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Abstract: A technological system capable of automatically producing damage scenarios at an urban|
scale, as soon as an earthquake occurs, can help the decision-makers in planning the first post
disaster response, i.e., to prioritize the field activities for checking damage, making a building
safe, and supporting rescue and recovery. This system can be even more useful when it works on|
densely populated areas, as well as on historic urban centers. In the paper, we propose a processing|
chain on a GIS platform to generate post-earthquake damage scenarios, which are based: (1) on
the near real-time processing of the ground motion, that is recorded in different sites by MEMS
accelerometric sensor network in order to take into account the local effects, and (2) the current
structural characteristics of the built heritage, that can be managed through an information system
from the local public administration authority. In the framework of the EU-funded H2020-ARCH|
project, the components of the system have been developed for the historic area of Camerino (Italy)
Currently, some experimental fragility curves in the scientific literature, which are based on the
damage observations after Italian earthquakes, are implemented in the platform. These curves allow
relating the acceleration peaks obtained by the recordings of the ground motion with the probability
to reach a certain damage level, depending on the structural typology. An operational test of the
system was performed with reference to an ML3.3 earthquake that occurred 13 km south of Camerino|
Acceleration peaks between 1.3 and 4.5 cm/s? were recorded by the network, and probabilities lower
than 35% for negligible damage (and then about 10% for moderate damage) were calculated for the
historical buildings given this low-energy earthquake.

Keywords: earthquake monitoring; damage scenarios; vulnerability models; automated processing
MEMS accelerometric sensor network; GIS platform; information systems; EU-H2020 ARCH project

1. Introduction

The characterization of the seismic behavior of the built environment and then iden;
tifying the probability to reach a given damage level in case of an earthquake is a piece
of fundamental information to evaluate the functional losses and economic impact on
an urban area. Moreover, the production of probabilistic damage scenarios can feed
the decision-making process of the urban planning, taking into account the potential
effects related to the seismic risk in the pre-earthquake phase, as well as for a rapid post;
earthquake assessment in support of the recovery activities and safety measures in the
emergency phase.
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In general, the buildings are more or less predisposed to being damaged by earth;
quakes, depending on several aspects, which regard the typology and construction meth
ods, the quality of materials, the maintenance, and adaptation interventions. Furthermore
with particular reference to the historic areas, masonry buildings are often the product of]
an obsolete construction technique, which does not allow to guarantee adequate safety
standards [1]. In fact, the poor mechanical quality of the materials and the lack of connec;
tions between the orthogonal walls are the main factors making these structures unable to
withstand the overloads because of the seismic actions. Moreover, even minor damages
in the historic buildings (such as superficial cracks in the materials) may represent a sig;
nificant loss to be quickly recovered. In fact, this heritage structure also often represents
containers for other movable and immovable assets (e.g., painting walls, architectural
elements, artworks).

In the dynamic behavior of a building, another important role is played by the foun;
dation site; indeed, the geomorphological and geo-structural setting may produce relevant
amplification phenomena on the ground motion, with an increase of the shaking level. This
phenomenon is mainly due to the focalization of the seismic energy during the transfer
from the deep soils (seismic bedrock) to the soft superficial ones, also known as site seismiq
response, and depends on the geometry of the deposits, the geotechnical characteristics
of the soils and the topography. Therefore, these amplification effects may induce even
significant variations in the ground motion on small distances such as within urban areas
or historic centers [2-7].

Strasser et al. [8] offered a review of the state-of-the-art software packages developed
in Europe for a rapid post-earthquake damage assessment in the urban centers to produce
the loss estimation. This research has been pioneered by researchers in the United States off
America and Japan, that produced the HAZUS multi-hazard software [9]. More recently,
tools have been developed for computing near real-time earthquake loss estimates: Open;
Quake Engine [10], developed by the Global Earthquake Model, and Earthquake Loss
Estimation Routine [11], developed in the framework of the Research Infrastructures for
European Seismology [12,13]. Moreover, in the last years, some researchers have started
automatizing procedures to obtain earthquake shaking, damage, and losses in populous
areas on the basis of the recordings carried out by seismic networks deployed in the urban
areas [14].

With reference to the historic areas (HAs), which often show geomorphological pe;
culiarities affecting the ground motion as well as represent high exposure sites to the
seismic risks, the development of a system capable of supporting the decision making]
process, both in the planning and emergency phases, is one of the objectives of the project
named “Advancing Resilience of Historic Areas Against Climate-related and Other Haz;
ards (ARCH)” [15] (a funded research project under the EU Horizon 2020 Research and
Innovation program). In particular, two information systems are being developed:

1.  The Historic Areas Information System (HArIS), which structures information about
the heritage assets, also permitting to insert changes over time by authorized persons
2. The Threats and Hazard Information System (THIS), which collects historic datasets
future projections (mainly related to the climate-change), hazard analyses, and real;
time parameters to identify indicators characterizing threats and hazards.

These information systems have the main objective to feed the impact analyses per;
formed by the Decision Support System (DSS).

As for the earthquake simulation, the ARCH systems will produce the damage sce-
nario for a deterministic event following the methodology proposed in [16]. In this article
instead, we describe the components to assess near real-time physical damages when an
earthquake occurs and generates effects in the monitored area. This consistent subsystem is
designed to acquire and update over time the information about the built heritage, as well
as to process in near real-time the recordings of earthquakes and, then, produce damage
scenarios. The workflow and functionalities are described with reference to the historic
center of Camerino, which is one of the partner cities of the project and was struck by the
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2016-2017 central Italy seismic sequence. However, the system may be replicated in other
areas once the monitoring infrastructure and information are available.
The proposed system has two main innovative points:

e In THIS, the characterization of the ground motion in the historic center is obtained
by a dense sensor network (with a maximum distance between two stations of about]
300 m, and up to 1000 m in the other parts of the built-up area); this allows taking in
more accuracy the local effects for the ground motion parameter distribution maps
respect to the use of prediction equations (cf. [14]).

e InHATIS, authorized users by the local authorities can manage information for keeping
updated the status and characteristics of each building directly using the web plat;
form (buildings are considered non-static elements, especially in an area undergoing
restoration works). Moreover, the system currently implements recent vulnerability
models available in literature based on some structural features. However, the char+
acterization of each construction will allow adopting different models for different
structures depending on the level of knowledge.

To summarize, Section 2 describes the components of the proposed system: (1) the
vulnerability models currently implemented and the information system to store and
update the structural characteristics are illustrated in Section 2.1; (2) a brief description of
the monitoring infrastructure to record the accelerometric time-histories in near real-time
is introduced in Section 2.2; (3) the workflow to combine the information and generate
damage scenarios is described in Section 2.3. Instead, Section 3 reports the results and
discussion about an operational test carried out by processing data related to a low-energy
earthquake (ML = 3.3) that occurred on 18 April 2021 at about 13 km from Camerino
Finally, Section 4 outlines several concluding remarks and future developments to be
implemented for improving the system.

2. Materials and Methods

The technological system is designed to automate a quick estimate of earthquake;
induced damage when an event occurs. In concept, this system calculates the probability,
of reaching a certain level of damage. This damage depends both on the characteristics of
the building, by which the expected vulnerability is assessed, and on the level of ground
movement recorded in the vicinity of it, when an earthquake strikes the area. Therefore
this section describes the vulnerability models for classifying the buildings, the processing|
in real-time of the ground motion, and the workflow to generate the damage scenarios.

2.1. Vulnerability Models and Historic Area Information System (HArIS)

Within the general framework of the seismic risk assessment, vulnerability analysis
provides the relationship between the seismic event and the consequences on the system of
interest, in this case, the historic area. More precisely, the vulnerability analysis involves
(1) a metric to measure the intensity of the seismic action, (2) a metric to evaluate the
consequence on the historic area, and (3) a vulnerability model relating these 2 parameters
The study of different components of the historic area (e.g., historic churches, road network
or different consequences (e.g., damage level, repairing costs) involve different metrics
and functions.

In this work, the damage level of historic constructions due to the seismic ground
motion was considered. The seismic ground motion was measured by the Peak Ground
Acceleration (PGA), and the damage of the building was measured in a discrete way,
assuming that different damage states were possible. The damage state was denoted by
DSk (k=0,1,..., NDS). It is assumed that the damage state is a random variable and
different states, with different probabilities of occurrence, can be observed for the same
seismic intensity. In this case, the response of the system can be efficiently described by the
fragility curves

Fk(i) = P(DS > DSkli) (1)
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providing the probability to observe a damaged state larger or equal to DSk, given the
intensity i, that is represented by the PGA in the proposed work.

Many approaches can be followed to define the relationship between seismic intensity
and damage level [17]. This problem can be studied by empirical methods [17-27] where
the fragility curves are inferred from data collected during post-event surveys, mechanical
methods [28-32] where fragility curves are evaluated by a statistical analysis of results
based on analytical models, and hybrid methods [33-35] combining the 2 previous ap-
proaches. The empirical approach was selected in this study, using results from Del Gaudio
et al. [27] for masonry buildings and from Rosti et al. [28] for reinforced concrete buildings

In this case, NDS = 5 and the potential states are NDS + 1. The damage states were
defined according to the European Macro-Seismic Scale (EMS-98) [29] and they were
defined as follows:

DS1 — Negligible to slight damage
DS2 — Moderate damage

DS3 — Substantial to heavy damage
DS4 — Very heavy damage

DS5 — Destruction

The following general expression is adopted for the fragility curves [36—40]

P(DS > DSkli) = @(W‘) )

where @ is the standard normal cumulative distribution function, 6pgy is the logarithmic
mean, f is the logarithmic standard deviation.

The fragility model for the masonry buildings, that was developed through the
observational dataset following the 2009 L'Aquila earthquake (Central Italy) provides
14 building classes depending on the horizontal structure, the regularity of the verticall
ones, as well as the presence or absence of tie rods or beams (cf. Table 1). Instead, the
model related to the reinforced concrete buildings, also based on damage observations
after the Irpinia 1980 and L’Aquila 2009 earthquakes, defines 6 building classes depending
on the number of stories and the construction period, i.e., (post-1981) if the structures were
designed according to more recent Italian technical codes or (pre-1981) for the previous
ones (cf. Table 1). It is worth highlighting that both the adopted models were related to the
residential buildings, however specific and more detailed ones could be implemented for
particular structures (such as churches or palaces).The values of pg; and B were related to
each specific class (cf. Table 1 both for masonry and reinforced concrete structures), which|
was defined once the structural characteristics were identified for the building. Masonry
structures are classified according to the classification proposed by the AEDES inspection
form and the related manual [41].

As for the historical center of Camerino, the structural characteristics of the builf
heritage were derived for each construction by the AEDES forms and structured in HArIS
database. Web tools were developed in the framework of the ARCH project for managing
the information on the constructions [42]. The users can dispose of a GIS platform to
query the georeferenced information on the historic area of Camerino. In particular, the
general characteristics can be viewed with reference to each building inserted in the HArIS
information system (Figure 1).
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Table 1. Correspondence between building classes and references for values of logarithmic means g, and logarithmic

standard deviation  used in Equation (1), which are currently implemented in the system.

Class of Type of Horizontal Vertical Tie Rods or Reference for
Building Building Structure Structure Tie Beams Ops1, ... Opgs and B
2-B Vaults without rods Irregular No
2-C Vaults without rods Irregular Yes
2-D Vaults without rods Regular No
2-E Vaults without rods Regular Yes
3-B Vaults with rods Irregular No
3-C Vaults with rods Irregular Yes
3-D Vault with rods s Regular No
3-E Vault with rods s Regular Yes g
4-B Flexible slabs Irregular No S‘
[o]
4-C Masonry Flexible slabs Irregular Yes ° N
4-D Flexible slabs Regular No ’g -
4-E Flexible slabs Regular Yes 8
5-B Semirigid slabs Irregular No 8
5-C Semirigid slabs Irregular Yes
5-D Semirigid slabs Regular No
5-E Semirigid slabs Regular Yes
6-B Rigid slabs Irregular No
6-C Rigid slabs Irregular Yes
6-D Rigid slabs Regular No
6-E Rigid slabs Regular Yes
C2-L - 1-2 storeys -
Reinforced concrete N
C2-M pre-1981 3-4 storeys S
C2-H - >4 storeys - = —
=&
D-L - 1-2 storeys - .g -
D-M Reinforced concrete _ 34 storevs _ 2
post-1981 y &~
D-H - >4 storeys -

3
3
>
3

Layers

Figure 1. Tools of the ARCH Historic Area Information System: GIS platform with information about the historic area.

This
- 820

Cultural Heritage Assets:
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By selecting a specific footprint on the map in Figure 1, a pop-up allows obtaining
the cadastral references and a link to reach the web sheet for the construction. Once the
user clicks on the link, the building sheet is loaded with the most updated information
on the construction (Figure 2a): structural and material characteristics, current damage
state, as well as specific indices on the historic and cultural values, where these were
available. The same sheet allows authorized users to modify all information structured
in the database (through the edit button Figure 2a) after logging in. In particular, the
structural characteristics can be loaded by clicking on the structure tab (Figure 2b). This
table contains the information about the horizontal and vertical structures, which were
queried to attribute one of the classes of Table 1.

(a)

“ARCH &

CONSTRUCTION DETAIL

Construction Name
Begin Lifespan Version
Condition Of Construction

Date Of Construction

Place
Sheet
EXTERNAL REFERENCE

hitps /it wikipedia org/wiki/Palazzo_Ducale_(Camerino

Back

Home GIS dashboard Construction | Object Sheet Geocatalog 3DBrowse gin

Construction Object

Palazzo Ducale
29/06/2021 End Lifespan Version 29/06/2021

Legal Conditions

01/01/1919 Date Of Demolition Date Of Renovation 01/01/1981
Address Piazza Cavour, 19 City Camerino
61 Parcel 146 SubA
ATTACHED

pdf

evailing Material

(b)

“ARCH:

Home GIS dashboard Construction | Object Sheet Geocatalog 3DBrowse

STRUCTURE DETAILS

Name
Georeferencing

Additional notes

Number of basements
Average storey surface (m2)

Period of construction or period
relative to last important renovation

Building position (in the aggregate)

Presence of a mixed structure
typology

Roof
Prevailing Structure

Structure Typology

T1 Vertical Structures

T1 Horizontal structures

FG61_P146
061_146 Construction Material Masonry

Number of storeys (including 6

basements)
Average storey height (m) 250+ 3.99
1200 + 1599 Number of Occupants 100
<1919 Number of storyes above ground
Internal building Presence of isolated columns Yes

Presense of strengthened masonry

Non thrusting light Site Morphology
Secondary Structure

Percentage of the secondary

typology
Irregular layout or bad quality/without tie rods or tie beams T2 Vertical Structures rregular layout or bad quality/with tie rods or tie beams
Vaults with tie rods T2 Horizontal structures Beams with rigid slab

Figure 2. Tools of the ARCH Historic Area Information System: construction sheet with general information about the
construction (a) and detail of the structure tab with the structural information (b).




Sensors 2021, 21, 7887 7 of 20

2.2. Threats and Hazard Information System (THIS): The Urban Accelerometric Network

An urban accelerometric network continuously records the ground vibrations on
different sites in the built-up area (red limit on Figure 3) [43] in order to take into account
the local effects due to the stratigraphic geometry and topographic shape. This network
consists of 14 low-cost MEMS seismic stations equipped with an accelerometer, GPS
receiver for time synchronization, and router for data transmission, the technical details
and preliminary applications can be found in [42-46]. It is worth pointing out that the sites
were chosen combining both the need to cover the whole historic area and the logistic one
to identify places owned by the town or the University of Camerino that could host the
instrumentation. In addition, in the Ducal Palace building, where a seismic station was
installed, the University of Camerino implemented structural monitoring for the evaluation
of the evolution of the seismic damage [47].

341,000 342,000 343,000 344,000

=

Legend
A MEMS Seismic Stations
~ Built-up area
Historic centre

4,780,000
4,780,000

4,779,000
4,779,000

4,778,000
4,778,000

o
o
o
~
~
=
<

4,777,000

4,776,000
4,776,000

341,000 342,000 343,000 344,000

Figure 3. Urban seismic network deployed in Camerino, which is constituted by MEMS accelero;
metric stations (red triangles) on and around the historic center. (Coordinate System WGS84 UTM|
zone 33N).

After research of the sites supported by the technical offices of the bodies involved
the seismic stations were deployed on and around the historic center of Camerino (cf. red
triangles in Figure 3):

e 8 stations were installed along the hill, where the historic center was built (yellow|

limit in Figure 3);

2 stations were located at the toes of the hill, where there are some buildings;

4 stations were installed near the other hamlets built around the historic area.
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Currently, the recordings from the stations were transmitted in real-time via the
seedlink protocol [48], using the mobile data connection or directly connected to the
internet, and stored as MINISEED files [49] in the THIS repository on a server hosted in
the Cultural Heritage Laboratory of the INGV Headquarters in Rende.

THIS Information System continuously queries the seismic catalogs [50,51] to detect
when a new earthquake occurs, including in ARCH database those with epicenter in
the European area. In addition, if the earthquake has a magnitude greater than 3 and
epicentral distance from Camerino lower than 150 km, then a web service that has been
implemented in Python environment [52] through the ObsPy library [53] pre-processes the
signals. Indeed, the script: (1) recovers the time histories from the THIS repository and
trim them to obtain the traces of the earthquake; (2) subtracts for each trace the mean value
to detrend the signal; (3) applies an acausal 4-poles Butterworth band-pass filter in the
range of 0.1-15 Hz.

2.3. The Decicison Support System (DSS): The Analysis of the Damage Scenario

Figure 4 represents the workflow implemented to generate damage scenarios in case
of an earthquake occurs. The workflow can be summarized in these steps:

e  Once THIS detects a new earthquake with potential effects on the monitored areas
the earthquake time-histories are extracted and pre-processed as described in the
previous paragraph;

e At this point, another control verifies if the maximum absolute acceleration is greater
than 1 cm/s?; in the affirmative case, the Python script calculates the rotation-invariant
parameters of the ground-motion [54] to take into account frequency, duration, and
energy content, which together can contribute to structural damage [55]: Peak Ground
Acceleration, Pseudo-Spectral Accelerations, Arias Intensity [56], Standard Cumulat
tive Absolute Velocity [57].

e By interpolating the measured PGAs using the inverse distance weighted (IDW
technique [58] through the ArcPy module for Python [59], a map covering the whole
built-up area is obtained. IDW interpolation makes the assumption that values in the
points close to another one is more alike respect those that are farther apart. Indeed
the prediction in an unmeasured location depends on the surrounding measured
values, which are interpolated through a power function of their distance. The power
coefficient that regulates the interpolation function has been set to 4, and, however, a
maximum distance of 1000 m has been defined as the limit, thus that only the closer
measured values are used in the calculation.

e  On the other side, the current information about the constructions in the monitored
area are retrieved by querying the HArIS database, and a specific building class is
associated with each of them following the classification reported in Table 1.

e  Once both the shaking intensity and building classes are available, the Decision Sup;
port System calculates, through the fragility curves defined by parameters in Table 1
the probabilities of exceeding the damage levels of EMS-98 scale for each building.
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Earthquake catalogues
(provided by INGV or EMCS)

€

Query for new
earthquakes
(every 5 min.)

Save in earthquake list

I —
Retrieve the traces < -
€
of the earthquake ] THIS T8
Rotation-invariant 8 %
parameters of the ground < 4
motion HArIS i=

GIS environment

GIS environment

Location and

characteristics for
vulnerability assessment

Urban shakemap

N .

THEN
(e.g. PGA) Cl according to the
fragility curves

IF Structural
characteristics are
\\ available

Local and regional
administration

,...._______..-.-..-..-.-..-....-..-..

Damage ARCH
scenarios Decision Support system

Civil Protection
Departments

Fragility curves related to:

- masonry buildings
- reinforced concrete buildings

Cultural Heritage
managers

Figure 4. Structure of the interaction between systems and components: from the detection of a new earthquake to the
definition of the potential damage scenarios.

3. Results and Discussion

This section shows the results obtained from the implementation of the system after
a local low-energy earthquake (ML = 3.3) occurred on 18 April 2021. The epicenter of
the earthquake was localized by the INGV monitoring service [60] in the administrative
territory of the Fiordimonte (Macerata, Marche) at a distance from Camerino of about
13 km (Figure 5).
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X, o=
ML3¥3fearthquake -:Fio

‘s

Figure 5. ML3.3. The earthquake occurred at Fiordimonte (Italy) on 18 April 2021 and epicentral
distance from Camerino (basemap powered by Google Earth ©).

3.1. PGAs Recorded during the Low-Energy Earthquake and Local Shakempas

The earthquake was recorded by 13 stations of the seismic network, and the signals
were filtered and processed to obtain the PGAs (Figure 6). Unfortunately, one of the
stations (the most southwestern one, namely CAM 00 in Figure 3) did not transmit the
recordings during the period in which the earthquake occurred. Figure 6 shows differences
in terms of acceleration peaks. The maximum PGA value (4.52 cm/s?) was recorded at
the station located right on the edge of the hill, where the slope goes down towards north;
west; whereas, at the toe of the hill, lower values were obtained (2.79 and 3.07 cm/s?)
This difference in terms of PGA was probably due to topographic effects, as suggested
by [61]. It is worth noting that in the hamlets around the historic center, acceleration peaks
greater than those at the toe of the hill were encountered (between 3.48 and 4.05 cm/ s?)
Generally, more deformable deposits made up the upper layers in these locations, which
were identified as organic silts and silty or clayey sands [62]. Instead, slightly lower
values were recorded on the hill (between 1.34 and 3.01 cm/s?), where stratified over]
consolidated cohesive substrate or rock substrate outcrops [62]. It is worth highlighting]
that the minimum PGA values were recorded in the central part of the hilltop, whereas the
values increase moving towards the slopes both in south-west to north-east direction.

Figure 7 shows the PGAs measured in central Italy (around Camerino) and available
in the database provided by INGV Strong Motion Data (ISMD) [63]. These values are
comparable with the average calculated by the PGAs from the sensors in the Camerino
urban area. However, the variability of the latter values indicates that local effects can
play a significant role on the amplification phenomena and then on the assessment of the
ground motion parameters, in the different zones of the built-up area. Figure 8 shows
the local shaking map obtained by interpolating the PGA values, using the built-up area
around the historic center as limit. The map was obtained through the IDW algorithm
by setting the power coefficient to 4 (Figure 8). However, the differences between this
shakemap and those by setting power coefficient to 2 (Figure 9a) and 8 (Figure 9b) were
calculated in order to verify its influence on the interpolation process.
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341,000 342,000 343,000 344,000

4,780,000
4,780,000

Legend
PGA
® 3 cm/sA2
~— Built-up area
Historic centre

4,779,000
4,779,000

4,778,000
4,777,000 4,778,000

4,776,000
4,776,000

&

341,000 342,000 343,000 344,000

Figure 6. Peak Ground Accelerations (in cm/s?) recorded by the accelerometric network during the
ML 3.3 earthquake with epicenter at Fiordimonte (MC) 13 km South of Camerino on 18 April 2021
(http:/ /ent.rm.ingv.it/en/event/26473301, accessed on 3 November 2021).

e T 1(".&4 A W' AL
| EsBhatoc i@{;g%lgnm/sz 4 o) e PCA=170cm/s | <
i i
;- C P )

-r. & ! v s M
PGA =1.20 cm/&? fo~ 10 7wl
o B Castenaimondy,

PGA =0.57 cm/s? |

PGA =2.00 cm/s?

|

ean PGA =2.85 cm/s?
As =1.34 —4.52 cm/s? %

PGA =2.19 cm/s?

Q)

v
-
o
LT (R WA RN

o~

4 BAD data
A NO data
A

PGA =7.40 cm/s?
¢ depi=8.3km

= d "\ \ “_, 4
\‘ cow « Lt RS '-‘gﬁ
. '.l{,‘l LeaM-II\A—wmwmm.CCBVSAO—MwMOOWMap
Figure 7. Peak Ground Accelerations (PGAs in cm/s?) were recorded by the Italian seismic network
around Camerino during the ML 3.3 earthquake with epicenter at Fiordimonte (MC) on 18 April 2021
(after http://ismd.mi.ingv.it/evento.php?var1=26473301&path=210418172559&rev=auto, accessed

on 3 November 2021). PGAs obtained in the Camerino urban area are also reported.
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4,780,000

Legend

— Builtup area |
Historic centre

Value

1 em/sh2

5 L —1.cm/s”2

341,000 342,000

Figure 9. Differences in terms of PGAs (in cm/s?) between the shakemap obtained by Inverse Distance Weighted (IDW)
interpolation with power coefficient set to 4 and those with the same coefficient to 2 (a) and 8 (b).

341,000 342,000 343,000 344,000

4.789,000
4,780,000

Legend
PGA
O 3

~— Built-up area
Historic centre

Value

I 4.3 cm/sN2
3.8

4.77?.000
4,779,000

4,77?.000
4,778,000

4,777,000
4,777,000

4,776,000
4,776,000

341,000 342,000 343,000 344,000

Figure 8. Local shakemaps in terms of PGAs (in cm/s?) obtained by Inverse Distance Weighted
(IDW) interpolation with power coefficient set to 4.

(a) (b)
343,000 344,000 § § 341,000 342,000 343,000 344,000 §
g £ Legend g

~ Built-up area
Historic centre
Value
1 emysn2
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It is worth mentioning that for each point, only the measures at a distance lower
than 1 km were considered for the interpolation, whereas the other ones were excluded
from the calculation. The transition zones between measured PGAs were smoother for the
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lowest value of the power coefficient. In other words, the interpolated values were more
dependent on the closest measured values as the power coefficient increased. However,
the maximum differences between the shakemaps, as the power coefficient changes, can
be appreciated around the measurement point where the maximum PGA was recorded
(Figure 9a,b). Nevertheless, Figure 9 shows that smaller absolute differences are obtained
by subtracting the maps with coefficient to 4 and 8, especially in correspondence of the
historic center, and no further appreciable differences are encountered by increasing the
coefficient beyond the latter value. In the light of these considerations, the power coefficient
to 4 was used in the subsequent analysis.

It should be noted that in the most southwestern zone of the built-up area, no value is
assigned as soon as the distance from the nearest station (i.e., CAMO0S in Figure 3) becomes
greater than 1 km since data from CAMOO station were not available for the earthquake.

3.2. Earthquake Actions and Building Classification to Generate the Damage Scenarios

The PGAs were assigned to the buildings combining their position and the PGA
distribution in the shakemap of Figure 8 through a spatial join of this information, i.e., the
maximum value of PGA falling into the footprint was assumed for the entire construction
Figure 10 shows the variability of the actions induced by the earthquake on the buildings
into the historic center, whereas a greater homogeneity is detectable for the recent buildings
around the hill.

341,000 342,000 343,000 344,000
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4,780,000

~ Built-up area
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0 <1.8 cm/s~2
B is-23
B 3-28
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o
o
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©
~
~
<

4,776,000

Figure 10. PGAs (in cm/s?) assigned to the buildings in the built-up area of Camerino. The map was
obtained by the spatial join of the position of the buildings and information provided by shakemap
in Figure 8.

Concerning the vulnerability assessment, the class was attributed to each construction
according to Table 1, following their more updated properties, which were extracted by the
AEDES forms and structured into HArIS. Unfortunately, not all the construction censed in
the ARCH information systems are completely characterized by being classified, especially,
those outside the historic center for which the data from AEDES forms are not available
Nevertheless, by assuming that the historic buildings are mainly in masonry and the more
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recent ones in reinforced concrete, for this system test the most vulnerability classes were
attributed to the unclassified buildings: 2/3-B/C (cf. Table 1) for those in the historic center
and C2-M,L,H (cf. Table 1) for the external ones, depending on their height above ground
(on the hypothesis that each story is about a 3m-height). It is worth pointing out that the
latter assumption could be removed, thus leaving the unclassified value for the buildings
which have not been characterized in HArIS. Furthermore, the necessary information can|
be entered or modified by authorized users over time (by means of the “edit” button in|
Figure 2a) in order to produce a classification that is always updated and compliant with|
the current conditions of the structures.

Figure 11 shows the classified buildings according to the nomenclature in Table 1.
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Figure 11. Classes attributed to the buildings in the built-up area of Camerino according to Table 1
by using their properties currently stored in ARCH HATrIS. The most vulnerable class was attributed
to the unclassified buildings: 2/3-B/C for those in the historic center and C2-M,L,H for the external
ones, depending on their height above ground.

The figure represents the distribution of the construction characteristics in the historic
center (733 buildings), with a predominance in the 2/3-B/C building class, also because it
contains the unclassified (about 85% on the 346 buildings), and in the 4B class (117 build1
ings). Instead, the buildings outside the historic center are mostly uncharacterized and
then, the reinforced concrete classes pre-1981 are attributed them as precautionary assesst
ment, although, many of these were built after the earthquakes of Central Italy (i.e., 1997
Umbria and Marche; 2009 Abruzzo; 20162017 Umbria, Lazio, Abruzzo, and Marche).

The damage scenarios with probability to reach or exceed DS1 level (negligible to slight
damage in Figure 12) and DS2 (moderate damage in Figure 13) were calculated by means
of Equation (1), using the logarithmic means, 8pg, and logarithmic standard deviations
B, collected in Table 1, according to the building classification reported in Figure 11 and
PGA values in Figure 10. Since earthquake-induced PGAs are low, the probabilities to
exceed the first two damage levels DS1 and DS2 on the EMS scale are relatively low an
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become practically null from the third level. Figure 12 shows probabilities greater than
20% associated with several masonry buildings in the historic center, in particular the
high-vulnerable ones located in the south-western and the north-eastern hillsides. It is
worth noting that the greatest probabilities (up to 35%) are detectable on some buildings
located on the border of the hill, with the slope going down toward north-west, close
to the site where the maximum acceleration was recorded. The probabilities decrease at
values lower than 5% are almost everywhere on the built-up area by considering the DS2
damage level (Figure 13), with peaks up to values slightly higher than 10% for the same
most-vulnerable buildings already identified in the previous scenario.

=) 341,000 342,000 343,000 344,000 o
S = S
(=% o
2  Legend 8
< <
~— Built-up area
Historic centre |
PDS1
§ ! <5% §
o 0 5% - 10% o
< | P 10% - 15% =
I 159 - 20%
- I 20% - 25%
I 259 - 30%
I 309 - 35%

4,778,000
4,778,000

4,777,000

4,777,000

4,776,000
4,776,000

341,000 342,000 343000 344,000

Figure 12. Probabilities map to reach or exceed the DS1 damage levels of the EMS-98 scale. The map
is obtained by means of Equation (1) with parameters 6pg; and § in Table 1 according to building]
classification in Figure 11 and accelerations in Figure 10.
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Figure 13. Probabilities map to reach or exceed the DS2 damage levels of the EMS-98 scale. The
map is obtained by means of the relationship (1) with parameters 6pgy and B in Table 1 according to
building classification in Figure 11 and accelerations in Figure 10.

4. Conclusions

The paper presents a technological system to produce damage scenarios in near real;
time for a historic center and the surrounding built-up area when an earthquake occurs
The system is developed in the framework of the H2020-ARCH project using as a test site
the historic center of Camerino (MC). In practice, the system is based on two pillars: (1) the
hazard information system THIS, which receives the signals recorded by an urban seismiq
network and processes them in case of an earthquake, and (2) the information system on|
the assets HArIS, that allows structuring the characteristics related to the constructions
located in the monitored area. The information about the seismic actions and the building
vulnerability are transferred to the ARCH DSS that by means of an embedded module
elaborates the damage scenarios.

In this first implementation of the processing chain, the vulnerability models are
expressed by means of experimental fragility curves that are available in the literature
for masonry and reinforced concrete buildings. Once the building class is associated
with the construction following the structural characteristics, the fragility curves provide
continuous relationships, as functions of the Peak Ground Acceleration, in order to calculate
the probability to exceed a damage level on the EMS scale. These curves are obtained for
statistical way and calibrated on residential buildings, therefore, they are not accurate for
peculiar constructions (such as churches or complex palaces). However, in further works
the use of different vulnerability models will be considered, for example, by implementing]
other experimental ones, as well as still others based on the mechanical behavior of the
structures. Moreover, the functionality to assign specific models to single buildings (ox
groups of buildings) is currently under evaluation, for example, to take into account the
construction nature or specific indications from studies at the building scale.

A low-energy earthquake (ML = 3.3) was recorded by the urban seismic network on 18
April 2021, after about 2 months from the deployment of the accelerometric stations. Thig
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earthquake occurred at an epicentral distance of about 13 km south of Camerino and made
it possible to control the processing chain of the entire system. Given the low energy related
to the recorded earthquake, the system returns relatively low probabilities associated with
the two first levels of the EMS-98 scale. In fact, probabilities of reaching the negligible/slight
damages were calculated with a peak of about 35% only for some buildings, which are
located in the area where the maximum damages are detected by observations after the
2016 Central Italy seismic sequence. Moreover, probabilities even smaller (up to about
10%) are calculated for the moderate damage level. Currently, the calculation of these
probabilities is performed by means of fragility curves available in the literature, which|
are based on a statistical analysis of damage observations on similar buildings in Italy
after earthquakes occurred in the recent past. However, in the next developments of the
system-specific mechanical models could be considered for characterizing the expected
behavior of residential buildings or particular structures (churches, palaces, etc.).

The results in the paper refer to the state of the buildings prior to the 2016-2017 Central
Italy seismic sequence that strongly damaged the historic center of Camerino. Indeed
several of these buildings are subjected to retrofitting works still today, 5-years after the
seismic crisis. In light of this context, the HArIS information system allows authorized
users to modify properties of the constructions, thus that the vulnerability classification
can be updated as soon as new information is saved.

Although the preliminary results are limited to a very moderate earthquake, the
damage scenarios obtained by the system seem to be useful tools to have an overview of
the potential situation on the entire historic area and then, to support the decision-makers
in defining the priority for the building check and the safety measures, as well as to recover
people and assets.

The number of people usually housed, and the artworks contained in the buildings
are information already stored and editable in HArIS, as well as indices to characterize
historic, artistic, and social values attributed to the building. Therefore, the challenge in|
the future will be the implementation of a method that takes these datasets into account
together with the damage scenarios in order to evaluate the potential impact.
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