SECOND EUROPEAN CONFERENCE ON EARTHQUAKE ENGINEERING
AND SEISMOLOGY, ISTANBUL AUG, 25-29, 2014

THE ASSESSMENT OF THE SEISMIC BEHAVIOUR OF THE
CATHEDRAL OF MODENA, ITALY

Simonetta BARACCAN!, Stefano SILVESTR| Michele PALERMG, Giada GASPARIN,
Tomaso TROMBETT, Antoine DIB®

ABSTRACT

The Cathedral of Modena, built at the end of thecétury, is one of the most important examples of
the Romanesque art in Italy. In 1997, the monumest declared as “UNESCO World Heritage” site.

Due to its cultural importance and with the ainttef conservation of the monument (symbol of
the town), the structural behaviour of the Moderah€dral has been deeply studied, during the last
decade, through a multidisciplinary integrated apph. This approach is aimed at collecting all the
information obtained from the different fields irder to develop structural analyses and, in pdeicu
a vulnerability assessment of the actual stateehtonument.

The objective of this paper is to assess the seidmahavior of the monument through a
multilevel approach, characterized by a numberifdérgnt analyses. First, the dynamic properties of
the monument (natural periods and mode shapes) e identified through a natural frequency
analysis performed on 3D finite element models. fiirelamental periods are in the range of 0.25—
0.35 s. Then, specific hazard analyses have beeglaped in order to identify the most probable
earthquake scenarios which (i) occurred in the gadt(ii) is likely to occur in the future in thiesof
the monument. Both global (i.e. numerical simulagiovith reference to the finite models of the whole
structure) and local analyses (i.e. local collapsechanisms of the substructures) have been
performed.

The results of the local analyses reveal that tl@@nntocal vulnerabilities are the facade
mechanisms and the failures of the cross vaultee Tésults of the global analyses reveal
vulnerabilities of the perimeter walls with respaxout-of-plane overturning. These numerical rssul
have been confirmed by the experimental evidenteébhendamages observed after the recent 2012
“Emilia Earthquake”, which shook the North of Italy

INTRODUCTION
Historical buildings are complex structures, baitd modified in the course of centuries. Thereftwe,

perform structural (static or seismic) analysessisiant with the real structural behaviour is egaken
to have a thorough knowledge of these buildinge Chthedral of Modena has been therefore studied
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through a multidisciplinary integrated approach,aihmakes use of the “survey” as a tool able to
provide a comprehensive knowledge of the building.

The “survey” is here intended as the integratiotwben: (i) the historical reconstruction of the
main interventions and modifications of the strugkusystem; (ii) the materials characterization
(typologies and mechanical properties); (iii) thepdgraphic survey of the geometry of the
superstructure and the evolution of the foundasettlements; (iv) an accurate description of the
actual state of degradation (main cracks, tilthefexternal walls).

The information obtained from the “survey” have beased to identify the structural
functioning, i.e. to recognise the structural eleteeand the actual load paths to the ground and the
characteristics of the materials. As many histdticaldings, from a structural point of view, thetiee
monument can be subdivided into substructures. Babhtructure has been analysed through simple
limit schematizations in order to obtain a robustleation (order of magnitudes) of the internatés
acting on the elements. The results of the statalyaes on the substructures have been used to
interpret the cracking patterns as obtained frosituinsurveys and the deformations related to olsng
in the geometrical configuration. In addition t@ tsimple limit schematizations, finite element mede
with increasing complexity (2D models, 3D modelfdals with fixed base, models accounting for
the soil-structure interaction) have been developed their responses compared with those of the
simple models. Different finite element models,idaled through simple patterns, are then compared
with the “survey” of the actual state of the builgiin order to identify the most representative ohe
the structural behaviour of the Cathedral of Modehais the one that considers soil-structure
interaction. The soil is modelled by a system akéir springs able to consider the different level
consolidations caused by the pre-existing cathedral

On this model, various analyses have been cartietharder to identify the seismic behaviour
of the monument. Specific hazard analyses have ladso developed in order to identify the most
probable earthquake scenarios for the site of #HibeZiral of Modena.

THE CATHEDRAL OF MODENA

The Cathedral of Modena, whose construction begah009 through the instrument of architect
Lanfranco and finished in 1184, is one of the niogtortant examples of the Romanesque art in Italy
(Fig. 1). In 1997, it was declared “UNESCO Culturaritage” site. The Cathedral has a basilica plan
with one nave and two aisles culminating in thrpses. The Cathedral is connected to the contiguous
Ghirlandina Tower (a tower of about 88 meters hgighrough two masonry arches. During the
centuries, the monument experienced various inttimes and transformations (Sandonni 1983). The
structural system of the Cathedral is based onyhealls and sturdy pillars that support the weight

the imposing domes and of the wood roof system.

Figure 1. Cathedral of Modena
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NATURAL FREQUENCY ANALYSIS

The dynamic properties of the Cathedral (naturaioge and mode shape) have been identified
through a natural frequency analysis performedcherD finite element model, which was considered
the more representative of the structure, as ifieditin the static analysis by continuous compariso
with the objective data (experimental evidencegpioled from survey. The finite element models
have been developed using the commercial softwAR2800. Since the stress-strain constitutive of
masonry structures is yet non-linear for small galof deformation, the reliability of the modes of
vibration is to be taken with caution. The commasign codes, such as the Italian D.M. 14/01/2008
(Norme Tecniche per le Costruzioni 2008), prescthm the participating mass must exceed 85%;
therefore, in the consecutive seismic analyses @fershapes have been considered in order to satisfy
this requirement. The fundamental periods are énréimge of 0.25-0.35 s. Fig. 2 shows the first five
mode shapes. This analysis shows that the firstenstwdipe is characterized by a translation in the
transverse direction of the Cathedral more pronedn the area of the heavy apses than the area of
the nave and the facade. The third mode shapeaaaierized by a translation along the longitudinal
direction.

(d) (e)
Figure 2. Mode shapes; (a) T=0.35 sec ;(b) T=081ceT=0,28sec;(d) T=0,28sec; (e) T=0,26sec

SEISMIC HAZARD ANALYSIS

The objective of the seismic hazard analysis isaimpute, for a given site over a given observation
time, the probability of exceeding any particulalue of a specified ground motion parameter
(commonly the Peak Ground Acceleration, PGA).

In the case of monumental buildings, seismic haaaalysis does not allow only to predict the
characteristics of possible future earthquakesalsd to obtain information on the characteristts
already occurred past earthquakes.

The past seismic input has been studied throughrébenstruction and the position of the
historical earthquakes that have affected the @atheThis analysis allows to collect information
useful for the identification of the historical pmts of specific cracks and failures or intervensi@and



for the reconstruction of the history of the builgli The possible future seismic input has beenedud
through probabilistic and deterministic seismic drdzin order to identify the most probable
earthquake scenarios which can shake the siteghtinuments.

Typical probabilistic seismic hazard analysis (edgrmed according to the approach suggested
by Cornell in 1968) assume that, in each poinhefdeismic zone area, the probability of occurrence
of an earthquake is uniform. Thus this approackuisable for designing new buildings and for
regional planning. However, it is not suitable foe identification of the seismic input to be adapt
in the studies of monumental buildings, where tlomsequences of failure are intolerable and
protection is needed against the worst that caresonably expected to occur. In these cases, the
deterministic method is strongly recommended (Kzsky 1995). Two kinds of deterministic seismic
hazard analyses have been performed for the siteed@athedral of Modena:

1. Historical Deterministic Seismic Hazard AnalysisQEHA);

2. Maximum Historical Earthquake Analysis (MHEA);

These analyses have been based on the followiag dat

» the ZS9 zoning (subdivision of the Italian Terntprthe Cathedral of Modena is located in the
zone 912 (http://zonesismiche.mi.ingv.it/);

« the CPTIO4 earthquake catalogue (http://femidiuggv.it/CPTI04/);

« the Sabetta-Pugliese attenuation law (Sabetta aglieBe 1987);

« the Gutenberg-Richter recurrence law (Gutenbergriciter 1949).

HDHSA has the objective to reconstruct the intgnsif historical earthquakes that have
actually affected the Cathedral of Modena in th&t panturies. Significant historical earthquakessha
been selected from the CPTI04 earthquake cataldigneeigh the following criteria:

e earthquakes that occurred within 20 km from then€dtal;

« earthquakes characterised by the greater magniiadle@ccurred in the ZS9 seismogenetic zones
near to the site of the Cathedral,

< significant earthquakes in relation to the histriaformation.

Table 1 shows these significant earthquakes ofpst and the reconstruction of their Peak
Ground Accelerations, in correspondence of theditihe Cathedral, as obtained using the Sabetta-
Pugliese attenuation law. On the basis of the 3 pasthquakes with epicentre in Modena (4
earthquakes with epicentre in Modena respectivelyhe years 1249, 1474, 1660, 1850 and the
earthquake of the Appennino Modenese of 1501 ntlme stated that the cathedral might have been
hit by accelerations around 0.15 g. The earthquk&249 was the most violent and might have
rocked the Cathedral with an acceleration of appmately 0.20 g.

Fig. 3shows the reconstruction of the median of the P@#ained considering the epistemic
uncertainty associated to the Sabetta-Pugliesendrowtion prediction model, for all earthquakes of
the CPTIO4 earthquake catalogue. Inspection of Bigndicates that, looking at the past, the
earthquake with acceleration between 0.15 g an@d §.18 characterized by a return period of about
200-250 years.
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Table 1. Reconstruction of peak Ground Accelerai®BA) in correspondence of the site of
the Cathedral of Modena for the selected earthquake

Msp
(magnitude
Selection . Seismogenetic R [Km] | as defined| PGA | PGA PGA PGA.
criteria N. | Year| Location Name zone (ZS9) | (distance) by Sabetta{ mode| median m?an perc%ntlle
Pugliese value| 80%
1987)
53 | 1249 | Modena 912 0.65 4.80 0.200| 0.245 | 0.270] 0.360
171 | 1474 | Modena 912 0.12 4.61 0.170| 0.211 |0.232| 0.310
195 | 1501 | Appennino 913 16.37 5.82 0.140| 0.170|0.187 0.250
modenese
279 | 1586 | Spilamberto 913 10.86 4.53 0.070| 0.083]0.091| 0.120
Earthquakes| 362 | 1660 | M odena 912 0.12 4.25 0.130| 0.156 |0.172| 0.230
that occurred 374 | 1671 | Rubiera 912 14.26 5.23 0.100{ 0.117 | 0.129| 0.170
within 20 km| 720 | 1811 | Sassuolo 913 23.49 5.09 0.050| 0.066 | 0.072| 0.100
from the 871 | 1850 | Modena 912 5.66 4.53 0.110{ 0.131|0.144| 0.190
Cathedral | 984 | 1873 | Reggiano 913 25.29 4.93 0.040| 0.053 | 0.059| 0.080
1739| 1923 | Formiggine 913 15.20 5.05 0.080| 0.095 | 0.105| 0.140
1808| 1928 | Carpi 912 17.83 4.54 0.040| 0.054 | 0.059| 0.080
1859| 1931 | Modenese 913 15.80 4.54 0.050| 0.060 | 0.066] 0.090
1897| 1934 | Vignola 913 19.38 4.06 0.030] 0.033|0.037| 0.060
2237| 1967 | Formiggine 913 9.21 4.09 0.050| 0.065 |0.072| 0.100
Earthquakes] 393 | 1688 | Romagna 912 116.68 5.85 0.020| 0.025 | 0.028| 0.390
characteriseq 30 | 1117 | Veronese 906 82.03 6.49 0.050| 0.062 | 0.068| 0.090
by the greate| 776 | 1828 | Valle dello 911 209.68 5.55 0.010| 0.011 {0.012| 0.050
magnitude Staffora
that occurred 195 | 1501 | Appennino 913 16.37 5.82 0.140| 0.170|0.187| 0.250
in the ZS9 modenese
seismogeneti{ 278 | 1584 | Appennino tosco- 914 147.54 5.99 0.020{ 0.023 {0.025| 0.230
Zones near tdg emiliano
the site of thq 1708| 1920 | Garfagnana 915 88.64 6.48 0.050| 0.057 | 0.062| 0.090
Cathedral | 988 | 1873 Liguria orientale 916 73.43 5.47 0.020| 0.029 [0.032] 0.060
47 | 1222| Basso bresciano 906 96.7]7 6.05 0,08M36 | 0.040 0.060
. 202 | 1505| Bologna 913 40.57| 5.41 0.040.050 | 0.055 0.080
:’;%EZ'SZE;S 1499 1909 | Bassa Padana 912 85.20 549  0/02®26 | 0.02§ 0.400
in relation to 1684| 1919 Mugello. 915 99.06 6.18 0.08(.040 | 0.043 0.060
the historical 2509| 1996 | Correggio 912 30.95 5.26 0.050.058 | 0.064 0.090
information 2012 | Finale Emilia 912 43.42 5.90 0.060| 0.071|0.078| 0.110
(MO)
2012 | Medolla (MO) 912 28.97 5.80 0.080| 0.097 |0.107| 0.150
0,300
0,250 @
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Figure 3. Reconstruction of the median of the PG#ained considering the epistemic uncertainty
associated to the Sabetta-Pugliese ground motemfigtion model, for all earthquakes of the CPTl&#lguake
catalogue.



The MHEA is aimed at estimating the most violentleguake that could occur in the future on
the specific site of the Cathedral. The PGA recdiidea specific site during an earthquake depends o
two factors: the magnitude and the distance betwleerepicentre and the site. Therefore, the worst
seismic scenario for a specific site occurs with dombination of the high magnitude and null
epicentre-site distance. The maximum magnitudexrded in the past in the seismic zone (912) of the
Cathedral and also in the adjacent zones (913, @13, 916, 911 and 906) were obtained from the
earthquake catalogue. Then, it is assumed thatceatkes of such magnitudes could occur at zero
distance from the Cathedral, and the intensity he# earthquake worse future is reconstructed
considering the epistemic uncertainty associatethéoSabetta-Pugliese ground motion prediction
model. Table 2 shows the list of the highest magigis occurred in all the considered zones and the
reconstructed median, mode, mean values and 808érige values of the PGA variable. According
to seismic activity of the two areas 912 and 913;ain be stated that a future earthquake with
acceleration of about 0.50 g can occur, as showimeirrig. 4.

Table 2. Estimation, through MHEA, of the PGA thah occur in the future in the site of the
Cathedral of Modena.

ZS zoning Rmin from CathedraMas max| Msp max| Mode | Median| Mean valug 80% percentilg
912 (zone of Cathedral) 0.00 5.85 5.85 0.49 0.60 0.65 0.87
913 2.96 5.82 5.82 041  0.5( 0.55 0.73
914 67.50 5.99 5.99 0.04 0.0% 0.05 0.08
915 54.67 6.48 6.48 0.08 0.09 0.10 0.14
916 75.48 5.32 5.47 0.02 0.08 0.03 -
911 99.35 5.55 5.55 0.0 0.02 0.03 -
906 72.12 6.49 6.49 0.06 0.07 0.08 0.11

Maximum Historical Earthquake of zone 912 witly M- 5.85 and with R = 0 km Maximum Historical Earthquake of zone 913 witf M= 5.82 and with R = 2.96 km

— PDF of the PGA } | | | | | [—PDFofthe PGA
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Figure 4. Probability density function (PDF) of tAR&A in the site of the Cathedral of Modena as a
result of seismic activity of zones: (a) zone 92,zone 913.

SEISMIC VULNERABILITY ANALYSIS

The historic buildings are characterized by a téglsmic vulnerability due to the organization
of the structural elements, the characteristicsthaf materials (masonry) and the construction
techniques. In general, the horizontal seismicdsrcause damages and/or collapses mainly in the
following specific elements: large space withoutistural walls, arches, vaults, domes, ... , wiigdh
common in the churches.

The analysis of the main damages suffered by itatlaurches due to the recent earthquakes
(L’Aquila 2009 and Emilia 2012) has shown a numbkecommon collapse mechanisms which may
involve: (i) the local response of single structwgi@ments and (ii) the global response of the whol
structure, and which can be basically divided ir(ip: out-of-plane mechanisms and (i) in-plane
mechanisms. Thus, both the local collapse mecharesmd the global seismic response of the Modena
Cathedral have been studied and presented sepdratké next two sections.
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LOCAL COLLAPSE MECHANISM S

The local collapse mechanisms are strongly depénmehe construction techniques and on
the connection details between orthogonal masorajsvand between the masonry walls and the
possible restraining horizontal elements, suclealsgams, well connected floors, ....

The cathedral has been divided into sub-elememtssiructural elements characterized by an
autonomous structural behaviour: the fagade, the,nthe aisles, the vaults, the longitudinal peteme
walls, the columns, the transept, the triumphah amd the apses.

For each one of these sub-elements, when applicabteof-plane mechanisms and in-plane
mechanisms have been considered. As far as thef-g@l&he mechanisms are concerned, the limit
analysis approach has been applied. Each sub-elesnassumed to be composed by a number of
stiff, incompressible and infinitely-resistant bks¢ and the limit load multiplication coefficierit)(is
calculated by means of equilibrium equations. Lilm#td is the maximum seismic horizontal load that
the structure can safely carrin general, the limit analysis of masonry structumeslves the
following assumptions (Heyman 1995): (i) masonrg ha tensile strength, (ii) stresses are so low tha
masonry has effectively an unlimited compressivengjth, (iii) sliding failure does not occur.

The results of these studies indicate that the magierable structural elements are the facade
and the vaults. This was confirmed by the damadeserwed after the 29 May 2012 Emilia
earthquake, which caused some masonry blocks dalliown from the nave and aisles vaults,
especially next to the facade and the apses. Blip#is the cracks detected in the vaults of the nave
after the earthquake sequence of May 2012.

For sake of brevity, this paper presents only twall analysis performed on the fagade. The
relief of the cracking patterns shows lesions ia ¢inthogonal longitudinal walls next to the facade
(Fig.6a) that suggest a good connection betweesetledements. Therefore, assuming this good
connection, the following mechanisms have beemtaii® account:

e overturning of the whole facade (Fig. 6b and Fig.rechanism 1);

e overturning of the left portion of the facade (Fig= mechanism 2);

e overturning of the central portion of the facadgy(F — mechanism 3);
e overturning of the right portion of the facade (Fig- mechanism 4).

POST 20.05.12

Figure 5. Cracks in the nave vaults after the M2y 2012 Emilia earthquake.



Figure 6. (a) Cracks in longitudinal walls of Cathad, (b) Overturning of global facade around thsé
dashed straight line.

The behaviour of the wall in limit equilibrium caitidns has been simulated by applying the principle
of virtual works, i.e. equating the overturning nenh (due to horizontal loads) and the stabilizing
moment (due to self weight):

M =M

overturning — 'V stabilizing

(1)

|:[(W _\M“"'S) @2 +Woop [0l — Heopr (e +Whria [€S+%)(i}j:| -A [E\Nmall (hm —Whotes [t +Veopt (e +VMong [ﬁg [ﬂ]}:| =0

The limit load corresponding to the spectral acegien that activates the local mechanism of cskap
has been obtained from equatian 1

|:(W —\Moles) % +Woop1 chl"‘Woopzmc 2+Woop 3|]jc 3= Hcop 1|:ﬂ'|c - Hoop 2]]]0 - Hcop ﬂ]c %

A= =0,22 (2
[V\ANaII [thm —Wholes [hy +Woop1 Eﬂ'ivvcl"‘WcopZ[ﬂ\Nc 2+Woop 3lfhwe :«]

=10 =0,22g (3)

Fig. 7 shows the acceleration values that actigatgturning mechanisms of the different portions of
the facade. These values are higher than the aatiete reference values for the past earthquakes
obtained from HDSHA (0.15-0.20 d)ut lower than the acceleration estimates for tesible future
earthquakes obtained from MHEA (0.50 g).

In general, the study of the local mechanism otp®ub-elements reveal that the main local
vulnerabilities are relevant to the facade (as mesd above), the top fagcade (with trigger
accelerations around 0.06 g), the cross vault(tsigger accelerations around 0.12 g), the triuahph
arch (0.07 g), the transversal response of thenuwdu(0.14 g) and the out-of-plane behaviour of the
apse walls (0.13 g).
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Figure 7. Comparison between the accelerationsittatate the 4 mechanisms of collapse for thedaca

GLOBAL SEISMIC RESPONSE

Subsequently, both response spectrum and timenhisbtalysis have been performed on the 3D finite
element model. The analysis have been devotectiaémtification of the criticalities in terms of:

* in-plane mechanisms caused by high shear forcesi@upossible diagonal cracks or
horizontal sliding);

e out-of-plane mechanisms caused by high eccentridéfined as the ratio between the bending
moment and the axial force (causing possible stressentration at the base or overturning of
the wall).

The study of the in-plane mechanisms has been ctedily evaluating the tensile stresses in
the walls (diagonal cracking check) and the shizasses at the base of the walls (sliding check).

Fig. 8 shows the comparison between the tensiéss#s and the cracking patterns for the wall 1
(facade wall). In general the results obtained fitemsile stresses show a high validation with the
cracking patterns. The majority of the lesions se&rbe caused by the accumulation of damage over
time caused by various earthquakes. The slidinglchethe base is performed as follows:

T<Td 4)
where

T is the tangential mean stress ands the shear strength of the masonry, as evalwateording the
two diagonal cracking and (friction) sliding mecsms:

_ Ooi
Tdi =Tod [1+ L orm (5)

Td =Tod+ 0,400 (6)

where:
To¢= Shear strength of the masonty£1kg/cn?);
Ooi= Mean compressive stress.



Figure 9 shows the tangential stresses calculaiedvéll 1 and Table 3 reports the values
obtained for the sliding check. The results highiithat the greatest criticalities are relatedht® in
the internal transversal walls.

Wall 1

Earthquake direction X Earthquake direction Y

Figure 9. Tangential stresses
Table 3. Verification of the shear strength for wedl 1

Compressive Shear Shear Tangential Demand/ Demand/
mean stress|  strength strength mean stress| Capacity ratio | Capacity ratio
Eq. (5) Eq. (6) (Demand) Eq. (5) Eq. (6)
[Kg/cn?] [Kglcm?] [Kglcm?] [Kg/lcm?] 0 I
Section cut 1A 6.95 2.37 3.78 1.25 0.53 0.33
Section cut 1B 4.66 2.03 2.86 1.36 0.67 0.47
Section cut 1C 4.6p 2.03 2.87 1.37 0.68 0.48
Section cut 1D 7.06 2.39 3.82 1.25 0.52 0.33

Out-of-plane mechanisms have been identified tsy éwvaluating the eccentricity at the base of
the walls, as defined as the ratio between the ibgnthoment and the axial force in seismic
conditions, and then checking that: (i) the ecdeityris below the usual reference vali@#é ands/2
(with s indicating the thickness of the wall) and (ii) ttateral shear stresses developed on the two
vertical lateral sides of the considered wall aloly some reference values (i.e. connection capacit

10
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In detail, the eccentricity at the base of eacH Wwa$ been calculated by considering both the
static loads (self weight and dead loads) and ¢imsc actions (that, in the case of a dynamic time
history analysis, are function of time) for eachtim (Figure 10):

Mstatic + Mseismic(t)

e = 7
(t) Nstatic+ Nseismic(t) ( )

]

M

Figure 10. A schematic representation of a singl# with the indication of the out-of-plane seisraiction, the
base moment and the transversal actions due fatdraction between the orthogonal walls

The time history of the eccentricity has then begaluated using 9 recorded accelerograms
(selected from the P.E.E.R. strong motion databemsesistent with the results of the seismic hazard
analyses. Then the maximum absolute eccentrit¢iige been used to check the out-of plane stability
of the walls.

Two limit cases regarding the quality of the cortioec between orthogonal walls have been
considered to compute the eccentricities: good ectons (perfect continuity between orthogonal
walls) and bad connections (partial continuity kesw orthogonal walls, modelled by inserting more
flexible elements).

Fig. 11a shows the time history of the eccentriéaty the 1A section of the wall 1 whereas
Fig.11b shows the shear stresses, exchanged betineeonsidered and the adjacent walls, obtained
from the time history analysis for the wall 1. Taldl shows the values of the eccentricity calculated
for the various sections of the wall 1 and vertigttthese values are lower than s/2. The studieof t
out of plane collapse mechanisms showed critic@tlitthe transversal walls especially in the control
sections B-C. However, the values of the sheassti®e for each wall suggest that, even leading to
cracked conditions at the base of the walls, thenections are able to keep the wall in a stable
configuration. In two longitudinal walls, insteatthe results indicate both cracked conditions at the
base and values of shear stresses greater thashe¢he strength of the masonry in the absence of
vertical loads.
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Figure 11.(a)lhe time history of the eccentricity on the 1A g@t{b) Tangential stresses for the wall 1

Table 4. Verification of the eccentricity for thelivl

Good Bad Good Bad Central core s/2
connection | connection connection | connection of inertia
Mean + [cm]| Mean + [cm Mean—[cm] Mean—[cm] cnf [cm]
Section cut 1A 50,10 120,04 -26,15 -51,02 24,17 72,5
Section cut 1B 1183,40 412,82 -28,70 -99,75 24,17 72,5
Section cut 1Q 1386,93] 470,64 -28,60 -102,97 24,17 72,5
Section cut 10 57,03 151,55 -26,20 -53,51 24,17 72,5

CONCLUSIONS

The Cathedral of Modena has been studied througbltidisciplinary integrated approach that allows
to obtain a comprehensive knowledge of the buildmgrder to develop sound structural analyses. In
particular, this paper presents the study of tlienge behaviour of the Cathedral of Modena through
the following steps: natural frequency analysissra& hazard analysis, local collapse mechanisms
analysis, global seismic analysis.

The results of the local analyses reveal that tl@@nntocal vulnerabilities are the facade
mechanisms and the failures of the cross vaultee Tésults of the global analyses reveal
vulnerabilities of the perimeter walls with respaxout-of-plane overturning. These numerical rssul
have been confirmed by the experimental evidentebhendamages observed after the recent 2012
Emilia Romagna earthquake sequence, which strchdhthern regions of Italy.
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