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Abstract

:

In many places of the world, the interruption of touristic activities in the aftermath of a catastrophic earthquake is often neglected in the evaluation of seismic risks; however, these activities can account for a significant proportion of short-term and long-term economic impacts for these regions. In the last decade, several rapid visual screening techniques have been developed to define the typology of buildings and to estimate their seismic vulnerability and potential for damage. We adapted the existing screening procedures that have been developed for generic buildings to specific circumstances that are most common for tourist accommodations. The proposed approach considered six criteria related to structural and nonstructural elements of buildings, as well as local soil conditions. A score was assigned to each criterion as a function of the capacity of the elements to resist ground shaking. A vulnerability index in four levels of building vulnerability was developed combining the scores of the six criteria. The approach was tested in a pilot area of Montreal to a set of 70 typical buildings grouped in four categories based on their accommodation capacity. In Montreal, tourism is an important source of income for the city where 351,000 room-nights were booked with total stay expenditures of CAD 4.9 billion in 2019. The results indicated potential significant disruptions in activities related to tourism; 46% of the buildings investigated have a high to very high vulnerability index. Among them, 4/5 are located in the old city and 1/5 in the downtown area of the pilot zone.
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1. Introduction


The medium- to long-term impact of damaging earthquakes on the tourist industry is often neglected when quantifying economic losses as if mid- to long-term effects can be considerable. Mazzocchi and Montini [1] reported a 40% reduction in tourist expenditures in the ten-month period following the M5.9 Umbria Marche earthquake with respect to the estimated expenditure in the same period under normal conditions. Yang et al. [2] estimated a period of three years to recover the tourism incomes after the Wenchuan earthquake (M8.0, May 12, 2008). In Japan, the tourist industry suffered a drop in activities and even a complete shutdown of some facilities for several months after the 2011 Tohoku earthquake [3].



The vulnerability analysis of the tourist sector to different natural disasters has already been investigated by various authors (e.g., [4,5]) but still represents a small part of research in the field of natural risk management [6]. For example, the 2017 hurricanes that have caused severe damage to touristic infrastructures in the Caribbean highlighted the need to strengthen the resilience of this industry [7], to better understand the potential impacts of natural disasters on structures [8], and to consider the cascading effects of the communication breakdown [9]. Orchiston [10] evaluated the consequences of the 2011 Christchurch M6.3 earthquake in New Zealand on the transportation infrastructures and the travel flows of the earthquake after the event. She also quantified the level of preparedness and several resilience factors of the tourism businesses facing an earthquake from a survey of the touristic operators. Dhellemmes [11] used a similar approach to estimate the preparedness of tourist accommodations for earthquake risk in San Francisco. He calculated the losses and potential damage of hotels using the HAZUS software. Rosa [12] analyzed the economic impact of tsunamis on Thailand’s tourism after the 2005 M8.6 earthquake. In Sumatra, the effective policies to mitigate losses of its tourist sector help to rapidly recover the revenues, which represent around 6% of its gross domestic product. They consist of a global reconstruction plan to quickly reopen hotels funded by foreign donors and governments; the private sector played a key role to improve the resilience of guests by introducing certification procedures. A tsunami readiness program for hotels has been developed to provide guidelines for the preparation of operating procedures.



In 1988, the US Federal Emergency Management Agency (FEMA-154) was the first to propose a method for the rapid visual screening (RVS) of buildings that has been improved until their last report in 2015 [13]. RVS is a sidewalk approach that was initially used to evaluate the typology of buildings and their structural and nonstructural elements in order to assign a score to buildings in the investigated area. The score has been further converted to vulnerability categories reflecting the capacity of the building to resist seismic loading. In Canada, the National Research Council (NRC1992) adapted the approach to the Canadian context [14] and included several aspects for the seismic vulnerability assessment of buildings in the National Building Code of Canada (NBCC2005) [15]. In 2012, Alam et al. [16] published a review of six approaches, including the FEMA one, used at the national scale and scored them following three criteria related to the general description of vulnerability, the evaluated physical parameters, and the description of the outputs. They then evaluated the application of the approach in three cities, including one in Canada (Kelowna), and concluded that a hybrid approach combining the FEMA-154 and NRC1992 assessment performed well in the Canadian context. The outputs of these approaches were then used to calculate damage grades for a certain level of ground shaking by using probabilistic approaches, neural networks, machine learning, and fuzzy logic to capture the inherent uncertainties of such an analysis (e.g., Harirchian et al. [17] for an up-to-date review of existing approaches). The RVS has been recently used in Italy for school buildings [18]. We propose in this paper the combination of the FEMA-154 and the NRC1992 procedures to the specificity of the buildings accommodating tourists in Montreal.



In 2019, more than 11.1 million tourists visited Montreal with total expenditures of approximately CAD 4.86 billion [19]. The tourism industry accounts for about 53,000 direct and indirect jobs in the province of Quebec, which is also ranked third for the number of annual international congresses/conferences in North America. More than 351,000 room nights in commercial accommodations have been registered for an average occupation rate of 74% in 2019. Predicting the potential damage to lodging facilities due to a major earthquake is of interest as tourism losses are ultimately linked to the state of the accommodations. Montreal is located in a moderate seismic zone, as shown in the earthquakes and faults map of Figure 1. The location of the recorded earthquakes since 1980 indicates two main active zones within the Western Quebec Seismic Zone: one band in the NW direction from Montreal, which is the site of three major earthquakes: a magnitude 6 event near Montreal in 1732 [20]; a magnitude 6.1 event near Timiskaming in 1935 [21]; and a magnitude 5.8 event near Cornwall-Massena in 1944 [22]. These earthquakes correlate with a normal faulting zone from the Paleozoic or later periods along the Ottawa River that may represent a failed rift [23]. The second band is oriented SW-NE and extends along the Saint-Lawrence River where several large earthquakes were reported, the most recent being the M5.9, Saguenay earthquake in 1988. Several recent weak earthquakes were felt by many in the urban area of Montreal (black crosses in Figure 1). With respect to population at risk, the city is ranked second in Canada after Vancouver [24].



In addition, recent nonconsolidated deposits have been identified as a contributing factor in amplifying ground motions and damage [25,26]. The effect of local amplification was illustrated during the magnitude 5.9 Saguenay earthquake of 1988. Despite an epicentral distance exceeding 300 km, the external masonry wall of the Montreal-East City Hall was extensively damaged due to local amplification associated with a thick layer of marine clay. The advanced state of deterioration of the building might also have been a contributing factor [27]. Except for the 1732 M5.8 earthquake, which destroyed approximately 300 houses, the Montreal area has been affected by relatively weak events. However, recent estimates of seismic hazard and risk studies have shown that Modified Mercalli Intensities (MMIs) of VII and VIII events can be expected in the future [28]. On average, extensive and complete damage could affect approximately 0.5% of the total building stock and cause casualties (fatalities plus injuries) varying between 350 and 500 depending on the time of the earthquake occurrence [29]. Rosset et al. [30] calculated that the total losses varied between 1 and 12% of the value of the portfolio for residential houses (2018 value) depending on the selected earthquake scenario.



The impact of a large earthquake (as defined by the seismic hazard provided by Natural Resources Canada for a return period of 2475 years) on the tourist sector in Montreal has yet to be evaluated. In the present paper, a procedure is proposed to assess its vulnerability based on a score matrix considering the vulnerability of both structural and nonstructural components of the building, the economic value of the building, and the local soil conditions that may amplify seismic motions. A set of 70 representative tourist accommodations (from hostels to large hotels) were selected in a pilot zone, including the old city and the recently urbanized downtown area (Figure 2). The results are then discussed from different perspectives.




2. Materials and Methods


2.1. The Pilot Study Zone


The pilot study covered the zone between the old port of Montreal and its downtown, and it was selected because of its representative diversity of tourist accommodations. It was divided into two sectors, as shown in the map of Figure 2: Sector-1, including the old city, represents 10% of the total capacity of the investigated accommodations with approximately 900 rooms compared to more than 8500 rooms for Sector-2, which is part of downtown. The location and the room capacity of the selected buildings are shown in the map of Figure 2. The old city was first settled in 1642 and is a main tourist attraction with nearly 7 million visitors per year. Buildings are mainly unreinforced masonry, many of which have been converted into hotels or guest houses. It is therefore the most vulnerable zone in the pilot study. Downtown Montreal combines buildings from different periods spanning the 18th century with old masonry structures to modern tall buildings of steel and concrete. This densely urbanized area represents the economic heart of the city and comprises the highest density of hotels in the city.



A total number of 70 hotels were selected in the two sectors among this group, which can be classified in four categories, as illustrated in Figure 3:




	
Bed and breakfasts including lodging houses and youth hostels. These often consist of individual or multiple wood frame dwellings. The hostels are larger than private lodgings, which have 3 to 5 floors.



	
Small hotels. These have less than four floors and a maximum of 30 rooms. They are mostly located in the sector-1 old-port area and were generally built before 1965, predating the first modern building seismic code. The economic value of each building depends on the age of the building, the star rating of the accommodations, and the average occupancy rate.



	
Intermediate hotels. These have more than 30 rooms and often with a number of floors between 4 and 7. The construction type is mainly reinforced masonry with construction dates between 1900 and 2010. They are classified as hotels with three to four stars.



	
Large hotels. These are tall buildings with more than 20 floors of steel and concrete frame types.








The number of services provided to customers increases with each category of hotel.




2.2. Method to Assess the Vulnerability of the Hotel Sector


The method proposed in this paper integrates the data involving hazard and vulnerability analysis. The seismic hazard at the local scale is based on an existing soil microzonation [25,26,28,29,30,31]. The vulnerability assessments for masonry buildings are based on the analyses performed by Lefebvre [32]. These were supplemented with the vulnerability study performed by Uma and al. [33] in Christchurch and the evaluation method proposed by Zacek [34]. The method is inspired by the previous RVS procedures from the NBCC2005 [15] using the NRC1992 [14] evaluation grid and from the FEMA-154 [13].



A grid summarizing the main elements of building vulnerability (Table 1) has been prepared in order to score the level of vulnerability. It includes parameters on the structural performance of the building, its architectural form, and other characteristics, as well as the local soil conditions. A flowchart describing the general application of the procedure is shown in the Appendix A.



The vulnerability index Vi for a given building is calculated using the following formula:


Vi = IS + INS



(1)




where IS is the structural index obtained from the multiplication of the scores for the criteria A, B, C, D, and F related to structural parameters, and INS is the nonstructural index calculated by multiplying the scores for the criteria C, E, and F (Table 1). C and F are criteria used both for IS and INS as structural and nonstructural impacts are influenced by soil conditions and will affect the accommodation capacity. Most of the scores adopted in our method are from NRC1992 and, when needed, are adapted for their application to the specificity of the hotel sector in Montreal. Each criterion, as well as the source of the scores, is explained later in the text.



Criterion A is based on the year of construction of the building and its fundamental period of resonance. The year of construction is related to the evolution of the seismic provisions of the building code whose first edition was in 1945. Four periods are defined: before 1965, from 1965 to 1985 corresponding to the first national seismic codes using ground motions from a probabilistic seismic zoning map; from 1985 to 2005 when a point source model seismic zonation was first introduced; and from 2005 onwards [35].



The year of construction of the building was obtained from field surveys that are validated by information from the property assessment roll (later called the roll) for the Montréal agglomeration (Evaluation foncière Montréal, 2015). The period of resonance of the building Ta was calculated using the approximate relation Ta (in s) = N/10 for a stiff structure, where N is the number of storeys. The selected ranges for Ta were adapted to fit the soil resonance given by Chouinard and Rosset [36] as a function of location.



Values for criterion A are given in the matrix of Table 2 and follow the National Building Code of Canada [13]. It varies between 0.7 and 2.3 depending on the resonance period of the building Ta and the year of construction.



Criterion B is obtained by considering simultaneously the built year and its structural type. Buildings are divided into eight structural types, as defined in Table 3. The information is obtained from the roll and visual inspections. The values range from 1 to 4.3, and the largest values are assigned to structures built before 1965 with masonry or concrete walls. The B value for post-2005 buildings is set to one and does not influence the IS value.



Criterion C combines the local soil condition of the building and its year of construction. Rosset and Chouinard [26] demonstrated that the amplification on soft soil could be typically larger than 2 for a M6.0 earthquake in Montreal depending on the soil type and thickness of the soft soil layer. The division of soil conditions into five soil categories comes from the NBCC2005 [15]. The factors in the Table 4 were adapted to the soil categories from those given in NRC1992 [14]. For the buildings built after 2005, a factor of 1.5 was adopted to consider the potential of liquefaction in poor soils.



Criterion D is first related to structural irregularities of the building, its environment, and level of deterioration (Table 5a). Horizontal and vertical irregularities in the shape of the building are determined from field surveys and satellites images. Interviews with the maintenance staff helped to determine the presence of soft story and short concrete beams in the building when available plans were missing. These are two critical points because they affect the resistance of the building in the case of strong ground motion. The pounding risk mainly depends on the height of adjacent structures and the gap between them. In order to simplify the RVS and Vi calculation, we integrated in our analysis both parameters (height and gap) for this factor, as indicated in the NRC1992 [14]. Finally, the level of deterioration of the building, which decreases its overall resistance, was estimated by visual screening. Here, the year 1985 was selected as a pivotal date in the score definition in accordance with the national building codes evolution in terms of seismic provisions. The adopted scores were relatively similar for these two periods except when the presence of a soft story or important structural modifications were identified. The final value of D is the sum of the scores for structural irregularities observed in a given building.



The second part of criterion D refers to the soil–structure interaction considering both the predominant period of the building resonance Ta and of the soil T. The latter was provided by the microzonation map from Rosset and Chouinard [26] and grouped in three zones i, ii, and iii, where the limits for T were 0.12 and 0.22 s, respectively, as shown in the map of Figure 4 and listed in the Table 5b. The resonance period of the building Ta is given approximately by the relation Ta(s) = N/10 for stiff structures, where N is the number of stories. The highest values of D are given to buildings with 1 to 4 floors, which have periods close to the resonance periods of the soil observed in the pilot zone.



Criterion E expresses the vulnerability due to nonstructural elements of the buildings that may pose a threat when falling during the earthquake and a few minutes later as chimneys, firewalls, external walls, or balcony (Table 6).



The last criterion F quantifies the importance of the hotel based on its overnight occupancy rate and the accommodation capacity (Table 7). The latter combines the average price for a room, the number of rooms, and the average annual occupancy rate, as provided by the manager of the tourist accommodation. Both criteria use three levels of importance with a factor derived from NRC1992 and NBCC2005. The total score is the multiplication of the two sub-scores: frequentation and accommodation capacity, representing the global importance level of the building.



The scores for structural criteria A, B, C, D, and F were multiplied to calculate the IS value. The INS value was then calculated by multiplication of the scores C and F. Values of the vulnerability index Vi, which is the sum of IS and INS (Equation (1)), were then grouped in four levels of vulnerability from low to very high, as shown in Table 8. The limit between each level was adapted from the typology found in standard diagnostic analysis [13] and from the distribution of Vi values of the present study, which varied from 10 to 50.





3. Results


3.1. Estimated Vulnerability index of Hotels in the Pilot Zone


The value of Vi was calculated for the 70 different touristic accommodations selected in the pilot zone. The graph in Figure 5 shows the distribution of the vulnerability classes by type. The hostels and lodgings are the types with the worst seismic performance as 89% of them have a high to very high levels of vulnerability. This value decreases to 65%, 24%, and 9% for small, intermediate, and large hotels, respectively.



Table 9 gives the average criteria obtained for the four different types of accommodations and the averaged final score. The very high average level of vulnerability (Vi of 32) for Bed and Breakfasts is explained by their location downtown where unreinforced masonry structures on soft soil are predominant. Small hotels are mainly old reinforced masonry buildings with four floors on average, which are ranked second in terms of vulnerability (Vi of 27). One should notice that the vulnerability of the masonry buildings is different if they have a rigid or flexible diaphragm, a parameter that we did not consider in our analysis, due to lack of information. Intermediate and large hotels are concrete and steel frame buildings with more than 10 floors with an intermediate and low level of vulnerability, respectively. The average score for the overall samples was around 20 at the limit between intermediate and high vulnerability index, as indicated in Table 8.



The year of construction is a critical variable used as input for many of the criteria. The old city has the largest number of accommodations built before 1965, and the newest ones are located in the central part of the zone where a new urbanization plan is under progress (Figure 6). The latter are either concrete or steel buildings, which meet the latest seismic requirements from the building codes. These are typically intermediate to large-size hotels. Nevertheless, they often exhibit vertical and horizontal irregularities due to the constraints common in dense urbanized areas, which increases their vulnerability. Lodging houses and small hotels are mainly located in sector-1 of the pilot zone. They are often the oldest buildings: 73% were built before 1985 and a majority of them (61%) are masonry buildings (i.e., 43% of the total). Among them, 72% and 11% have 10 to 300 rooms and more than 300 rooms, respectively. The number of tourists potentially impacted is estimated to vary from 300 to 10,000 depending on the time of year and the occupancy rate.



The map of Figure 7 illustrates the structural irregularities found in each investigated accommodation, which determine the score of criterion D. One can notice that most buildings have from one up to seven irregularities listed in Table 5.



The map of Figure 8 shows the vulnerability index Vi for the selected accommodations. In total, the number of accommodations with low, intermediate, high, and very high vulnerability index are 29%, 25%, 13%, and 33%, respectively. The median value of Vi is 18 and the 94th confidence interval is from 5 to 53. In the old city, 14 of the 18 analyzed buildings have a high or very high risk to be damaged (vulnerability index Vi between 20 and 30 or higher than 30, respectively). That with the lowest value of Vi has been retrofitted recently. For the 51 buildings investigated in the Downtown area, over the 51 investigated buildings, 33% have an intermediate risk and 43% have low risk. The highest values of Vi are highly correlated with areas where soil conditions are unfavorable (soil class D). This issue is especially critical in the old districts where the most recent NBCC codes were not yet implemented at the time of construction.




3.2. Correlation between Structural Vulnerability and the Preparedness Capacity


The structural survey has been completed by a survey conducted among the general managers and employees in order to analyze their level of awareness and preparedness. Several questions are related to the hazard awareness, the level of preparedness, and the existence of an evacuation plan. The answers given by 45% of the panel were used to define a preparedness index.



Among the panelists, 9% have already experienced a seismic event abroad and very few were aware of past earthquakes that occurred in Quebec. Half of them considered that an earthquake is unlikely, which would reduce the prevention measures adopted by the management team.



The prevention and management of tourist accommodation against earthquakes gave varied results. For example, actions to reduce falling objects are taken by only 18% of the responders, while all provide emergency kits and reserves. In addition, 96% of the responders mentioned a fire evacuation plan and 40% have specific procedures for earthquake safety and evacuation. The survey also addresses the issue of training and simulations, adopted by 31% and 19% of the responders, respectively.





4. Discussion


A RVS was used to estimate the vulnerability of a representative sample of 70 tourist accommodations in Montreal using a scores matrix adapted from NBCC [15] and FEMA-154 [13] procedures. The visual screening of buildings, complemented by an inspection of the satellite photos prior to the building visit, remains the most efficient approach for vulnerability assessments. The assessment of the structural characteristics is very dependent on the level of access allowed for each building and the information provided by owners or their representatives. All data collected for each investigated building were included in a GIS platform for further analysis and mapping.



This study highlighted the potential issues with ageing tourist accommodation infrastructures. The oldest buildings in the city are mainly located in the Old Port, the historic heart of the city. These are predominantly (40%) unreinforced masonry of adjoining brick walls that are vulnerable to strong ground motions [32]. The presence of soft soils in this sector was demonstrated as an aggravating factor in the case of strong ground motions. The downtown sector is a relatively dense urban landscape composed of buildings with more than 10 floors forming the skyline of Montreal. The resilience of tourist accommodations in this sector is greater than that in the old port sector.



The year of construction is a key factor in the calculation of the scores as it is related to the construction practices and standards. On average, the oldest hotels were built in the early twenties and the newest, less vulnerable buildings, large-size hotels, in the eighties.



The vulnerability assessment accounts for specific architectural and structural characteristics of the different building types. Structural irregularities were shown to play an important role as many modern buildings exhibit structural irregularities that increase vulnerability.



Soil-building interaction is another important factor that increases vulnerability when the resonance periods of the soil and the building coincide. At this stage, the scores given for selected periods of resonance for both buildings and soil in Table 5 are a preliminary approach, which may be improved by distributing the periods over the range of structures and region when further data are available.



Intermediate and large hotels have the highest economic value for initial cost of construction and economic activities (i.e., numbers of daily-accommodated persons). These are located in a sector with good soil conditions and have relatively low vulnerability indices (Table 9). On average, the oldest buildings are hostels built before 1982 and are principally located in the old port and have several structural irregularities (Figure 5). The small hotels have relatively high vulnerabilities mainly due to low building scores. In our sample, they are mainly found in sector 1 (33% vs. 15% for sector 2) but their presence is generalized across the island.




5. Conclusions


Our analysis of a representative set of accommodation buildings using an adapted RVS procedure has shown the general vulnerability of these buildings. In order to mitigate the impact of an earthquake on the city, buildings should be retrofitted in accordance with the building regulations [13] and the recent standard for seismic risk reduction of operational and functional components of buildings [37].



Several risk analyses have shown that Montreal may suffer important economic and structural losses in the case of a major earthquake [29,38,39,40]. These analyses do not include the effect on the touristic sector. The extension of our vulnerability analysis to a larger region and its incorporation in an impact analysis on economic activities following a major earthquake could provide incentives to improve the resilience of current facilities. In the meantime, the analysis of accessibility of damaged buildings with high vulnerability indices after a major event could be envisioned, as proposed in the preliminary work performed by Rodrigues [41] in Quebec City.



The proposed qualitative survey performed in Montreal could benefit from the recent advances in RVS [17] by including fuzzy logic models or multiple-criteria decision-making methods, as proposed recently by Harirchian et al. [42,43], for reinforced concrete buildings. These computational extensions of the field RVS aim to include the uncertainties in the collected data. Such improvements have shown to perform well compared to traditional RVS methods when using observed damage after an earthquake.



Finally, Brown et al. [44] developed an approach to evaluate disaster resilience mixing methods from predictors of economic, social, human, physical, natural, and cultural topics after the Kaikōura 2016 earthquake close to Wellington. These external parameters may also be considered when evaluating the vulnerability of public buildings such as the touristic accommodations.







Author Contributions


Conceptualization, T.C. and P.R.; methodology and investigation, T.C.; validation, P.R. and L.C.; writing—original draft preparation, T.C. and P.R.; writing—review and editing, T.C., P.R. and L.C.; GIS mapping, T.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Information regarding the property value were extracted from the assessment role of Montreal in 2015 (https://montreal.ca/evaluation-fonciere). Other collected data are stored in a GIS platform and are available on request. Data used to produce the maps are from OSM—Open Street Map (http://download.geofabrik.de/) and the city of Montreal https://donnees.montreal.ca/) in 2018. Collected data were first written on a paper sheet and then included in a Table. The collection of data took place in 2015 from February to April.




Acknowledgments


T.C. thanks the manager and the team of the selected hotels for their availability. The authors acknowledge the three reviewers for their fruitful comments and suggestions, which greatly improved the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Geohazards 02 00008 g0a1 550] 





Figure A1. Flowchart of the RVs procedure used to analyze the vulnerability of accommodation buildings. 






Figure A1. Flowchart of the RVs procedure used to analyze the vulnerability of accommodation buildings.
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Figure 1. Felt historical and recorded earthquakes around the Greater Montreal area for the period 1663–2020. The earthquakes list is provided by Natural Resources Canada and fault lines from the Ministère de l’Énergie et des Ressources naturelles of the Quebec province and the Ontario Geological Survey. 
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Figure 2. Location of the pilot area divided into two sectors and the investigated touristic accommodations grouped by their number of rooms. 
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Figure 3. Tourist accommodations grouped in four types: (1) Bed and Breakfast; (2); small hotel (3), intermediate hotel; (4) large hotel. 
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Figure 4. Zonation in terms of the resonance period of the soil T (in s) based on the map from Rosset and Chouinard [23]. 
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Figure 5. Distribution by vulnerability index Vi for the different accommodation types (in %). 
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Figure 6. Distribution of the investigated buildings by period of construction: Hotels are divided into four groups of year of construction. 
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Figure 7. Structural irregularities for the selected buildings in the pilot zone. These parameters were used to calculate the score for criterion D defined in Table 5. 
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Figure 8. Vulnerability index of the selected buildings in the pilot zone. 
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Table 1. Criteria used to determine the building seismic vulnerability (adapted from NRC1992, NBCC2005, and FEMA-154).
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	A
	B
	C
	D
	E
	F





	NBCC

design
	Type of structure
	Soil

conditions
	Building

characteristics
	Nonstructural elements
	Importance elements



	Age and resonance period of the building
	Concrete, steel,

masonry, etc.
	Hard rock, firm soil, soft soil
	Structural irregularities, number of floors
	Fireplace presence and balcony. Induced hazards
	Occupancy rate and accommodation capacity
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Table 2. Matrix used to determine criterion A (adapted from NRC1992, NBCC2005, and FEMA-154).
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Ta: Period of the Building (in s)

N: Number of Floors

	
Built Years




	
Before 1965

	
1965–1984

	
1985–2005

	
After 2005






	
Ta ≤ 1.0; N ≤ 10

	
2.3

	
1.5

	
1.5

	
1




	
1.0 < Ta < 2.0; 10 < N < 20

	
1.3

	
0.9

	
0.9

	
1




	
Ta ≥ 2.0; N ≥ 20

	
0.9

	
0.7

	
0.7

	
1
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Table 3. Matrix used to determine criterion B (adapted from NRC1992, NBCC2005, and FEMA-154).
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Built Year

	
Structural Type




	
Wood

	
Steel

	
Steel Frame

	
Concrete

	
Concrete

Frame

	
Precast

Concrete

	
Reinforced

Masonry

	
Unreinforced Masonry






	
Before 1965

	
1.4

	
1

	
2

	
2

	
2.5

	
4.3

	
3.3

	
3.5




	
1965–1984

	
1.4

	
1

	
1.5

	
1.5

	
1.5

	
3.1

	
2.2

	
3.5




	
1985–2005

	
1.2

	
1

	
1

	
1

	
1

	
1.7

	
1.1

	
1.1




	
After 2005

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1
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Table 4. Matrix used to determine criterion C (adapted from NRC1992 and NBCC2005).
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Built Year

	
Soil Categories




	
Hard Rock

	
Rock

	
Dense Soil

	
Soft Soil

	
Poor Soil






	
Before 1965

	
0.8

	
0.9

	
1

	
1.1

	
1.2




	
1965–1984

	
0.8

	
0.9

	
0.8

	
0.8

	
0.9




	
1985–2005

	
0.8

	
0.9

	
0.8

	
0.8

	
0.9




	
After 2005

	
1

	
1

	
1

	
1

	
1.5










Table 5. Matrix used to determine criterion D (adapted from NRC1992 and NBCC2005).
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 (a)






 (a)





	
Age of the Building

	
Structural Irregularities




	
Vertical

Irregularities

	
Horizontal

Irregularities

	
Soft-Story

	
Modification

	
Short Concrete Columns

	
Pounding Risk

	
Deterioration






	
Before 1985

	
1.3

	
1.5

	
2

	
1.3

	
1.3

	
1.3

	
1.3




	
After 1985

	
1.3

	
1.5

	
1.5

	
1

	
1.3

	
1.3

	
1.3
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 (b)






 (b)





	
Zones &

Predominant Period T

	
Soil-Structure Interaction




	
Number of floors & Building Period Ta (in s)




	
1–4 & 0.1–0.4

	
4–7 & 0.4–0.7

	
>7 & >0.7






	
Zone i (T ≤ 0.12 s) *

	
1.5

	
1.1

	
1




	
Zone ii (0.12 < T < 0.22 s) *

	
2

	
1.2

	
1




	
Zone iii (T ≥ 0.22 s) *

	
2

	
1.5

	
1








* The different zones are located in the map of Figure 4.
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Table 6. Matrix used to complete criterion E (adapted from FEMA-154).
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	No
	Yes





	Presence of nonstructural elements

(i.e., chimney, external wall, balcony)
	1
	2
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Table 7. Matrix used to determine criterion F (adapted from NRC1992 and NBCC2005).
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	Importance of the Building
	Low
	Medium
	Important





	Frequentation

(number of persons accommodated per night)
	1

(0–10)
	1.2

(10–100)
	1.5

(100–1000)



	Accommodation capacity

(expressed in CAD)
	1.2

(100–5000 k)
	1.3

(5000–10,000 k)
	1.5

(>10,000 k)
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Table 8. Vulnerability index Vi grouped into four levels of vulnerability.
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	Vulnerability Index Vi
	<10
	10–20
	20–30
	>30



	Level of vulnerability
	Low
	Intermediate
	High
	Very High
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Table 9. Average value of criteria for the vulnerability index by types of accommodations.
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Criteria

	
Types of Accommodation




	
Bed and Breakfasts

	
Small Hotel

	
Intermediate Hotel

	
Large Hotel






	

	
Average built

year

	
1982

	
1924

	
1962

	
1982




	
A and E

	
Number of

floors

	
<4

	
4

	
10

	
26




	
B

	
Structural type

	
Nonreinforced

masonry

	
Reinforced

masonry

	
Concrete

Concrete-masonry

	
Concrete

steel-concrete




	
C and F

	
Geologic

conditions

	
Soft soil

	
Dense soil/Soft soil

	
Dense soil

	
Dense soil




	
D

	
Building

characteristics

	
Collision, deterioration, horizontal and vertical irregularities

	
Collision, soft story, vertical irregularity, modification

	
Vertical and horizontal irregularities, collision

	
Vertical and horizontal irregularities, collision




	
E

	
Nonstructural elements

	
Yes

	
Yes

	
No

	
No




	
F1

	
Frequentation

	
Low/Medium

	
Low/Medium

	
Important

	
Important




	
F2

	
Accommodation capacity

	
Low/Medium

	
Low/Medium

	
Medium/Important

	
Important




	
Geographical sector

	
1 (principally) and 2

	
2 (principally) and 1

	
2

	
2




	
Average Vulnerability Index Vi

	
32

	
27

	
14

	
9




	
Average level of vulnerability

	
Very high

	
High

	
Intermediate

	
Low




	
Average Vi for all types

	
20 (Intermediate-High)
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