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Seismic Risk Assessment and Intervention Prioritizzon for Italian

Medieval Churches

Rapid seismic risk assessments are critical to hmipctitioners, facility
stakeholders, architectural heritage superinterelegied insurance companies in
their asset management decision-making processeariicular, the integrity of
the ltalian church portfolio has often been threateby earthquakes. The lItalian
church portfolio includes thousands of religiousldings, representing pivotal
facilities for the religious community, thus reqog an assessment methodology
which accounts for the structural, architecturalfwral, and functional facets of
churches. The methodology proposed herein comblyat widely applied
assessment techniques regarding structural vuligrafe.g., “macro-blocks”)
with a newly developed framework accounting foresttmportant variables (e.qg.,
the heritage significance of a church) to producapid, quantifiable, and holistic
approach to determining the relative seismic risdeasment of historic masonry
churches. On-site surveys of 72 unreinforced mgsomadieval churches across
Italy were conducted. Following a hierarchical aygmh for the surveys, each
risk component — hazard, vulnerability, exposurel @onsequence — was defined
throughout by the development of 13 different iedic Using the fuzzy set
theory, the indices were aggregated into a firgk rating framework useful to
provide stakeholders with a scientific-based ptiation list for the maintenance

and strengthening intervention of their church fodids.

Keywords: unreinforced masonry (URM) churches; resknponents; seismic
risk assessment; fuzzy set theory; property paotimlanagement; strengthening

intervention prioritization.

1. Introduction

Churches retain a dominant importance among ltaidtural and spiritual life as they
represent and contain a relevant component oatarchitectural and artistic heritage.
However, this built heritage is subjected to siigaifit risk due to earthquakes. During
most of the major earthquakes in recent historitaly, churches suffered significant
damage and even partial or complete collapse [3]. Z hus, it is desireable to prevent

the structural failure of churches to avoid sigrafit losses in terms of cultural heritage,
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reparation costs, and human lives. In these tetimes|talian church portfolio, with its
immense architectural, cultural, and functionaluealis the perfect case study for a
proposed framework to address holistically facilitigk as function of several
components (i.e., hazard, vulnerability, exposanel consequences).

Several studies have been conducted regardingwiabbehavior, vulnerability
assessment, and strengthening intervention on lobsirid, 4]. Some of the historical
research has focused on advanced modeling foresgage studies (e.g., [5, 6]), while
several observational studies were also conduaibowing strong earthquakes at a
regional scale [1, 4, 7, 8, 9, 10, 11, 12]. Nati@erstudies in other countries have been
performed to predict the vulnerability of unreirded masonry (URM) [13, 14].
However, all previous research (both in Italy armoad) generally was limited to
considering the seismic hazard and structural valyity of churches, mostly via the
development of fragility curves [15, 16, 17, 18]hWé fragility curves are the state-of-
the-art technique for assessing the likelihoodalfapse for URM churches, they offer
no information regarding the inherent importancetloé church itself, in terms of
functionality, usage, economic and heritage vallige latter aspects are critical to
portfolio-management decisions, and to establish phioritization of intervention
among different churches based on a holistic nelyesis. The authors are not aware of
any previous investigation of church seismic riskttencompass the Italian nationwide

geographic footprint accounting holistically fot mlajor components of risk.

2. Scope, Objectives, and Novelties

The dioceses often have limited budgets availaldeinvest on strengthening
interventions on existing buildings older than Z&axs [19]. Therefore, prioritizing the
detailed assessment and strengthening intervemtoooss the church portfolio is a

necessity for any diocese to best allocate limigswurces.
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To illustrate the developed methodology, 72 URMrches were assessed in
nine different dioceses, distributed amongst spiams in North, Central and South
Italy (Figure 1). The selected churches were swdelpr geometry, existing damage
(i.e., cracking), and material properties to depeadosuite of data for simulated models
that may forecast possible collapse mechanisms.eSmototypical examples of the

chosen churches are represented in Figure 2.

“Region | Discese | #Churches|
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Figure 1 — Map of Italy indicating the nine diocgese which churches were surveyed superimposed atop
the national seismic hazard map. P&A= peak ground acceleration for a 475-years averagen

period. Seismic zones adopted from the Italiandvedi Civil Protection [20].
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Figure 2 — Examples of prototypical churches suedeya) Santa Maria Assunta (Dasindo, Trentino —
Alto Adige); b) San Matteo Apostolo (Cavazzale, ¥&); c) Santi Leonardo e Cristoforo (Monticchiello
Toscana); d) Sant’/Ansano Martire (Petrignano degjd,aJmbria); €) Maddalena (Alatri, Lazio); f) Santa
Maria di Casarlano (Casarlano, Campania).

The goal of the research reported herein was teiggdhe church stakeholders
and practitioners with a holistic and comprehensiseismic risk assessment
methodology to be used as a scientific, objectiagidin guiding the dioceses through
their decision-making process for the allocation nehintenance and strengthening
intervention funds. Established assessment tecbsjguhen available, were applied to
quantify the risk subcomponents (e.g., the macociblvulnerability assessment per
Italian Guidelines for the Assessment and the Rsmluof the Seismic Risk of Cultural
Heritage, or DPCM 9 February 2011 [21]). Novel eSoinvolved identifying and
quantifying all the possible factors contributirgydverall seismic risk, herein referred
to as “risk subcomponents”, including non-structusaues. In total, thirteen different
risk subcomponents were identified. While each gskcomponent is addressed and
described in later sections of the manuscript,niiagority of these risk subcomponents
are non-structural (e.g., the index of occupantsy, rand the index of community use).

The relevance of non-structural aspects of rislessaent were observed by other
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authors [13, 22, 23], corresponding to previousrétio develop criteria to evaluate risk
components other than hazard and vulnerability.etfugless, these studies disregarded
critical aspects (e.g., the actual usage of thédimg), and the criteria developed to
assess the risk subcomponents were either tooigéeay., importance level based on
national codes for buildings), or without a cleaiestific basis (e.g., occupancy limits
to define the related exposure index were seladixtetionally instead of basing them
on statistical observations). In the current manpscthe quantification of the non-
structural risk subcomponents was based on a diogoparison and statistical analysis
with other similar churches in regard to dimensao typology.

The risk subcomponents were quantified through tise of open access
information and/or widely accepted metrics, andytheere aggregated through the
application of the fuzzy set theory (FST), devetbpy Zadeh [24], resulting in a final
relative risk rating for each church. While futuesearch and advancements in the
assessment of each risk subcomponent are desaatilencouraged, the authors’ goal
was to develop an applicable framework represerdirgjate-of-the-art, holistic, and
readily applied seismic risk assessment methodologyprovisionally determining

which churches warrant more sophisticated anaiysispotential retrofitting.

3. Selection criteria

Churches chosen for consideration in this studyewenquired to meet the following

criteria:

« The geographic location (i.e., the researchers ldoagrange of geographic
locations and seismicity zones);
» Active functionality within the community based tre church housing regular

churchgoers, and the church’s dominant role asal fooint of the spiritual life
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within the parish, given the relatively small sizéghe communities included in
this study. This characteristic is representedheytérm “community church”;

* A construction period approximately between theryeB000 and 1500 (but
occasionally slightly outside this timeframe); and

* A building planimetric layout preferably — but retclusively — typical of stand-

alone churches in city squares (i.e., piazzas).

Some of the information collected for each indidtdehurch can be found in

Appendix A — Table Al.

3.1. Geographic Location

To obtain a large variety of on-site conditionse thpeographic location for the case
studies of the current research was based on eseqative range of seismicity, density
of churches, climate and geologic/topographic emrrents, and cultural/historic

background.

3.1.1.Seismicity

Churches were chosen so as to achieve a wide yafiébcations across the spectrum
of codified seismic hazards (Figure 1) to ensuee development of a generalizable
assessment methodology. The diocese of Perugia-Gétla Pieve in the Umbria

region, the diocese of Anagni-Alatri in Lazio, aih@ diocese of Vicenza in Veneto are

generally associated with higher seismicity comgpaoethe other considered dioceses.

3.1.2 Climate and Geologic/Topographic Conditions

The distinctive climatic and geologic/topographandition of each diocese plays an
important role in the original choice of buildingaterials. Churches surveyed in the

current study were constructed using different nepes and materials, which
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represents a key variable for developing a gerratale risk assessment methodology.
Thus, the range of surveyed dioceses (Figure 1)alsxs selected to account for the
significant climatic and geologic/topographic difaces between the various regions of

the country:

* The diocese of Trento, in the region of TrentinAlte Adige, is a mountainous
area full of valleys within the Alps mountain range

« The diocese of Vicenza, in the region of Venet@upies an ample part of the
“Po Valley”, the largest Italian plains region;

* The diocese of Montepulciano-Chiusi-Pienza, in tbgion of Toscana, is an
area covered by steep hills;

* The dioceses of Perugia-Citta della Pieve and @~iedi, in the region of
Umbria, are hilly areas;

* The dioceses of Anagni-Alatri and Palestrina, ie tegion of Lazio, have
churches that were constructed on steep hillsidas the Apennine mountains;
and

» The dioceses of Sorrento-Castellammare di StaldaNotera Inferiore-Sarno,
in the region of Campania, manage several churdoesed on sea cliffs and on

hills close to the seaside.

3.2. Active Functionality

The churches were selected based on their roldasabpoint in the spiritual life of the
surrounding communities by identifying consecratbdrches regularly utilized. In the
context of the current research, the term “comnyuniturches” represents churches
which are not primary cathedrals, in regard to sizé fame, but are still actively visited

and utilized by residents. The more famous cathednaltaly have often already been
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extensively assessed by others, and the stakeldtiterathedrals generally have access
to more resources. In contrast, the “community ches” assessed in the current study
have not often been extensively assessed by otkarally, the architectural and
cultural value of churches was considered in tlhiase as a discriminant. In selecting
for assessment between two churches with similactfonality and occupancy rates,
the church with a more qualitatively significantstorical and heritage value was

selected.

3.3. Original Construction Period

Medieval churches were the primary focus of thiseeech due to their prominent
presence within the Italian territory, their vulability as observed in past earthquakes,
such as in Friuli-Venezia Giulia in 1976 [1], indlecata and Campania in 1980 [25], in
Umbria-Marche in 1997 [4, 26], in L'Aquila in 20092, 8, 27], and in central Italy in
2016 [11, 15]. Furthermore, medieval churches galyerepresent high levels of
cultural and historic value, and they usually hons@luable artwork.

Churches chosen for assessment in the current stedy generally constructed
between the and the 18 centuries, corresponding to the High and Late Midstjes
[28, 29]. This time period was chosen to achiewgeater homogeneity among sample
churches in terms of construction techniques. Nbtg the timeframe refers to the
original construction year, since many churchesehaeen expanded and modified in
other fashions over time. Furthermore, churchegirally constructed during the High
and Late Middle Ages in ltaly and still existingday are usually URM structures [30].
A few exceptions to the time period criteria folestion were made by assessing
churches explicitly requested by the dioceses, some other churches that were

typologically similar to medieval ones as showippendix A — Table Al.
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3.4. Urban and Planimetric Layout

The urban and planimetric layout of churches was abnsidered amongst the selection
criteria, and churches were generally only selediad assessment if they were
structurally isolated (i.e., stand-alone) from radlighboring buildings. The reason for
focusing on structurally isolated churches is dughe greater simplicity and precision
of quantifying all risk components of the churclsgecially vulnerability) as explicit

from neighboring structures that may not even kglianthe Church. Furthermore, the
interaction between adjacent buildings during arihgaiake leads to highly variable

predictions in structural models [31].

4. Church Typologies

The 72 selected churches surveyed as listed in igpe\ — Table Al, were classified

based on their general geometric attributes intmua typological groupings as shown
in Figure 3. Although a large variety of typologmwas addressed in the current study,
single nave represented the majority of the andlyzses, corresponding to 59.8% of

the total number of churches.
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Figure 3 — Typology, absolute number of churches, gelative number of churches surveyed categorimeéioor
plan and vault system.

5. Seismic Risk Assessment

For purposes of this study, risk (R) was definedtlas product of hazard (H),
vulnerability (V), exposure (E), and consequen€®s[82, 33, 34, 23, 35]. With respect
to earthquakes, these four different factors defiae “Risk Components” are described

as follows:

« Hazard (H) refers to the probability that an earthquake ofparticular
magnitude and associated intensity will occur withigiven reference period;
* Vulnerability (V) represents the expected performance and dama@eigén

structure caused by shaking of a certain intensity;

10



224 » Exposure (E)refers to the social and spiritual values, as waslto the loss of

225 lives that may be related to buildings damage oheagion;

226 e Consequences (Caddresses the value that may be lost in termepdration
227 costs, social and urban capital, and, most imptiytatne loss of the heritage
228 value comprised of the churches themselves andoitees of art contained
229 within them.

230 5.1. Risk Components: Definition and Quantification

231 Given the primary goal of the research to develagemeralizable, rapid, and reliable
232 seismic risk assessment methodology for churchbs, definition of the risk

233 components was based upon data that was both eastlgssible and based on
234 dependable proxies for desired attributes. The flactors of risk were each divided into

235 several subcomponents (Table 1), which are defim#éake following sections.

236 To prevent any outliers from disproportionatelyeatfng the calculation of the
237 indices, the data collected from the 72 surveyedrdies was fit to lognormally
238 distributed functions. Each data set was normalimad O to 1 using as the normalizing
239 bounds the values of thd'mnd 95" percentiles [36, 37, 38]. All the values exceeding
240 the 9% percentile were assigned with an index of 1.0.tAd values lower than thd's
241 percentile were assigned to an index equal to &tie between the'5and the 9%

242 percentiles. Intermediate values were linearlyrpatated between the two bounds.

Risk Component Risk Subcomponent

Index of hazard for 90 years average return period iH.9c
Hazard Index of hazard for 151 years average return peripd _iH,15]
Index of hazard for 1424 years average return gerio IH,1422
Index of hazard for 2475 years average return gerio iH.247¢
- Index of vulnerability in the best-case scenario iV mir
Vulnerability g . U
Index of vulnerability in the worst-case scenario iV, ma
Index of average occupancy rate during the week ioR AC
Exposure Index of maximum occupancy rate throughout the year ioRMC

Index of community use during the regular weekssges

(i.e., from Monday to Sunday) lcurw
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Risk Component Risk Subcomponent

Index of community use during the highest atterislg

days’ masses (i.e., Christmas or Easter) lcuHo

Index of minimum equivalent economic value I EEV,mir
Consequences Index of maximum equivalent economic value IEEV.ma
Index of susceptible heritage isH

Table 1 — Risk subcomponents.

5.2. Hazard

The peak ground acceleration (PGA) at various @eeraturn periods was selected as

the hazard metric for the proposed methodologytferfollowing reasons:

practitioner familiarity;

« commonly quantified for any location in multiplewdries;

* independence from structural performance;

e its common application for seismic fragility of eimforced masonry (e.g., [16,
17]); and

» use for churches territorial scale analysis in méséudies [39].

Several different hazard metrics have been useathar research such as the
Modified Mercalli IntensityMMI [11], the Mercalli-Cancani-Sieberg IntensMCS
[4, 40], the current Italian reference accordingtie European Macroseismic Scale
EMS-98 [41, 42] and the spectral acceleratigfi2g]. While a very complete historical
seismicity catalogue exists in Italy [43], recuceraws of macroseismic intensities are
not avaiable systematically for all locations arme tselection of proper period of
vibrations for churches is a topic still in needresearch. Other hazard metrics have
been successfully correlated with damage, suclheag\tias intensity or the Saragoni
factor [44], but again occurrence laws are not eystically available for the
practitioners. Furthermore, recent studies has shibe peak ground velocity (PGV) to

have stronger correlations with the damage presiadf URM buildings [45], although

12
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the same sutdies pointed out that the PGA hadgstdd correlations. However, PGVs
have not yet been directly determined across thatcp for various average return
periods. While the DPCM [21] recommends accountiog three limit states and
corresponding average return periods, no variablg state analysis was performed in
the current reported study. The PGAs of four avereaythquake return periods, (90,
151, 1424, and 2475 years) were considered heasiedoon the Italian High Council of
Public Work [47] and the Italian Codes for Constiat [46] in order to establish a
more comprehensive representation of aggregatéldgeake hazard consistent with the
larger number of return period events considerethternational standards (e.g., [46,
47]). The values of PGAs for the surveyed churatalions were normally distributed

as shown in Figure 4.
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Figure 4 — Normal distribution and relative freqagrof the PGA corresponding B8GAy, PGAs,
PGAw24 andPGAy7s

The minimum subcomponent index value from eachhef four distributions
(i.e., return periods) shown in Figure 4 was deteech as the & percentile of the 90

years average return period PGA, correspondingP@®?%;, = 0.043g, while the

13
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maximum subcomponent index was set as tffepgBcentile of the 2475 years average

return period PGA, correspondingR& Aysi = 0.344Q.

The indices of hazardy; were determined as described in section 5.1 and

summarized in Appendix B.

5.3. Vulnerability

Due to the slenderness of church walls comparesntst other types of
buildings, subdividing URM churches into units edll“macro-blocks” is the practical
method to assess churches and other complex URMirms [1, 21, 48, 49, 50]. The
macro-blocks considered in the current research slmewn in Figure Brror!
Reference source not found. Particularly vulnerable collapse mechanisms were
identified through empirical observations duringtpaarthquakes [1, 26, 28] and can
be numerically predicted using virtual work prine The DPCM [21], which is based
on the work of Lagomarsino et al. [51], identifiedne different macro-blocks

comprising 28 total collapse mechanisms (Figure 5).

Figure 5 — Macro-blocks considered: (a) Facade; [(ateral Walls; (c) Naves; (d) Transept; (e) Triunaplarch; (f)
Dome; (g) Apse; (h) Chapels; (i) Bell Tower.

According to the DPCM [21], the global seismic babaof any church may be

represented by a vulnerability indéx (ranging from 0 to 1) which accounts for the

14
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contribution of each macro-block collapse mechani&ach macro-block collapse
mechanism is affected by its geometric configurgtithe material properties, the
presence of structural element, or previous rdthod intervention. When the
aforementioned parameters contribute toward ingrgake vulnerability of the macro-
block, they are classified as “vulnerability indims”. When the aforementioned
parameters contribute toward increase the robustmésthe macro-block against
collapse, they are classified as “robustness ingsjy An extensive list of the
“vulnerability indicators”, and the “robustness irapers” is provided in Appendix C —

Table C 1. Thus, the vulnerability index was deiesd using Equation 1:

1 YR prikiiVkp) | 1 1
-z 28 ] + - ( )
6 Yi=1 Pk 2

Iy
where:iy is the vulnerability index of the churclietermined using the

macro-blocks approach;

pki Is the importance factof K pki < 1) of thek-th collapse mechanism

on the global seismic behavior of the chutch

Vkii IS the score(( < v, < 3) obtained by the evaluation of the

vulnerability indicators;

Vip,i IS the scoreQ < Vi, < 3) obtained by the evaluation of the

robustness improvers.
Values ofpy; for each macro-block collapse mechanism are listeithe DPCM [21].
The values opy; are dependent on the macro-block collapse mesmaand set as 1.0
for the most consequential (i.e., dangerous) mashe) with ranges between 0.5 and
1.0 in other cases. In the current research, valtigg; proposed by the DPCM were
used, and for the macro-block collapse mechanismliiich the 0.5 to 1.0 range af;

was offered, both the “best” (i.e., minimum vulrghdy) and the “worst” (i.e.,

maximum vulnerability) possible scenarios were abered, by using accordingly 0.5
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347

or 1.0. Thus, the indices of minimum and maximunmgtability (v mini andiv max)

were determined using Equations 2 and 3, respégtive

28
. _ 1 Xk=1Pkbest,i(Vkimini~Vkpmax,i) 41 2
lV,min,i 6 228 ] ( )
k=1 Pk,best,i
28
. _ 1Xk=1 Prworst,i Vkimax,i—Vkp,min,i) + 1 3
ly max,i = 7 28 - 3)
6 Zk=1 Pk,i

where:iy i ; IS the index of vulnerability of the churahfor the best-case
scenario;
pk,best,i is equal t(pk,max,i if vki,min,i < vkp,max,i’ Whilepk,best,i is equal
to Pk,min,i if Ukimin,i = vkp,max,i;
Iy max,i 1S the index of vulnerability of the churchfor the worst-case
scenario;
Pr,worst,i is equal topk,min,i if Vki,min,i = Vkp,max,is while Pr,worst,i is
equal t(pk,max,i if Vki,min,i = Vkp,max,i-
A possible modification to the DPCM [21] procedwa&rameters was proposed
by De Matteis et al. [52]. Wherein the vulneraliind robustness scoreg, andvp;,

were determined using Equations 4 and 5.

3 Ny
Vkij = o Xk i j (4)
_ 3 anp I 5
Ukp,i = = j=1lekp,j (5)

Nkp
where:n,; andny, are, respectively, the number of vulnerabilityigadors, and
the number of seismic robustness improvers &gsoc with the k-th
collapse mechanism, defined in Appendix C —T&ble
I; i j is the influence score (varying from 1 to 5) of fkté vulnerability

indicators, defined in Appendix C —Table C 2;
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348 I, kp j IS the effectiveness score (varying from 1 to 5thefj-th

349 robustness improver, defined in Appendix C —T&bl@

350 The criteria for assigning the influence and tHeaiveness scord;(; andle iy
351 were extensively detailed in Appendix C — Table @n@ Table C 3. Whekh; andle kp
352 could not properly determined (e.g., judging thalijy of the masonry was impossible
353 when the observed macro-block was entirely pladjet®th limit cases (i.e., a score of
354 1 or 5) were considered, resulting in the posssoleres for the vulnerability indicators
355 and the robustness improvevgmax, Viimin,is Vkp,max,i 8Ndvip mini The authors emphasize
356 that the criteria shown in Appendix C — Table Cnal &able C 3, were developed for
357 the purposes of a rapid and effective visual surieaged on the recurrent characteristics
358 of the analyzed churches, the input of the DPCM)],[2hd consistently with the
359 observations of previous researchers [1, 2, 49, BR¢ criteria retain a conventional
360 component and further research to achieve moi stiieria is desirable.

361 The resulting indices of vulnerability; were summarized in Appendix B

362 5.4. Exposure

363 Two main subcomponents were considered to quahifexposure of each church:

364 « The “Occupancy Rate” subcomponent accounts foptissible loss of lives due
365 to the potential collapse of the church. Two occuyaates were utilized in the
366 risk assessment: 1) the average occupancy duriagwek; and 2) the
367 maximum occupancy throughout the year;

368 e The “Community Use” subcomponent accounts for tiiléyuof the church as a
369 proportion of the size of the surrounding communitiye loss of a church with a
370 high community use may correspond with a signifidamctional service loss

371 (i.e., interruption of the service of the Holy Mas a large portion of the
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community). This parameter was considered an aabbpproxy of the spiritual
value and the importance of the church as perceineds community. Two
scenarios were investigated during the surveythé fommunity use during the
regular weeks’ masses (i.e., from Monday to Sunday) 2) the community use

during the highest attended holy days’ masses QGlaistmas or Easter).

5.4.1.Indices of Occupancy Rate

Since official attendance records at masses arguidicly available, the numbers of
churchgoers were recorded by interviewing priestsoaated with each church. The
priests were asked to convey the average numbehwthgoers per each day of the
week, p;;i, and the maximum attendance during the most crdwidgs of the year (i.e.,

Christmas and Easterpmaxi; The following expression was used to determine th
average occupancy rate in the chur@by, j):

7
_ Xj=1DPji

Pav,i = B (6)
where:p;; is the number of churchgoers during k& day of the week in the

churchi.

The log-normal distribution opay,i and pmax,i were determined (Figure 6 and
Figure 7) to proceed with the identification of % and the 98 percentiles. FOpay,,
the minimum was determined as tH2 fSercentile, corresponding to(pavsn) = 0.72
(Pavsth = 2.05 people/day), while the maximum subcomponedéxnvalue was set as
the 95", corresponding to IPgy,ost) = 4.91 Pav0sn= 136.20 people/day). Fkax; the
minimum subcomponent index value was determined tles 5" percentile,
corresponding tt(Pmaxst) = 3.89 Pmaxsth= 49.03 people), while the maximum was set

as the 98 percentile, corresponding to P ost) = 6.44 Prax.ost= 624.64 people).
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395 The indices of average and maximum occupancy raked.iandior mo,) were

396 determined as described in section 5.1 and sumethiizAppendix B.
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398  Figure 6 — a) Relative frequency qf,p b) Log-normal distribution and relative frequenaf/in(p,,).
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400 Figure 7 — a) Relative frequency of; b) Log-normal distribution and relative frequenaf/In(pnax)-

401 5.4.2.Indices of Community Use

402 To determine the community use during the reguleeks’ masses of the churigtkay i,
403 and the community use during the holy days’ mas$dlke church, knax; Equation 7

404 and Equation 8 were used, respectively:

405 kavi = II\;av,i (7)
set,i

406 kmax,i = % (8)
set,i

407 where:Ng,.; is the number of residents of the city or settiemgfrazione”)

408 where the churchis located.

409 The log-normal distribution was determined (Fig8rand Figure 9) to proceed

410 with the measurement of thé"sand the 98 percentiles. Forksj the minimum
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420
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423

424

425
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427

subcomponent index value was determined as thepescentile, corresponding to
IN(Kav 5t) = -6.42 Kav,5tn= 0.0016), while the maximum subcomponent inddwevavas
set as the 9% percentile, corresponding to ka{esy) = -1.647 Kav.osin = 0.193). For
kmaxs the minimum subcomponent index value was detexchias the B percentile,
corresponding toIn(kmaxs) = -4.230 Kmaxsn = 0.015), while the maximum
subcomponent index value was set as th® @brresponding to Iifayost) = 0.862
(Kmax 95th= 2.368).

In Figure 9, it might be noticed thitaximay be larger than 1, which might be
true for small settlements whose residents ustialye an older average age. In fact, in
this kind of villages the Christmas and Easter msasme regularly attended by the
whole family, while, throughout the rest of the yahe younger members of the family

live and attend masses in different cities.

The indices of the community use during the regueeks’ masses and the holy
days’ massesidyrw,i andicuynp,; were determined as described in section 5.1 and

summarized in Appendix B.

0.50 0.30 16.00
= 0,
045 202 C.V.=35.97% 14,003
§ 0.40 z 12_00§
$035 80.20 10005
® 0.30 > T
L o5 20.15 8.00
. o) (]
o 3 6.00 =
20.20 50.10 z
8015 2 400 ©
& L 0.05 x
0.10 = . 2.00
0.05 ..- 0.00 0.00
0.00 S e 7.9 -7.3 6.7 -6.2 -5.6 -5.0 -4.4 -3.9 -33 -2.7 -2.1 -1.6
0.00 0.02 0.04 0.06 0.08 0.10 0.11 0.13 0.15 0.17 0.19 ( Natural logarithm of the community utilization during regular

Community utilization during regular weeks, k weeks, In(k,)
a) b)

® Relative Frequency mm Relative Frequency —Log-normal Distribution

Figure 8 — a) Relative frequency @f kb) Log-normal distribution and relative frequenalin(k,y,;).
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Figure 9 — a) Relative frequency of:k; b) Log-normal distribution and relative frequenai/In(kyax ).
5.5. Consequences

Two main aspects were considered to address trsqoances component of risk:

e The “Equivalent Economic Value” (EEV) accounts file possible cost of
reconstruction of the church due to its hypothétclapse; and

* The “Susceptible Heritage” subcomponent accountshi® presence of heritage
art and architecture within the church (e.g., pagy, sculptures, architectural

value).

5.5.1.Indices of Equivalent Economic Value

Historic religious, artistic, cultural, and arcluteral heritage elements contained in
each church cannot and should not be estimatednoretary way. To address the lack
of functional service capacity offered to the commities because of a hypothetical
destructive event leading to the irreparable cskapf the church, the equivalent
economic value (EEV) as used in the current rebeass intended as representative of
the cost of plain reconstruction of a new buildikgrthermore, the authors recognize
their lack of expertise in determining the actualrket value of complex buildings such
as churches. While the authors encourage furtlserareh on the topic, the EEV should
be interpreted as an initial attempt to quantifffumdamental aspect of any risk

assessment (i.e., the economic consequences) tcutfent methodology.
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Given the lack of data regarding the cost of camsion of churches, the
equivalent value was based on the value per squeter (€/m) of a residential three-
story building having the same footprint as eachrcih. The equivalency with a three-
story building was chosen based on approximatiegetijuivalent volume of a church.
Also, the normalized value of the lang, was subtracted from the EEV, assuming that
the reconstruction of the church would happen enstiime spot (neglecting a minority
of cases in which the soil damage would force tlandfer). This approach was

considered reasonable for three main reasons:

- The data regarding the value per square meter Sidenetial buildings are
easily accessible for each church location, thusecng the speed and the
generalizability of the proposed methodology;

- Given the relative index scoring of the proposedhméology, the actual
price of construction of each church is less ralevhan its proportional
values between different churches, furthermoreimesing the price of
construction requires more detailed geometric mftion regarding the
building (e.g., [53]) which would heavily affectehspeed of the proposed
methodology; and

- The equivalent value of a new residential buildiegstruction represents the
material cost, and the labor cost cost within teegyaphical region where the
church is located and, thus, adequately represéinés proportional
comparison for the construction of a new church different Italian
geographic regions.

The minimum and the maximum value per square metethe residential

buildings Ceq,min,i and Ceqmax) Were based on the data collected by the Italiaal R

Estate Market Observatory [54] and by the local rGlers of Commerce [55]. The
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value of the landj,;, was determined as a percentage of the valudéefchurch.
Although the value ofy; is highly variable, several researchers have recemded the
use of values between 0.1 and 0.3 [56, 57, 58,F#]purposes of the current research,
the economic impact of the lang, was assigned in accordance with the commercial

value of the examined area as follows:

iq; = 0.30 for the central business district of main citiesl &aluable areas;

iq; = 0.20 for the central business district of minor cities;

iq; = 0.15 for suburban areas;

iq; = 0.10 for rural areas.

Thus, to determine the minimum and the maximumedent values of church
(Veev.minj andVeev max), Equations 9 and 10 were used. Please, noté/thatn;and
VEeev.maxjwere expressed i (Equivalent Currency) to highlight their statusrefative
equivalent values.

Vegymini = 35iCeqmin,i(1 — i) 9)
Veev maxi = 3SiCeqmax,i(1 — ig,) (10)
where:S; is the surface of the church
Ceq,min,i 1S the minimum value per square meter of the dhirc
Ceq,max,i 1S the maximum value per square meter of the ¢higirc
iq; IS the economic impact of the land on the tothll@af the churcln,

Since the corresponding values bfey mini and Veey maxi resulted in a skew
normal distribution, the log-normal distribution svdetermined (Figure 10 and Figure
11) to proceed with the measurement of tHeafid the 98 percentiles. The minimum
subcomponent index value was determined as tfe pBrcentile of Vegy min

corresponding to IMgevsy) = 12.24 Weevsn = 207,225%), while the maximum
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subcomponent index value was set as tHe [@centile 0fVgey max COrresponding to

In(VEEV,95t|) =14.79 VEEV,Sth: 2,656,528]3)

The indices of minimum and maximum equivalent ecoicovalue {(ggv minjand

ieev.max) Were determined as described in section 5.1 amare&rized in Appendix B.
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5.5.2.Index of Susceptible Heritage

The presence of heritage art and architecturalufeatwithin the several assessed
churches was based on a proposed scoring systeyuréFi2). In these terms, the
discriminating feature that helped in comparing ttteirches was their ornamental
systems which characterized and distinguished thkan Romanesque and Gothic
architecture from the rest of the western Eurofy. [6he creation of figural art (e.g.,

sculptures, paintings, and mosaics) was not ametésformality, especially during the

Middle Ages, but rather a means to transmit knogaedbout the sacred writings to the

churchgoers [61]. Thus, the presence, the quadityl the quantity of the decorative
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features were considered and compared followingt wes perceived as their most

important attributes:

The facade is the main face of a church designeduide the churchgoers
towards their spiritual journey [62]. The role oéloming the churchgoers and
to make the church’s fagade recognizable from therabuildings was usually
enhanced using different types of ornamentationg.,(esculptures, painted
glasses, architectural ornament, and others) fid,the comparative quantities
of fagade ornamentation were surveyed as parteotdrent study;

The vaults required a deep understanding of thectstre and a significant
amount of labor [63], therefore, their presenceespnts an added value to the
church, and increasingly so in the case of frescoes

The figurative apparatus on the internal walls veasmsidered the natural
extension of the spiritual journey initiated by ttagade, representing a crucial
component in leading the devotees through the eds$s

Given the lack of information for comparing the wed of paintings, their
quantity was recorded; and

One-third of the total subcomponent index score l\etidlexible to the user in
case of recognizable pieces of art made by famoasters (e.g., the rare
tridimensional painting of the holy Mary with thehi@ in the church of San
Giovanni Evangelista in Vico Equense, or the Mianglelo’s lion sculpture in
the church of Santa Maria Maddalena in Capraniemé&tina). Each case was
evaluated and judged following in-depth researchihenartefact. Although not
explicitly required for the assessment, the autlsuggest making use of the
“Guida Rossa” [64], a colletion of catalogues camtay a description and an

importance rating of a large variety of piecesmf@used in the various regions
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across ltaly. Where available, the archives ofdioeeses were used as a guide

for identifying artworks of cultural and historicahportance.

No +0 points
Architectural ornamentation +2 points
Sculptured ornamentation +3 points 10 points
Painted ornamentation +3 points
Other +2 points
No vault +0 points
Vault without frescoes +2 point 5 points
Vault with frescoes +5 points
No ornamentation on th .
+0 points
wall and no chapels
No ornamentation on th .
+1 points
walls nor on the chapels 10 point
Architectural ornamentation +2 points points
Sculptured ornamentation +3 points
Walls/chapels with frescoes +3 points
Other +2 points
No +0 points
<5 +1 point
<10 +2 points .
<15 +3 points 5 points
<20 +4 points
> 20 +5 points
Based on
educated
judgment (The
. “Guida Rossa”
glilérgl:se(r;;rr;a Bzl i [64] e}nd the_ 15 points
iocese’s archives
might be used to
help in the
judgment)

MAXIMUM TOTAL SCORE 45 points

Figure 12 — Criteria for the scoring system of tueceptible heritage.

Since the minimum and the maximum of the scoringhoet for the index of
susceptible heritage were well defined (respedtivieland 45 points), no statistical
analysis to determine th&'%nd the 9% percentiles was required. Therefore, the index

of susceptible heritagen ; was determined using Equation 11.

Score;

IsH,i = (11)

45

where:Score; is the total score reached by the churetith respect of Figure

12.
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The resulting indices of susceptible heritage were summarized in Appendix

5.6. Fuzzy Set Theory: Definition and Application Methodology

The FST is a statistical procedure developed fonhining variables with a large
component of uncertainty [24, 65, 66]. In contrastthe classic set theory, which
postulates that a varialskecan be part of a sétor not, the FST provides a membership
ratio y; (ranging from O to 1) to one or more s@fsaddressing the variability of by
leaving room for the inherent uncertainties and twnplexity of the assessing
procedure. Thus, the sets used for compressingnthas x; (i.e., the risk component
indices) are applied in order to consider two \#ga simultaneously in an iterative
procedure resulting in one single output (i.e., gbsmic risk rating) [65]. A schematic
representation of the iterative procedure is shiowigure 13.

Differently from other assessment techniques, swash the models for
macroseismic vulnerability and damage assessmaetban the fragility and capacity
curves [41, 67, 68], the FST allows to accountrfmre than two variable at the same
time, including the four components of risk insteE#dimiting the assessment to the

hazard and the vulnerability.

The aggregation procedure comprises four stepsexhaustive explanation of
the FST and a worked example for a case study khimplementing all steps is

included in Appendix D and E.
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Figure 13 — The FST procedure for determining #israic risk rating in the current study.

28



o571

572

573

574

575

576

S77

578

579

580

581

582
583
584

585

586

587

5.7. FST Results and Multilinear Regression of Ratings

The resulting indices of seismic riskg;, are shown in Figure Etror! Reference
source not found. Veneto was determined to be the region with éngdst average risk
rating across its surveyed portfolio of churches$soA the average risk rating for
churches in Lazio was comparatively high, mostlgause of index ratings of hazard
and susceptible heritage of the churches withi ribgion. The lowest regional average
risk rating was determined to be in Toscana. Thees risk rating for a single church
was determined to occur in Trentino — Alto Adigeedio the comparatively low
seismicity of this region (Figure 1). Note that tfeurch determined to have the highest
comparative risk rating in the Lazio region wasependently identified by the diocese
of Anagni-Alatri to be prioritized for strengthegiintervention within their portfolio.

1.00

0.90

080

$0.70 X

% g:gg ;__ ﬁ-‘{ ih'ﬂ"ﬁi'ﬁ “““‘----;—‘—ﬁ—-______Tl ==
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80230
2 !
£0.20
0.10
0.00
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72
Church
m  Trentino-Alto Adige Veneto Toscana
A Umbria X Lazio — Campania
Average Trentino-Alto Adige Average Veneto Average Toscana
-----Average Umbria ——-Average Lazio —--—Average Campania

Figure 14 — Seismic risk ratingg;iand average risk sorted by region.

Given the large amount of uncertainties inherertheorisk subcomponents, the
variability of the risk ratingsii, was also charted in Figure 14. Greater unceytamt
parameters (e.g., the quality of the masonry ofaatered wall), corresponds to wider

ranges between the lower and the upper risk réitimgg However, the implementation
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of the risk aggregation procedure resulted in thal frisk ratings, g, being generally
closer to the upper limit. Therefore, the methodglaccounted for the unknowns
(depending on the conditions of each inspected othurthroughout using a
comparatively conservative approach, in accordantecommon engineering practice.
Please note that, although not evident in Figurebbth lower and upper whiskers are
present for each church, however, for some churitheas possible to collect a more
information lowering the amount of uncertaintidsefefore the extent of the whiskers)
to the minimum.

Acknowledging that the FST procedure, as shown ppekdix D, can be
prohibitively time-consuming for use by general gitéoners who wish to carry the
proposed preliminary portfolio risk analyses of gdmchurches in Italy, a multilinear
regression was applied to the intermediate anditia outcomes of the FST analysis
determined in the current study (Figure 14) to mewa direct correlation between the
risk components and the final seismic risk ratirfgee Equations 12 — 16). The
determination coefficient$¥’, and the standard deviations of the regresSoare listed

in Table 2.
i = —4.822iy 00 + 8.778iy 151 — 72560y 1424; + 5.020iy 2475; < 1 (12)
iy ;= 0.103iy mini + 0.892iy max; < 1 (13)
ig; = 0.029ipg a0,i T+ 0.522ipr mo,i + 0.302icy rp,;i + 0.154icyyp; < 1 14
ic; = —0.111iggy mini + 0.593ippy maxi + 0.511igy; < 1 (15)

ig: = 0.297iy; + 0.474iy ; + 0.155; ; + 0.104i.; < 1 (16)
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630

Hazard,iy 0.957 0.091

Vulnerability, iy 0.981 0.038

14 Exposurejg; 0.939 0.069
15 Consequence;; 0.967 0.064
16 Seismic riskir; 0.973 0.059

Table 2 — Correlation factors®?, and standard deviation of the regressisn,

Given that the correlation factd® is by itself not sufficient to represent the
qguality of the fitting, the authors suggest refagrito the standard deviation of the
regressionS, to quantify the discrepancy between the propasattilinear equations
and the FST analysis. A detailed worked examplepaoing the results of the FST

analysis and the ones of the proposed EquatiorslB2is shown in Appendix E.

6. Applications and Limitations

The model presented in this study was developell ngference to a specific typology,
isolated medieval URM churches, but the methodofogmework is general and could
be adapted to different scenarios, provided thatatig vulnerability, exposure and
consequences are properly described and FST iedppl

The developed model was based on a sample compufsééRM Italian
medieval churches with an average footprint surfaa of 410 mand maximum
footprint surface of 1340 flocated in settlements with an average of 4,@8Ments
and a maximum of 46,000 residents. If the propasethodology were to be applied to
larger URM non-medieval churches located in largées (e.g., cathedrals of main
cities such as Rome or Milan), the authors reconahmercalibrating the limits given by

the 8" and the 95 percentiles of the following indices:

* Index of average and maximum occupancy rag®aoandior mo
e Index of community use during the regular weeks'sses and holy days’

massesicy rwandicy yp; and
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634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

e Index of minimum and maximum equivalent economidu®aiggy min and

IEEV,max

It might be noticed that in some cases the normialgg-normal) distribution
does not appropriately fit the collected data (Fegd, Figure 6, Figure 7, Figure 8,
Figure 9, Figure 10, and Figure 11). This mightdoe to the sample size, and the non-
uniform distribution of the selected churches amtmgy national territory. A possible
solution would be to limit the application of theopedure to a regional scale and re-
calibrate the limits given by the™5and the 98 percentiles of the aforementioned
indices. The authors recommend further studies widar and more evenly nationwide
distributed study sample before applying the pracedt a national scale.

Eventually, the methodology might also be applied non-seismic hazard
scenarios by defining an appropriate index (frono @) to account for the considered
hazard (e.g., flooding, or hurricanes). Lastly, pheposed methodology may be applied
for determining the risk rating associated with #RM churches (i.e., churches
constructed with other materials), but a procedoreuantifying vulnerability different
from the macro-blocks approach should be applied.

A flow-chart that summarizes the entire applicatodrthe methodology and the actions
required to acquire the data necessary to defink Bsk subcomponents is offered in

Figure 15.
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650
651

652

653

654

655

656

657

658

659

660

661

662

663

On-site inspection of the church }7

Using the criteria in Table B2 - B3 and
the procedure in section 5.3, delerimine
the index of minimum valnerability, 7,

Inspect the macro-blocks 10 identify the
vulnerability indicators and the robusi-
ness improvers in accordance with Table
Bl

T

Using the criteria in Table B2 - B3 and
the procedure in section 5.3, determine
the index of maximum vulnerability, 7,

4

Inspect the church to complete the
survey in accordance with Figure 17

=

Using the procedure in scction 5.5.2,
determine the index of susceptible
heritage. i,

Interview with the priests and the
parishioners

R

Determine the occupancy of the church
on a daily basis

-

Using the procedure i
determine the index of average occupan-
cy rate per the week, i, .,

-

Determine the occupancy of the church
for major events (¢.g., Christmas, Easier,

Using the procedure in section 5.4.1,
determine the index o maximum
occupancy rate throughout the year.

i

FST PROCEDURE

Using the FST procedure in section 5.6,

—» and the worked example in Appendix C
determine the index of seismic rating, i,

or other particular occasions)
Using the procedure in section 5.4.2,

determine the index of community
——»| utilization use during the regular weeks” |
Determine the number of residents of the masses (i.c., from Monday to Sunday),
—»  city or settlement where the church is  |— Fevnw

located

Using the procedure in scction 5.4.2,

detenmine the index of community

» utilization use during the highest atten-

ded holy days” masses (i.c., Chrisimas or
Easter). i, .,

Using online mapping services, determi-
ne the gross footprint of the church

Online rescarch }7
»

Using online real estate services,
determine the maximum and minimum
unil-cost for a residential building at the

Using the procedure in section 5.5.1,
determine the index of minimum
equivalent economic value, 7,

Using the procedure in section 5.5.1

same location of the church B delerming the index of maximum -] SIMPLIFIED PROCEDURE
equivalent economic value, f,,,.
— - ( Using the multi-linear equations in
Using the procedure in scction 5.2, section 5.7, and the worked example in
Determine the PGA for the difTerent —+| determine the index of hazard for %0 years |— Appendix C, determine the index of
return period at the location of the church average return period earthquake, 7, | seismic rating, /,

Using the procedure in section 5.2,
—»! deicrmine the index of hazard for 151 years [—
average retum period earthquake, 7,

Using the procedure in section 5.2, determi-
—s  ne the index of hazard for 1424 years  |—1
average return period earthquake. i, .,

Using the procedure in section 5.2, determi-
s ne the index of hazard for 2475 years —
average return period carthquake, 7,,.,.,

Figure 15 — Flow-chart of the proposed risk assesgmmethodology.
7. Conclusions

In this paper, a holistic and generalizable seisrisk assessment methodology was
established based on surveys of 72 URM ltalian enadichurches. Indices to address
the different components of risk (i.e., hazard, newability, exposure, and
consequences) were developed and assessed witlticsthtbases. The indices were
then processed through the “Fuzzy Set Theory” (F8m)account for statistical
variations (including unknowns) and result in aaficomparative rating of seismic risk
for each church. Lastly, a set of ready-to-use ifiméar equations was developed to
facilitate further assessment for similar scenacmsducted by others.

Using this procedure, one single person could susegeral churches per day to
obtain the necessary information for the assessnsawing time and money for

portfolio managers. Given the limited funding ate tldisposal of the selected
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communities, the developed seismic risk ratingseapected to offer a provisional basis

to assist the decision-making process resulting tost-efficient management of the

dioceses’ property portfolio and funding allocagofhe seismic risk ratings shown in

Figure 14 will be provided to the portfolio managef the respective dioceses and used

to prioritize the churches for further detailed lgge and strengthening interventions of

the identified vulnerabilities.

In addition to the final seismic risk rating, thedices of risk subcomponent

shown in Appendix B and the indices of risk compurabtainable using Equations 12

through 16 may have an applicable value as weltapeng to which type of

intervention may be most adequate. A non-exhaudisteof generic intervention

options is offered below:

High risk subcomponent indices of hazard and/or vulerability: More
sophisticated structural analysis and a structwsbngthening may be
appropriate to enhance the capacity of the mostarimacro-blocks of the
church. The current literature offers a large \gre#f viable solutions depending
on the conditions and the vulnerability of eachrchuye.g., [26, 69, 70]);

High risk subcomponent index of exposure A viable and relatively
inexpensive policy to reduce the exposure in adhurmainly in regard to life
safety — may be to limit the number of churchgdles can attend a single mass.
Similar results could be achieved by increasingrthmber of masses available
during the holy days in order to spread the atteaddemporally; and

High risk subcomponent index of consequence3he stipulation of insurance
for construction damage may be a viable policy @duce the amount of
monetary losses where the combination of hazard wankherability is

unfavorable. Furthermore, for irreplaceable piecdsart that enrich the
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churches’ artistic and heritage value, some comgite® regarding the

substitution of copies may be evaluated, while @higinals may be stored in

more secure local venues.
The authors are aware that the amount of requiaeainpeters to develop the indices
might seem intimidating, however, all the parangeteere based on open-access
data, visual surveys of the churches, and direstegyuof the parishioners, making
the indices themselves reproducible in an efficfashion for many churches. The
authors are also aware that the large variabilitfhe seismic ratings for some
churches (Figure 14) might seem demeaning, noreshelthe purpose of the
procedure remains the one of an initial holistisessment at territorial scale.
Although a large variability was an inherent consate of the large number of
indices selected, the authors aim was to stepduftbm the classic LV1 analysis as
prescribed by the DPCM [21] (which present highialaility nonetheless). In a
world in which the heritage portfolio ages and gsasenstantly largely overcoming
the increase of the funding, including aspect efdesessment such as exposure and
consequences is a hon-deferable challenge thatesrgi have to tackle. While more
in-depth surveys might limit the variability of tls®ismic risk rating of the single
study-case, further studies are recommended aralsged to decrease the current

variability of the procedure itself.

Material analysis based on non-destructive tes{iNPT) techniques was
developed to achieve a better understanding ofmghehanical properties of URM (e.g.,
compressive strength) [71]. Furthermore, a photognatric tri-dimensional model of
select case study churches was developed to actmexe precise geometric measures.
The mechanical and geometric properties were furtieed to develop complete

structural building information models (BIM) of set case study churches, and to
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achieve an exhaustive structural analysis to coenfiee results of the detailed analysis

with the results of the current provisional assesgni’2].
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806 Appendix A: Selected Churches
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©

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Santi Dioniso,
Rustico ed
Eleuterio
Martiri

Santa Maria
Assunta

San Giovanni
Apostolo ed
Evangelista

San Marcello

Santa Maria
Assunta

San Lorenzo

San Nicolo

Santa Maria
Assunta e Sarn
Giovanni
Battista

Annunciazione
di Maria

San Felice

Santi Pietro e
Paolo

San Vigilio

San Giorgio

Santi Pietro e
Paolo
San Biagio
Vescovo e
Martire

Sant’Antonio
Abate

Immacolata e
Santi Fabiano
e Sebastiano

Santa Maria
Etiopissa

Santa Maria e
Santa Fosca

Santa Maria
Annunziata

San Pietro
Apostolo

Santa
Margherita
Vergine e

Martire
Santissima

Trinita

Santi Pietro e
Paolo

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Trentino —
Alto Adige

Veneto

Veneto

Veneto

Veneto

Veneto

Veneto

Veneto

Diocese

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Trento

Vicenza

Vicenza

Vicenza

Vicenza

Vicenza

Vicenza

Vicenza

Settlement /
City

Santa Croce

Tavodo
Poia
Lundo
Dasindo
Vigo Lomaso

Comighello

Tione

Rango
Bono
Sclemo
Stenico
Dorsino

Cares
Favrio
Bivedo
Fiave

Polegge

Dueville

Poia

Monticello Conte

Otto

Posina

Bassano del
Grappa

Nove

Coordinates
WGS84 GD

46.066530
10.839030

46.066530
10.893080

46.028870
10.884130

46.011910
10.884130

46.010960
10.860530

46.012050
10.872040

46.034260
10.849410

46.034190
10.729450

46.018330
10.811640

46.026080
10.848670

46.055610
10.882940

46.052460
10.854170

46.072690
10.896920

46.032700
10.866660

45.999920
10.858800

46.028170
10.827460

46.004600
10.842050

45.605930
11.557180

45.634970
11.548010

45.530100
11.423720

45.594130
11.585370

45.790430
11.261480

45.724970
11.721980

45.724970
11.680790

Parish
church

Parish
church

Parish
church

Parish
church

Subsidiary
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Subsidiary
church

Parish
church

Subsidiary
church

Parish
church

Subsidiary
church

Parish
church

Parish
church

Subsidiary
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Original
Construction
Year

1155

1160
1200
1200
1200
1210

1250

1300

1400
1480
1490
1500
1500
1500
1500
153C¢
1540 (1880)
1000
1050 (1955)
1300

1350

1400

1400

1440
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Construction
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Church

Settlement / | Coordinates

Diocese

NErT Region

25

26

27

28

29

30

31

32

33

34

3

a1

36

37

38

39

4

o

41

42

43

44

45

46

47

48

49

50

Santi Girolamo
e Bernardino

Santo Stefano
Protomartire

San Matteo
Apostolo

San Michele
Arcangelo

Santa Cristina

Beata Vergine
di Monte
Berico

San
Secondiano

San Lorenzo

Santa Croce

Santi Pietro e
Paolo

Santi Leonardc
e Cassiano

Santissima
Annunziata

San Francesc(

San Leonardo

San Pietro

Santi Leonardo
e Cristoforo

Sant’Apollinar
e

San Vincenzo
e Anasiasio

San Giovanni
Battista

San Feliciano

Sant’Ansano
Martire

Crocifisso

San Martino di
Fontana

Santissimo

Salvatore e

Santa Maria
Assunta

San Lorenzo

Santa Maria
delle Grazie

Veneto

Veneto

Veneto

Veneto

Veneto

Veneto

Toscana

Toscana

Toscana

Toscana

Toscana

Toscana

Toscana

Toscana

Toscana

Toscana

Toscana

Toscana

Umbria

Umbria

Umbria

Umbria

Umbria

Umbria

Umbria

Umbria

Vicenza

Vicenza

Vicenza

Vicenza

Vicenza

Vicenza
Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Montepulciano —
Chiusi - Pienza

Perugia — Citta
della Pieve

Perugia — Citta
della Pieve

Perugia — Citta
della Pieve

Perugia — Citta
della Pieve

Perugia — Citta
della Pieve

Perugia — Citta
della Pieve

Perugia — Citta
della Pieve

Perugia — Citta
della Pieve

City WGS84 GD
Vivaro 45.610720
11.544320
Lubia 45.640930
P 11.608730
Cavazzale BT
11.569250
Sarmeao 45.599800
9 11.671670
. 45.632870
Poianella 11.625320
Vivaro 45.621370
11.560270
. 43.015560
Clris 11.949120
. 43.148320
Valiano 11.901600
Abbadia San 42.880090
Salvatore 11.678360
Petroio 43.141490
11.688210
San Casciano de  42.871630
Bagni 11.875230
Montisi 43.156690
11.651720
. 43.016640
Sl 11.947110
. 43.128120
Montefollonico 11.745330
. . 42.896360
Radicofani 11.767490
. . 43.068370
Monticchiello 11.725680
43.016000
San Francesco 11.946030
. 43.139580
Ascianello 11.797180
Castiglione della  43.018110
Valle 12.253970
. 43.119030
San Feliciano 12166770
Petrignano del ~ 43.148450
Lago 11.937900
Toraiano 43.018380
9 12.437670
Fontana 43.113110
12.324470
. 43.023420
Paciano 12.070170
. 43.093580
Gioiella 11.971890
) 43.016910
Montepetriolo 12.999730

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Subsidiary
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Subsidiary
church

Subsidiary
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Subsidiary
church

1460

1470

1480

1500

156¢

1770

550"

1100

1100

1180

1200

1200

1210

1215

1220

1300

1400

1450

1100

1170

1190

1200

1300

1480

1500

1500

47



807
808
809

810

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Annunziata

San
Terenziano

Santi Giacomo
e Marco

San Lorenzo
Martire

San Biagio
Vescovo e
Martire

Sant’Andrea
Apostolo

Santa Maria
Assunta

San Nicolo

San Pancrazic
Martire

Maddalena

Santa Maria
Maggiore

Santa Maria al
Colle

Santi Nicola e
Giovanni

Sant’Antonio

San Michele
Arcangelo e
San Gaurico

Santa Maria
Maddalena

Santissima
Annunziata

San Renato
Vescovo

Santa Maria
Assunta

Santa Maria di
Casarlano

San Giovanni
Evangelista

Sant’Antonio

Umbria

Umbria

Umbria

Umbria

Umbria

Umbria

Umbria

Umbria

Umbria

Lazio

Lazio

Lazio

Lazio

Lazio

Lazio

Lazio

Campania

Campania

Campania

Campania

Campania

Campania

Diocese

Perugia — Citta
della Pieve

Orvieto - Todi

Orvieto - Todi

Orvieto - Todi

Orvieto - Todi

Orvieto - Todi

Orvieto - Todi

Orvieto - Todi

Orvieto - Todi

Anagni-Alatri

Anagni Alatri

Anagni Alatri

Anagni Alatri

Anagni Alatri

Anagni Alatri

Palestrina

Sorrento —
Castellammare di
Stabia
Sorrento —
Castellammare di
Stabia
Sorrento —
Castellammare di
Stabia
Sorrento —
Castellammare di
Stabia
Sorrento —
Castellammare di
Stabia

Nocera Inferiore -
Sarno

Settlement /
City

Fontignano

San Terenziano

Castel
dell’Aquila

Montegiove

Porano

Marcellano

Montecchio

Farnetta

Castel Giorgio

Alatri

Alatri

Fiuggi

Filettino

Filettino

Fumone

Capranica
Prenestina

Vico Equense

Moiano

Vico Equense

Casarlano

Vico Equense

Nocera Inferiore

Coordinates
WGS84 GD

43.026540
12.191760

42.863510
12.471800

42.633830
12.406490

42.917050
12.144030

42.686550
12.101730

42.872980
12.520790

42.663140
12.286270

42.648420
12.453280

42.704710
11.979650

41.716550
13.352380

41.726150
13.342160

41.804120
13.218100

41.889500
13.319210

41.890270
13.328870

41.727160
13.290440

41.862310
12.952400

40.663880
14.423930

40.650660
14.466020

40.655540
14.435040

40.623250
14.391680

40.662960
14.436400

40.746980
14.645720

The church was selected beyond specific requeseafiocese.

Although the original construction year is slightiytside of the selected limits, the church was

selected because it was respecting the otheriariter

Table A 1 — Selected churches

Subsidiary
church

Parish
church

Parish
church

Subsidiary
church

Parish
church

Parish
church

Parish
church

Parish
church

Parish
church

Subsidiary
church

Parish
church

Parish
church

Subsidiary
church

Subsidiary
church

Parish
church

Parish
church

Subsidiary
church

Parish
church

Subsidiary
church

Parish
church

Parish
church

Parish
church

Original
Construction
Year

1500

1200

1200

1270

1270

1300

1300

1400

1520

1100

1100

1200

1200

1274

1350

1400

1330

1340

1400

1425

1490

1260
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815
816
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819

820

Appendix B: Indices of Risk Subcomponent

Hazard

The resulting indices of hazard; are shown in Figure B 1 subdivided based on the

considered return period scenario and sorted hgmeg
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Figure B 1 — Indices of hazaig; designated by the considered return period scenanid sorted by region.
Vulnerability

The resulting indices of vulnerability; are shown in Figure B 2 subdivided based on
the considered scenario and sorted by region. Adbeaxpected the indices vary over a

wide range, given the intrinsic variability in bdithg structural features.
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Figure B 2 — Indices of vulnerabilify; designated by the considered vulnerability scemériin or max) and sorted
by region.

Exposure

Occupancy Rate

The resulting indices of occupancy ratg,; are shown in Figure B 3 subdivided based

on the considered scenario and sorted by region.
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Figure B 3 — Indices of occupancy rag jdesignated by the considered scenario and sorgaedion.
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Cummunity Use

The resulting indices of community ugg; are shown in Figure B 4 subdivided based

on the considered scenario and sorted by region.
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Figure B 4 — Indices of community uggjdesignated by the considered scenario and soge@dion.

Consequences

Equivalent Economic Value

The resulting indices of equivalent economic vaigs,; are shown in Figure B 5

subdivided based on the considered scenario atebidoy region.
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Figure B 5 — Indices of equivalent economic vajgg idesignated by the considered scenario and soiyagdion.
Susceptible Heritage
The resulting indices of susceptible heritagg; are shown in Figure B 6 sorted by

region.
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Figure B 6 — Indices of susceptible heritagg; designated by the considered scenario and sogaedion.
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Appendix C: Criteria to determine |y and lgxp

Given the subjectivity of the criteria to determithe score for the vulnerability
indicators and the robustness improverg, and v, more extensive criteria were
developed to address the influence score of theevability indicators)e i, and the
effectiveness score of the robustness improvieks, of the selected churches. The
authors underline that the applied criteria wereettgoed for the purposes of a rapid
and effective visual survey, based on the recurodrracteristics of the analyzed
churches. The criteria might still have a subjecttomponent and further research to
achieve more scientific criteria would be desirable

Whenever uncertainties regarding the assessmemtyofnacro-block occurred
(due to impossibility of accessing directly the neémt, or to the difficulty of
establishing a correct score) a conservative approas applied by considering both
the worst and the best-case scenario. While th&cagipn of the criteria is related to
the correspondent collapse mechanism of each nidac&- in Error! Reference
source not foundTable C 1, a description of each criterion is tiste Table C 2 and

Table C 3.
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Macro-
block
(Error!

Reference
source not

found)
1) Overturning of the facade V1; V2 R1; R2; R3
Facade 2) Gable mechanism V2; V3; V4 R4; R5; R6
§ 3) Shear in the facade V2; V5 R1; R7
4) Damage in the porch V1 R1; R8
Lateral 5) Transversal response of the na V1; V5 R1; R2; R7
Walls 6) Shear in the longitudinal walls V2; V5 R6; RZAM®R
7) Longitudinal response of the . .
columns V1; V6 R1; R2
Nave 8) Damage in ;r;evgaults of the main V7: V8: VO R1: R2
9) Damage in the vaults of the V7: V8: VO R1: R2
aisles
10) Overturning of the transept V2; V3; V4 R1; BR3; R4; R6
Tt | ) STeAn e et VAV R
g V7; V8; V9 R1; R2
transept
T”X’;gﬂha' 13) Damage in the triumphal arct V1; V6 R1; R7; R11
Dome 14) Damage in the dome V7; V10 R2; R12; R13
15) Roof lantern mechanism V5 R2; R12; R14
16) Overturning of the apse V1;V2; V4 R2; R5; R12
17) Shear in the apse V2; V4 R6; R9; R10
Apse 18) Damage in the vaults of the
9 apse V7; V8; V9 R1; R2
22) Overturning of the chapels V2 R1; R2; R3
23) Shear in the chapels V2; V4 R6; R9; R10
Chapels 24) Damage in the vaults of the
9 V7; V8; V9 R1; R2
chapels
Projections 26) Damage in the juts V5; V11; V12 R9; R15
Bell Tower 27) Bell tower mechanism V2; V13; V11 R1; R3; R9; R16
28) Belfry mechanism V1; V6 R1; R8; R17
19) Interactlon_ between the nave V1: V4 R4: R5: R6: R18
and its roof
_ 20) Interaction l_Jetween the transept V1 V4 R4: R5: R6: R18
Interactions and its roof
21) Interactlon_ between the apse V1: V4 R4: R5: R6: R18
and its roof
25) Interaction next to irregularities V7; V14 RR19
864  Table C 1 — Application of the criteria in Table Cald Table C 3 for the different collapse mechanisinthe
865  macro-blocks
866

Criteria for
the influence
score of the
vulnerability
indicator, I;;

Figure C 1 — Collapse mechanisms [21].

Collapse Mechanism
(Figure C 1)

Criteria applied
for vulnerability

indicators

Description

Criteria applied
for robustness

improvers

Thrusting elements will always exist when there \aaalts, arches, or any element
causing horizontal loading. The amount of the thrasuld depend on the length of
the span, the rise of the vault (or the arch),aberall geometry, the depth, and the

V1: Thrusting
elements



Criteria for
the influence
score of the

vulnerability
indicator, I;;

V2: Large
openings

V3: Large and
heavy
groin/rib vault
panels

V4: Stiff ring-
beam

V5:
Slenderness

V6:
Excessively
stiff or heavy
roof

V7:
Concentrated
loads

V8: Span
length of
arches/vaults

V9: Irregular
profile

V10: Large
openings in
the dome

Description

composing material. However, in most cases onlysiten and rise can be quickly
and directly assessed and the intensity of thezbotal thrust can be estimated
consequently. Thus, a scoring approach similar&8dl¥hg spans) was applied.

The presence of openings might significantly affectmasonry wall by creating a
system of piers, instead of a solid wall behavioscore of 5 might be assigned if the
openings area (considering also their vertical gmipns) affect an area larger than
the 50% of the area of the wall. A score of 4 mightassigned if the openings area
(considering also their vertical projections) affaa area ranging between the 40%
and the 50% of the area of the wall. A score ofi§hinbe assigned if the openings
area (considering also their vertical projectioafgct an area ranging between the
30% and the 40% of the area of the wall. A scor@ aghight be assigned if the
openings area (considering also their vertical guopns) affect an area ranging
between the 20% and the 30% of the area of the waltore of 1 might be assigned
if the openings area (considering also their valtrojections) affect an area smaller
than the 10% of the area of the wall. A score ahight be assigned only if the
openings are absent or their dimension is negégibl

This criterion has several similarities with V1 r{ilkting elements) and it was
assessed in a similar way.

Stiff ring-beams exist where there is a concretedbloeam. This may or may not be
visible. Roof retrofits that involve reinforced awate provide a stiff ring-beams.
There may be a reinforced concrete beam aroundotifeelements. Tell-tale marks
of the presence of a reinforced concrete ring-beaaight be noticed from the outsice
of the church. If joists are not visible outside twall and the latter is plastered, then
it might be tentatively assumed a concrete ringibéaexisting. A score of 5 might
be assigned if there is a concrete ring-beam. Theesshould be lowered basing on
the divergence from the worst-case scenario.

The slenderness of an element negatively affeetstit-of-plane performance. Given
the difficulty of measuring directly the thicknesEseveral macro-blocks, the scare
was based on the perceived geometry of the element.

A stiff or heavy roof exists where there is a cateroof or masonry vaults. A score
of 5 might be assigned if there is a concrete mofmasonry vaults. A score not
lower than 2 should be assigned for this criteriomiess the entire roof system (roof
covering included) is constructed in timber and tbenections can be assumed as
effective.

A large concentrated load might likely negativeffeat the response of the loaded
element by creating a “punching load” effect. Farthore, the position might affect
the distribution of the load towards the supporsymetric loads might cause an
unequal loading of the supports and differenti@ponses. A score of 5 might he
assigned to large and asymmetric concentrated .|ddus score should be lowered
basing on the divergence from the worst-case senar

This criterion is associated with the presenceafitg or arches. A score of 5 might
be assigned to span longer than 8 m. A score ofghtrbe assigned to spans with
length ranging between 6 and 8 m. A score of 3 mighassigned to spans with
length ranging between 4 and 6 m. A score of 2 mighassigned to spans with
length ranging between 2 and 4 m. A score of 1 triighassigned to spans shorter
than 2 m.

Any asymmetry in the geometry of a vault (or anhginmight cause an increasing
bending moment on the section, while arches arégued to take compressive
stresses. The score was based on the perceivedlarigy in the geometry of the
vault (or arch).

This criterion has several similarities with VV2rfla openings) and it was assessed in
a similar way.
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Criteria for
the influence
score of the
vulnerability
indicator, I;;
drum

V11: False
supports

V12:
Eccentric
position

V13:
Asymmetric
position of the
bell tower

V14: Stiffness
differences

Description

False support might happen when a secondary elesewt resting on a structural
element, such as a load bearing wall, or on ap@tgpfoundations system. A score
of 0 might be assigned if the element is fully suped by a vertical bearing element
or if it lays on its own foundations. The score ddobe increased basing on the
divergence from the best-case scenario.

Secondary elements that are not symmetricallymgstin primary vertical bearing
elements might cause a differential response ofthpports. A score of 0 might be
assigned to elements that are symmetrical restinghe primary bearing element
with respect both to the depth and the length. §dwe should be increased basing
on the divergence from the best-case scenario.

An asymmetric position of the bell tower coupledthwa very stiff roof strongly
connected to walls may lead to increased torsiactibn within the structure. A
score of 0 might be assigned if the bell towerrisperly separated from the church.
The score should be increased basing on the diveegeom the optimal scenario.
Stiffness differences might exist if a structureetement that is either incorporated
into the structure of the church or next to therchus of a different height and/or
width and/or material. A score of 5 might be assejif the two structures (i.e., the
church and the considered irregularity) have sigaift differences in terms of
material and geometry. The score should be lowbesihg on the divergence from
the worst-case scenario.

Table C 2 — Criteria for the influence score of thénerability indicator, {i;

Criteria for
the
effectiveness
score of the
robustness
improver,
Iek

R1: Tie rods

R2: Buttresses

Description

For being fully effective tie rods must: 1) spantfe direction perpendicular to the
macroblock motion at location (height) that is effee for resisting motion, and 2)
must extend through exterior walls or the membat this supporting. If a tie rod
exists in a direction that is not perpendicularthe macroblock motion or not
providing restraint to motion of the specific elemmethen the tie rod may be
considered absent for that category. If there isevidence of a tie rod extending
through a wall or member in which it is supportittten it is not very effective. Also,
look for signs of weakness or damage in the tiethatl may impact the effectiveness.
Additonally, consider spacing between tie rods aizé of the wall anchor. A score
of 5 might be assigned if the criterion is fullyspected. The score should be lowered
basing on the divergence from the optimal scenario.

Elements other than traditional buttresses mayas@ buttress on an element of the
structure. To be effective, buttresses must beigimy resistance in the direction in
which the macro-block needs support for. An elenagb needs to transfer loads
into the foundation (or in the closest vertical g element) in order to be acting as
a buttress. This may exist as another componenth®fchurch. There may be
instances where a chapel serves as a buttres® tmdm nave or the aisle. To he
serving as a buttress, the element must be intextbas a component of the
structure/element in which it is supporting. A seaf 5 might be assigned if the
buttresses are uniformly distributed along the dliom of the vault, or at the exact
position of the arches, and if the footprint isglrenough to accommodate the
inclined forces coming from the thrusting elememtse score should not be larger
than 2 if there are buttresses just on one sidthefthrusting element. The score
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Criteria for
the
effectiveness
score of the
robustness
improver,
I ekp

R3:
Connection to
lateral walls

R4:
Connection to
roof

R5: Braced
roof pitch

R6: Light
ring-beam

R7: Lateral
restraints

R8: Columns
dimension

Description

should be lowered basing on the divergence fronofhienal scenario.

The criterion depends on how well connected thdéswhéat are subject to overturning
are connected to the walls perpendicular to theor. &xample, the facade and
transept would both have some type of connectianl&deral wall. A well-connected
lateral wall means that the masonry is interlocksdh consequence of dressed units
and staggered head joints. The mortar should a&ssirbng and in good condition for
full effectiveness. A lateral wall that would no¢ vell connected would be a walll
that does not have interconnected masonry bloc&eplig elements or diagonal tie
rods crossing the connecting walls increase thectfieness of the connection. A
score of 5 might be assigned if the criterion iéyfuespected. The score should not
be larger than 4 if the connection is only basednasonry bond. The score should
be lowered basing on the divergence from the optscenario.

All churches will have some type of connection lte toof. Newly renovated roofs
will likely have a stronger connection and a socoffd or 5 can be assigned in some
instances. It is possible that newly renovated sdaf some churches were only
renovated over certain sections of the church aag mot include chapels, the apse,
or transepts. Be certain that the entire roof hasnbretrofitted before giving all
elements a full effective score for roof connecsioA score of 5 might be assigned if
devices to increase the effectiveness of the cdimmeare applied (e.g., steel bars
drilled in the bond beam and resins-filled hold¥)e score should not be larger than
3 if the connection between the roof and the vaktlearing elements is mainly
based on friction. The score should be lowerednigasn the divergence from the
optimal scenario.

The braced roof pitch exists when there are adeduaicing elements connecting the
roof frames. The more bracing there are, and theteshthe span between the bracing
is, the more effective the braced roof pitch wil. This may not be visible. A score
of 4 might be assigned if the roof is composedarforete beams and a collaborating
concrete slab, and a score of 5 if a lighter arap@rly designed bracing system is
connecting the roof beams. The score should ndarger than 2 if a single layer of
timber board is overlapped transversely to the rfoedms. The score should be
lowered basing on the divergence from the optineahario. If it is not something
visible from inside the church, a conservative saafrO might be assumed.

The ring-beam should be light (timber, steel, r@icéd masonry or FRP stripes),
continuous, and well-connected to the vertical ingaglement. A score of 5 might be
assigned if the criterion is fully respected. Therse should not be larger than 3 if the
ring-beam is not continuous or if the connectiothwthe vertical bearing element is
mainly based on friction. In newly renovated roasconcrete beam may exist to
ensure (if properly designed) a stronger connecbetween the roof and other
building components. In this case, even thoughctiections are strong, the ring-
beam is still heavy and stiff, and a score of Ohlge assigned.

The criterion refers to components (other thanresses) that are serving as lateral
restraints. These components are not always pdieathurch structure and may riot
have a structural attachment. Lateral restrainttrasisverse motion may be in the
form of surrounding structures that abut the elamkeateral restraints may also be
interior elements that are not structural, but thety help to prohibit motion in
direction specified in each category of the spedifelement. A score of 5 might he
assigned if the lateral restraints are continuousstraining the transversal motion.
The score should not be larger than 2 if therdatszal restraints just on one side of
the thrusting element. The score should be lowbesihg on the divergence from the
optimal scenario.

This is only applicable for churches that have ooig. Columns that are only located
integral with lateral walls in a church that onlgsha main nave and no aisles are not
considered in this criterion. The dimensions réfehow thick they are with respect
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Criteria for
the
effectiveness
score of the
robustness
improver,
I ekp

R9: Quality of
masonry

R10: Lintels

R11: Large
thickness

R12: Radial
bracing

R13:
Connection to
the triumphal

arch

R14: Lantern
dimension

R15: Elements
dimension

R16: Distance
of the bell
tower from

church walls

R17: Span
length of the
belfry arches

R18:
Connection to

Description

to the height and span length of arch(es) convgrigito them. A score of 5 might be
assigned if the footprint is large enough to accaaate the inclined forces coming
from the thrusting elements. The score should beided basing on the divergence
from the optimal scenario.

For the purposes of this criterion, the quality tbé masonry is based on the
qualitative approach of the masonry quality indég]] The score for this criterion

can be 1, 2, or 3 and equation 8 should be changitu vkp,l-=le':ﬂ+
kp
iz:}’z"l’_l Iekp,j- A score of 3 might be assigned to a correspontbngiasonry

category “A” in the in-plane direction. A score @f might be assigned to a
corresponding to masonry category “B” in the inAg@alirection. A score of 1 might
be assigned to a corresponding to masonry caté@ryn the in-plane direction.
The score should not be larger than 1 if the wadl éxtensive cracks.

Lintels should either look like beams, stonework,boickwork around openings.
These must be in good shape to transfer loads ppately through masonry walls.
A score of 5 might be assigned if the lintel hapraperly large support on the
vertical bearing elements surrounding the openimd) 1@o cracks are evident on the
lintels or on the immediately surrounding area. Shere should be lowered basing
on the divergence from the optimal scenario. If amglence of the absence of lintels
might be noticed (extensive cracks surroundingdpenings) a score of 0 might be
assigned.

This criterion refers to how thick triumphal archwith respect of its length. The
score was based on the perceived geometry ofithegghal arch.

This criterion has several similarities with Rle(tiods). The main difference is the
radial distribution of the tie rods to counterabe ttransversal forces. Also steel,
timber, or FRP hooping members should be considerdhis criterion and, if they
exist, a score of 5 might be assigned.

This criterion has several similarities with R4 rfoection to roof) and it was
assessed in a similar way.

This criterion refers to the dimension of the lantabove the dome. The bigger the
lantern is, the larger would be the load on the eloRurthermore, slender lanterns
could be likely affected by overturning. Given ttificulty of accessing the lantern

directly, the score was based on the perceived gagraf the element.

This criterion has several similarities with R14nfern dimension) and it was
assessed in a similar way.

If the bell tower is not integral with the churchi adjacent the actual church
structure, then it will have some distance from therch. It may still be adjacent

another structure that may be adjacent to the thia not the church itself. A score
of 5 might be assigned if there are no forms ofnemtions between the bell tower
and the church, and the minimum distance betweetwh structure is larger H/100,

where H is the height of the church wall adjacerttie bell tower. The score should
be lowered based on the divergence from the optigetario.

Short span arches provide better support than fasygn arches. This is applicable if
there are one or more arches in the belfry. Gihendifficulty of accessing the belfry

of each church, the score was based on the pedcga@metry of the arch. A score
of 5 might be assigned if the arch span was leas tine third of the horizontal

dimension of the belfry. The score should be logdrasing on the divergence from
the optimal scenario.

This criterion has several similarities with R4 rfoection to roof) and it was

assessed in a similar way.
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869

Criteria for
the
effectiveness
score of the Description

robustness
improver,
I ekp

This criterion exists if there is a connection betw the irregularity (other buildings
typically) and the church structure. It has sevemalilarities with R3 (connection to
lateral walls) and it has been assessed in a simdg. If there is not clear integral
connection, a score of O might be assigned. Formpka if the other
building/structure has a clear vertical joint witlistones or bricks going into both
the church and the other structure (i.e., two éstconstruction phases can be clearly
recognized) A score of 5 might be assigned if therao connection between the
church and the other building/structure, and stmadt breaks were interposed
between the two structures.

Table C 3 — Criteria for the effectiveness scorthefrobustness improveg, 4,
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870 Appendix D — Fuzzy Set Theory

871 Step 1. Membership Ratio and Fuzzfication of the Inputs
872  Accordingly with previous research [74, 75, 76, 24, 13], the sets;Avere defined as

873 risk categories related with the different compdsenf risk. Five membership ratio
874 elements (corresponding to 5 risk categories) wesexl to aggregate the probabilistic
875 range of risk variables: VL (Very Low), L (Low), NMedium), H (High), and VH
876 (Very High). Therefore, the input risk subcompormsef#.g.,iy o) Were “fuzzified” into
877 a five-tupley; = [Lvii: Ui Umi: Mni s Hvs,] Known as the membership ratio set wherein
878 each element represents the sensitivity of thealbbaivalue to each category from VL to
879 VH. The membership ratio can be assigned followtiferent methods [65, 78];
880 however, only the “Heuristic Method” was used tdirte the membership ratio sgt
881 since it is commonly applied for engineering ridgs@ssment [13, 22]. The heuristic
882 method defines each set using a “Triangular Fuzeynber” (TFN). The TFN is
883 characterized by a three-tuple arfe§N = [a/; a7; ad] whereay, aJ, andag represent,
884 respectively, where the membership to the gipén set starts, reaches its maximum,
885 and ends (with = VL, L, M, H, VH. Thus, the membership ratio can be determined in

886 accordance with equation D 1.

( 0, i; < a,’
ii—alj i . i
. oy W’ <t <ay’
887 Wl =1 (D 1)
(i) az’—i; j < j
m, a, < li = as
\ 0, il' > a3j
888 where:i; is the index related to thieth risk component;
889 u;’ o is the j-th component of the fuzzified five-tuple array

890 corresponding to the index



891 a,’, a,’, anda,’ are the components BFN .

892 The values of FN are shown in Table D 1.
SET Very Low Low Medium High Very High
[vi] (L] [M] [H] [VH]
Trls:zgzular TEN TEN TEN TENY TEN
Y [0; 0; 0.25] [0; 0.25; 0.5] [0.25; 0.5; 0.75] [0.5; 0.75; 1] [0.75; 1; 1]

Number
893  Table D 1- Triangular fuzzy numbers (TFN) of the trenship ratio.

894 Similarly to Sanchez-Silva and Garcia [76], Dickmé&hrgonul and Han [79],
895 and Tesfamaraim and Saatcioglu [22], five sets, V&, L, M, H, and VH), instead of
896 three [13], were considered to avoid an excessigeratization of the results. The

897 indices of risk components were fuzzified using &qn D 1.

898 Step 2: Aggregation of two five-tuple sets
899 According to Mamdani [66] and Zadeh [24], two fiugle sets can be combined into a

900 resulting five-tuple set using a procedure callaggregation” by Ross [65]. Thus, to
901 result in one single seismic risk rating, 13 fiuple sets (determined starting from the
902 risk subcomponents) were aggregated in couplesl wmi& single five-tuple set
903 remained. Since the aggregation is commutativeptter of aggregation is irrelevant.
904 The aggregation of the components of two five-tug#ésu: = [uvi 1, (1, uma, A1,
905  puvnal anduz = [uviz; p2; imz; iz, wveg] should be based on rulgthat combine the
906 two five-tuple sets’ components into a single aggted five-tuple set, = [uvir; uir;
907  umyr; unr uvhy]. Since each five-tuple sei has five components, each set of rules rk
908 was constituted of 25 elements £ [1, 2, 3, ..., 25]), accounting for any possible

909 combination as shown in Table D 2.

Rule | Setinput | Setinput | Set output Set |nput Set input 2 j
Set [r 1 [I-l1jk 2 [I-lzjk S[r]t [u Jk] Setoutput ]

1
r

2
r
r_3

4
r

VL M H H
VL L M VH H
VL M L r16 H VL M
VL H M rt H L M



910
911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

Rule
Rule | Setinput | Setinput | Set output Set input Set input 2 j
i i j Set i i Set output
sl | 1M | 2w | owd | 3| 1wt e Pt

r VL M r M

r® L L r'? H

r’ L L L r?° H VH VH
r L M M ! VH VL M
r’ L H M r* VH L H
r'o L VH H % VH M H
it M VL L r* VH H VH
r'? M L M % VH VH VH
' M M M

Table D 2 — Combination rule&.r

The combinations in Table D 2 are resolved by mezinthe Boolean rule of set
intersection [80] in Equation D 2:
[ ]k = w7 0 " (D 2)
where:[u,/], is the result of th&-th rule havingj as set output for
j=[VL LM, H VH] andk = [1,2,3, ..., 25];
u’* is thej-th component of the first inpyt; corresponding to thé-th rule
(e.9., u’* = uy, fork = 11);
u,’¥ is thej-th component of the second ingutcorresponding to thé-th rule
(e.9.u7" = vz fork = 11);
The algebraic operation corresponding to the abewtioned Boolean intersection,
according to the Mamdani and Zadeh implicationghe minimum value of the two
considered components of the five-tuple sets. THagiation D 2 is converted into
Equation D 3 as follows:
[ 7] = min(py/%; py %) (D 3)
Since the resulting set will haveelementg within a single component (e.g., rulés
r3, 1% r’, r*' all contribute to component L) the actual memiseresolved by means of

the Boolean union rule in Equation D 4:

Hjr = [.urj]k,l U [.urj]k,z u..u [.urj]k,n (D 4)
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929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

where:u; . is thej-th component of the outpys;

n is the number of rule havingj as result (e.gn = 5 for j = L).
The algebraic operation corresponding to the Baoledon operation, according to the
Mamdani and Zadeh implications, is the maximum eatd the intersections. Thus,

Equation D 4 is translated into Equation D 5 akfos:

Hjr = max( [ﬂrj]k’l; [.urj]k’z; [.urj]k’n) (D5)
Equation D 3 and D 5 were used to determine thepoments of the resulting five-tuple
setu, = [Uvir Uir; U UHr - Mvs,]. The five-tuple setg; were aggregated two-by-two in

an iterative process as shown in Figure 13.

Step 3: Defuzzification

The defuzzification of the aggregated five-tupleswbtained by using Equation D 6.

lir=XjqQiljr (D 6)

where:i;,. represents the defuzzified valuewgf.;
q; is the weighting factor of theth component of the outpys;
uj - is thej-th component of the outpys.

Tesfamaraim and Saatcioglu [22] proposeddgHactors to be, respectivelgy. = 0, q.
= 0.25,qv = 0.50,g4 = 0.75, andgyy = 1.00, however, in the current reseaigh, was
modified to assume the value of 0.10 so as noisegard completely the importance

of the Very Low risk category.
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Appendix E — Worked Example

A worked example for the calculation of the seismigk rating is offered in the
following appendix. The case of the church of “Saktaria Maggiore” (Figure E 1)
was used for this example= 61). The church is located in the main squar&lafti, in
the diocese of Anagni — Alatri (province of Frosiep Lazio). It was completed in the
13" century and it was built over the ruins of a poers pagan temple dating from the

5™ century A.D.

Figure E 1- Church of Santa Maria Maggiore, Alatrgzio (ltaly).
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958

Seismic Risk Subcomponents

Peak ground | o percentile 95"
Scenario acceleration, ] ercentile [q]
PGA [g] . . :
0.095
Hazard 0.118
0.247 0.043 0.344
0.288

Scenario
Vulnerabilty

Scenario OcE:uep(;ar}a/ P [pggceg]t Itz percentlle
peop Peop people
2.05 136.20
49.03 624.64
Exposure
Community 95"
Scenario 5™ percentile
utilization, k; percentile

0.00198

0.00692
Equivalent

economic 5™ percentile
value, A [€]

0.0016
0.015

0.193
2.368

95th
percentile
[€]

Scenario

1,452,461
Consequence 1,928,546 207,225 2,656,528

Total score of Maximum
Scenario the church, possible
Score score

Table E 1 — Indices of risk subcomponent

Index of
hazard

subcomponent,

Index of
vulnerability
subcomponent,

occupancy
rate, iorj

0.420

0.320

Index of
community
utilization, icy;

0.010

0.006
Index of
equivalent
economic
value, iggy;
0.547
0.726
Index of
Susceptible
Heritage, igy;

0.844
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959 Seismic Risk Rating

960

961

962
963

964

965
966

Via FST

Step 1: Membership Ratio and Fuzzification of thguits

Fuzzified Ver : : Ver
Indices, i five-tuple Lovx}// L(L)W Mel\o/lllum Hll—?h Hig?]/
set, ;i [VL] (L M] [H] [VH]
L ke [ 0277 e 0 0.894 0.106 0 0
C kas | 0343 s 0 0.630 0.370 0 0
Cdmasae | 0717 | s 0 0 0.134 0.866 0
| poare | 0836 puoane 0 0 0 0.656 0.344
~ ivme | 0553 | pymir 0 0 0.787 0.213 0
L ivme | 0622 e 0 0 0.514 0.486 0
 iorac | 0420 porac 0 0.322 0.678 0 0
" lorme | 0820  porwmc 0 0.719 0.281 0 0
.~ deurw | 0010 ucumw 0.959 0.041 0 0 0
" deuwn | 0006 sicumo 0.975 0.025 0 0 0
" leevame | 0499 ey 0 0.005 0.995 0 0
| eevma | 0.649 | eevma 0 0 0.351 0.649 0
C s [ 0844 sy 0 0 0 0.622 0.378

Table E 2 — Fuzzification of the indices of risknpmnents.

Step 2: Aggregation of two five-tuple sets

Input five-tuple fi\?eu-ttEUtle Very Low Low Medium High Very High
sets et VL] L] ] [H] [VH]

Hazard
UHac 0.630 0.370
JLR1: 0 0 0.630 0.370 0
HH 0 0 0 0.630 0.344

Vulnerabilit
C fvmic | Aves My 0 0
| Horso | Hommo = fioR

0.514 0.486 0
Exposure

0 0.322 0.678 0 0

IEEEEE 0.959 0.041 0 0 0

e He 0 0.678 0.041 0 0
Consequences

e - 0 0 0.096 0.813 0

. usw Meev  He 0 0 0 0.622 0.378

Table E 3 — Aggregation from seismic risk subcoreptsito seismic risk components (bolded).

Input five-tuple ﬁeelﬁﬂuﬁe Very Low Low Medium High Very High
sets setp [VL] [L] M] [H] [VH]
e He

UEC 0.622 0.378
HUVEC 0.514 0.486

HR 0 0 0 0.514 0.344
Table E 4 — Aggregation from seismic risk componiemseismic risk (bolded).
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967 Step 3: Defuzzification
[ | Aggregated five-tuple sety; Indices of seismic risk component,

. Hazard 4y =[0; 0;0;0.630; 0.344] i 0.816
' Vulnerability " = [0; 0; 0.514; 0.486; 0] vi 0.622
| Exposure | ue=[0;0.678;0.041; 0; 0] ie 0.190
[ Consequences | uc=[0; 0;0;0.622; 0.378] ci 0.844

968 Table E 5 — Defuzzification of the seismic risk poment into indices.

Aggregated five-tuple setu;
4= = [0; 0; 0; 0.514; 0.344] in 0.730
969 Table E 6 — Defuzzification of the seismic risk irgting.

970 Via multilinear regression equations

Indices of seismic risk . L :
Indices of seismic risk rating
subcomponentlI

__ in G
ki 0717

iy 0.612

le 0.183

ic 0.500

971 Table E 7 — Determination of the indices of seistisic components via Equations 12 through 15.

Indices of seismic risk componentj Seismic risk rating, i;

From Table E5 | From Table E 6 From Table E 5 From Table E 6
values values

0.816 0.669
|V 0.622 0.612 .

i 0.190 0.183 Ir e DRaie)
ic 0.844 0.500

972  Table E 8 — Determination of the seismic risk rgtina Equation 16.
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Highlights - Seismic Risk Assessment and Intervention Prioritization for Italian
Medieval Churches

» Holistic seismic risk assessment for historic unreinforced masonry churces

» Definition of risk indices for each risk components (i.e., hazard, vulnerability, exposure, and
consequences) and their subcomponents

» Application of fuzzy set theory to risk assessment

» Definition of ready-to-use equations to determine the indices of risk based on easily
accessible information

» Prioritization for the strengthening and/or retrofitting intervention on historic buildings
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