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Abstract
The rapid estimation of expected impacts in case of an earthquake is extremely important
for emergencymanagers and first responders. Current near-real-time damage assessment
methods rely on ground-motion estimates and exposure or fragility datasets, in some
cases integrating the shaking recorded at the site (e.g., from strong-motion monitoring
networks). We propose a method that estimates the expected damages on buildings
based on strong-motion recordings of a seismic event. The damage assessment is based
on the maximum drift (interstory) or the displacement, which is estimated by considering
in a first approximation the behavior of a specific building typology as a single-degree-of-
freedom oscillator. The oscillator is characterized based on the analysis of the building
stock and a large number of ambient vibration measurements performed in buildings.
A specific damage state occurs when the interstory drift or displacement limits available
in the literature for the specific building typology are exceeded. Themethod, here applied
to a case study in northeastern Italy, can be applied to other seismic areas worldwide to
provide quick, first-level estimates of expected damages.

Introduction
Estimating expected damages in case of a seismic event is impor-
tant for emergency managers and civil protection authorities. In
particular, because a large fraction of casualties during earth-
quakes is related to building failure (So and Spence, 2013), a
quick estimation of the damage of buildings is paramount to
drive effective life-saving response actions. Building typologies
that share similar characteristics have been defined at global,
regional, and national scales (e.g., Jaiswal and Wald, 2008;
Lang et al., 2018; Polese et al., 2019, respectively) with growing
detail and complexity. Seismic impact assessment can then be
performed at global (e.g., the U.S. Geological Survey model
Prompt Assessment of Global Earthquakes for Response;
Wald et al., 2008), regional (D’Ayala et al., 2010), and national
scales (Silva et al., 2015; Dolce et al., 2019) based on exposure
data and vulnerability or fragility functions developed at differ-
ent spatial resolutions (e.g., Vona, 2014; Del Gaudio et al., 2017;
Masi et al., 2019; Donà et al., 2020). However, most national
damage assessments are now produced at municipality scale,
whereas emergency managers (e.g., civil protection, civil
defense) require first-level local-scale information to implement
quick response actions. To refine the damage assessment locally,

the specific features of local buildings should also be identified
(e.g., Pittore et al., 2018) to define specific building typologies
and their distribution at local scale.

During the past decades, seismic damage and risk assess-
ment methods have evolved to use directly the ground-motion
values obtained by first-level ground-motion estimates (e.g.,
using ShakeMaps, Wald et al., 1999, 2006) that can support
a first-level damage assessment shortly after the occurrence
of an earthquake (Wald et al., 2008). However, the reliability
of the spatial distribution of shaking depends on several fac-
tors, among them the number of seismic stations used to
compute the ground motion (Moratto and Saraò, 2012). Thus,
given the relevance of seismic stations coverage, strong-motion
seismic networks are increasingly deployed in active seismic
areas worldwide (e.g., Mori et al., 1998; Okada et al., 2004;
Espinosa-Aranda et al., 2009; Gorini et al., 2010; Satriano et al.,
2011; Wu et al., 2013; Parolai et al., 2017). In particular, the
National Institute of Oceanography and Applied Geophysics
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(OGS) manages a dense seismological network (Sistema di
Monitoraggio terrestre dell’Italia Nord Orientale (SMINO);
Bragato et al., 2021) currently consisting of >45 seismological
stations (equipped with both seismometers and strong-motion
sensors) and 58 low-cost strong-motion sensors installed in 31
buildings (SentiNet network). Low-cost strong-motion sensors
installed in buildings increase the number of ground-motion
observations and measure the shaking at the building’s bottom
and top to monitor its dynamic behavior during an earthquake.

Strong-motion recordings in the study area allow the
extraction of the main ground-motion parameters in near-real
time and, given a building’s dynamic behavior, the estimation
of its expected damages (Bindi et al., 2015; Parolai et al., 2015).
However, this requires a characterization of the building’s
dynamic behavior. A first approximation of the building’s
dynamic behavior is given by a single-degree-of-freedom
(SDOF) damped oscillator and thus by the fundamental fre-
quency and the damping (e.g., Mucciarelli and Gallipoli, 2007).
Different approaches have made use of earthquake recordings,
forced vibration studies, or ambient noise measurements (e.g.,
Bindi et al., 2015; Petrovic et al., 2018) to study buildings’
dynamic behavior. In particular, ambient noise measurements
can be used to infer the elastic response of buildings in a quick
and cheap manner while giving reliable results (e.g., Gallipoli
et al., 2009). Nevertheless, fundamental frequencies estimated
from ambient vibration measurements may be higher than the
theoretical elastic frequencies used in earthquake engineering
(e.g., Michel et al., 2010). Both analytical (Crowley and Pinho,
2004) and experimental (Farsi and Bard, 2004; Dunand et al.,
2006; Gallipoli et al., 2010) approaches can be used to infer
simplified relations for buildings. Several authors provided
period–height relations based on noise measurements on
buildings of different materials (e.g., Gallipoli et al., 2009;
Michel et al., 2010), whereas others focused on reinforced con-
crete (RC) buildings (Goel and Chopra, 1997; Crowley and
Pinho, 2006). However, only a few specific studies are available
for unreinforced masonry (URM) buildings (Bal et al., 2008;
Gosar, 2012) despite their strong presence in the European
building stock and in other geographic areas worldwide. To
increase their usability for damage assessment purposes, such
relations should be derived for specific building typologies for
which the experimentally defined parameters are valid.

Here, we propose a method that, based on strong-motion
recordings, allows the estimation of the expected damages
for specific building typologies in target areas surrounding
the recording locations. In our study, we do not perform struc-
tural dynamic simulations because we are not interested in
a precise reconstruction of buildings’ dynamic responses.
Instead, we make use of simplified models for damage assess-
ment based on the exceedance of specific damage thresholds
following the method proposed by Parolai et al. (2015). They
estimated the accelerations at the top of every single monitored
building using the recordings at the bottom as input and

assuming that the buildings behave as single- or multiple-
degree-of-freedom oscillators (SDOF or MDOF, respectively).
Here, the method has been extended to estimate the interstory
drift and displacement for selected building typologies based
on the fundamental frequency obtained from experimental
studies. Expected damage can be subsequently estimated by
forecasting the interstory drift or displacement values and
comparing them with the limits proposed in the literature for
the damage state and building typology.

To show the feasibility of the damage assessment method, we
apply it to five municipalities located in northeastern Italy at the
border between Friuli Venezia Giulia (FVG) and Veneto regions
(Fig. 1), hit by several historical earthquakes in the past 1000 yr
(Rovida et al., 2021). In particular, the Cansiglio earthquake
(October 1936) caused substantial damages in the selected area
(Guidoboni et al., 2019). In case of repetition of such an event,
historical masonry buildings would be strongly affected
(Bernardini et al., 2008; Meroni et al., 2008). However, no spe-
cific damage scenarios exist for modern masonry buildings con-
structed after that event that belong to a common building
typology in northeastern Italy. Within the five selected munici-
palities, we identify target areas where the considered building
typology is present and estimate the expected damage for the
historical event of 1936 Cansiglio. Results allow to produce a
first-level estimate of the expected damage on the considered
building typology in populated areas in the proximity of the
locations where broadband seismograms were simulated.

Methodology
Prerequisites
The proposed method for the estimation of expected damages
in a target area relies on the following information:

• Knowledge about the existing building typologies and their
distribution in the target area. The target area is defined as an
area where the event is recorded and where the intensity of
ground motion can be considered homogeneous. The size of
the target area depends on many factors, in particular on the
heterogeneity of the soil conditions and the resolution of
exposure data. The size may vary for different sites.

• Fundamental frequencies of the considered building typol-
ogies, estimated either from experimental studies or from
period–height relations.

• Recording of an earthquake in the target area.

Calculation of the acceleration at the top of a
building
Parolai et al. (2015) have shown that the acceleration at the top
of a building can be estimated as a sum of the relative accel-
eration calculated using the Z-transform (e.g., Lee, 1990; Jin
et al., 2004) from the recording of a single instrument installed
at the basement of the building and this recording at the
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basement. The buildings were assumed to behave as SDOF or
MDOF oscillators, depending on the complexity of the consid-
ered building. For simple built structures, for which the fun-
damental translational mode is dominant and thus provides
the main contribution to the vibration of the building (usually
buildings with 1–5 stories), the building’s behavior can be
simulated as those of an SDOF oscillator (e.g., Lee, 1990).
For more complex structures, an MDOF oscillator has to be
considered. Parolai et al. (2015) proposed to perform the sim-
ulation for MDOF oscillators considering the contribution of
the main vibrational modes and weighting them, in a first-
order approximation, by calculating their contribution based
on the spectral peak amplitudes in the Fourier amplitude spec-
tra at the top of the building.

Estimation of the displacement and the interstory
drift ratio
The relative displacement (drift) at the top of a building can be
calculated in the same way from the recording at the basement
of the building with the Z-transform (e.g., Jin et al., 2004) by
simulating the behavior of a building by an SDOF or MDOF
oscillator with the natural frequency ω0 and the damping ratio
ζ . The drift x�t� due to an input recording aj−1 can be recur-
sively calculated as follows:

EQ-TARGET;temp:intralink-;df1;308;221xj � b1xj−1 � b2xj−2 − S0�Δt�2aj−1; �1�

with the coefficients b1, b2, and S0 defined as

EQ-TARGET;temp:intralink-;df2;308;183b1 � 2e−ζω0Δt cos�ωdΔt�; �2�

EQ-TARGET;temp:intralink-;;308;150 b2 � −e−2ζω0Δt ;

EQ-TARGET;temp:intralink-;;308;131 S0 � e−ζω0Δt sin
�ωdΔt�
�ωdΔt�

;

EQ-TARGET;temp:intralink-;;308;81 ωd � ω0�1 − ζ2�12:

Figure 1. Map showing the 1936 Cansiglio epicenter (star) with its
finite-fault area (blue rectangle), the seismological network
(National Institute of Oceanography and Applied Geophysics
network), the network of instrumented buildings (SentiNet, up-to-
date to November 2020), the selected municipalities (Aviano,
Budoia, Sacile, Polcenigo, and Porcia), and the municipalities where
noise measurements were performed (Aviano, Montereale
Valcellina, Attimis, and Udine). The top-left inset shows the location
of the study area in northeastern Italy. The area is located at the
border between FVG and Veneto regions, highlighted in color. The
color version of this figure is available only in the electronic edition.
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The displacement at the top of the building is obtained as
the sum of the calculated drift (equation 1) and the displace-
ment at the bottom of the building. The latter is calculated by
double integration of the acceleration recorded at the bottom
of the building over time. The total displacement and inter-
story drift are calculated for both directions (main building
axes) by the equivalent SDOF or MDOF oscillators, and the
maximum of both directions is considered.

From single buildings to building typologies
The work of Parolai et al. (2015) leads to the estimation of the
acceleration at the top of a single building. Here, we focus on
the estimation of the displacement and extend the method
from single buildings to building typologies. Different building
typologies are characterized by many factors, the most relevant
being age, construction material and height, and can be defined
based on the analysis of the building stock in the area of inter-
est. We assume that buildings belonging to the same typology
have a similar linear dynamic response. Thus, their response to
a seismic input can be approximated by a single, representative
SDOF or MDOF oscillator for which the fundamental fre-
quency and damping value are selected based on experimental
data or existing relations (e.g., from Eurocode 8, CEN, 2004).

Determination of the expected damage for
building typologies
Applying the method described previously, the maximum
expected displacement and drift values can be calculated for
a certain building typology.

Nonstructural damage:This estimation is based on the com-
parison of calculated maximum total or interstory drift (drift
divided by height of the building) and threshold values proposed
by the building codes. If the calculated maximum drift is greater
than the limits, the occurrence of nonstructural damage is
expected. For Europe, threshold limits are provided by the
Eurocode 8 (CEN, 2004). In addition, the Italian national build-
ing code provides specific values for different building typologies
(Norme Tecniche per le Costruzioni [NTC], 2018).

Structural damage: This estimation is based on the compari-
son between the calculated maximum total displacement at the
top of the building and the displacement thresholds available in
the literature for different building typologies and structural
damage states. For Europe, Lagomarsino and Giovinazzi (2006)
defined displacement thresholds for the most common building
typologies, including several RC and masonry types. Similarly,
other studies provide interstory drift limits for specific building
typologies and/or geographic areas (e.g., Ruiz-Garcia and
Negrete, 2009). Other references are available in the literature
for different countries and geographic regions, for example,
Greece (Penelis et al., 2003), Canada (Abo-El-Ezz et al.,
2013), the United States (Frankie et al., 2013), Mexico and
Latin America (Ruiz-Garcia and Negrete, 2009), India
(Chourasia et al., 2016), and Pakistan (Shahzada et al., 2012).

Expected damage in the target area
Based on the number and distribution of the buildings that
belong to the considered typologies, it is possible to calculate the
number of buildings that are expected to sustain nonstructural
and structural damages in the target area. An example of the total
damage estimation in the target areas is provided for the test site.

Test Site
We selected five municipalities in FVG (Fig. 1), in which strong-
motion sensors were installed on target buildings (SentiNet
network, Bragato et al., 2021). The municipalities that sustained
the largest damages during the 1936 Cansiglio event (Mw 6.3
according to Sirovich and Pettenati, 2004) were selected. The
recorded macroseismic intensities were 7 in Porcia and Aviano,
7–8 in Sacile, and 8 in Budoia and Polcenigoand (Rovida et al.,
2021). Figure 1 shows the OGS monitoring networks (up to date
to November 2020), the selected municipalities, and the areas
where noise measurements and inspections have been per-
formed on residential buildings.

Collected data
To apply the method to the case study, we use the following
data available for the study area.

Information on building typologies and their distribution in
the target area:

• 2011 census data provided by the Italian National Institute of
Statistics (Istat, 2011). The 2011 census is the last complete
census in Italy and contains building age, number of stories,
and material. Building data, publicly available at municipal-
ity level, were provided by Istat at the census units level for
the purpose of this study.

• Digital building map for the FVG region (Carta Tecnica
Regionale Numerica 1:5000; see Data and Resources) that
contains the buildings’ usage, area, and height, inferred from
photogrammetric analyses.

• Information from local inspections, interviews with munici-
pality technicians and practitioners, and analysis of the
municipality master plans. This information was collected
both inside and outside the target areas.

Fundamental frequency for the selected building typology:

• Ambient vibration measurements performed simultaneously
inside and outside the target area in 22 buildings of the same
building typology.

Because no damaging earthquake occurred recently in the
studied area and no recordings of strong events are available, we
simulate broadband near field recordings for the 1936 Cansiglio
earthquake. The synthetic seismograms are simulated in the loca-
tion of the instrumented buildings for the five selected munici-
palities.
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Building typologies in northeastern Italy
The definition of the building typology considered in this work
is based on the classification of the Italian 2011 Census (Istat,
2011). The analysis of Istat data shows that a high percentage
of the building stock in FVG and Veneto consists of URM con-
structed in the period 1946–1990 (Fig. 2a). The same analysis
for the selected municipalities shows that the building stock
follows the same pattern and can be thus considered represen-
tative for northeastern Italy (Fig. 2b).

Building inspections were performed for 54 buildings in four
municipalities inside and outside the target area (Fig. 1) to iden-
tify the main features of the selected typology (Fig. 3a), mostly
consisting of concrete blocks (Fig. 3b) or bricks and rigid floors
and roofs (Fig. 3c), which in some cases have been originally
built (Fig. 3d) or reconstructed in the 1990s using wood.
Given the high presence of “other”material in the Istat database
that, for northeastern Italy, is normally a combination of URM
and RC elements (e.g., local reinforcements), we include build-
ings constructed of “other”material into the identified masonry
building typology.

Thus, the selected building typology for this case study is
URM buildings (in some cases, in combination with RC ele-
ments), consisting of concrete blocks or construction material
classified as “other,” built in the period 1946–1990. Such build-
ings account for a high fraction of postwar residential buildings
in northeastern Italy (Ferrario, 2009). We focus our study on
regular and stand-alone buildings belonging to the considered
building typology because their dynamic response can be mod-
eled with an SDOF equivalent oscillator. In this work, we pro-
pose a method to automatically extract the following indicators
from the digital building map, using a Geographic Information
System (GIS) engine:

• Number of stand-alone buildings: Each building in the
digital building map corresponds to a single polygon, with
the exception of multiple housing units (e.g., terraced or

row houses). We consider map polygons as stand-alone
buildings when (a) they have no neighbors and (b) the
perimeters are lower than 120 m. This value has been
selected based on the analysis of stand-alone buildings’
perimeters in the study area. In the opposite case, they
are considered as attached buildings.

• Number of buildings in each height class (Fig. 4b): The
digital building map contains building footprints and their
associated eave height, which has been converted into an
equivalent number of stories (see legend of Fig. 4b).

• Number of buildings regular in plan (Fig. 4c): According to
the Italian building code (NTC, 2018), buildings considered
“regular in plan” should have a shape ratio (i.e., the ratio
between long and short edges of the minimum bounding
rectangle of the building) lower than 4. To comply with
the NTC additional requirements on building shape irregu-
larity, as a precaution we reduce the shape ratio limit for
regular buildings to 2. Other building codes provide different
criteria to distinguish between buildings that are regular and
nonregular in plan, and the methodology can be adapted
accordingly.

The automated procedure described previously identifies the
regular and stand-alone buildings in a specific area but introdu-
ces a degree of uncertainty in the results. There are, in fact, dis-
crepancies between the number of buildings in the national

Figure 2. Summary of the building stock according to the Istat
Census 2011 for (a) Friuli Venezia Giulia (FVG) and Veneto
regions (∼1:3 million buildings in total) and (b) the selected
municipalities (∼15; 000 buildings). Sizes of pie charts are pro-
portional to the number of buildings according to the graphical
legend (units are thousands of buildings). The uppermost height
class contains all buildings that have four or more stories. The
color version of this figure is available only in the electronic
edition.

5



building census and digital building maps (Gallipoli et al., 2020)
and their characteristics (Bernardini, 2008). In addition, the sim-
plified method to identify regular buildings from the buildings’
footprint only accounts for the regularity in plan but not for the
distribution of mass and stiffness (for which specific criteria exist
in most building codes). For the target areas considered in this
work, visual inspection confirmed the regularity in shape of the
single houses, typical of the Italian postwar urbanization.
Moreover, the number of buildings in each story class of the
Istat database is in most cases comparable with the number
of buildings in the digital building map in each height interval.
Further work is nevertheless required to validate and generalize
the approach.

Characterization of target areas
For each of the five municipalities, we define the target area by
selecting the census units that intersect an 800-m-radius cir-
cular area centered around the location of the simulated

ground motion (i.e., the loca-
tion of the SentiNet building).
The radius for this test site
has been defined based on
the analysis of the soil maps
in the target areas, homo-
geneous in the surrounding of
the simulated ground-motion
location, where no significant
variation of the site amplifica-
tion is expected. We consider
only the census units in which
at least 50% of buildings belong
to the selected typology and
discard those that contain less
than 20 buildings (to obtain
robust results in statistical
sense). Figure 4a shows as an
example the circular area and
the census units for Aviano.
Figure 4b,c shows the height
distribution and the buildings
shape ratio for one of the cen-
sus areas in the municipality of
Aviano.

It is then possible to calcu-
late the percentage of regular
and stand-alone buildings for
each height interval and apply
this percentage to the number
of buildings that, according
to the Istat database, belong
to the chosen typology (i.e.,
URM buildings, consisting of
concrete blocks or construc-

tion material classified as “other,” built in the period 1946–
1990). The calculation is performed for each census unit,
and the totals are calculated for the target areas of the five
selected municipalities (Table 1). All target areas have a high
percentage of buildings that belong to the typology. The lower
percentages of regular and stand-alone buildings in Budoia and
Polcenigo are due to the higher irregularity of building foot-
prints and the higher discrepancies between census data and
digital building map. The buildings that belong to the typology
in the target area are 1763, of which 954 are regular and
stand alone.

Experimental estimation of fundamental
frequency
Seismic noise measurements were carried out in 22 masonry
buildings of two, three, or four stories, constructed between
1946 and 1990 with bricks or blocks and having rigid floors.
Because this building construction type is very common in the

Figure 3. (a) An example of a three-story masonry building belonging to the considered typology
and the details of (b) blocks constituting the load-bearing vertical structure, (c) rigid roof, and
(d) pre-existent wooden roof. The color version of this figure is available only in the electronic
edition.
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whole FVG region, measurements were performed in four
municipalities located inside and outside the target areas:
Aviano, Montereale Valcellina, Attimis, and Udine (Fig. 1).
The buildings were selected by two criteria: (a) selected build-
ing typology and (b) permission of the residents to carry out
measurements. The seismic noise measurements of 30 min
were performed at the top and the bottom of each building,
assuming the later one to represent a free-field measurement.
For the two horizontal and the vertical directions, the Fourier
amplitude spectra are calculated using a moving window of
∼1min, overlapping by 50% and cosine tapering at both ends.
Subsequently, the average spectra are estimated and the fun-
damental frequency for each building is calculated.

In Figure 5, the period T of the 22 analyzed masonry low-
rise buildings is plotted versus the height H of the buildings
(black dots). From a simple linear regression (black line,
Fig. 5), we obtain

TABLE 1
Total Number of Buildings in Each Municipality’s Target Area, Percentage of Buildings That Belong to the
Considered Building Typology, and Percentage and Number of Those That Are Regular and Stand-Alone

Municipality

Total Number of
Buildings in
Target Area

Buildings That Belong
to the Typology (%)

Regular and Stand-Alone
Buildings That Belong to
the Typology (%)

Number of Regular and
Stand-Alone Buildings That
Belong to the Typology

Aviano 434 71% 47% 202

Budoia 129 54% 26% 33

Polcenigo 465 78% 19% 88

Sacile 510 74% 43% 218

Porcia 893 72% 46% 413

Figure 4. Example of target area characterization for the
municipality of Aviano. (a) Circular area and selected census units
that constitute the target area for Aviano. (b) Example of
buildings height classification for one of the census unit in the
target area. (c) Example of shape ratio classification for stand-
alone buildings identified within the census unit in the target
area. The color version of this figure is available only in the
electronic edition.
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EQ-TARGET;temp:intralink-;df3;53;429T � 0:0124H: �3�

Our results are compared with T–H relations provided by
other authors. It is striking that especially the relations esti-
mated by Bal et al. (2008, based on nonlinear dynamic analy-
ses) for masonry buildings with RC slabs (yellow dashed line)
and with timber slabs (red dashed line) in Turkey overesti-
mate considerably our results. Furthermore, the periods pro-
vided by the earthquake design code for masonry buildings
(EC8 and NTC8, violet dashed line) are significantly larger
than the periods obtained from the ambient vibration record-
ings. Some other studies, based on noise measurements, fit
them better. For example, Hong and Hwang (2000, cyan
dashed line) and Guler et al. (2008, blue dashed line), mainly
focused on RC buildings, fit our relations but with an over-
estimation. A relation derived by Michel et al. 2010 (light
green dashed line) for French buildings, including both RC
and masonry buildings, fits well our results. A recent study
of Gallipoli et al. (2020) focused on the evaluation of the
soil-building effect in Matera. Our results are also compared
with their relations obtained for masonry buildings on clay
(orange dashed line) and calcarenite (dark green dashed line,
personal comm.). Our T–H relation for masonry buildings in
FVG is close to their relation for masonry buildings on cal-
carenite soil. The discrepancies between our relations and
the ones of the other authors may be caused by different soil
conditions, different building typologies, or a combination
of both.

Validation of Drift and Displacement
Estimation with Weak-Motion Data
Until now the SentiNet network did not register any close
strong-motion events. For the validation of the drift and total
displacement estimation, the approach is applied to recordings
of an ML 3.7 event that occurred in Tramonti di Sopra on 13
July 2020 (see Data and Resources) and was registered by the
SentiNet sensors installed in the Aviano city hall at 30 km dis-
tance. The three-story masonry building is monitored by two
sensors, one installed at the top and one at the bottom of the
building; the sensors are oriented along the main building axes.
The building has been simulated to behave as an SDOF oscil-
lator in both horizontal directions, with fundamental frequen-
cies of f x � 6:7 Hz and f y � 7:6 Hz and a damping factor of
10% and 5% for the x and y directions, respectively. The fun-
damental frequencies have been estimated from seismic noise
measurements at different points in the building, the damping
factors as those fitting best the recordings at the top. A more
detailed and specifically dedicated study of the damping factor
in low-rise masonry buildings will be performed in the future. In
Figure 6, the total simulated displacement and the total displace-
ment at the top obtained by a double integration of the accel-
eration recorded at the top are shown for both directions (left: x
direction, right: y direction). The simulated total displacement is
calculated as a sum of the displacement at the bottom, obtained
by a double integration of the acceleration registered at the bot-
tom and the simulated drift calculated with equation (1). For
comparison, also the drift estimated as the difference of the dis-
placement at the top and the bottom is shown in Figure 6e. For
both directions, the simulated displacements (Fig. 6a) show a
high correlation (correlation coefficient between 0.8 and 0.9)
with the displacements obtained from the recordings (Fig. 6b).
The maximum simulated total displacement differs from the
maximum total displacement from the recordings by 6% and
9% for the x and y directions, respectively. Here, we demonstrate
for a building that it is possible to reconstruct the recordings at
the top (and in particular the displacement) from those at the
bottom in a satisfactory way. For our method, the precise
reconstruction of the recordings is out of scope, but we are inter-
ested in the maxima of total displacement and drift and its
exceedance in case of strong events. The deviation of the deter-
mined value from the measured maximum is negligible. The
maximum total displacement (below 0.0001 m for both direc-
tions) and interstory drift are below the limits for which struc-
tural or nonstructural damage is expected.

Simulation of the 1936 Cansiglio
Earthquake
The Cansiglio earthquake (18 October 1936) was one of the
stronger seismic events that occurred in the twentieth century
in northeastern Italy and caused severe damages and fatalities
in a wide area located at the border between Veneto and FVG
regions (Fig. 1).

Figure 5. Comparison of our T–H relation obtained for masonry
buildings in FVG (results for single buildings are also shown) with
relations from other studies of both RC and masonry buildings.
The color version of this figure is available only in the electronic
edition.
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The broadband seismograms related to this earthquake are
simulated using a hybrid approach (Moratto et al., 2015) that
merges low-frequency deterministic signals (Spudich and Xu,
2003) with the high-frequency stochastic part (Motazedian
and Atkinson, 2005). The finite-fault parameters are taken from
Sirovich and Pettenati (2004) who inverted the macroseismic
observations: the released seismic moment is 3:23 × 1025 dyn ·
cm (Mw � 6:3) with a fault length of 19.6 km; the rupture
started at a depth of 15.3 km and propagated principally toward
southwest (Fig. 1). The associated slip distribution has one
asperity (Moratto et al., 2011) and was used as input in the pseu-
dodynamic approach (Guatteri et al., 2004), which reproduces
the dynamic features of the rupture. In the low-frequency cal-
culation, we use the velocity structure model by Moratto et al.
(2012), specific for the studied area, whereas the stochastic com-
putation adopts the propagation parameters estimated by
Malagnini et al. (2002) for northeastern Italy. We estimate the
macroseismic intensity (IMS) form peak ground acceleration
applying the empirical relation by Gomez-Capera et al.
(2020): our simulations reproduce satisfactorily the intensity
observed at Aviano, Budoia, and Polcenigo (Rovida et al.,
2021). However, the simulations underestimate the intensity
associated with Porcia (6) compared with the observed ones
(7). The synthetic seismograms for all three components (north,
east, and vertical) and all five considered sites are shown in
Figure S1 of the supplemental material available to this article.

Because a local velocity structure at all investigated sites is
not known, the numerical simulations are carried out for a
rock site. However, in case of strong motion, the site response

might change because of nonlinearity, increasing the uncer-
tainties in the estimation of the input motion. These assump-
tions might affect the input ground-motion reliability at some
of the investigated sites, and this issue must be taken into
account when interpreting the results.

Damage Assessment Results
Expected damage is estimated for the considered building
typology using the method described earlier. Therefore, the esti-
mated maximum displacements are compared with the limits
identified in the literature for the building typology and for
selected damage levels. In this study, we focus only on structural
damage and consider two structural damage levels: extensive
and complete. Extensive and complete structural damage levels
correspond to D3 and D4–D5 of the European Macroseismic
Scale (Grünthal, 1998), respectively (Lagomarsino and
Giovinazzi, 2006). In particular, Lagomarsino and Giovinazzi
(2006) propose a relation between damage state and yielding
and ultimate displacements of the building capacity curve:
extensive damage corresponds to the average between yielding

Figure 6. (a) Simulated displacement at the top of the building.
(b) Displacement at the top of the building obtained by double
integration of the acceleration recording. (c) Displacement at the
bottom of the building obtained by double integration of the
acceleration recording. (d) Simulated drift using Z-transform.
(e) Drift calculated as difference of displacement at top and
bottom. Left panels denote x direction and right panels denote y
direction.
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and ultimate displacements, whereas complete damage corre-
sponds to the ultimate displacement. Table 2 collects the dis-
placement limits provided by Lagomarsino and Giovinazzi
(2006) for European URM buildings that match the building
typology considered in this study. Displacement limits at the
top of such buildings are provided for two height classes, low
and mid rise, which correspond to 1–2 and 3–4 stories, respec-
tively.

The damage level is estimated by comparing the maximum
displacement of the equivalent SDOF oscillator defined for the
specific building typology and the aforementioned limits. The
fundamental frequency of each representative SDOF oscillator
is estimated using our height–period relation (equation 3)
obtained from the linear regression of the experimentally esti-
mated fundamental frequencies of 22 considered masonry
buildings in the FVG region. This relation is derived by taking
into account the average height of regular and stand-alone
buildings in each census unit. We assume a damping factor
of 5%. The seismic input is provided by the synthetic seismo-
grams for the selected seismic event.

Damage assessment for target areas
The damage assessment procedure allows to assess the
expected structural damage produced by the event of 1936
Cansiglio on the almost 1000 buildings (Table 1) that belong
to the identified building typology in the target areas. Table 3
shows the estimated displacements for the building typology
and the expected damage state based on the thresholds consid-
ered for the two height ranges for which the displacement lim-
its are defined (Table 2).

Figure 7 shows the occurrence of extensive and complete
damages on low- and mid-rise buildings (panels a and b,
respectively) in the target areas of the five selected munici-
palities. For Budoia, a complete damage is expected for both
low- and mid-rise buildings, whereas in Polcenigo, low- and
mid-rise buildings are expected to sustain complete and
extensive damage, respectively. For Aviano and Sacile,
extensive damage is expected only for low-rise buildings,
and no damage is expected for Porcia; thus, Porcia is not
shown in Figure 7.

Discussion
Past studies (e.g., Bernardini et al., 2008; Meroni et al., 2008)
found that in case of repetition of the 1936 Cansiglio earth-
quake, substantial impacts are expected in the western FVG
area. The SentiNet network is particularly dense in this area,
so the selected case study is realistic in case of events occurring
nearby. Our results show that for the Cansiglio event, struc-
tural damage would occur in target areas for all considered
municipalities except Porcia (Table 3). The totally damaged
buildings represent a substantial percentage of the buildings
in the target areas (between 45% and 65% in all municipalities
except Polcenigo) and host altogether ∼9800 inhabitants who

TABLE 2
Displacement Limits That Identify Extensive and
Complete Structural Damage for the Considered
Unreinforced Masonry (URM) Building Typology
According to Lagomarsino and Giovinazzi (2006)

Damage Level Extensive Complete

URM low rise (1–2 stories) 0.0138 m 0.0236 m

URM mid rise (3–4 stories) 0.0219 m 0.035 m

TABLE 3
Displacement Values and Expected Damage States for Each Municipality and for the Two Height Ranges
Considered for the Building Typology

Municipality IMS (Recorded) IMS (Simulated) Height Range Displacement Damage State

Aviano 7 7 Low rise 0.0200 Extensive

Mid rise 0.0204 —

Budoia 8 8 Low rise 0.0432 Complete

Mid rise 0.0434 Complete

Sacile 7–8 7 Low rise 0.0213 Extensive

Mid rise 0.0216 —

Polcenigo 8 8 Low rise 0.0314 Complete

Mid rise 0.0343 Extensive

Porcia 7 6 Low rise 0.0051 —

Mid rise 0.0056 —

This table includes the macroseismic intensity (IMS) recorded (according to Rovida et al., 2021) and simulated for each municipality.
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may be affected by such damages. The highest structural dam-
age level (“complete”) is expected to be reached in target areas
of Budoia and Polcenigo, in agreement with the recorded IMS
of the 1936 event, whereas for Aviano, we expect extensive
damage for low-rise buildings. The observed IMS in Sacile
was 7–8, in agreement with our results that estimate an “exten-
sive” structural damage level and a IMS of 7. However, there
are some slight discrepancies between the expected damages
and the IMS from the 1936 event (Table 3): in agreement with
that according to our results, no structural damage is expected
in Porcia, where the observed and estimated macroseismic
intensities for the 1936 event are 7 and 6, respectively. This
is probably due to many concurrent factors, among them
the high uncertainties in the estimates of macroseismic inten-
sities, the changes in the building stock (from historical to
modern masonry), and the fact that we considered only syn-
thetic seismograms on bedrock, disregarding the effect of soil
amplification. The simulations for the Cansiglio earthquake
were in fact computed on bedrock conditions because detailed
amplification curves describing the local soil effects are not
available. The lack of information about the local soil condi-
tions influences the final results and may lead to underestima-
tion of expected damages. Furthermore, our simulations
consider only a simple finite-fault model with an asperity
placed in the middle of the rupture area and the rupture propa-
gating from northeast to southwest. Porcia is located at south-
east of the fault, and it is influenced by the rupture propagating
from the bottom to the surface along the dip plane. However,
possible complex source effects (e.g., the presence of additional
local asperities in the slip distribution, complexities in the
propagation process) can increase the shaking observed at this
site.

The results presented here are obtained under two main
assumptions: (a) the dynamic response of the considered build-
ing typology can be modeled with an SDOF oscillator, and (b)
the damping of 5% suggested in the literature (e.g., Eurocode 8,
2004) is valid for the considered buildings. The method success-
fully replicates the displacement and drift on single buildings, as
shown for the ML 3.7 event, which was recorded in Aviano by
the SentiNet network. To avoid underestimation of the drift and
the total displacement, we assume the lower damping factor
found for the two main building directions of the SentiNet
building for the building typology. Moreover, we consider the
maximum displacement of the two components. If the displace-
ment limits are exceeded, we can conservatively assess whether
the damage state occurs in the target area, whereas we do not
provide damage estimates for specific buildings. The method is
applicable to any kind of strong-motion recordings in a target
area (instrumented buildings are not required).

The use of displacement as a proxy of damage in a single
monitored building had already been introduced by other
authors (e.g., Spina et al., 2011; Dolce et al., 2017) based on

Figure 7. Maps show the location of the simulated recording, the
800 m circular area, and the damage level in the target area for
the four municipalities expected to sustain structural damages
(Aviano, Budoia, Polcenigo, and Sacile). The structural damage
level (yellow represents extensive or orange represents complete)
has been calculated for the simulated Cansiglio event. Results are
shown for (a) low-rise buildings and (b) mid-rise buildings. In
Aviano and Sacile, structural damage is expected only for low-rise
buildings. No structural damage is expected for both low- and
mid-rise buildings in Porcia. The color version of this figure is
available only in the electronic edition.
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the double integration of the recordings at the building’s top.
Parolai et al. (2015) provided a simplified method that allows
to estimate the acceleration at the top directly from ground-
motion recordings at the bottom. Here, we enhance the
method of Parolai et al. (2015) by calculating the displacement
at the top of the building, and we extend it to a building
typology representative of the residential building stock. A
similar approach had been proposed for nonstructural damage
assessment based on estimated ground-motion parameters
(Megalooikonomou et al., 2018). The method presented here,
exemplified by means of a case study, can be applied using dif-
ferent displacement or drift limits available in the literature for
specific building typologies (which may be defined for age and
height classes different from the ones considered here) and can
account for the recent developments related to displacement-
based damage assessment (O’Reilly et al., 2020).

In our study, we consider displacement thresholds from the
literature as a proxy for damage. The total displacement at the
top of a building is obtained as a sum of the displacement at the
bottom and the relative displacement, which is simulated as
that of an SDOF (or MDOF) oscillator. Depending on the fre-
quency content of the energy of the considered event (magni-
tude and distance) and the dynamic characteristics of the
analyzed buildings and thus of their frequencies, the contribu-
tion to the relative displacement may be greater or smaller (e.g.,
Vanmarcke, 1976). In the case of the considered low-rise stiff
masonry buildings, the main contribution to the displacement
at the top of the buildings comes from the displacement at the
bottom because the fundamental frequencies of the considered
building do not lie in the frequency range of the main energy
contribution of the considered event (see Fig. S2 for displace-
ment response spectra for the five sites).

The high variability found in fundamental frequencies
derived from experimental data (Fig. 5) had already been
explored by Michel et al. (2010). Such variability can have
an impact on damage assessment results. Thus, further analy-
ses should be performed to explore the variability of the exper-
imental frequencies for the specific masonry building typology
(e.g., using the shaking table to assess fundamental frequency,
damping, and expected changes under seismic action; Penna
et al., 2016; Morandi et al., 2018). In addition, the relations
between soil and building frequencies (e.g., Gallipoli et al.,
2020) and the effect of soil–foundation–structure interaction,
so far included in the fundamental period of the soil–structure
system, should be accounted for. Further measurements are
required to achieve a statistically representative population
and to infer average and standard deviation of the fundamental
frequency clusters identified for the building typology. Such
analyses could also be enriched by observations of experimen-
tal period–height relationships associated to specific damage
states (e.g., Ditommaso et al., 2013) when available.

The definition of target areas relies on the assumption that
the strong motion does not vary in the proximity of a strong-

motion sensor. This step is particularly relevant to exclude
ground-motion variations caused by local site effects. Thus,
to define the target area, the local geological conditions should
be taken into account to exclude variations of site amplifica-
tions. For the case study presented here, the soil types found at
the target areas do not amplify the ground motion in the con-
sidered frequency band. However, target areas may be smaller
in highly heterogeneous localities or larger in case of highly
homogeneous soil conditions. Given that the sensor recordings
account for site effects, the ground motion in homogeneous,
and properly defined target areas are realistic inputs for the
proposed method.

Conclusions
We developed a method that uses strong-motion recordings
and a selected building typology to estimate the expected dam-
age in case of a seismic event. The main novelty consists in
generalizing a method usually adopted for specific buildings
to a simple and common building typology that accounts
for a substantial fraction of the building stock. The method
presented here can support the definition of first-level risk
scenarios based on historical or user-defined seismic events
and contributes to increasing preparedness in case of occur-
rence of similar events in the future. Results can provide strong
support during emergencies, in particular to emergency man-
agers (e.g., civil protection) to plan effective life-saving
response actions.

The method presented here can be extended to other areas
in Italy and worldwide. Future developments should be
devoted to:

• Extending the method to other regular building typolo-
gies, in particular regular RC frames. The method can
also be extended to more complex building typologies,
but this requires an additional effort to identify the higher
modes and associate the results to the selected typology,
ensuring the representativity of the typology dynamic
response.

• Applying the method in areas with less data available (e.g.,
for areas where no digital building map or Istat census is
available). The lack of data can be counterbalanced by in-
person inspections or with the use of remote-sensing data.

• Enhancing the definition of target areas and accounting for
ground-motion correlation and site effects to identify homo-
geneous areas.

• Using the method in combination with classical damage esti-
mation methods (e.g., Silva et al., 2015; Borzi et al., 2019)
usually applied at municipality scale, increasing the damage
assessment spatial resolution in areas of interest. Future
work will be devoted to enhancing the existing damage
assessment described by Poggi et al. (2020) for FVG and
Veneto, where ground-motion sensors are available (and
currently growing in number).
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• Complementing the method with the expert crowdsourcing
performed by civil protection volunteers, who provide
reports of the perceived shaking in case of occurrence of seis-
mic events in FVG (Sandron et al., 2021).

Data and Resources
Italian census data were provided by Italian National Institute of
Statistics (Istat, Italy), and their use is allowed for research purposes.
The digital buildings map for Friuli Venezia Giulia (FVG) was pro-
vided by the Friuli Venezia-Giulia regional government (http://www
.regione.fvg.it/rafvg/cms/RAFVG/ambiente-territorio/conoscere-amb
iente-territorio/FOGLIA4, last accessed October 2020). Target area
maps were produced using the open-source QGIS Geographic
Information System (http://qgis.org, last accessed April 2021). The
recorded macroseismic intensities were extracted from the latest avail-
able version of the CPTI15 database (Parametric Catalogue of Italian
Earthquakes; Rovida et al., 2021). The ML 3.7 event (http://
rts.crs.inogs.it/event/68692/detail.html, last accessed May 2021) were
recorded by the SentiNet sensors installed in the Aviano city hall and
managed by National Institute of Oceanography and Applied
Geophysics (OGS). The supplemental material for this article includes
the synthetic seismograms of the 1936 Cansiglio event and the dis-
placement response spectra for the east, north, and vertical compo-
nents, at the location of the five instrumented buildings considered for
the municipalities of Aviano, Budoia, Polcenigo, Porcia, and Sacile.
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Erratum
Figure 2 of the original article shows the fraction of buildings
constituted by unreinforced masonry, reinforced concrete, or
other material. Pie charts show unreinforced masonry in yel-
low and reinforced concrete in light blue. However, in the pub-
lished ahead of print version, the legend colors were inverted.
This version contains the corrected figure. Note that the cap-
tion and the text are unvaried.
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