testing of earthquake early
warning systems as a possible tool for mitigating seismic risk are certainly worthwhile.

In this article, we show the results obtained by analyzing in playback and using an
algorithm for decentralized onsite earthquake early warning, broadband synthetic
strong-motion data calculated at 18 of the stations installed in the region, while con-
sidering the magnitude and location of the 1976 Friuli earthquake. The analysis shows
that the anisotropy of the lead times is related not only to the finite nature of the source
but also to the slip distribution. A reduction of 10% of injured persons appears to be
possible if appropriate mitigating actions are employed, such as the development of
efficient automatic procedures that improve the safety of strategic industrial facilities.

Introduction
The Friuli area (northeastern Italy), due to the south-verging
fold-and-thrust belt of the eastern–southern Alps joining the
northwest–southeast-trending dextral strike-slip fault system
of western Slovenia, is affected by moderate to strong earth-
quakes, mainly with thrust mechanisms. The Parametric
Catalogue of Italian Earthquakes 15 (Rovida et al., 2016)
reports that between 1000 and 1975, six events of Mw greater
than 6 occurred in the region.

In May 1976, a devastating earthquake of magnitude Ms 6.5
occurred in Friuli, Italy, near the town of Gemona, resulting in
976 deaths, 2000 injured, and 60,000 homeless (Zamberletti,
2018). Because of two further shocks that occurred in
September 1976, 40,000 people were displaced to the Adriatic
coast, far away from the epicentral area (Zamberletti, 2018).
It is notable that at the time of the earthquake, only 33

seismological stations were operating within the entire Italian
territory, and only one was located in the affected region (the
Trieste World-Wide Standardized Seismograph Network TRI
station, located nearly 70 km from the epicenter; Rebez et al.,
2018; Slejko, 2018). This lack of information, combined with
a dearth of mitigation planning for responding to such events,
led to a clear picture of the impact of the disaster only being
available after a few days.

As a result of this event, it was decided that the region needed
to be covered by a seismological network that could guarantee
seismic monitoring. This has led to the region now being
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covered by nearly 100 seismological and strong-motion stations
operating in real time to which, recently, within the framework
of two projects (Progetto Edifici Sentinella, supported by the
Regional Civil Protection of Friuli Venezia Giulia, and the
Interreg Armonia Project, see Data and Resources), several
new real-time strong-motion stations have been added. These
new stations consist of lower-cost instruments; hence they can
be installed widely across the region, with the goals of improving
the density of ground-motion observations and measuring the
level of shaking recorded at selected buildings (referred to in the
following as Sentinella buildings). The final goal is to allow rapid
impact estimations to be made to improve the response of civil
protection authorities.

Picozzi et al. (2015) and Pesaresi et al. (2017) already tested
the possibility of implementing a regional early warning system
using the Probabilistic and Evolutionary early warning SysTem
(PRESTo) platform to support civil protection authorities with
the rapid provision of robust forecasts and information about
the earthquake-induced shaking.

Today, considering the higher density seismological net-
work, new efforts in terms of the implementation and testing
of earthquake early warning (EEW) systems (e.g., Wenzel and

Zschau, 2014; Clinton et al.,
2016; Strauss and Allen, 2016;
Wu et al., 2016) as a possible
tool for mitigating seismic risk
are certainly worthwhile. In
particular, the suitability of an
onsite earthquake early warning
(OSEEW) (Allen et al., 2009)
and specifically of a decentral-
ized OSEEW (DOSEEW; i.e.,
leaving all of the analysis and
actions to be carried out directly
on the sensor), should be
explored as an alternative or
complement to the already
investigated regional approach.

In this study, we simulate
broadband synthetic strong-
motion data at 18 of the sta-
tions installed as part of the
Edifici Sentinella project for
the case of the 1976 Friuli
earthquake. The synthetic seis-
mograms are analyzed in play-
back, reproducing a real-time
analysis using the algorithm
developed by Parolai et al.
(2015) and tested by Parolai,
Oth, and Boxberger (2017)
for OSEEW. The obtained
results were used to investigate

whether the application of the OSEEW system, which can also
be used in a decentralized way, might have been useful in mit-
igating the impact of the Friuli event and if it would be of use
today in the event of its repetition. The analyses provide inter-
esting results on the influence of both the finite nature of the
source and the slip distribution (effects that very often are
neglected in standard EEW approaches) on the available lead
time. Moreover, efforts are made to quantify the mitigation
value of an EEW system, both for the general population and
for existing strategic industrial infrastructures.

Broadband Simulations for the 1976
Friuli Earthquake
The OSEEW algorithm was tested using waveforms calculated
to reproduce the shaking generated by the 1976 Friuli earth-
quake. The broadband seismograms are computed for 18
receivers’ locations, representing selected stations installed at
the “Sentinella” buildings (Fig. 1) by means of the hybrid
approach developed by Moratto et al. (2015). Within this
approach, the wavefields computed by a deterministic calcula-
tion (f < 1 Hz) are merged with those computed by a stochas-
tic procedure (f > 1 Hz). A discrete wavenumber technique,

Figure 1. Locations of the strong-motion stations used for the synthetic seismogram calculations in
this study (circles). The gray rectangle indicates the surface projection of the finite fault used in the
calculations. The star indicates the epicenter position. The lead time (in seconds) calculated in the
employed procedure for each station are depicted: black numbers indicates a red alarm and white
numbers a green alarm.
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COMPSYN (Spudich and Xu, 2003), is used for the determin-
istic computation, and the EXSIM approach (Motazedian
and Atkinson, 2005; Boore, 2009) is used for the stochastic
calculations.

The input parameters for the deterministic calculations are
the finite-fault parameters, the propagation model, and, if
available, soil amplification functions. In this study, the source
parameters are taken from Aoudia et al. (2000), who proposed
a finite-fault rupturing model after a joint interpretation of
event location seismic-wave inversion results, and field geol-
ogy. In their study, the hypocenter (Fig. 1) was located at a
depth of 7 km and the moment magnitude was estimated
as 6.47. The focal mechanism is a thrust with a rupture extent
18.5 km long and 11.2 km wide with a unilateral rupture
propagating toward west–northwest (Fig. 1). The Aoudia et al.
(2000) slip distribution on the rupture area is utilized as input
for the pseudodynamic approach that estimates the peak slip
velocity, the rupture velocity, and the rise-time distributions
through the empirical relationships proposed by Guatteri et al.
(2004). The velocity-structure model, specific for the studied
area, is taken from Moratto et al. (2012).

The high-frequency stochastic computations take advantage
of the parameters proposed by Malagnini et al. (2002), who
studied wave propagation in northeastern Italy. In this study,
local site effects are not accounted for; hence some discrepancies
between the simulated ground motion and that experienced
during the Friuli earthquake might be expected, in particular
at the sites located on the Friuli plain. Figures 2 and 3 show
a comparison of the time series and their relevant Fourier spec-
tra, calculated and recorded at the stations of Tolmezzo and
Codroipo, respectively.

It is worth noting that the synthetics are able to reproduce
satisfactorily the main features of the, unfortunately, few
observed data. In Codroipo, some differences can be observed
in the east–west component and in the low-frequency part of the
vertical component, which might be attributed to propagation
effects not accounted for in the model. Furthermore, Figure S1
(available in the supplemental material to the article), depicting
the synthetics for all of the analyzed sites, shows that the direc-
tivity and antidirectivity effects (in the northwest at southeast
directions, respectively) play a crucial role in characterizing
the strong motion, especially in near field. As expected, the
strongest shaking is calculated to have occurred at Gemona,
located above the rupture area, where the peak ground acceler-
ation (PGA), the peak ground velocity (PGV) on the horizontal
component, and the static offset in the vertical direction,
are 553 cm=s2, 47 cm=s, and 27 cm, respectively. Also in
Tricesimo and Tolmezzo, very large values of ground shaking
were determined (PGA � 181 and 216 cm=s2, respectively).

Method
To simulate the real-time data analysis, we apply in playback,
making use of the calculated synthetic seismograms, the

procedure proposed in Parolai et al. (2015) for decentralized
onsite early warning. In particular, the recordings are first
low-pass filtered (corner frequency at 1 Hz) using a Gaussian
filter, and to detect a possible event, a standard short-time aver-
age over long-time average algorithm in the time domain is
applied. The data are then integrated in real time to velocity
and displacement. The instantaneous peak ground displacement
(Pd) in the vertical component during the first 3 s after the
detection of an event is used to estimate the expected PGV
in the horizontal component using the empirical relationship
of Caruso et al. (2017). The PGVs are estimated for the mean
and the 16% and the 84% confidence intervals, and these three
values are continuously compared with the threshold values set
in a traffic-light system based on the use of three matrices link-
ing the expected ground motion to the possible damage (in seis-
mic intensity; Parolai et al., 2015). That is, although the analysis
is carried out during the first 3 s after the event’s detection, a red
alarm, for example, can be issued well before the end of the 3 s
window. In this study, the threshold levels linking the PGV
to the possible damage (described through macroseismic inten-
sities) are modified from those presented in Parolai et al. (2015),
Parolai, Boxberger, et al. (2017), and Parolai, Oth, and
Boxberger (2017) by considering the relationship of Worden
et al. (2012). In the case at hand, a seismic intensity value of
VI (related to a PGV of 6:7 cm=s) was used as the minimum
threshold for the red status, corresponding to the very likely
occurrence of slight structural damage. For further information
about the procedure, the reader is referred to Parolai et al.
(2015), Parolai, Boxberger, et al. (2017), and Parolai, Oth,
and Boxberger (2017).

Results
The stations selected for the synthetic seismogram calculations
are located within the areas that experienced macroseismic
intensities (Medvedev–Sponheuer–Karnik scale) spanning from
VI to X (Giorgetti, 1976). In the following, we show and discuss
only some exemplary cases, with the remaining results presented
in Figures S2–S14.

Figure 4 shows the vertical component of acceleration (top
panel) and the modulus of the vector sum of the velocity in the
horizontal plane for the Gemona site, which was located in the
epicentral area and experienced a macroseismic intensity of X.
As expected, because of the short epicentral distance (∼9 km),
although the earthquake was immediately detected, the shak-
ing overstepped the threshold chosen before the alarm could be
launched.

Figures 5 and 6 depict the results obtained for two sites
(Cividale and Udine, Fig. 1) located nearly 25 km from the epi-
center. In Cividale, the alarm is triggered 2.36 s after the event
is detected, but the maximum ground motion observed on the
horizontal component only reaches 4:88 cm=s, which is below
the threshold of 6:7 cm=s. This is a case of an alarm followed
by no consequences (Enhanced alerts, Parolai, Oth, and
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Boxberger, 2017), but with a level of shaking felt by the pop-
ulation (intensity V) that should not affect their trust in the
system. It is worth noting that the observed macroseismic
intensity in Cividale was VII, meaning that either some effects
were not fully captured by the numerical simulations or/and it
has a particularly vulnerable building stock and that, in any
case, the alarm would have provided a lead time of 3.67 s before
the arrival of the maximum shaking (which would not neces-
sarily correspond to the S-wave arrival, see e.g., Caruso et al.,
2017; Parolai, Oth, and Boxberger, 2017).

In Udine, despite the similar epicentral distance, the seis-
mograms appear to be shorter and with larger ground-motion
amplitudes. The alarm is launched 0.68 s after the trigger and
provides a lead time of 4.30 s before the 6:7 cm=s threshold is
overstepped. The difference in the lead time is related not only
to the finiteness of the fault (Zollo et al., 2009) but also, as
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Figure 2. Recorded (black) and synthetic (white) seismograms for
the 1976 Friuli earthquake in Tolmezzo and Codroipo (Fig. 1).
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shown by the different forms of the seismograms, to the source
radiation and the slip distribution.

A similar behavior can be observed when comparing the
stations of Spilimbergo and Tarvisio located at 34 and
35 km epicentral distance, respectively (Figs. S9 and S10).

Figures 7 and 8 show the results for the Cordenons and
Forni di Sopra stations, located 54 km from the epicenter. At
both stations, the alarm is raised nearly immediately after the
trigger, but, despite the similar epicentral distances, the level
of shaking (20 cm=s in Cordenons and 30 cm=s in Forni di
Sopra) and the lead times (6.18 s in Cordenons and 8.85 s
in Forni di Sopra) are quite different.

In summary, the applied procedure declared a red alarm
(expected overstep of the 6:7 cm=s threshold) at all of the

stations except Trieste (Fig. 1). In Trieste, a green status
was declared, although for a short time (0.1 s) the 3:1 cm=s
threshold was overstepped. This, following Parolai, Oth, and
Boxberger (2017), could be defined as a Missed Alert (shaking
felt by the population [intensity V] that would not lead to seri-
ous consequences). In 13 out of 17 cases, the red alarm cor-
rectly forecasted that the 6:7 cm=s threshold would have
been overstepped. In the remaining four cases, the level of
shaking was overpredicted, but the simulated values ranged
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Figure 3. Fourier spectra of the recorded (black) and synthetic
(white) seismograms of the 1976 Friuli earthquake in Tolmezzo
and Codroipo (Fig. 1). FAS, Fourier amplitude spectrum.
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between 4.1 (Gorizia) and 6:3 cm=s (Palmanova). As indicated
before, these Enhanced alerts are relevant to a level of shaking
felt by the population (intensity V). In general, at all of the local-
ities except Trieste, Gemona (lead time −0:01 s), and Tolmezzo
(0.32 s) information about potentially dangerous shaking could
have reached the population in the considered sites.

In particular, we notice that lead times ranging from 2.8
(Tricesimo, observed macroseismic intensity VII–VIII) to 8.85 s
(Forni di Sopra, observed macroseismic intensity VII–VIII)
could have been available in urbanized areas, where structural
damage to buildings and infrastructures can be expected in cases
of future seismic events. This amount of time could have helped
in improving the response of the population, mitigating the
effects (at least in terms of injured people) of the earthquake.

Figure 9 shows the lead time versus station back-azimuth
and epicentral distance. In the case of enhanced or missed

Figure 4. (Top) The vertical-component acceleration. The gray
inverted triangle indicates the trigger time. The black inverted
triangle indicates the alarm time. (Bottom) The vector sum of the
velocity in the horizontal plane. The gray dashed line indicates
the 3:1 cm=s threshold (intensity V); the dark gray dashed line
indicates the 6:7 cm=s threshold. Gray and black inverted tri-
angles are the same as in the top panel. The inverted gray triangle
indicates the time when the 6:7 cm=s threshold is reached.

Figure 5. The same as for Figure 4, but for Cividale. Note in the
bottom panel the predicted peak ground velocity (PGV) values
(84% and 16% confidence intervals in gray and the mean in
black) are estimated from the vertical component. The arrow
indicates the lead time.

Figure 6. The same as for Figure 4, but for Udine. Note in the
bottom panel the predicted PGV values (84% and 16% confi-
dence intervals in gray and the mean in black) are estimated from
the vertical component. The arrow indicates the lead time.

Figure 7. The same as for Figure 4, but for Cordenons. Note in the
bottom panel the predicted PGV values (84% and 16% confi-
dence intervals in gray and the mean in black) estimated from the
vertical component. The arrow indicates the lead time.
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alerts (triangles in Fig. 9), the lead time was approximated by
the time from the alarm or trigger to the observed maximum
of the horizontal component on the simulated seismograms.
The size of the symbols is proportional to the observed velocity
maximum of the horizontal component. A clear source direc-
tivity effect is shown by the azimuthal dependence of the
ground-motion amplitude. However, a clear lead-time back-
azimuth dependence can also be observed (for similar epicentral

distances), in particular for Cordenons and Forni di Sopra but
also (see Fig. 1) for Udine and Tolmezzo, where less than 7 km
epicentral distance difference cannot alone explain the esti-
mated 4 s difference in the lead times.

Finally, we estimated macroseismic intensities at each con-
sidered site using the Worden et al. (2012) relationships for the
PGV and compared them with the observed values (Fig. 10).
The observed macroseismic intensities are represented using
half of a degree in case they had been assigned as, for example,
VII–VIII, whereas the estimated ones are depicted using the
nearest integer to the value. This might explain some of the
differences between the observed and the calculated macroseis-
mic intensities. Some other factors responsible for the discrep-
ancies are listed as follows:

• the harmonization and smoothing of the observed intensity
field, likely done at the time of the survey after the earthquake;

• the missing contribution of site effects (especially for sites
located in the northeast back-azimuth quadrant) to the syn-
thetic seismograms;

Figure 8. The same as for Figure 4, but for Forni di Sopra. Note in
the bottom panel the predicted PGV values (84% and 16%
confidence intervals in gray and the mean in black) estimated
from the vertical component. The arrow indicates the lead time.

Figure 9. Lead time versus station back azimuth. The radius length
is 90 km. The symbol size is proportional to the maximum
horizontal ground motion. Triangles indicate stations with
Missed or Enhanced Alerts. Circles are stations with Alarm. Civ,
Cividale; Cor, Cordenons; For, Forni di Sopra; Gem, Gemona; Tol,
Tolmezzo; Udi, Udine. The color version of this figure is available
only in the electronic edition.

Figure 10. (Top) Observed macroseismic intensities versus back
azimuth (left) and epicentral distance (right). (Bottom) Calculated
macroseismic intensities versus back azimuth (left) and epicentral
distance (right). Triangles indicate stations with Missed or
Enhanced Alerts. Circles are stations with Alarm. The color
version of this figure is available only in the electronic edition.
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• the approximation done when converting ground-motion
values to intensities (which are not accounting for the local
building stock vulnerability and the spatial significance of
macroseismic intensities); and

• the choice of using the Worden et al. (2012) relationships
that might underestimate the level of damage for the build-
ing stock existing in northeastern Italy in 1976 (although it
might be more appropriate for the stock existing now).

Despite these absolute differences (we remark that the syn-
thetics lead in general to lower macroseismic intensities than
that observed), the azimuthal trend of variability of the inten-
sities is satisfactory.

Discussion
The results obtained in this study show that the adoption of a
DOSEEW, in the case of the repetition of an event like the 1976
Ms 6.5 Friuli earthquake, might provide several seconds of lead
time at the investigated sites that are representative of localities
affected by macroseismic intensities larger than VI. A quanti-
tative estimation of the benefit derived by an EEW system is
always difficult (Strauss and Allen, 2016; Woo et al., 2016). In
our case, because most of the casualties happened in the blind
zone (with macroseismic intensity ≥ VIII), we speculated on
the mitigation effect that an alarm could have had on the num-
ber of injured persons in the areas where a macroseismic inten-
sity between VI and VII–VIII was assigned.

To do this, we estimated the number of injured persons
within the areas affected by the same level of macroseismic
intensities. The damage reports collected after the 1976 main-
shock (Di Sopra, 1976) contained the occupants of damaged
buildings for each damaged area and municipality, whereas
the number of substantially injured people (i.e., that needed
to be hospitalized) was available only for homogeneously dam-
aged areas (specifically defined by Di Sopra, 1976). Thus, we
disaggregated the total number of injured people at the munici-
pality scale, assuming a constant proportion between injured
people and occupants of damaged buildings in these areas.
Finally, we aggregated the number of injured people based
on the macroseismic intensity classification of each municipal-
ity (Giorgetti, 1976).

We estimated that in the areas that experience a macroseis-
mic intensity of VI–VII, VII, VII–VIII, and VIII, the number of
injured persons were 10, 113, 100, and 457, respectively. The
results obtained for the investigated municipalities are shown
in Table 1. For example, in Cividale, where the observed inten-
sity was assigned to VII and the lead time was estimated to be
3.67 s, 18 persons were estimated to have been injured.
Although short, this lead time could have helped to mitigate
against the effects of the event. In Cordenons (intensity VII),
the estimated 6.19 s of lead time could have helped reduce the
estimated number of five injured. A similar number of persons
who were injured in Tarvisio (VII) could have taken advantage

of a lead time of 7.33 s. In Pordenone (intensity VII), the esti-
mated 27 injured people could have benefited from the esti-
mated 8.34 s lead time to undertake appropriate actions. In
Udine (VII), 4.3 s of lead time could have helped in mitigating
the estimated number of 53 injured. In Forni di Sopra (inten-
sity VII–VIII), 8.85 s of lead time would have been available
for the four estimated injured persons. In Sacile (intensity
VI–VII), the six estimated injured could have benefited from
7.84 s of lead time, and in Spilimbergo and Tavagnacco
(VII–VIII), a lead time of 3.63 and 4.29 s could have been avail-
able for the estimated 24 and 10 injured, respectively. In
Tricesimo (VII–VIII), the lead time would have been very
short (2.83 s), allowing only very rapid actions, if well trained,
for the estimated 10 injured.

Altogether, if all of the inhabitants could have been reached
by an alarm and if their reactions had been appropriate, then
the availability of an early warning to the population in all of
the municipalities affected by macroseismic intensity VI to
VII–VIII (with an estimated number of injured equal to
223) might have helped in reducing the number of injured per-
sons (total number of nearly 2000) by more than 10%. This is
due to the magnitude of the event resulting in a large concen-
tration of fatalities and injured mainly within a restricted area
around the epicenter. A prompt early warning in cases of larger
magnitude events, which would result in a wider area of struc-
tural destruction and damage, could significantly reduce the
absolute number of injured persons. The casualty estimation
presented here is based on reasonable assumptions: relation-
ship between injured people and collapsed buildings have been
postulated by Coburn and Spence (2002) and confirmed by
subsequent empirical studies (Ellidokuz et al., 2005; So and
Spence, 2013; Pan et al., 2019). However, its validity is limited
by the small amount of available data and the complexity of

TABLE 1
Summary of the Localities and Lead Times versus
Injured Person during the 1976 Friuli Earthquake

Locality Lead Time (s) 1976 Intensity 1976 Injured

Cividale 3.67 VII 18

Cordenons 6.19 VII 5

Tarvisio 7.33 VII 5

Pordenone 8.34 VII 27

Udine 4.30 VII 53

Forni di Sopra 8.85 VII–VIII 4

Sacile 7.84 VI–VII 6

Tavagnacco 4.29 VII–VIII 24

Spilimbergo 3.63 VII–VIII 10

Tricesimo 2.83 VII–VIII 10
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local factors that complicate injury patterns (e.g., people’s
behavior and evasive action, see e.g., So and Spence, 2013).
In particular, after the 1976 Friuli earthquake, no data were
collected on minor and moderate injuries that did not require
hospitalization, but we speculate that their number also may be
reduced by prompt early warning systems. Such benefits
should be strongly related to the efficacy of communication
and education strategies, the degree of participation of the
involved communities, and the definition of effective decision-
making protocols (Garcia and Fearnley, 2012).

Considering the importance of the industrial facilities in the
area and the impact that their rapid restoration to normal
working conditions has for mitigating indirect losses, we inves-
tigated the possible impact of an automatic early warning
action for two main industrial plants in the region. The first
one is the Trans-Alpine (TAL) pipeline, which crosses the
region (approximately in the direction of Trieste, Udine,
Tolmezzo, and then to the north toward Austria, Fig. 1) and
has several pumping stations in the region. The pipeline
provides crude oil necessary for satisfying 40% of the energy
needs of Germany and the Czech Republic and 90% of that for
Austria. For this pipeline, the possibility of allowing an early
interruption of its use during the event would potentially min-
imize the possibility of leakage in case of rupture (that did not
happen during the 1976 events). If rupture happens, a poste-
vent stoppage of the system would certainly generate greater
losses (M. Szalay and M. Diminich, personal comm., 2020).
Hence, depending on the location of the next disastrous earth-
quake in the region, several seconds of lead time could be avail-
able for a large portion of the pipeline to allow emergency (and
probably automatic) actions to be taken.

In the case of a repetition of the 1976 event (which gener-
ated displacements of the pipeline by up to 10 cm), the lead
time ranges from more than 4 to nearly 8 s in the areas with
soft sedimentary material between Udine and Tavagnacco.
Nowadays, the pumping system is stopped only after a certain
threshold of shaking (0:6 cm=s lasting 1 s, as calculated by
integrating the data of an accelerometer with transducer) is
overstepped (M. Diminich, personal comm., 2020). This sys-
tem is not intended for earthquakes, but to stop engines to pro-
tect the casing and pipeline in the case of damages on the
pumps impellers. We simulated the application of this thresh-
old system on all of the synthetic seismograms that we calcu-
lated, under the assumption that the existing installed sensors
are not filtering the data. We found that the threshold system
would have systematically stopped the pumping after the
DOSEEW system issued an alert (from less than 1 s to several
seconds, such as in Forni di Sopra and Gorizia). In particular,
the alarm would have been issued 0.46, 0.7, and 1.6 s later in
Tolmezzo, Udine, and Tavagnacco, respectively. It is worth
noting that for Trieste, although the DOSEEW system would
have sent a warning, but, correctly, would not have triggered
any automatic actions (green status) due to the small dynamic

displacement (of the order of 1 cm in the vertical component),
the threshold system would have triggered automatic action
12.64 s after the DOSEEW information. Considering that the
sensors actually used by the company, being focused on the
performance of a specific component of the infrastructure,
apply high-pass filtering to the data (10 Hz corner frequency),
most of the energy in the seismogram would be lost. The test
that we made showed that, even in Gemona, the threshold sys-
tem would not have triggered the alarm.

In general, a threshold-based system requires fixing the
threshold value either at a relatively low level of shaking (there-
fore stopping the plant, even if later, larger and more danger-
ous levels of motion will not be exceeded by the same event) or
at large values, taking actions only during the large shaking
phase. For this reason, a few sensors running the OSEEW sys-
tem have been recently installed along the pipeline to evaluate
their performance for their possible operational usage in the
future.

Furthermore, we investigated the possible benefit that an
early warning might have on the assembly line of a large facility
(>1100 employees) producing electronic components of LED
lights operating in the Tolmezzo industrial site. In the case of
the repetition of the 1976 event, the plant would lie at the bor-
der of the blind zone, therefore with no advantage from an
early warning. An early warning could be useful in the case
in which a similar magnitude event occurs in one of the other
seismogenic areas in the region (Slejko, 2018) for which auto-
mated actions that are not existent now (R. Argentin, personal
comm., 2020) could be planned. However, if the onsite system
would also include the possibility of monitoring the factory
assembly line and building and could also work during the
aftershock sequence (Bindi et al., 2016) it could help improve
the rapid-risk mitigation actions and therefore enhance the
workers’ safety. To this regard, a DOSEEW system with the
capability of triggering automatic actions is currently being
installed in the factory.

Conclusions
In this study, we estimated the potential benefits that an
DOSEEW system, based on recently installed strong-motion
sensors, could provide in the case of the repetition of the
1976 Friuli earthquake. Although the advantages of having a
dense strong-motion network are obvious when considering
the need for a robust and accurate rapid damage assessment
that can improve the response to a damaging seismic event,
its contribution to seismic risk mitigation through the adop-
tion of an EEW system might not be certain. This study, based
on a single scenario, shows that the lead time in the case of the
1976 events, with the actual station deployment, could have
been sufficient for a large part of the affected area to mitigate
at least the number of injured persons. Interestingly, the appli-
cation of the OSEEW approach to the synthetic seismograms
showed a strong dependence of the lead time not only on the
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finite dimension of the fault but also on the slip distribution.
Because of the size of the event, most of the casualties occurred
within what is defined as the blind zone; however, a significant
number of injured persons could have benefited, if appropri-
ately trained, from the alarm coming from an early warning
system. We estimated that a reduction of 10% of injured per-
sons could be achieved. Although not large, this could have
certainly helped in mitigating, with other preparation and
rapid response measures, the impact of the event.

These results, although specific for the 1976 Friuli earth-
quake scenario, can easily be extended and adapted for the
other possible seismogenic sources existing in the region.

Finally, following the Friuli saying relevant to reconstruction
after the 1976 earthquake “First the factories, then the houses,
and then the churches,” we also tried to investigate the potential
effect of an early warning system for two industrial facilities.

We found that the TAL pipeline could benefit from several
seconds of lead time, allowing automatic procedures for the
stoppage of the plant, therefore mitigating the risk of the pipe-
line’s damage and subsequent oil leakage. On the other hand,
the factories operating in Tolmezzo would lie within the blind
zone in the case of a repetition of the 1976 Friuli earthquake.
However, in the case of other earthquake scenarios in the
region, the factories could benefit from an alarm with several
seconds of lead time that would allow automated actions to be
employed, hence potentially improving the workers’ safety.

Further studies and testing of the systems are necessary for
better evaluating the cost benefit analysis of an EEW system in
the region. In particular, the two installations along the TAL
and in the factory in Tolmezzo that are currently being
deployed will provide useful data for this evaluation.

Data and Resources
No recorded data were used for the analysis in this article. The strong-
motion data of Figures 2 and 3 are available from Italian Accelerometric
Archive v.3.0 (doi: 10.13127/itaca.3.0; Luzi et al., 2019). The synthetic
seismograms are available from the authors upon request. The other
relevant data are from Progetto Edifici Sentinella, supported by the
Regional Civil Protection of Friuli Venezia Giulia, and the Interreg
Armonia Project (https://www.inogs.it/en/content/armonia-rete-di-
monitoraggio-accelerometrico-tempo-reale-di-siti-ed-edifici-italia-ed,
last accessed July 2020). Supplemental material for this article includes a
figure showing all three-component synthetic seismograms calculated at
the considered stations (Fig. S1) and Figures S2–S14, which show the
results of the analysis for the analyzed stations not included in the article.
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