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Abstract

An overview of some simplified methods for assessing the seismic performance of ancient
churches is presented in this paper. In particular, the simplified methods proposed by the cur-
rent Italian directive containing the guidelines for assessment and reduction of cultural herit-
age seismic risk are analyzed. These methods have an increasing precision level and they may
be applied as well in sequence at a different scale for screening and identifying the present
priorities and, consequently, for designing the required interventions. The work presented in
this paper concludes showing the applications on some case studies, too.
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1 INTRODUCTION

Nowadays, the seismic protection of cultural heritage is a topic of great interest within the
scientific community. The recent seismic events hitting many countries all over the world
(L’Aquila 2009, Italy; Christchurch 2010, New Zealand; Tohoku 2011, Japan; Emilia-
Romagna 2012, Italy; Lamjung 2015, Nepal; Middle-Italy 2016, Italy) have further highlight-
ed the significant vulnerabilities of these earthquake-prone artefacts. Thus, it is necessary to
act for protecting those assets and to reduce the losses due to seismic events. The data provid-
ed by the World Bank [1] show that the cost of natural disasters is increasing in an uncon-
trolled way, reaching about 652 billion of US dollars during the 90’s of the last century. In [2]
it has been estimated that the cost to the global economy is about 50 billion of US dollars per
year. Regarding this aspect, it should be observed that only one third of this global expense is
used to predict and to mitigate disasters, while the other two thirds are the direct cost of re-
pairing damages.

According to these observations, it is continuously growing the need to develop reliable
methods in order to allow planning of interventions aimed at protection and conservation of
cultural properties. This absolute need is evidenced in many worldwide documents provided
by many international bodies [3]-[6].

Recently, many efforts of scientific community have been addressed in order to evaluate
the actual seismic risk of cultural heritage, by exploiting limited financial and time resources.
Among the others it is worth to note the studies proposed in [16] — [21] for masonry buildings
and churches, and in [22] — [23] for old masonry bridges. In addition, such tools should allow
the identifications of future interventions also pursuing the possibility of realizing light and
progressive interventions to be modulated over the structure life-time. This design criterion is
the approach of the Italian directive [7], providing three different analysis levels (i.e. namely
LVI, LV2 and LV3) for seismic assessment of cultural heritage. The multilevel approach al-
lows to perform preliminary analyses using easily available data and simple calculation tools.
Subsequently, once determined the intervention priorities, it is possible to perform, where re-
quired, more complex analyses with detailed investigations. The first two levels are based on
simplified analyses and allow a rapid assessment of seismic vulnerability.

In this article the simplified method indicated within the Italian Directive [7] is applied to a
series of case studies. In addition, also a new simplified method is applied [8], it being pro-
posed as a Level of Evaluation 0 (LVO0) in according to the Italian guidelines. This method has
the advantage to be very simple and to provide a first estimation not only of seismic vulnera-
bility, but also of seismic risk at territorial scale. Therefore, it results very interesting in order
to provide a very fast appraisal method useful as decision-making tool, requiring only qualita-
tive and historical information of churches.

The chosen case studies consist of ancient masonry churches belong to the Historical Cen-
tre of Matera, recognized as UNESCO site since 1993. More information about the considered
churches may be found in [9].

2 LV1I METHOD PROPOSED IN THE ITALIAN DIRECTIVE

This method represents, in accordance with the Italian Directive [7], the most simplified
procedure for monumental churches, particularly suitable for territorial scale evaluations. It
only requires in situ visual inspections able to estimate, by the means of a global vulnerability
index, the seismic performance in terms of acceptable ground acceleration. This procedure
does not allow of designing any structural intervention. The vulnerability index iy may be cal-
culated as follows:
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where p; is the weight of each collapse mechanism (corresponding to 0 for the mecha-
nisms not present or not active, or ranging between 0.5 and 1 in the other cases), vi; and v,
are scores assigned to the k-4 considered mechanism related to evaluated vulnerability and to
any seismic-resistant device, respectively. The weights are equal to 1 for the most important
macro-elements regarding the seismic behaviour of a church (such as fagade overturning,
nave longitudinal transversal response, triumphal arch transversal response, etc.), while sec-
ondary mechanisms (such as prothyrum — narthex response, mechanisms of transepts and
chapels) may have a weight comprised between 0.5 and 1 [7]. The so-calculated i, may vary
between 0 and 1.

By knowing the vulnerability index i,, a ground acceleration corresponding to achieve-
ment of Damage Limit State (DLS) and Life-Safety Limit State (LSLS) may be estimated by
applying the following equations, both established on a statistical basis:

aprsS = 0.025 - 1.82757344lv [g] 2

arsisS = 0.025 - 1.8517344kv [g] 3

3 SIMPLIFIED SEISMIC ASSESSMENT METHOD AT A TERRITORIAL SCALE

The new simplified seismic assessment applied in this paper has been originally proposed
in [8] for seismic risk assessment, and then subsequently validated and applied as well for
vulnerability assessment in [9] and [10]. In general, the method is based on the use of three
different tools; each of them allows the assessment of one of the three components that con-
tribute to the seismic risk assessment, expressed, as known, through the following expression:

R=HxVxE @

where H is the hazard, V is the vulnerability, and E is the exposed elements or assets at risk.
The three tools (7ool 1, Tool 2 and Tool 3) are briefly described in the following:

e Tool I: it allows the assessment of the exposition factor £ of Eq. 4. It assesses
the cultural value of the asset by considering the conservation documents and
the classifications of the investigated cultural heritage;

e Tool 2: it allows the assessment of the hazard factor H of Eq. 4. The seismic
hazard score of the artefact can be obtained by considering different available
sources, such as, among the others, [5], [6] and [11].

e Tool 3: it allows the assessment of the seismic vulnerability factor V. The
seismic vulnerability is evaluated by considering some simplified methods al-
ready available in the literature, such as, among the others, [12] and [13].

This method may be used even for indirectly assessing the seismic vulnerability. Unless
the exposition factor £ of Eq. 1, within the same territorial area the seismic risk increases as
seismic vulnerability increases [8], [9] and [10]. The final score is obtained as follows:

R=[H+1]xV ®)

where the hazard score is being added to unity for obtaining the resulting score R
greater than one. Therefore, for the scope of this paper, hereinafter are briefly described only
the Tool 2 and Tool 3 (valuation of the H and V scores). More details about the Too/ I may be
found elsewhere [8].
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- Tool 2: The hazard scores is obtained by considering different kinds of threats by divid-
ing them on the basis of their frequency of occurrence in “sporadic events” and “continu-
ous processes”. Among the “sporadic events”, is kept in count the seismic action,
expressed through the maximum Mercalli Intensity, considering the eventual landslide or
rock fracture as a consequence of an earthquake. The “continuous processes” kept in
count are: a) rainfall erosion, due to the precipitations amount depending on coastal dis-
tance, relative humidity, direction and speed of prevailing winds; b) physical stress to as-
sess the material damage provoked by temperature oscillations as, for instance, particles
water icing with a consequent disintegration or cracking of materials; c) air pollution as-
sociated to traffic of vehicles, airplanes and boats, producing dissolution by acid rainfalls;
d) the socio-organizational threat analysing the overload or damage on the monuments
for the presence of intensive tourism and possible vandalism; e) demographic decline pro-
voking monuments abandonment and maintenance lack.

The assessment of the relevance of each threat and its potential dangerousness is done by
using existing documents and other evidences reporting damages occurred in the past. As an
alternative, the damage estimation may be done on available literature data.

For each considered threat, three damage levels are considered and associated to a damage

score, as reported in Table 1. The resulting seismic hazard score is a dimensionless parameter,

ranging between 0 and 1, which is calculated as follows:

H= X1 by, ©)

- Tool 3: the seismic vulnerability is assessed by considering several aspects that can be
listed as follows: a) foundation system and building position, in order to consider potential
weaknesses or deficiencies of foundations; b) plan and elevation irregularity, that may in-
crease, as known, the vulnerability of the building against earthquakes; c) distance be-
tween walls, by considering wall slenderness, out of plumb, excessive length in plan
between two transversal walls and other potential weaknesses; d) non structural elements,
by considering potential failures of hanged elements or other accessories; €) roof configu-
ration, by evaluating the roof deformability, its connection to the walls and the effects of
thrusts on the walls; f) conservation status, by considering eventual existing damages and
the global and local conservation situations; g) fire vulnerability.

For each parameter, four different vulnerability levels (4, B, C and D) are considered. The
level A corresponds to absent (or very low) vulnerability, whereas the level D is representa-
tive of a very high vulnerability. The scores associated to each vulnerability index and the re-
lated weights are reported in Table 2. The vulnerability factor V is then calculated as follows:

V= Z;1<3=1 Pr Vi, @)

where vy, is the vulnerability score of the k-th parameter and px the associated weight.

Table 1-Seismic hazard scoring [9].

Threats Severity of damage hy
lﬁ)od]f;::fgl Low or gradual Catastrophic
Sporadic Seismic action 0 0.20 0.40
Landslide or rock frac- 0 0.15 0.25
events
ture
Continuous Erosi.on 0 0.05 0.10
processes Pl}y51cal s'tress 0 0.05 0.10
Air pollution 0 0.01 0.05
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Socio - organizational 0 0.01 0.05
Demographic decline 0 0.01 0.05
Table 2 — Parameters scores and weights for seismic vulnerability evaluation [9].
Parameter Vulnerability vi; Weight px
A B C D
1 | Position of the building 0 1.35 6.73 12.12 0.75
and foundations
2 | Floor plan configuration 0 1.35 6.73 12.12 0.5
or geometry
3 | Elevation configuration 0 1.35 6.73 12.12 1.0
4 | Distance between walls 0 1.35 6.73 12.12 0.25
5 | Non-structural elements 0 1.35 6.73 12.12 0.25
6 | Type and organization of 0 1.35 6.73 12.12 1.5
the resistant system
7 | Quality of the resistant 0 1.35 6.73 12.12 0.25
system
8 | Horizontal structures 0 1.35 6.73 12.12 1.0
9 | Roof configuration 0 1.35 6.73 12.12 1.0
10 | Conservation status 0 1.35 6.73 12.12 1.0
11 | Environmental alterations 0 1.35 6.73 12.12 0.25
12 | Construction system alter- 0 1.35 6.73 12.12 0.25
ations
13 | Fire Vulnerability 0 1.35 6.73 12.12 0.25

4 CASE STUDIES

The seismic performance methods exposed herein has been applied to six churches locat-
ed in the city centre of Matera. The chosen churches, shown in Table 1, are: SS Maria della
Bruna, San Giovanni Battista, San Pietro Caveoso, San Rocco, San Francesco d’Assisi and
Sant’Agostino. All churches are characterized by the same construction material: masonry
made by calcarenite blocks. This material is a limestone sedimentary rock, improperly called
“tufo”, although it has not a volcanic origin. This soft rock is employed in blocks with a quite
often standard dimensions (length=45-60cm, height=25-27cm, width=20-25cm). The blocks
are combined with mortar joints and used for both vertical walls and vaults. All the churches
have a one-nave plan configuration, with the exception of San Giovanni Battista and San
Pietro Caveoso; the roof structures are made of calcarenite in all cases with the exception of
San Pietro Caveoso and San Francesco d’Assisi, that have a wooden roof structure. All the
churches have a one-floor elevation configuration. In none of the considered churches are pre-
sent structural interventions to reduce the structural vulnerabilities due to earthquakes. Details
about the considered churches may be found in [9], [10], [14], [15].

S APPLICATION OF THE METHOD TO THE CASE STUDIES

The simplified methods previously described have been applied to the chosen case studies.
In particular, as for the new simplified LV0 method considered, the obtained vulnerability (V),
hazard (H) and risk (R) scores are numerically reported in Table 3. The lower risk score (i.e.
R=22.15) is obtained for the Matera’s cathedral (SS Maria della Bruna), while the higher one
is obtained for the S. Agostino church (i.e. R=50.49). These results are compared with the
ones obtained with the LV/ method in Figure 2. More details about the LV1 evaluation are
reported in [9] and [14]. As far as the LV0 results, the resulting seismic scores (R;) are divided
by the minimum one (Ruix), and the obtained ratios (Ri/Rqin) are represented in ascending or-
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der. Whereas, the results of the LV method are represented through the dimensionless return
period (7 rsts/Tistsmin) and the dimensionless ground acceleration capacity (a; Lszs/arsismin) for
the Life Safety Limit State (LSLS). Both these dimensionless parameters are an indirect value
of the relative vulnerability. It results that the higher the ratio the lower the seismic vulnera-
bility. As it can be clearly observed, the results between the two methods are in very good
agreement, confirming the capability of the simplified LV0 approach to provide a first and fast
classification of the seismic vulnerability at a territorial scale for a large group of ancient ma-
sonry churches.

SS Maria della Bruna San Giovanni Battista San Pietro Caveoso

San Rocco San Francesco d’Assisi

ed case studies.

Figure 1 - Front views of the cons

6 CONCLUSIONS

In this paper a comparison among two different simplified methods for seismic assess-
ment of old masonry churches has been shown. The methods are easy to be applied and allow,
with a different knowledge level of a structure, to perform an appraisal at a territorial level.
The application to six case studies has confirmed that the new simplified method, named LV0
according to the Italian Directive, is a fast tool for seismic assessment capable of ranking the
priorities to be investigated more in detail within a multi-level seismic assessment methodol-
ogy. As for the obtained results, it has emerged that the less vulnerable church is SS Maria
della Bruna, while the most vulnerable one is Sant’Agostino church.

Table 3 — Seismic risk assessment according to the simplified procedure [8].

San
SS Maria sa“ San Frances- | San Giovanni
Macro-element Pietro .
della Bruna Rocco co Battista

Caveoso oA s

d’ Assisi
1 Position and foundations A A B A A
2 Floor plan configuration C C C D C
3 Elevation configuration A A A A A
4 Distance between walls C D D D D
5 Non-structural elements C D D D D
6 | Type-organization of R.S. B A B B B
7 Quality of the R.S. A A A A A
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8 Horizontal structures A A A A A

Roofing C C C C C

Conservation status A A A B A

Environmental alterations A B A A A

12 Constructlor} system altera- A A A A

tions A

13 Vulnerability to fire B B B B B
Seismic vulnerability score (V) 15.82 16.83 19.53 22.56 33.66
1 | Maximum Mercalli Intensity 0.2 0.20 0.20 0.20 0.20

2 Landslides/rock fracture 0.05 0.15 0 0 0
3 Erosion 0.05 0.05 0 0.05 0.05

4 Physical stress 0 0 0 0 0
5 Pollution 0.05 0.05 0.05 0.05 0.05
6 Socio-organizational 0.05 0.05 0.05 0.05 0.05

7 Demographic decline 0 0 0 0 0

Seismic hazard score
(H+1) 1.40 1.50 1.30 1.35 1.35
SEISMIC RISK [V x
(H+1)] 22.15 25.25 25.39 30.46 25.00
TLSLS/TLSLSmin - LV1
W aLSLS/aLlSLSmin - LV1
B Simplified approach - Risk assessment
SS MARIA DELLA SAN GIOVANNI SAN PIETRO SAN ROCCO SAN FRANCESCO SANT’AGOSTINO

BRUNA BATTISTA CAVEOSO D’ASSISI

Figure 2 - Comparison among the results obtained with the LVO and LV1 methods for the case studies consid-
ered.
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