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Abstract. Several seismic events have demonstrated the vulnerability of masonry 
churches. The long seismic history of the Italian territory has provided materials to observe 
and to study the structural performance of churches. Since the 1976 Friuli earthquake many 
studies have contributed to the definition of specific damage and vulnerability assessment 
methods for churches, based on the identification of macro-elements and kinematic 
mechanisms. In this context, the paper presents the application of a vulnerability assessment 
methodology developed and currently applied in Italy to a case study representative of the 
néo-roman church typology in Montreal, Québec. The study is part of a collaborative project 
between Politecnico di Milano and École de Technologie Supérieure of Montreal. The 
relevance of such a study derives from the moderate seismicity of Montreal associated to a 
high density of churches. Starting from a previous inventory of 108 churches in Montreal 
Island, the Néo-roman church typology was selected to be investigated. Specificities of this 
typology are the position of the bell tower in the middle of the façade and the interaction 
between the timber structure and masonry walls. This combination between the façade and 
bell tower macro-elements requires to reconsider the mechanisms associated to these 
elements in the original reference method. A detailed survey of the roof and bell tower timber 
structures of a néo-roman church was done, and a three-dimensional numerical model was 
developed for a better understanding of this type of structure. Modal analysis of a global 
model was then carried out and the first results of the modal shapes discussed.  
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1 INTRODUCTION 

Churches are distinctive features of the urban and landscape scenarios. In seismic prone 
areas, their existence is frequently put at risk: unreinforced masonry churches have shown 
worldwide their seismic vulnerability [e.g. 1-4], due to their proper characteristics such as the 
presence of tall and little restrained walls of the nave, arches and vaults, large openings, and 
overhanging elements (e.g. gables, bell towers, pinnacles, statues…). Damage mainly occurs 
with recurring patterns in the different elements that compose the church, or macro-elements. 
Crack lines separate masonry blocks that eventually may develop a kinematic chain bringing 
to local collapse. Several decades of earthquakes and damage observations have brought to 
define for churches the most frequent damage -or limit- mechanisms [e.g. 5]. At the actual 
state of knowledge, an abacus of 28 such mechanisms has been developed in Italy, where it 
constitutes a reference for damage recognition and seismic vulnerability assessment 
campaigns [6,7]. The literature provides several examples of applications of this 
methodology, especially in damage surveys in the major earthquakes that arrived in the last 
decades, as L’Aquila (2009) [8,9], Emilia-Lombardy (2012) [10], and Central Italy (2016) 
[11,12].  
In 2018-2019, a collaborative research project between Politecnico di Milano and École de 
Technologie Supérieure in Montreal started, in order to test the applicability of the Italian 
seismic vulnerability assessment methodology to the churches of Québec. The basic question 
was to detect possible local construction characteristics that could require modifications of the 
original procedure or its extension for this new territory. An inventory of 108 churches for the 
island of Montreal had been prepared in 2009 [13]. The seismic risk level of the area 
concerned is high even though the seismicity is moderate. This is justified by the high density 
of buildings and the presence of several unreinforced masonry churches. Starting from the 
inventory of 108 churches, for a selected subset, a detailed survey was carried out also to sort 
out possible territorial specificities, intended as the typical characteristics which are subjected 
to significant changes from one territory to another [14]. Four principal typologies were 
identified, and some initial considerations were formulated [15]. Here, the objective is to 
present results from a case study for the Néo-roman typology, also pointing out some 
difficulties in applying the Italian methodology to churches from this territory and the need 
for its updating with local characteristics. 

2 SEISMIC VULNERABILITY OF CHURCHES 

In Italy, the long seismic history and the collection of damage data after each earthquake 
since the Friuli earthquake of 1976 have provided a large amount of material for the study of 
the seismic damage and vulnerability assessment. Since the first steps moved in 1994 by 
Doglioni et al. [5], 28 possible failure mechanisms have been identified as the most recurrent 
in the Italian churches. This set is today a reference for two principal actions of assessment, 
that is: 

- Damage assessment after an earthquake. In Italy such procedure was made official in 
2006 and a specific form for damage survey of churches was issued [6]. 

- Rapid vulnerability assessment, in a prevention perspective. Possible initial damage, 
presence or absence of seismic protection devices, unfavorable conditions are pointed 
out and an evaluation of the vulnerability level of the asset is expressed. A detailed 
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procedure is recommended by the Ministry of Cultural Heritage (MiBACT) [7]. 

In both cases, the assessment procedure is qualitative, and the result based on suitable 
reference scales. The basic assumption is that the masonry quality is sufficiently high to form 
monolithic blocks defined by fracture lines, acting as rotation hinges [16, 17]. When structural 
verification is required, limit equilibrium analysis may be performed for out-of-plane 
mechanisms, yielding the corresponding lateral force level.  
The method of damage mechanisms is supported by extensive observational data, but it has 
been verified as well by more sophisticated models and analyses. Finite element models, 
usually requiring significant computational effort, may be adopted to follow the global 
behavior and the evolution of damage, often pointing out local damage situations that may be 
amenable to mechanisms. [i.e.18]. Where the global model evidences a local damage 
concentration, detailed local models may be performed defining suitable boundary conditions. 
This is often the case of the façade macro-element, highly subjected to damage and 
extensively investigated [i.e. 19]. 
 

3 SEISMICITY OF QUÉBEC AND HISTORICAL DAMAGE TO CHURCHES 

The province of Québec, in the Eastern part of Canada, is characterized by a moderate 
seismic hazard, except for the Charlevoix area, considered the most seismically active region 
[20]. Among the three seismic zones of Québec, Montreal is located in the so-called Western 
Québec Seismic Zone (figure 1). 
 

 

 
Figure 1 Principal seismic areas of east Canada: the west Québec (in the map ‘Ouest du Québec’), 

Charlevoix, and Bas Saint Laurent. Montreal is in the west Québec zone (red arrow) [20]. 
 
The seismic hazard combined with the vulnerability of the churches evidences a considerable 
damage risk and points to the importance of a preventive action, including a seismic 
vulnerability analysis of this building typology. Indeed, just in the island of Montreal a total 
of 108 catholic churches have been inventoried in 2009 [13]. 
Table 1 provides an overview of the historical seismicity of the province. Major earthquakes, 
which struck Québec from the 17th to the 21st century, are listed in the table together with the 
damage suffered by churches and other unreinforced masonry structures. A territorial aspect 
to be considered in reading this table is the fact that before the end of the 17th century most of 
the buildings were realized in timber. It is in consequence of the major fires occurred in 1682 
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(Québec) and 1720 (Montreal) that masonry construction was enforced inside the fortification 
walls of the cities by Intendant Dupuy of Nouvelle France. Little photographic documentation 
is available on recent church damage compared to the extensive documentation collected in 
Italy after the systematic studies performed on the topic.  

Table 1 Historical church damage in Québec [21] 

Year Magnitude Mw 
(*Estimate) 

Region Reported damage to churches and unreinforced 
masonry elements 

1663 7* Charlevoix-
Kamouraska 

Nonstructural damage to churches / Collapse of 
chimneys 

1732 5.8* Montréal Bending of bell towers / Light damage to houses / 
Failure of chimneys 

1791 6* Charlevoix-
Kamouraska 

Damage to 3 churches 

1860 6* Charlevoix-
Kamouraska 

Failure of one bell tower and wall cracking 

1870 6.5* Charlevoix-
Kamouraska 

Severe damage to 2 churches: Collapse of the portal and 
part of the vault, cracking of walls 

1925 6.2 Charlevoix-
Kamouraska 

Collapse of one church (out of plane failure of lateral 
walls and roof collapse) / Severe damage to 2 churches: 
Falling of blocks of bell tower, out of plane failure of 

unreinforced walls, shear cracking, / Collapse of 
chimneys / Severe damage to masonry houses 

1935 6.1 Témiscamingue Damage to 80% of chimneys and masonry walls 
1988 5.9 Saguenay In-plane shear failure of unreinforced masonry walls 

and infill, and cracking at opening corners / Out of plane 
failure of unattached partition walls and masonry 

claddings / Damage to churches (out of plane failure of 
façade) / Cracking of foundation masonry blocks / 

Damage to chimneys 
2010 5.0 Val des Bois Damage to chimneys and out of plane failure of a 

church gable 

4 CONSIDERATIONS ON THE IDENTIFIED TYPOLOGIES 

During a collaborative project between Politecnico di Milano and École de Technologie 
Superieure of Montreal some churches from the sample of 108 have been surveyed in detail, 
identifying among them four main typologies: the Baillargé (1790-1820), the Conefroy (from 
1800), the Néo-roman (1880-1930), and the Italian baroque (second half of 1800) (figure 2). 
Some initial considerations on the seismic vulnerability related to these typologies were 
expressed and detailed in [15] and are summarized here. 
From a first screening of the visited churches it was possible to observe that among the 
inspected cases there is no use of seismic protection provisions and devices, such as tie rods. 
Only one case, the church of Notre Dame de Bon Secours, shows these elements. The church 
is classified as ‘A’, according to the regional scale of value of protection and conservation 
elaborated by the Council of the Religious building stock of Québec [22]. A seismic 
vulnerability assessment of these churches was performed recurring to the rapid procedure 
based on the abacus of 28-mechanism outlined in section 2 [7]. It was observed that the direct 
applicability of the Italian methodology to the Québec churches is impractical, due to the 
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territorial specificities of the churches. With respect to this condition, the category that 
showed to be more easily interpretable recurring to the Italian methodology is the so-called 
Italian baroque, for which the major vulnerability is associated to the gable macro-element. 
This portion of the façade, indeed, appears highly soaring and without any devices retaining it 
from overturning. For what concerns the other three identified typologies, the common aspect 
that stands out is the combined use of masonry and timber. The first is employed for the box 
structure of the church composed by the main walls and the second is used for the nave 
columns system, where a colonnade is present, the bell tower, and the roof structure. In all 
cases, the macro-elements supposedly most involved in case of earthquake are the façade, the 
bell tower and the lateral walls of the nave. 
In the Baillargé typology, the façade interacts with two bell towers without being directly 
connected with the lateral walls of the nave, and at the same time creating a massive portion 
of structure with an atrium area. This configuration requires a deeper and specific 
investigation for a thorough understanding of the seismic response. 
In the Conefroy typology, the façade is characterized by a hut shape with a series of openings. 
The bell tower does not interact with the roof structure, but it occupies an unusual position 
compared to the common Italian cases. It is located a step back from the façade plane. 
Understanding its structural behavior together with the transversal response of the nave 
requires a deeper analysis. These two aspects could lead to reconsider and possibly increment 
the 28 Italian mechanisms tailoring the set for Québec on the ground of these territorial 
specificities. 
In the Néo-roman typology, the façade is discontinuous, with the bell tower at the center. This 
is a determinant aspect in the structural response, influenced by the tower position and height. 
Moreover, in the visited churches, recurring crack patterns were observed in the lateral walls 
of the nave and in the façade plane in proximity of the bell tower, as well as near openings, 
suggesting the development of specific damage mechanisms. 
This typology was, thus, chosen as the first to be investigated in more detail. 

 

 
a. 

 
b. 

 
c. 

 
d. 

Figure 2 Main typologies identified in the island of Montreal: a. the Baillargé; b. the Conefroy; c. the Néo-
roman; d. the Italian baroque. 
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5 THE NÉO-ROMAN TYPOLOGY: A CASE STUDY  

Direct application of the above-mentioned assessment procedure to the Néo-roman church 
typology appeared problematic because of the position of the bell tower, which is considered 
as a separate body in the original reference mechanisms.  The mechanisms proposed for these 
two macro-elements by the abacus, reported in the following list and in fig.3, do not consider 
their interaction: 

- Mechanism 1: overturning of the façade (figure 3a); 
- Mechanism 2: overturning of the upper part of the façade (figure 3b); 
- Mechanism 3: in-plane failure of the façade (figure 3c); 
- Mechanism 27: failure of the bell tower along the height (figure 3d); 
- Mechanism 28: failure of the upper portion of the bell tower (figure 3e). 

 

 
a. 

 
b. 

 
c. 

 
d. 

 
e. 

Figure 3 Mechanisms associated to the façade and bell tower macro-elements: a. Mechanism 1; b. 
Mechanism 2; c. Mechanism 3; d. Mechanism 27; e. Mechanism 28. 

The Néo-Roman church of St. Joseph des-Prairies in Montreal was chosen for a case study.  
The church dates back to 1875-1876. Its tall bell tower constitutes a reference point for the 
neighborhood in the north of Montreal island. Visible from far away in the natural landscape 
(figure 4), it confirms the importance of the preservation of such elements for the urban 
scenario. Indeed, Montreal was defined the city of the 100 bell towers [23]. 

 

 
Figure 4 Bell tower of St. Joseph visible from far away in the landscape. 

The main body of the church is isolated from the presbytery and it is composed of the nave 
and the apse, and in the back side, of the sacristy (figure 5). 
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Figure 5 St. Joseph: the church and the presbitery 

The façade of this church has a distinguishing aspect. The bell tower, which interrupts the hut 
shape of the façade at the middle, is flanked by a pair of buttresses (figure 6a). The curtain 
walls of the church are made of stone masonry. Multi-leaf walls are connected one to the 
other through well-defined stone blocks (Figure 6b). This solution was frequently observed in 
the inspected churches and, therefore, it has been identified as a territorial specificity. 

 
a. 

 
b. 

Figure 6 The exterior of the church: a. The principal elevation; b. The detail of interconnection between 
walls.  

The church has three naves with a timber colonnade that, giving rhythm to the space of the 
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nave, supports the roof structure together with the lateral walls of the nave (figure 7). An 
overhanging deck, called “jubé”, hosting the choir and, as in most of the churches, the organ, 
characterizes the space of the church entrance. 

 
a. 

 
b. 

Figure 7 The configuration of the structure of the church: a. Colonnade of the nave and jubé; b. Transversal 
section of the church. 

In order to interpret the structural behavior, also a detailed inspection of the roof and bell 
tower area was performed. This action was a fundamental step to understand the complexity 
of the structure of roof and bell tower and the interrelation with the masonry box, which 
brought to elaborate a complete three-dimensional model (figure 8) [24-26]. This has 
constituted the basis for a finite element model. During the survey, it was possible to observe 
the state of conservation of the timber roof structure, the connection between timber elements 
and between timber elements and masonry, and to detect the presence of existing cracks that, 
in case of earthquake, could be the starting point of damage and mechanism development. 
 

 
Figure 8 Three-dimensional geometrical model of St. Joseph. 
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5.1 Structural analysis 

A finite element model was elaborated in Abaqus [27] to investigate the global structural 
behavior of the church. A first stage of the study concerned the masonry structure, with the 
aim at understanding the role of the main structural elements on the response. At this step, 
linear analyses were implemented, while non-linear analyses were not performed due to the 
lack of extensive damage data, as it occurs in the Italian territory. Indeed, such comparison 
would allow the calibration of the results, considering them reliable. A mesh of over 36000 
tetrahedral elements was developed, with two elements in the thickness of the walls (figure 9).  

 
Figure 9 Tetrahedral mesh of the global model of St. Joseph. 

The heterogeneity of the masonry was neglected in the model and an equivalent homogeneous 
isotropic material was defined, with the following properties: Young’s modulus E= 2200 
MPa, and weight density w = 20 kN/m3. The contributions of the roof and the bell tower were 
included in the model considering the mass of the wood structure, with weight density w = 4.5 
kN/m3.  
Figure 10 shows the first most significant modal shapes and the relevant natural periods for 
the longitudinal and transversal directions of St Joseph. 
The first and the fourth mode involve mainly the façade in its upper portion, which, in the 
Néo-roman church, is also part of the bell tower. The second and third mode, on the contrary, 
develop mainly in the lateral nave walls. The out-of-plane mechanism of the nave wall top 
seen here corresponds to a very frequent situation in the Italian multi-nave churches and as 
such it is represented in the abacus of typical mechanisms. It may be applied here as well. In 
this case, however, it would be worth investigating further the role of the roof structure.  In 
the Italian case its interaction is often considered as a cause of failure. In this case, the roof 
structure is important, as seen in fig. 8. The lateral stiffness it offers to the nave walls may 
produce a retaining effect limiting the development of such mechanism and in general may 
foster a collaborative behavior among walls in the nave and in the apse area. This effect must 
rely on efficient connections between timber elements and walls. The quality of construction 
and conservation observed for the timber structure during the survey seem to confirm this 
assumption. Numerical evaluation of complete models is in progress.  
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The main characteristics of this Néo-Roman church reside in the bell tower and the façade. 
Contrary to the assumption of interaction of the roof structure with the façade that is made 
very frequently in the Italian cases, often ascribing to roof pounding the damage produced at 
the tympanum top, the Canadian case has no connection between the two. The fundamental 
modal shape, as well as the third mode, recall what is probably the most frequent mechanism 
listed in the abacus, i.e. the bending failure of the façade top. The assumption of full 
connection of the façade with the nave walls in the numerical model is confirmed by the 
careful execution of the masonry at the corner as in fig. 6.b, which inhibits a full rotation of 
the façade limiting the mechanism to the upper part. The presence of the timber structure of 
the bell tower, which in this first phase has been considered only as applied mass, is under 
investigation to detail better the façade top mechanism, which appears as the dominating one 
for this church typology.  
 
 

 

 
Mode 1 
T= 0.47s 

 
Mode 2 
T= 0.21s 

 

 
Mode 3 
T= 0.21s 

 
Mode 4 
T= 0.15s 

Figure 10 First modal shapes with the corresponding period . 

 

6 CONCLUSIONS 

The seismic vulnerability of churches is a well-known problem in the preservation of 
cultural heritage. The seismic damage documented for the churches in Québec and their 
numerousness elicited studying the seismic behavior of one of the identified church 
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typologies, the Néo-roman.  
Starting from an assessment procedure developed for churches in Italy, a case study has given 
indication of local construction characteristics that influence the seismic behavior; this 
information may be used to increment the original reference damage mechanisms extending 
the procedure in order to its application in a different territory.  
Additional analyses concerning the timber elements and their interaction with masonry as 
well as more advanced material behavior are in progress. 
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