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Abstract

:

Greater Montreal is situated in a region with moderate seismic activity and rests on soft ground deposits from the ancient Champlain Sea, as well as more recent alluvial deposits from the Saint Lawrence River. These deposits have the potential to amplify seismic waves, as demonstrated by past strong, and recent weak, earthquakes. Studies based on the 2015 National Seismic Hazard Model (SHM5) had estimated losses to residential buildings at 2% of their value for an event with a return period of 2475 years. In 2020, the seismic hazard model was updated (SHM6), resulting in more severe hazards for eastern Canada. This paper aims to quantify the impact of these changes on losses to residential buildings in Greater Montreal. Our exposure database includes population and buildings at the scale of dissemination areas (500–1000 inhabitants). Buildings are classified by occupancy and construction type and grouped into three building code levels based on year of construction. The value of buildings is obtained from property-valuation rolls and the content value is derived from insurance data. Damage and losses are calculated using Hazus software developed for FEMA. Losses are shown to be 53% higher than the SHM5 estimates.
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1. Introduction


Several previous studies have highlighted the potential losses due to a large earthquake in the region of Montreal [1,2,3,4,5]. Indeed, the Metropolitan Community of Montreal (MMC) comprises approximately half the population of Quebec and is the second most populous city in Canada, with an average density of population around 1000 people per km2. It also ranks third among major metropolitan areas in terms of seismic activity, with an M6 earthquake occurring on average once every 200 years [6]. The MMC includes 14 regional county municipalities (RCM) divided in 6116 dissemination areas as defined by Statistics Canada (Figure 1).



In Canada, seismic hazard models have been constantly evolving since the first national seismic hazard map of 1953, which was a qualitative zonation [7,8]. In 1970, the first probabilistic map was produced for peak ground acceleration (PGA) with an exceedance probability of 40% in 50 years. In 1985, a modern probabilistic model was used to calculate PGA and peak ground velocity (PGV) with an exceedance probability of 10% in 50 years.



The next generations (2005, 2015 and 2020) provide estimates of PGA, PGV and spectral acceleration at different periods for a 2% probability level in 50 years. In 2005, site-specific spectral values and a deterministic model for the Cascadia mega-earthquake were incorporated. In 2015, a fully probabilistic model was used that includes published attenuation relations in a logic tree to sample the uncertainty in ground-motion characterization.



The last generation of the seismic hazard model (SHM6) in 2020 improves the subduction sources, adds faults, includes new attenuation functions, and increases the number of hazard products. The hazard values are pre-calculated in a continuous manner for fifteen Vs30 values. Adams et al. [6] note that the estimated hazards are significantly changed relative to those of the 2015 version. For Southeastern Canada, the values of Sa(0.2 s) and Sa(2.0 s) increase by 70 and 45%, respectively, for C class sites and a return period of 475 years due to the new ground-motion models, and for low period spectral acceleration, due to changes in the site condition terms.



Figure 2 illustrates the changes in the uniform hazard spectra for the City Hall of Montreal and for site class C (Vs30 = 450 m/s) with the different models since 2005. It shows that the largest difference is found between the two most recent models.



Most of our analyses in the region of Montreal have used the tool Hazus to calculate residential-building damage and losses, and the associated human impacts. Since 1992, this tool, developed by the Federal Emergency Management Agency (FEMA) and the National Institute of Building Sciences, has been constantly improved and used in North America and abroad to produce estimates of the human and economic consequences of earthquakes and other natural hazards [9]. For instance, Tantala et al. [10] analyzed the risk to buildings, essential facilities and humans for a set of deterministic and probabilistic scenarios in the New York/New Jersey/Connecticut Region. Field et al. [11] present loss estimates for an earthquake rupture on the recently identified Puente Hills blind-thrust fault beneath Los Angeles. Moffatt and Cova [12] performed analyses at the scale of individual lots for Salt Lake County. Hazus has also been used to perform sensitivity analyses to assess the influence of site conditions and associated soil amplification on losses in California (e.g., [13]). Kircher et al. [14] compared Hazus-estimated, and observed, damage and losses resulting from the 1994 Northridge earthquake and concluded that the direct economic losses to residential buildings were similar to those observed in residential insurance claims. Hazus was selected to perform nationwide annualized earthquake estimates in 2001, 2008 and 2016 by FEMA and represents a benchmark for similar analysis abroad [15,16,17].



This tool has also been used to perform analyses outside the USA. Bendito et al. [18] used the USGS ShakeMaps scenarios calculated for two potential earthquake events as input into Hazus to calculate losses in Mérida State, located in western Venezuela. Similar analyses were conducted in Israel at different scales [19,20], in the metropolitan area of Istanbul [21], and in the Iranian capital Tehran [22]. In Canada, the development of the Canadian version of the Hazus software, based on version 2.1 [23], has allowed Ploeger et al. [24] to apply the FEMA approach to downtown Ottawa, Canada, for a scenario earthquake of M6.5 at an epicentral distance of 15 km and depth of 10 km. In the Montreal region, several analyses were performed for residential buildings’ damage and losses, and associated human impacts, for deterministic and probabilistic scenarios (e.g., [1,5]). For these analyses, detailed soil-condition mapping, as well as an exposure model at the scale of the census dissemination areas, were compiled.



In this paper, we present the hazard, exposure and fragility models included within Hazus. The flowchart in Figure 3 describes the approach used to estimate damage and losses using both SMH-2015 and SHM-2020 corrected for the site conditions. A comparison and discussion of the calculated damage and loss is then made, taking into account the two generations of SHM.




2. Hazard, Exposure and Fragility Models


2.1. Site Condition Model


A detailed site condition model for the MMC based on Vs30 mapping has been incrementally developed over the last 20 years (e.g., [25,26]) as illustrated in Figure 4. This map is derived from shear-wave velocity (Vs) data from non-invasive seismic methods, borehole profiles converted into vs. profiles, and geological data. The collected data, as well as the approach used to interpolate them within the MMC, are detailed in a recent companion paper by Rosset et al. [2]. This zonation has been compared to the distribution of felt reports converted into intensity during several weak earthquakes in the region of Montreal. The reported intensity is globally larger in zones with site classes D and E, where amplification of seismic waves are the most probable [27].



The microzonation map in Figure 4 is also well-correlated with the thickness of recent alluvial and clay deposits from the Champlain Sea, a past inlet of the Atlantic Ocean into the North American continent, created by the retreating ice sheets during the closure of the last glacial period (13,000–10,000 years). The northeastern part of the MMC is the region with the deepest post-glacial deposits, up to 50 m close to the Saint Lawrence River. In the Island of Montreal, site class E zones are observed in old riverbeds with alluvial deposits up to 15 m. Approximately 27% of the MMC is covered by site classes D and E, 36% by site class C, 31% by site class B, and the remainder is the identified outcropping bedrock, which is classified as A.



For the SHM5, a foundation factor F(T) included in the 2015 National Building Code of Canada is applied to amplify or de-amplify the ground motions of the reference probabilistic hazard map [28]. This factor depends on the level of ground motion as given by the hazard map and the site class (a range of Vs30) provided by the microzonation. The PGA, Sa(0.3 s) and Sa(1.0 s) maps are accordingly adjusted based on each of these factors. In contrast, the information provided by the Vs30 map is directly introduced in the probabilistic hazard calculations in SHM6 for each site.




2.2. Seismic Hazard Models


Seismic hazard parameters are first calculated for the return period of 2475 years at a reference site condition (site class C) using SHM5 and SHM6. Both models are extensively described in [29,30,31] for SHM5 and in [7,8] for SHM6. As shown in the uniform hazard spectra in Figure 2, PGA and spectral acceleration increase at all periods.



For the SHM5, the national hazard data provided by NRCan on a 10 km resolution grid are interpolated into a regular 2 km grid in order to fulfill the spatial resolution of the exposure model [32]. For the SHM6, the hazard parameters are directly calculated on the 2 km grid with constant and variable Vs30 distributions. Left maps in Figure 4 present the hazard maps calculated for constant site class C (Vs30 = 450 m/s), while maps to the right include the variable Vs30 data in Figure 3, later averaged in each dissemination area.



For constant Vs30 values, maximum ground-motion values increase by 18, 33 and 42% for PGA, Sa(0.3 s) and Sa(1.0 s), respectively, with the new hazard model (SHM6) (left maps in Figure 4). This increase is reduced to 18, 22 and 33%, respectively, when a variable Vs30 model is adopted. On average for the DAs, the increases are 12, 16 and 19%, for PGA, Sa(0.3 s) and Sa(1.0 s), respectively, within the MMC. For PGA, 79% of the DAs in SHM6 have higher values than for the SHM5 model (right maps in Figure 5). This percentage is reduced to 28 and 12% for Sa(0.3 s) and Sa(1.0 s), respectively.




2.3. Exposure Model


The exposure model includes demographic information and data on residential buildings in the MMC at the scale of the dissemination areas (delimited by thin black lines in the map of Figure 1). Population during the day and night and other demographic parameters are estimated from the 2016 census of population (Statistics Canada, 2016) updated in 2018. The 2016 property assessment roll for the municipality of Montreal, updated in 2018, and the one for 2018 for the municipalities outside Montreal, serve as basic information to evaluate the number of buildings, the floors’ surface area and the property value (data provided by the Civil Protection of Quebec). The taxonomy of the buildings is the one used in Hazus [8]. Within each building type, the tool further classifies buildings into subtypes based on various factors, such as occupancy, construction materials and age. These subtypes are used to assess the vulnerability and potential damage to buildings in more detail. Residential buildings (RES) are divided into single-family housing, mobile homes, and multi-family housing (multiplex), sub-divided into six types considering the number of dwellings. The count by occupancy types is based on the number of dwellings combined with their geographical location, as in the property roll. In the Island of Montreal, a screening of the buildings district by district to classify them as a function of construction type (wood, masonry, concrete, steel or mobile house, as defined in Table 5.1 page 5–6 in [9]) has been performed. For municipalities outside Montreal, similar rules have been adopted, e.g., single-family houses and multiplex up to four dwellings built after 1875 are wood-frame houses and, before this date, unreinforced masonry houses (refer to [1] for more details). The map in Figure 6 shows the 870,000+ buildings grouped by types and number in each DA. The wood-frame houses (in green) are predominant within the MMC, except in a few DAs where it is the mobile houses (in yellow) that predominate. In the island of Montreal, the percentage of unreinforced masonry buildings (in black) is higher than in other municipalities, while the one for concrete-frame buildings (in red) is important in several DAs that are sparsely distributed.



The distribution of buildings by type is clearly different between Montreal and its neighboring municipalities, as illustrated in Figure 7. The historical center of the city and the surrounding districts account for more than 13% of unreinforced masonry buildings up to four floors, and 1% of steel-frame buildings. Wood-frame houses represent 95.4% of the building stock in the municipalities outside Montreal, and 2.7% are concrete buildings.



The building types are split into three levels of design code (pre-, low- and moderate codes) corresponding to three periods of construction related to the editions of the NBCC, namely before 1970, 1970–1990, and after 1990, where the year 1990 marks the introduction of new seismic requirements in several design standards. Wood-frame houses (W1) are distributed equally between the code levels, as steel and unreinforced masonry buildings mainly belong to the pre-code level. Concrete-frame buildings achieve figures of 18%, 44% and 38% in the pre-, low- and moderate-code levels, respectively. For mobile houses, the distribution is estimated at around 11%, 69% and 20%.



The property roll provides the property value assigned to the buildings and is used to calculate the property taxes. All buildings in the database have an assessed value, occupancy and construction type and are aggregated by DAs. Data sensitivity analyses show that the calculated total value from the roll differs by less than 1% from that calculated using the total floor area, and by 10% from that calculated using the number of buildings and the median value by area. CatIQ (Catastrophe Indices and Quantification Inc., Toronto) provides the ratio of property value to content value at the scale of the Forward Sortation Area from postal codes. The average ratio is around 51% ± 9% for 2018.



Table 1 lists the estimated values of the buildings and their contents for single-family, mobile and multiple-families houses. The total residential building portfolio is around 295.5 billion CAD, the building value counting for 67% of the total. Single-family houses represent 64% of the total asset value and multiplex 34%.



The map in Figure 8 shows the spatial distribution of the building value by DAs in Montreal and surrounding municipalities. It is complemented by the estimated number of buildings showing a correlation between the DA’s value and the number of buildings, especially in the newly urbanized areas outside Montreal.



Table 2 lists the values of the buildings and their contents for the different construction types. Wood-frame houses represent 86% of the total buildings’ value, unreinforced masonry 6.8%, concrete-frame 5.6%, steel-frame and mobile houses, the remainder.




2.4. Fragility and Loss Models


In Hazus, building damage is estimated with fragility curves, which describe the probability of reaching or exceeding different states of damage as a function of a peak building response. The latter (either spectral displacement or spectral acceleration) is the point of intersection of the capacity curve and demand spectrum (details of the calculation are provided in the technical manual in FEMA [9]). These curves are provided for different building types (including three heights) and seismic design levels. In the region of Montreal, three design code epochs were defined. The year 1970 was the date when capacity-based design and structural ductility considerations were first introduced. Structures built before this year are considered as pre-code (according to the Hazus codification) and the ones built after this date are low-code. In 1990, new seismic requirements in several design standards were introduced and correspond to the highest level of seismic design considered for residential buildings, (moderate code in Hazus). For wood-frame houses, the main building type is pre-code (59% in Montreal, 26% outside Montreal), low-code (26% in Montreal, 37% outside Montreal) and moderate-code (15% in Montreal, 37% outside Montreal). The curves of Figure 9 exemplify the differences in fragilities as a function of code level for wood-frame houses.



Seismic losses are calculated as the sum over all damage states of the product of the probability of a given damage state multiplied by the repair cost ratio times the building value. For structural damage, losses CSi for a given occupancy type i are calculated as follows:


    C S   i   =   ∑  d s = 2   5    (   B R C   i   ×   ∑  i = 1   8      P S T R   d s , i     ×   R C S   d s , i   )    



(1)




where RCSds,i is the structural repair and replacement ratio (in % of building replacement cost) for occupancy i in damage state ds; PSTRds,i is the probability of occupancy i being in structural damage state ds. BRCi is the building-replacement cost for occupancy i as provided in Hazus (further details in section 11.2.1 in Hazus technical manual [9]). Similar equations are used to estimate non-structural and content losses.





3. Comparison of Damage and Losses Calculated with SHM5 and SHM6


3.1. Damage Distribution


Damages are categorized into structural, non-structural, and contents. Structural elements are the main load-bearing components that provide building stability, such as beams or columns, and the non-structural elements are other components such as exterior wall panels, staircases, and chimneys. The latter are divided into acceleration-sensitive and drift-sensitive components, which are evaluated differently in Hazus. The contents of the building include equipment and furnishings. Percentages by construction type and level of damage for SHM5 and SHM6 hazards are illustrated in Figure 10. For the SHM6, the number of buildings with extensive and complete damage is around 6000 (0.7% of the total number), 85% being multiplexes. For the SHM5, this number is around 1000, 65% being multiplexes. This increase is mainly from the unreinforced masonry-bearing walls buildings (URM) which are pre-code designs, and for 61% with 1–2 floors and 20% with more than two floors. In addition, steel-frame buildings with pre-code designs are the most affected by the increase in seismic hazard; however, they account for only 0.4% of the total number of buildings.




3.2. Economic Losses


In Hazus, the building losses are divided into the repair costs of structural, non-structural and contents damage. Table 3 lists the results of the loss calculations using the two SHM divided into structural, non-structural and contents components. Changes in the values between the two are also given. For the return period of 2475 years, the total residential losses are estimated at around 5.73 billion and 8.75 billion CAD for the SHM5 and SHM6, respectively, which represents an increase of 53% between the two versions of the hazard model. The part of structural losses over the total increases from 5 to 8% as the non-structural one remains stable at around 61% for the two models. The contents take the third part of the total losses. The value of structural damage is multiplied by more than two with the SHM6, as the cost of non-structural and contents damage show increases of 54% and 40%, respectively.



The bar graph in Figure 11 compares the distribution of building losses by ranges of 200 k CAD and by number of DAs for the two SHMs. From the fifth to the sixth generation of the seismic hazard model, the mean value of losses by DA increases from 640 k to 1430 k CAD, with a standard deviation similar to around 1100 k CAD. There is a general shift to higher losses with the SHM6, with the number of DAs affected increasing globally.



The maps in Figure 12 show the distribution of total residential losses by DAs considering both hazard models. The number of DAs with the largest losses (>16 million Can$) is increased by a factor of 2.2 between the two models and represents 16% of the total in the 2020 model.





4. Discussion and Conclusions


Adams et al. [6] noticed a significant increase in Class C seismic hazards from the SHM5 to SHM6, particularly in eastern Canada due to the substantial changes to the GMMs at all spectral periods (+18% for PGA and +39% in average for other spectral periods for soil type C). This increase is also observed for other soil types when including in the hazard calculation the seismic microzonation information (Figure 4). For example, PGA values increase by 12% ± 7% in average among the DAs, the mean PGA value changing from 0.35 to 0.40 g when using the SHM6, as illustrated on the left map in Figure 13.



The consequences of this increase in seismic hazards on the calculated damage are described by levels of damage and building type. The buildings without damage decrease from 76 to 63% with the new generation of the SHM. Conversely, the percentage of buildings extensively and completely damaged increases from 0.1 to 0.7% and the ones with moderate damage rise from 2.6 to 5.5%. Wood-frame buildings are the ones that suffer less damage, but the slight damage increases from 20 to 30% of their total. From the SHM5 to SHM6, the percentage of URM buildings with extensive damage is multiplied by 2.4. The reinforced-concrete, moment-resisting frame buildings (C1) are the ones most affected, and the percentage of extensive and complete damage is 10 times higher with the SMH6 than with the SHM5. This type of damage is mainly pre-code level in Montreal and low-code level in the surrounding municipalities. For mobile houses, which represent 0.6% of the total building stock, extensive and complete damage counts for 9% of the total number when using the SHM6, 22 times more than the SHM5 results.



The economic losses to residential buildings are directly derived from the damage and have multiplied by 1.5 from the SHM5 to SHM6. They are also directly correlated to the increase in the ground-motion values as illustrated in Figure 13. Losses increase from 1.9 to 3.0% of the total value of building stock. The losses due to non-structural damage represent 61% of the total and the ones from structural damage move from 5 to 8% with the new SHM. The rest of the costs are from contents damage. In average, 80% of the total losses are from wood-frame houses, with an increase in value of 33% for the SHM6, as unreinforced masonry structures account for 10%, with a similar order of magnitude in changes. The cost of repairing concrete buildings rises from 4 to 9% (a 66% increase in value) and the cost of repairing steel buildings is multiplied by 1.8. Mobile houses have their losses multiplied by 1.7.



A concomitant study to estimate the annualized earthquake losses in the MMC have shown that the losses are proportional to the total value and the average ages of the buildings by DA [32,33]. Indeed, the year of construction is used to select the corresponding fragility for a given design code level as exemplified in Figure 9 for the wood-frame houses, the oldest buildings having the worst performance.



Capacity curves for the derivation of fragility functions can be calibrated for typical wood-frame houses in the province of Quebec. Special attention can be directed towards non-structural damage to confirm or infirm their large contribution, which accounts for more than two-thirds of the losses in the current analysis. A specific study could be also conducted to better estimate the damage to mobile homes, concrete and steel buildings, because the difference in losses between the two seismic hazard models is more significant for these (an increase of 70% in average) than for other building types.



Finally, the content losses are based on the Hazus approach, which has not been validated for Eastern Canada and accounts for one-third of the total losses. The estimates of losses correspond to the average but the significant increase in losses with the new hazard model highlights the need to better quantify, propagate and communicate uncertainties when providing seismic loss estimates. The quantification of uncertainties is an important element in prioritizing, optimizing, and justifying risk management and mitigation strategies across all potential natural hazards, in particular when considering competing financial demands for climate-change adaptation.
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Figure 1. Investigated region. Black lines delimit the Regional County Municipalities (RCM) with their associated name. Dashed black line is the limit of the Montreal Metropolitan Community and thin blue lines are the dissemination areas. 
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Figure 2. Uniform hazard spectra for the Montreal City Hall as calculated every five years since 2005 in the national seismic hazard model. Calculations are for site class C and the return period of 2475 years. 
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Figure 3. Flowchart describing the procedure used to calculate damage and losses using as input the Seismic Hazard Models (SHM-2015 and 2020) corrected for the site condition model. The corresponding section for each step of the calculation is indicated in italics. 
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Figure 4. Site conditions in terms of Vs30 maps grouped by site classes (data from Rosset et al., 2022). 
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Figure 5. Distribution of PGA (in g) for the return period of 2475 years using (top) the SHM5 and (bottom) the SHM6. PGA is calculated (left) by grid for site class C (Vs30 = 450 m/s) and (right) by dissemination area using the Vs30 map in Figure 3. 
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Figure 6. Distribution of residential buildings by type. The surface of the pie charts is proportional to the number of buildings and centered in each dissemination area. 
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Figure 7. Distribution of residential buildings by type in (a) municipalities outside Montreal and (b) in Montreal. The percentage of buildings is labeled above each bar. 
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Figure 8. Residential building value (in million of CAD) and number of buildings by dissemination areas. The surface of the circle is proportional to the number of buildings. 
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Figure 9. Fragility curves as used in Hazus for wood-frame houses (W1) for three code levels (pre-, low- and moderate-code levels). The curves are colored for slight, moderate, extensive and complete damage levels. 
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Figure 10. Percentage of damage by construction type and levels of damage using the SHM5 (a) and the SHM6 (b). URM is for unreinforced masonry buildings and MH for mobile houses. 
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Figure 11. Distribution of building losses (in thousand CAD) by number of dissemination areas for the return period of 2475 years using the SHM5 and SHM6 models. The x-axis values are the upper limit of each bar. The dots with line are the percentage of DAs for each range of loss values (left y-axis). 
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Figure 12. Distribution of building losses (in million of CAD) by dissemination areas for the return period of 2475 years using the (left) SHM5-2015 and the (right) SHM6-2020 models. 
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Figure 13. Influence of the seismic hazard model update on (left) PGA and on (right) loss (in %). 
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Table 1. Distribution of building and content values by occupancy type.
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Value

(in Million CAD)

	
Occupancy Types

	
Total




	
RES1

(Single Family Houses)

	
RES2

(Mobile House)

	
RES3A-3F

(Multiplex)






	
Building

	
125,941

	
427

	
70,136

	
196,504




	
Content

	
67,222

	
241

	
31,567

	
99,030




	
Total

	
193,163

	
668

	
101,703

	
295,534











 





Table 2. Distribution of building and content values by construction type.
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Value

(in Million CAD)

	
Construction Types

	
Total




	
Wood

	
Steel

	
Concrete

	
Masonry

	
Mobile House

	






	
Building

	
169,164

	
1286

	
11,008

	
13,996

	
1050

	
196,504




	
Content

	
86,457

	
522

	
5427

	
6130

	
495

	
99,030




	
Total

	
255,621

	
1808

	
16,435

	
20,126

	
1545

	
295,534











 





Table 3. Residential building losses (in million CAD) as calculated with the SHM5 and SHM6 models.
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Hazard Model

	
Residential Building Losses (in Million CAD)




	
Structural

	
Non-Structural

	
Contents

	
Total






	
SHM5

	
298.0

	
3507.6

	
1924.9

	
5730.5




	
SHM6

	
667.3

	
5386.2

	
2695.0

	
8748.5




	
Variation

	
+124%

	
+54%

	
+40%

	
+53%
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