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ABSTRACT

Romania, a mid-eastern European country, has a moderate seismicity and a large stock of historical
buildings and churches. One of the most important seismic areas of the country is the Banat area,
which ranks as the second most seismic area in Romania, with shallow earthquakes of crustal type.
Many Orthodox and Catholic churches can be found in the area, the majority of them having
a central nave. The churches are built in masonry, with vaults and wooden frameworks, and they
present valuable architectural-artistic details, including paintings made by recognized painters.
Various forms of structural damage appeared to the historical churches after past earthquakes,
depending on the architectural configuration. This paper illustrates a study made on six historic
churches in the Banat region, to investigate seismic vulnerability with simplified methods. The
study highlights the most vulnerable points of the historic religious structures and the importance
of investigating in a quick and simplified way the seismic behavior of such important buildings for
the local community. Moreover, the main novelty of the paper is the highlighting of the impor-
tance of the sustainability aspect in the process of heritage preservation, as simplified assessment
procedures are essential for more resilient risk reduction policies.
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1. Introduction a difficult task, especially due to their architectural-
artistic, symbolic, and cultural value. Depending on

1.1. Opportunity of the study the structural configuration of the churches and the

One of the most complex architectural programs is repre-
sented by the churches, which are very important for the
local communities, due to their religious and cultural
value. Made of wood, stone, or masonry, they are well
preserved even nowadays, despite being built before the
existence of any design codes, or their ages, as they are
one of the most representative architectural objects.

As the Orthodox religion is very present in the life of
the people in Romania, the religious one is still one of
the most representative architectural edifices. On the
territory of the country, there are thousands of
Orthodox churches and also several Catholic and other
religious ones. Most of them are still used, and they
continue to represent a point of interest, especially for
rural communities’ life.

Assessing the seismic vulnerability of such complex
architectural and structural churches represents

earthquake type, expected damages can be very differ-
ent, as shown in various studies made in Romania
(Mosoarca and Gioncu 2013), southern Italy
(Formisano et al. 2018), central Italy (Clementi et al.
2020), and specifically Banat region (Fofiu et al. 2021).
Some of the studies are supported by user-reported data
and the modern Internet of Things (Uva et al. 2019),
while others are based on visual inspection, numerical
analysis, and a macro-element approach (Sangiorgio,
Uva, and Adam 2021).

One of the most common failure types for churches is
the failure rigid blocks mechanism, as previous studies
made on Orthodox and Catholic edifices were made
(Mosoarca and Gioncu 2013). Other recent studies
based on the comparison between numerical analysis
and real damages observed after past earthquakes main-
tain the previous idea (Lo Monaco et al. 2022).
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Some novel research works indicate a possibility of
using archetype buildings for an interview-based
approach with a mechanical method that can be used
later on a territorial scale (Ruggieri et al. 2023). Another
important challenge is the elevated exposure of the
churches due to specific structural configurations and
deficiencies, which increases the seismic risk. Also, any
damage to cultural and artistic artwork that is very com-
mon to those kinds of buildings would represent impor-
tant cultural and economic losses (Ruggieri et al. 2020).

Moreover, the state-of-the-art research indicated
a lack of correlation between sustainability aspects and
vulnerability assessment. Following simplified proce-
dures to evaluate the vulnerability of a building, church,
or entire area represents a very useful tool for a more
sustainable approach, but a new, innovative procedure
that will consider also the sustainability level of the
actual existing interventions would be important.
Considering the sustainability aspects of the assessment
procedures would represent an opportunity for future
more resilient risk-reduction policies, with a better
impact on the built environment.

1.2. Seismicity of Banat region

The six churches that are investigated are located in
the second most important seismic zone of the country,
Banat region.

The seismicity of the area is highlighted in Figure 1b (Lo
Monaco et al. 2022), by overlapping the map of the
European seismic hazard (Woessner et al. 2015) with the
map of the peak ground acceleration based on the
Romanian legislation (Ministry of Regional Development
Public Administration and European Funds, 2013).
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The area has a moderate seismicity, characterized by
shallow earthquakes of crustal type. The vertical forces
are the most powerful, and the focal depths are small
(Mosoarca et al. 2020). In the region, there was recorded
a maximum of 5.6 magnitude. The peak ground accelera-
tion can vary from 0.15 g to 0.20 g in various locations of
the Banat region.

Following Equation 1 (Onescu, Onescu, and
Mosoarca 2021), the most probable macroseismic inten-
sity was determined for the investigated churches,
which is VIII EMS-98 in the areas with 0.15g PGA
and IX EMS-98 in the regions with PGA =0.20 G.

ll’l(PGA) = 0-24xIEMS—98 -39 (1)

2. Case study churches

The research focuses on representative Orthodox masonry
churches from Banat area. There were selected six
churches, from which five are located in Timis county,
and one in Caras-Severin county, as illustrated in Figure 2.

2.1. Architectural configuration and structural
system

The six churches that were selected for the research study
are considered representative of the architectural style of
religious buildings in the Banat area, with a unique nave
and a rectangular plan, very similar regarding their archi-
tecture, built in the XVIII-XIX Century.

Some representative elements of the architecture of the
Orthodox churches in the area are present in all investi-
gated churches, such as the pronaos (also called narthex),
the naos (also called the central nave), the iconostasis

Fruh Lo Banrins st byl
10% Emcwwtancs Probabeny i 59 sran

rstee atr by Saracd

Figure 1. a) Localization of Banat seismic area on the European seismic hazard map (Woessner et al. 2015); b) overlayed map for

Romania (Lo Monaco et al. 2022).
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Figure 2. Localization of the investigated churches.

(which is the wooden wall that separates the naos from the
altar), the altar (sanctuary) and the bell tower, which is
always located in the main facade, centrally, leading to
a typical architectural configuration, as illustrated in
Figure 3 (Lo Monaco et al. 2022).

The structure of the investigated churches is based on
massive perimetral masonry walls, made from masonry
clay brick and lime. Masonry is also used for the foundation
of buildings, in some cases stone, leading to continuous
foundation walls under the masonry walls. One represen-
tative element is the bell tower, which is always one, located
centrally on the main facade, made also in masonry, with
a wooden spire at the top. Usually, there is a mezzanine in
the pronaos area. Masonry arches and vaults can be found,
but in some cases, they are not structural, but only built for
architectural spatial reasons, such as in the cases of the
churches in Bencecu de Jos, Chizatau, and Cenad. The

NARTHEX

SN

&
‘W T W

altar shape is usually hexagonal or circular, while the roof
is made in a wooden framework, with a pitched shape. The
exact structural configuration of each church can be seen in
Tables 1 and 2 (Lo Monaco et al. 2022).

As a conclusion of the typological structure and archi-
tecture of all investigated churches, the bearing walls, and
the bell tower are made in brick or mixed stone-brick
masonry, the vaults are made in brick masonry or plaster-
board-wooden plank, the spire and mezzanine are made in
wood, and the pitched roofs are also made in wooden
frameworks. All six churches are configured with a single
central nave, one central bell tower incorporated in the
main fagade, and a rounded sanctuary. The differences
are related to the dimensions of the six churches, the high-
est of them being the one in Bocsa, with a bell tower height
of 35.33 meters. Some constructive details can also be seen
in Figure 4.

* ICONOSTASIS
¢ BELLTOWER

e
.;.,/

SANCTUARY

CENTRAL NAVE

Figure 3. Architectural typical configuration of the investigated churches (Lo Monaco et al. 2022).
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Table 1. Structural configuration of the investigated churches (Lo Monaco et al. 2022.).

1 Pogorarea Sfantului 2 Nasterea Maicii
Duh Domnului
(Holy Spirit Descent) (God's Mother Nativity)

3 Sfintul Nicolae
(Saint Nicholas)

4 Sfantul Nicolae
(Saint Nicholas)

6 Invierea Domnului
(Jesus Resurrection)

5 Sfantul Gheorghe
(Saint George)

Municipality of Cenad Municipality of Chizatau  Municipality of

Bocsa Jos

Municipality of Bencecu de  Municipality of Beregsdu

Municipality of

Mare Belint

£

Table 2. Synthesis of the decay observed in the investigated churches.

1 Construction period and location: 1888, flat rural area of Cenad
Bearing walls material and thickness: brick masonry, 70-75 cm
Vaults: wooden barrel vault with lunettes (false-vault)

Bell tower height: 26.15 m
Damages recorded: cracks on walls, damaged plaster and paintings

2 Construction period and location: 1827, flat rural area of Chizatau
Bearing walls material and thickness: brick masonry, 57-97 cm
Vaults: wooden barrel vaults and arches
Bell tower height: 23.21 m
Damages recorded: cracks on walls, damaged plaster and paintings, cracks
between tower walls and longitudinal walls

3 Construction period and location: 1795-1911, city of Bocsa
Bearing walls material and thickness: stone-brick masonry, 100-160 cm
Vaults: brick masonry barrel vaults and arches
Bell tower height: 35.33 m
Damages recorded: damaged plaster and paintings

4 Construction period and location: 1899, hilly area of
Bencecu de Jos
Bearing walls material and thickness: brick
masonry, 55-75 cm
Vaults: plasterboard and wooden plank barrel vault
with lunettes
Bell tower height: 23.27 m
Damages recorded: cracks on walls, damaged plaster
and paintings

5 Construction period and location: 1793-1810, flat
rural area of Beregsau Mare
Bearing walls material and thickness: brick
masonry, 35-75 cm
Vaults: brick masonry barrel vaults and arches
Bell tower height: 27.96 m
Damages recorded: cracks on walls, damaged plaster
and paintings

6 Construction period and location: 1797, flat rural area
of Belint
Bearing walls material and thickness: brick
masonry, 70-170 cm
Vaults: brick masonry barrel vaults and arches
Bell tower height: 25.80 m
Damages recorded before interventions: vertical
cracks in the apse area




2.2. Level of decay

Some common decay elements were found for all
investigated religious edifices, such as the vertical
cracks on the exterior facades, in proximity to the
openings. Other cracks between the longitudinal
wall and the bell tower were noticed during on-
site inspection, as well as cracks in the masonry
vaults and arches, as presented in Figure 5. The
main cause of the observed decay is the different
settlements. The decay is also non-structural, being

Figure 5. Damage and cracks observed in the investigated churches.

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE . 5

observed on the plaster and paintings, with super-
ficial plaster cracks. The synthesis of the observed
damages and details is presented in Table 2.

As a conclusion of the typological structure and
architecture of all investigated churches, the bearing
walls, and the bell tower are made in brick or mixed
stone-brick masonry, the vaults are made in brick
masonry or plasterboard-wooden plank, the spire
and mezzanine are made in wood, and the pitched
roofs are also made in wooden frameworks.
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Table 3. Vulnerability forms for empirical vulnerability assessment.

36 Economic value

10 15 25 1.50

Class
% Criteria No. Element A B C D Weight
70% STRUCTURAL 1 Vertical structure organization 0 5 20 45 1.00
2 Vertical structure nature 0 5 25 45 0.25
3 Type of foundation and location/soil 0 5 25 45 0.75
4 Distribution of structural elements in plan 0 5 25 45 1.50
5 Regularity in plan 0 5 25 45 0.50
6 Regularity in elevation 0 5 25 45 1.00
7 Floor type 0 5 15 45 0.75
8 Roofing 0 15 25 45 0.75
9 Other details 0 0 25 45 0.25
10 Conservation state 0 5 25 45 1.00
15% ARCHITECTURAL ARTISTIC 11 Representative architectural style for the area 0 10 15 25 1.50
12 Age, importance of the build époque 0 10 15 25 1.20
13 Original woodwork/joinery 0 10 15 25 1.00
14 Original stucco, brick, floors or ceilings 0 10 15 25 1.00
15 Original statues or bass-reliefs 0 10 15 25 1.00
16 Original gable/fronton 0 10 15 25 1.00
17 Original balconies and railings 0 10 15 25 1.00
18 Original mosaics or stonework 0 10 15 25 1.00
19 Original paintings or frescoes 0 10 15 25 1.00
20 Degradation state of artistic assets -5 10 15 25 1.00
21 Authenticity/originality (global, elements) 0 10 15 25 1.00
22 Official monument (national, regional, local, protected area) status 0 10 15 25 1.50
23 Particular construction techniques/materials 0 10 15 25 0.50
24 Conservation state of original materials -5 10 15 25 0.50
25 Representative historical events 0 10 15 25 0.50
26 Archaeological site 0 10 15 25 1.50
27 Representative/original wooden framework 0 10 15 25 1.00
28 Past restoration work -5 10 15 25 1.00
10% URBANISTIC 29 Importance in contouring the street profile -5 10 15 25 1.50
30 Importance in contouring the urban silhouette =5 10 15 25 1.50
31 Annexes, relation with the urban pattern 0 10 15 25 1.00
32 Location (central area, touristic area) 0 10 15 25 1.50
33 Representative/particular shape of the roof 0 10 15 25 1.00
5% SOCIAL 34 Public/social functions 0 10 15 25 1.50
ECONOMIC 35 Importance for the local community memory -5 10 15 25 1.00
0
0

37 Cultural functions

10 15 25 1.50

3. Simplified vulnerability assessment

3.1. Empiric vulnerability assessment with cultural
value

One of the methodologies that were applied for assessing
the vulnerability of the six investigated Orthodox churches
in the Banat area is the well-known empiric European
procedure, developed by Benedetti and Petrini (Benedetti
and Petrini 1984). In addition to that method, the metho-
dology was developed by Onescu (Apostol 2020) to con-
sider not only the structural parameters but also the
architectural-artistic, urbanistic, and socio-economic
ones. The base of the assessment consists of a visual inspec-
tion and a correlation with a vulnerability form that con-
tains 37 parameters, from which only the first 10 refer to
the structure of the investigated buildings, being exactly the
same as in the methodology of Benedeti and Petrini. The
other ones refer to architectural-artistic, urbanistic, and
socio-economic aspects and represent the original contri-
bution of the authors Onescu and Mosoarca, with the main
aim of considering the cultural value of the assessed

buildings. After the fulfilment of the vulnerability form,
there is obtained a vulnerability index as the sum of each
individual score of the assessed vulnerability class multi-
plied by an associated weight, as in Equations 2 and 3
(Onescu, Onescu, and Mosoarca 2021). The final vulner-
ability form is presented in Table 3.

10
Iystruct = E iy Si X Wi )

10 28
IVCULT =0.70 x Zizl S;i X ;4;,‘ +0.15 x Zi:ll Si
X w; +0.10 X Zizzg s; X w; + 0.05

37
X Zi:34 Si X Wi
(3)

Following Equation 4, there is obtained the mean
damage. Following the vulnerability curve by means
of a hyperbolic function developed by Sandi and
Floricel (Sandi and Floricel 1994), for an expected
macroseismic intensity for each church (Onescu,
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Figure 6. Only structural assessment: a) Individual vulnerability curves; b) mean vulnerability curve for all six churches.

Onescu, and Mosoarca 2021), there can be deter-
mined the most expected damage state.

14625 x Veprr — 13.1
MD_Z.S[I—Ftanh( + X (DCULT )] (4)

Where Vcypr represents the vulnerability index
which considers also the cultural value, in the range
from 0 to 1, I is the macroseismic intensity of the
area, and @ represents a factor that influences the
slope of the curve, which is considered to be 2.3 for
residential buildings, and 3 for churches (Zizi et al.
2021).

Furthermore, the vulnerability curve function was cali-
brated specifically for masonry churches by Prof.
Lagomarsino and Podesta (Lagomarsino and Podesta
2004), following the damages observed after the 1997
earthquake from Umbria and Marche areas. After per-
forming an extended analysis of over 2000 churches,
their research led to the following mean damage formula
(Equation 5):

I+ 3.4375 x V, — 8.9125
pp =2.5 [1 + tanh< * @CULT >}

(5)

Where @ is considered again with the value 3 for
masonry churches [16].

3.1.1. Vulnerability assessment results without
considering the cultural value

By applying only, the original methodology of
Benedetti and Petrini (Benedetti and Petrini 1984),
and the adapted mean damage assessment equation
for masonry churches (Mosoarca et al. 2020), there
was obtained the seismic vulnerability assessment of
the six churches, from a structural point of view.
The vulnerability curve for each church, together
with the mean vulnerability curve of all six churches
without the cultural value considered is presented in
Figure 6.

A medium seismic vulnerability for all the six inves-
tigated churches is indicated by the results, in the range
of damage states D2-D4 for the probable macroseismic
intensities VIII and IX EMS-98. The most expected
damage state for the churches that are located in areas
with PGA =0.15 g and expected macroseismic intensity
VIII EMS-98 is D2 damage state, while the churches that
are located in areas with PGA =0.20 g and expected
macroseismic intensity IX EMS-98 are in D3-D4
damage state.

The results indicated a probability of having moder-
ate-to-severe damage to the elements that are non-
structural, and in some cases slight to moderate damage
to the structural elements. These results are in accor-
dance with the real damages observed during on-site
investigations.

3.1.2. Vulnerability assessment results with the
cultural value considered

By applying the original methodology of the authors
Onescu and Mosoarca, which considers also architec-
tural-artistic, urbanistic, and socio-economic para-
meters (Apostol 2020), there was determined the
seismic vulnerability influenced by cultural value.
The vulnerability curve for each church, together
with the mean vulnerability curve of all six churches
with the cultural value considered is presented in
Figure 7.

As previously determined, the results in this case also
highlight a medium seismic vulnerability for all six
churches, indicating the most probable damage states
D2-D4 for the expected macroseismic intensities VIII
and IX EMS-98.

A comparison between the results obtained when the
cultural value of the churches was considered and when
it did not indicate only a slight change of vulnerability.
The tendency when the cultural value is considered is to
decrease the vulnerability by 1-2%. The difference is
minor, and that happens because the investigated
churches had already a very similar vulnerability, as
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—Chizatau

Beregsau

Bocsa

Figure 7. With cultural value: a) Individual vulnerability curves; b)

they were very similar to each other. Moreover, the
consideration of cultural value tends to bring all the
vulnerability indexes in the same range, as all the inves-
tigated buildings are very similar in terms of architec-
tural-artistic, urbanistic, and socio-economic values. So,
even if the structural vulnerability of the six churches is
a bit different, the cultural vulnerability is much more
similar, as presented in Figure 8.

3.2. Vulnerability assessment based on Italian
methodology

The Italian Directive 47 of 2011 (Directive of the Prime
Minister G.U. N. 47 2011) indicates that there can be
considered 3 different levels of seismic risk assessment
(Levels of Valuation LV1, LV2, and LV3) when asses-
sing the vulnerability of a building or an area, for cul-
tural heritage, depending on the complexity of the
investigation. The most common procedure focuses on
the LV1-Level assessment, and follows a qualitative ana-
lysis based on visual on-site investigation and survey,
defining the seismic capacity of the structure expressed
in terms of PGA, following Equations 5and 6 (Lo

Monaco et al. 2022).
0.44
|039 i038
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mean vulnerability curve for all six churches.

1 ZIZC8=I pr (v —vip) | 1
1y, = 8 ° 28 + E (6)
> k1 Pi
arsisS = 0.025 - 1.871 7344 [g] 7)

Where p, is the weight is considered for each possible
collapse mechanism (0 if not present, or ranging 0,5-1),
vki is the score assigned for the k-th mechanism which
refers to the evaluated vulnerability, and vkp is the score
assigned for the k-th mechanism which refers to the
seismic-resistant advice. S is a coefficient depending
on subsoil and topographic categories.

Following this multi-level approach, in Diaz Fuentes
(Andrea and Fuentes 2016) and in D’Amato et al.
(D’Amato, Laterza, and Diaz Fuentes 2020), there can
be found an innovative proposal that highlights
a simplified level of evaluation, the LVO0, which is appro-
priate for territorial scale evaluation. The LVO repre-
sents a combination of Hazard H and vulnerability V,
following Equations 7 (Lo Monaco et al. 2022) and
provides a Risk score R.

7 13
R=[H+1XxV,H=> " I, V=Y " pcvii
(8)

6 0.360.35

Beregsau

0.290-31 m Structural vulnerability

I I W Cultural vulnerability

Belint

Figure 8. The results ordered in a top of the most vulnerable churches according to empiric methodology.



3.2.1. Results of the LV0 and LV1 methodology
Following the LV1 Italian methodology, the results
in terms of global vulnerability index based on the
acceleration expected for each investigated religious
edifice are presented in Table 4. The calculation of
the acceleration factor is made by dividing the
obtained acceleration by the ground acceleration
that is characteristic to a specific area for the con-
sidered limit state.

In Figure 9, there are presented the results obtained
following both LV0O and LV1 analysis. There can be
noticed a good correlation between those two different
valuation levels, as both methodologies indicate the
church of Cenad as the most vulnerable, while the
least vulnerable seems to be the church in Belint in
both cases. The obtained horizontal acceleration at
LSLS is aOg,LSLS =0.080 g + 0.115 g, and the obtained
vertical acceleration at LSLS is aVg,LSLS=0.081¢g +
0.116 g. The expected ag on rock soil (TR =225 years)
is 0.15 g for the churches in Chizatau, Belint, and Bocsa
and 0.20 g for the churches in Cenad, Bencecu de Jos
and Beregsau Mare.

3.3. Comparison between Romanian and Italian
methodologies results

The results obtained after applying various
Romanian and Italian vulnerability assessment pro-
cedures to the six investigated churches in the Banat
area indicated in all cases a medium seismic

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE ‘ 9

vulnerability, highlighting a possibility of moderate
damages to the structural elements and extended
damages to non-structural ones.

The Romanian procedure tends to underestimate
the expected damage in comparison with the Italian
procedure. These results are expected, as the
Romanian methodology is more simplified than the
Italian one and considered fewer possible failure
mechanism regarding the structural vulnerability of
the investigated church. Despite this slight differ-
ence, the expected mean damage following the
Romanian methodology also indicates a medium
vulnerability, which is consistent with the damage
state of the existing investigated masonry churches
that was observed after on-site investigation.
A comparison between the vulnerability indexes is
presented in Figure 10.

4. Sustainability and resilience of empirical
assessment

The seismic vulnerability assessment of historical build-
ings and churches represents a useful tool in the process
of heritage preservation. While technical reports and
numerical analysis are more accurate, they need numer-
ous financial and human resources, leading to a very
increased analysis time. That is why, simplified assess-
ment procedures represent a more sustainable procedure
for a resilient risk reduction strategy, as they allow local
authorities to quickly evaluate a very large number of

Table 4. Global vulnerability index for the investigated churches according to LV1 analysis.

iy (global Fc
vulnerability  (confidence  aq [g]
Church index) factor)

aog,Lsts [9] - horizontal
ground acceleration/F,
expected in Life-Safety Limit State Life-Safety Limit State in Life-Safety Limit State State

favsLy - vertical
acceleration factor
at Life-Safety Limit

f,o0sLv - horizontal
acceleration factor at

ayg LsisS [g] - vertical
ground acceleration/F.

Holy Spirit 0.587 1.35 0.2 0.081
Descent
Church
(CENAD)

God's 0.566 0.15 0.080
Mother
Nativity
Church
(CHIZATAU)

Saint Nicholas 0.460 0.15 0.099
Church
(BOCSA)

Saint Nicholas 0.450 0.2 0.107
Church
(BENCECU DE
JOS)

Saint George 0.428 0.2 0.112
Church
(BERGSAU
MARE)

Jesus 0.389 0.15 0.115
Resurrection
Church
(BELINT)

0.405 0.083 0.414

0.534 0.081 0.542

0.661 0.101 0.672

0.534 0.109 0.545

0.558 0.114 0.570

0.763 0.116 0.775
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Figure 9. The results following LVO and LV1 methodology.

buildings and churches, with minimum financial and
human resources. This simplified assessment offers
a global view of the state of the heritage buildings, indi-
cating the ones that are the most vulnerable, so extended
analysis could be performed only on those. Nowadays,
there is little information about the sustainability of the
historical areas and buildings, some of them regarding the
life cycle assessment, but the research topic is still devel-
oping (Loli and Bertolin 2021).

Moreover, sustainability is to be expected also in the
strengthening process of the architectural heritage build-
ings and churches, as the built environment is accountable

EmLVO mLV1
0.7

0.59 0,587 0.58 (566

0.51
0.5 0.44 460
0.42 0.39

0.4
0.3
0.2
0.1

0

1 2 3

for more or less of 40% of all greenhouse gas emissions.
The use of resilient strengthening methods and compatible
materials represents one of the modern tasks in the con-
servation and restoration process, together with the task of
improving the quality of the living and using conditions
(Mosoarca, Onescu, and Mosoarca 2023). Considering the
fact that the primary reason for which heritage buildings
are forsaken is tthe lack of financial funds for investigation
and restoration, there is highlighted the need for
a multidisciplinary simplified procedure that will provide
a viable scheme for the preservation of the architectural
heritage (Mosoarca and Onescu 2023).

m EMPIRIC RO
05
0.48
450 178 0.44
0.38 0.36 -389
I I I 0.29
4 5 6

Figure 10. Comparison between the different methodologies results.



The sustainability aspect is to be considered not only
in the design process of new buildings but also in the
restoration process of the old ones. The continuously
growing population, the increased building and con-
struction activity, the climate change, and other factors
have led to an increase in the vulnerability level of
existing buildings, which are already vulnerable to the
permanently changing hazard scenarios. To achieve
a sustainable decision-making framework, there have
to be considered multi-criterial aspects, such as perfor-
mance-assessment procedures, sustainability assess-
ment, and resilience-assessment, as shown in Figure 11
(Anwar 2022).

The surveys that were conducted after past earth-
quakes, especially in Italy, showed considerable damage
to masonry churches, highlighting the necessity of
increasing the knowledge level and of improving the
existing assessment methodologies for preserving the
valuable cultural heritage by means of risk mitigation.
The first step in the risk mitigation process is the proper
seismic vulnerability assessment of the vulnerable
churches, which is a complex process that can be
achieved following a large number of approaches, each
one corresponding to a different level of accuracy, as
presented in Figure 12 (Zizi et al. 2021).

As aresult of an investigation performed by the World
Bank Evalution Group, the cost of repairing due to nat-
ural hazards is rising and expecting to continually rise,
making the risk reduction policies more important than
ever. One of the simplest elements that consists of the
base of the risk reduction strategies are the simplified
assessment procedures that allows a quick screening of
a certain area and a simplified vulnerability ranking
which is convenient for multi-level decisional tool and
further more detailed analysis and interventions
(D’Amato, Laterza, and Diaz Fuentes 2020). The knowl-
edge process addresses several aspects, such as simplified
visual screening procedures for identifying the most vul-
nerable buildings and churches, innovative tools for
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processing and managing the data and integrated urban
planning strategies for risk reduction (Pela 2018).

The new urban planning policies recommend consid-
ering always a balance between design features and eco-
nomic, social, and  environmental  aspects
(Tsimplokoukou, Lamperti, and Negro 2014). This aspect
is very important when designing new buildings, but
assessing the emissions of existing ones, especially histor-
ical heritage buildings, is very difficult (Mazzarella 2015).
A new procedure was developed by Prof. Bertolin, the
Zero Emission Refurbishment method, which aims to
reduce the carbon footprint of large-scale interventions
on old building stocks. The methodology follows several
steps, such as the assessment of the historic value of the
investigated buildings, the assessment of the existing
decay, recategorization, life cycle assessment, calculation
of emissions, and payback approach, as illustrated in
Figure 13 (Loli and Bertolin 2021).

This procedure is one of the few methodologies that
links knowledge from experts in various disciplines and
focuses on existing buildings. Moreover, it integrates muti-
criteria approaches and ensures at the same time long-
term maintenance of existing buildings, to reduce the
impact of climate change issues. The innovative approach
highlights restoration and conservation principles that are
valuable and must be respected, considering at the same
time different levels of interventions and analyzing their
impact in terms of gas emissions that should be compen-
sated in one way or another (Bertolin and Loli 2018).

In the context of the most recent earthquakes in
Europe and in the entire world, the development of
new vulnerability assessment procedures that are easy
to apply to a large number of buildings and churches
should be considered a priority, contributing to a more
sustainable and resilient environment (Ferreira et al.
2021). Moreover, a comprehensive assessment metho-
dology that will consider also the sustainability aspects
should be developed, for a more resilient risk reduction
policy at urban scale.

Module 1: PAM

Performance-Assessment
= Hazard assessment
=  Stactural Anslysis
o Collapse Fragility
o Bulding Fesponse
= Performance Model
= Loss Assessment
social (Tepair timee)
economdc (Costs)

EnarEy)

Module 2: SAM

Sustainability-Assessment

= Collapse fragility from PAM
Building Fesponse from PAM
Sustainabiliry Modeal
Sustainability Assessment
social (casmalties),
economic (Costs)
environmental (equbivalent
carbon emissions, embodied

Module 3: RAM

Resilience-Assessment

= Total repair time from PAM
Impeding factors
Uhility disruptions
Downtime assessment
Functionality assessment
Fesilisnce assessment
social {downtime)

Decision-Making

= Criteria from PAM,
SAM. and BAM ™
Risk attimde
Remofit alternatives
Modified TOPSIS

Figure 11. Multi-criteria decision-making framework for sustainable risk reduction process [22].
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Figure 12. Approaches in the seismic vulnerability assessment process [15].

STEP I

Historic Value Assessment
- Qualitative Approach

- Flexible, interdisciplinary

- Legislative constraints

=
+ =8
&

Decay Assessment

- Quantitative analysis

- Estimation for one unit (m?, piece)
- Consideration of climate change

- Proposal of intervention scenarios

Recategorisation
- 2-D matrix system

Life Cycle Assessment
- Selection of the intervention
- 3-D decision.making system

¥
Calculation of total emissions
- Embodied energy of interventions
- Total of walls, windows, roofs
Payback Approach
- Operational energy estimation
- Renewable energy estimation

Figure 13. Methodology steps of the Zero Emission Refurbishment procedure for existing buildings and built areas (Loli and Bertolin 2021).

5. Conclusion

When comparing the results obtained following
Romanian and Italian vulnerability assessment meth-
odologies, there can be seen a good correlation of the
vulnerability classification, with all methods indicating
the Church in Cenad as the most vulnerable one, fol-
lowed by the Church in Chizatau, the Church in Bocsa,
then the one in Bencec, the Church in Beregsau, and the

less vulnerable is the Church in Belint. The Romanian
empiric vulnerability assessment methodology that
takes into consideration also the cultural value proposed
tends to underestimate 10-15% the seismic vulnerability
of the investigated churches in terms of vulnerability
indexes but estimates correctly the expected damage
state (Figure 9). None of the investigated churches
satisfies the LSLS verification.



The purpose of conducting urban disaster risk assess-
ment is to manage and reduce the risk of disasters in
urban areas by linking disaster risk analysis with urban
vulnerability analysis to identify potential hazards, eval-
uate the potential impacts and risks associated with those
hazards, and recommend effective countermeasures and
strategies for risk reduction. The assessment can be used
to make informed decisions and to prioritize resources to
prevent or mitigate the negative effects of disasters on
communities and urban environments (Shi et al. 2018).

Nowadays, finding and applying sustainable methods
for the vulnerability assessment of heritage buildings
represents a provocative aspect, because of the large
number of uncertainties that come with historical con-
structions. Despite these challenges, preserving the
architectural heritage should be one of the main prio-
rities for the local authorities in cities and areas with
cultural value, and identifying simplified procedures for
risk reduction could help the process. The indication of
those limitations in the field of vulnerability assessment
of historical buildings and areas represents one of the
main novelties of the present paper, as it highlights
a very interesting research opportunity for future work.

Moreover, those simplified procedures should consider
in the future not only structural, architectural-artistic,
urbanistic, and socio-economic parameters but also sus-
tainability aspects, to ensure a more resilient risk reduction
policy. The importance of the sustainability aspect in the
field of vulnerability assessment represents a research
opportunity, as it will facilitate more resilient policies at
territorial scale, with a better impact on the historical built
environment.

Disclosure statement

No potential conflict of interest was reported by the author(s).

ORCID

Michele D’Amato
Francesco Clementi
777X

http://orcid.org/0000-0003-3107-6262
http://orcid.org/0000-0002-9705-

References

Andrea, D., and D. Fuentes. 2016. Disefio de herramientas de
evaluacion del riesgo para la conservacién del patrimonio
cultural inmueble. Aplicacién en dos casos de estudio del
norte andino chileno. US: México.

Anwar, G. A. (2022). Resilience-based seismic performance of
individual buildings and community portfolios. http://www.
lib.polyu.edu.hk.

Apostol, 1. (2020) Seismic vulnerability assessment of historical
urban centres. Ph.D., US.

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE . 13

Benedetti, D., and V. Petrini. 1984. On the seismic vulner-
ability of masonry buildings: An evaluation method (in
Italian). L’Industria delle Costruzioni 149:66-74.

Bertolin, C., and A. Loli. 2018. Sustainable interventions in
historic buildings: a developing decision making tool.
Journal of Cultural Heritage 34:291-302. doi:10.1016/j.cul
her.2018.08.010.

Clementi, F., A. Ferrante, E. Giordano, F. Dubois, and
S. Lenci. 2020. Damage assessment of ancient masonry
churches stroked by the Central Italy earthquakes of 2016
by the non-smooth contact dynamics method. Bulletin of
Earthquake Engineering 18 (2):455-86. doi:10.1007/s10518-
019-00613-4.

D’Amato, M., M. Laterza, and D. Diaz Fuentes. 2020.
Simplified seismic analyses of ancient churches in matera’s
landscape. International Journal of Architectural Heritage
14 (1):119-38. doi:10.1080/15583058.2018.1511000.

Directive of the Prime Minister G.U. n. 47. 2011. Assessment
and mitigation of seismic risk of cultural heritage with refer-
ence to the technical code for the design of construction,
issued by D. M 14/1/2008.

Ferreira, T. M., X. Romio, P. B. Lourenco, E. Paupério, and
N. Martins. 2021. Risk and resilience in practice: cultural
heritage buildings. International Journal of Architectural
Heritage 15 (7):973-75. doi:10.1080/15583058.2020.
1759007.

Fofiu, M., M. Mosoarca, I. Onescu, M. Palade, G. Olariu, and
T. Popovici. 2021. Case study of consolidation, rehabilita-
tion, and restoration of the “sfantul filimon” monastery. In
Proccedings of the CoHeSion conference, Timisoara.

Formisano, A., G. Vaiano, F. Fabbrocino, and G. Milani. 2018.
Seismic vulnerability of Italian masonry churches: the case
of the nativity of blessed virgin mary in stellata of bondeno
seismic vulnerability of italian masonry churches: the case
of the nativity of blessed virgin mary in stellata of bondeno.
Journal of Building Engineering 20 (July):179-200. doi:10.
1016/j.jobe.2018.07.017.

Lagomarsino, S., and S. Podesta. 2004. Seismic vulnerability of
ancient churches: II. Statistical analysis of surveyed data
and methods for risk analysis. Earthquake Spectra
20 (2):395-412. doi:10.1193/1.1737736.

Loli, A., and C. Bertolin. 2021. Application of the zero emis-
sion refurbishment method at a district scale. International
Journal of Disaster Risk Reduction 62:102393. do0i:10.1016/j.
ijdrr.2021.102393.

Lo Monaco, A., N. Grillanda, I. Onescu, M. Fofiu, F. Clementi,
M. D’amato, A. Formisano, G. Milani, and M. Mosoarca.
2022. Seismic assessment of typical historical masonry
churches in banat region, romania-Part I-NC-ND license
(https: //creativecommons.Org/licenses/by-nc-nd/4.0). In
Proceedings of the XIX ANIDIS Conference, Seismic
Engineering in Italy, Integrity Procedia. www.sciencedirect.
com.

Mazzarella, L. 2015. Energy retrofit of historic and existing
buildings. The legislative and regulatory point of view.
Energy and Buildings 95:23-31. doi:10.1016/j.enbuild.
2014.10.073.

Ministry of Regional Development Public Administration and
European Funds. 2013. Romanian Design Code P100-1/
2013, in Romanian. Accessed January 28, 2019. http://
www.mdrap.ro/userfiles/reglementari/Domeniul_I/I_22_
P100_1_2013.pdf.


http://www.lib.polyu.edu.hk
http://www.lib.polyu.edu.hk
https://doi.org/10.1016/j.culher.2018.08.010
https://doi.org/10.1016/j.culher.2018.08.010
https://doi.org/10.1007/s10518-019-00613-4
https://doi.org/10.1007/s10518-019-00613-4
https://doi.org/10.1080/15583058.2018.1511000
https://doi.org/10.1080/15583058.2020.1759007
https://doi.org/10.1080/15583058.2020.1759007
https://doi.org/10.1016/j.jobe.2018.07.017
https://doi.org/10.1016/j.jobe.2018.07.017
https://doi.org/10.1193/1.1737736
https://doi.org/10.1016/j.ijdrr.2021.102393
https://doi.org/10.1016/j.ijdrr.2021.102393
http://www.sciencedirect.com
http://www.sciencedirect.com
https://doi.org/10.1016/j.enbuild.2014.10.073
https://doi.org/10.1016/j.enbuild.2014.10.073
http://www.mdrap.ro/userfiles/reglementari/Domeniul_I/I_22_P100_1_2013.pdf
http://www.mdrap.ro/userfiles/reglementari/Domeniul_I/I_22_P100_1_2013.pdf
http://www.mdrap.ro/userfiles/reglementari/Domeniul_I/I_22_P100_1_2013.pdf

14 I. ONESCU ET AL.

Mosoarca, M., and V. Gioncu. 2013. Failure mechanisms for
historical religious buildings in Romanian seismic areas.
Journal of Cultural Heritage 14 (3):e65-72. doi:10.1016/j.
culher.2012.11.018.

Mosoarca, A., and I. Onescu. 2023. The restoration of histor-
ical, load bearing structures in accordance with the buildin%
standards of conservation areas. In Proceedings of the 13"
International Conference on Structural Analysis of
Historical Constructions, Kyoto.

Mosoarca, M., I. Onescu, and A. Mosoarca. 2023.
Sustainability in the strengthening process of the
load-bearing historical structures. In Proceedings of the
WMCAUS conference, Prague.

Mosoarca, M., I. Onescu, E. Onescu, and A. Anastasiadis.
2020. Seismic vulnerability assessment methodology for
historic masonry buildings in the near-field areas.
Engineering Failure Analysis 115:104662. doi:10.1016/j.
engfailanal.2020.104662.

Onescu, E., I. Onescu, and A. M. Mosoarca. 2021. Seismic
vulnerability assessment methodology for historical build-
ings with cultural value. In Proceedings of the 12"
International Conference on Structural Analysis of
Historical Constructions, Barcelona, Spain.

Pela, L. 2018. New trends and challenges in large-scale and
urban assessment of seismic risk in historical centres.
International Journal of Architectural Heritage 12 (7-
8):1051-54. doi:10.1080/15583058.2018.1520858.

Ruggieri, S., F. S. Liguori, V. Leggieri, A. Bilotta, A. Madeo,
S. Casolo, and G. Uva. 2023. An archetype-based auto-
mated procedure to derive global-local seismic fragility of
masonry building aggregates: META-FORMA-XL.
International Journal of Disaster Risk Reduction
95:103903. doi:10.1016/j.ijdrr.2023.103903.

Ruggieri, S., C. Tosto, G. Rosati, G. Uva, and G. A. Ferro.
2020. Seismic vulnerability analysis of masonry churches in
Piemonte after 2003 valle scrivia earthquake: Post-event
screening and situation after 17 years later. International

Journal of Architectural Heritage 16 (5):717-45. doi:10.
1080/15583058.2020.1841366.

Sandi, H., and L. Floricel (1994) ‘Analysis of seismic risk
affecting the existing building stock’, in Proceedings of the
10th European Conference on Earthquake Engineering,
Vienna, Rotterdam, The Netherlands, 1105-10. A.A.
Balkema.

Sangiorgio, V., G. Uva, and J. M. Adam. 2021. Integrated
seismic vulnerability assessment of historical masonry
churches including architectural and artistic assets based
on macro-element approach. International Journal of
Architectural Heritage 15 (11):1609-22. doi:10.1080/
15583058.2019.1709916.

Shi, Y., G. Zhai, S. Zhou, Y. Lu, W. Chen, and H. Liu. 2018.
How can cities adapt to a multi-disaster environment?
Empirical research in Guangzhou (China). International
Journal of Environmental Research and Public Health
15 (11):2453. doi:10.3390/ijerph15112453. Preprint

Tsimplokoukou, K., M. Lamperti, and P. Negro. 2014.
Building design for safety and sustainability. Publications
Office.

Uva, G., V. Sangiorgio, S. Ruggieri, and F. Fatiguso. 2019.
Structural vulnerability assessment of masonry churches
supported by user-reported data and modern internet of
things (IoT). Measurement 131:183-92. doi:10.1016/j.mea
surement.2018.08.014.

Woessner, J., D. Laurentiu, D. Giardini, H. Crowley,
F. Cotton, G. Griinthal, G. Valensise, R. Arvidsson,
R. Basili, M. B. Demircioglu, et al. 2015. The 2013
European seismic hazard model: key components and
results.  Bulletin  of  Earthquake  Engineering
13 (12):3553-96. d0i:10.1007/s10518-015-9795-1.

Zizi, M., ]. Rouhi, C. Chisari, D. Cacace, and G. De Matteis.
2021. Seismic vulnerability assessment for masonry
churches: an overview on existing methodologies.
Buildings 11 (12):588. doi:10.3390/buildings11120588.


https://doi.org/10.1016/j.culher.2012.11.018
https://doi.org/10.1016/j.culher.2012.11.018
https://doi.org/10.1016/j.engfailanal.2020.104662
https://doi.org/10.1016/j.engfailanal.2020.104662
https://doi.org/10.1080/15583058.2018.1520858
https://doi.org/10.1016/j.ijdrr.2023.103903
https://doi.org/10.1080/15583058.2020.1841366
https://doi.org/10.1080/15583058.2020.1841366
https://doi.org/10.1080/15583058.2019.1709916
https://doi.org/10.1080/15583058.2019.1709916
https://doi.org/10.3390/ijerph15112453
https://doi.org/10.1016/j.measurement.2018.08.014
https://doi.org/10.1016/j.measurement.2018.08.014
https://doi.org/10.1007/s10518-015-9795-1
https://doi.org/10.3390/buildings11120588

	Abstract
	1. Introduction
	1.1. Opportunity of the study
	1.2. Seismicity of Banat region

	2. Case study churches
	2.1. Architectural configuration and structural system
	2.2. Level of decay

	3. Simplified vulnerability assessment
	3.1. Empiric vulnerability assessment with cultural value
	3.1.1. Vulnerability assessment results without considering the cultural value
	3.1.2. Vulnerability assessment results with the cultural value considered

	3.2. Vulnerability assessment based on Italian methodology
	3.2.1. Results of the LV0 and LV1 methodology

	3.3. Comparison between Romanian and Italian methodologies results

	4. Sustainability and resilience of empirical assessment
	5. Conclusion
	Disclosure statement
	ORCID
	References

