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Abstract: Post-earthquake fires are typically of great concern for fire protection services,
which are expected to be in high demand immediately after a strong earthquake. The
post-earthquake functionality of fire stations is necessary after strong earthquakes to re-
duce potential fire damage and improve emergency services. A reliable assessment of
the seismic vulnerability and expected damage for fire stations is therefore a necessary
step towards the identification of the most vulnerable structures and the prioritization
of seismic retrofit activities. This article presents the development of a methodology for
the damage assessment of fire stations based on earthquakes scenarios. The framework is
based on four models: seismic hazard, inventory, fragility and impact. The seismic hazard
model represents ground shaking in terms of intensity measure at each station using a
ground motion prediction equation for Eastern Canada. The inventory model categorizes
all the fire stations in building classes based on construction material and seismic code
level. The fragility model associates building classes with fragility functions that provide
the relationship between intensity measure and expected damage probabilities. The impact
model converts damage probabilities into a mean damage state. All Montreal fire stations
were selected as case study demonstrations. Simulations were conducted by varying the
epicenter location and magnitude for a total number of 345 scenarios. Simplified relation-
ships that correlate the earthquake magnitude and expected damage were developed. The
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Academic Editor: Hans-Balder at least moderate damage. The methodology is particularly useful for emergency planning
Havenith and prioritization of seismic retrofit activities.
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Seismic Performance Assessment of In the collective mind, earthquakes mainly cause damage to buildings and infras-
Essential Facilities: Case Study of Fire
Stations in Montreal. GeoHazards 2025,

6,22. https://doi.org/10.3390/
geohazards6020022 damage. In the impacted cities, 32% of buildings sustained heavy damage or collapse

of more than 100,000 buildings [1]. Damage statistics for buildings due to the 2024 Noto
Peninsula earthquake of magnitude 7.5 in Japan showed that more than 8000 buildings

tructure because of the vibrations induced in structures. Recent earthquakes events such
as the 2023 Kahramanmaras earthquake of magnitude 7.7 in Tiirkiye caused widespread
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were majorly damaged [2]. However, several historic earthquakes were followed by major

conditions of the Creative Commons caused by the 1906 San Francisco earthquake destroyed 28,000 buildings, [4] and the fire
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following the 1923 Tokyo earthquake destroyed 212,000 buildings [5]. Various factors can
contribute to the ignition and spread of fire, such as gas networks, construction type and
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building density. The fire risk is increased when buildings are made of wood, like in many
regions of Canada, the United States and Japan [6-8]. In this context, it is essential for
firefighters to be able to respond to emergency calls after an earthquake, as they will be
faced with significant demand. Fire stations play a key role in protecting firefighters and
their equipment, and thus these civil protection buildings must be designed in a way to
minimize seismic induced damage. Risk assessment studies has been conducted to evaluate
the expected performance of civil protection and critical facilities including fire stations [9]
and hospitals [10,11]. To mitigate the consequences of an earthquake event and take the
necessary measures, damage scenarios to critical facilities such as fire station buildings
need to be assessed and quantified to evaluate the scale of disruption of the fire service and
plan for mitigation actions.

Montreal is located within the Western Quebec Seismic Zone (WQSZ) with a recorded
earthquake activity by Natural Resources Canada every five days on average [12] The
WQSZ is composed of a series of earthquake clusters that collectively form a north-west
trending band of intraplate seismicity measuring around 160 km wide and 500 km long [13]
and was the site of at least three major damaging earthquakes in the past. In 1732, an
earthquake estimated at magnitude 5.8 shook Montreal, causing significant damage. In
1935, the area of Temiscaming was shaken by an earthquake of magnitude 6.2. In 1944, an
earthquake of magnitude 5.6, located between Cornwall, Ontario and Massena, New York
state, caused property damage estimated as CAN$2 million (CAN$36 million in 2024) [12].
The recent seismic hazard assessment developed by Natural Resources Canada for seismic
design parameters in the National Building Code of Canada NBCC [14] estimated that
Montreal can be exposed to a horizontal peak ground acceleration (PGA) of 0.46 g with
a probability of exceedance of 2% in 50 years, which is expected to cause damage to
existing buildings.

This paper presents the development of a methodology for the seismic assessment
of fire stations subjected to multiple simulated earthquake scenarios. The case study
of Montreal fire stations illustrates the application of the methodology. The choice of
the simulated scenario-based approach in Montreal is justified by the limited historical
information available in Eastern Canada [15] and the possibility to consider the uncertainty
in the location of the epicenter. Baset earthquake scenario studies estimated that the
island of Montreal is at risk from post-earthquake fires, according to a report by [7] which
estimates economic losses of between C$10 billion and C$30 billion depending on the
scenario. The high density of wood buildings significantly increases the potential for fires
to start and spread. This high risk of fire means that Montreal’s 2400 firefighters in 66 fire
stations [16] must be able to respond immediately after a strong earthquake event, which
means that firefighters and their equipment must be protected at all times to ensure that
they are always operational to protect the island’s inhabitants, i.e., 23.6% of the population
of Quebec (5.4% of the Canadian population) [17]. The pre-earthquake assessment will help
in identifying the most vulnerable buildings so that seismic rehabilitation can be carried
out in a targeted and cost-effective manner.

The two most common methods for earthquake assessment are the deterministic
approach and the probabilistic approach [18]. To perform a deterministic seismic hazard
analysis (DSHA), the location and characteristics of all significant potential earthquake
sources that might affect the site should be established. For each source, the maximum
credible earthquakes are assigned, and the appropriate ground motion prediction equations
(GMPEs) are selected to estimate the site ground motion parameters as a function of
earthquake magnitudes and the source to site distance of various sites [19]. DSHA has been
applied for the assessment of seismic hazard as well as in vulnerability studies [20,21].
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The probabilistic seismic hazard analysis (PSHA) approach produces ground motion
intensities corresponding to specific probabilities such as the 2% probability of exceedance
in 50 years. The objective of PSHA is to compute, for a given exposure time, the probability
of exceedance corresponding to various levels of ground motion parameters such as the
peak horizonal ground acceleration (PGA) and response spectra ordinates at several struc-
tural periods of vibrations [22,23]. These results are typically developed for seismic design
in building codes and are not necessarily suited for scenario-based emergency planning.
On the other hand, emergency plans and pre-earthquake assessment require knowledge of
locations where earthquakes are likely to occur and of the consequences of an earthquake
of different magnitudes [24].

The methodology presented in this paper involves the development of consecutive
models: hazard assessment of the expected ground motion intensities for each scenario
earthquake, inventory analysis and classification of fire stations according to their seismic
vulnerability, fragility analysis to correlate damage state probabilities to earthquake in-
tensity and impact analysis to quantify the mean damage states. These models are first
described. An example application of a magnitude 6 earthquake below the city center is
then presented. The uncertainty of the epicenter location is then incorporated, by consider-
ing several epicenters in the simulations, to generate statistical data on expected damage
and develop relationships between damage state distributions and earthquake magnitudes.
Epicenters are chosen based on the grid points of the seismic hazard maps developed by
Natural Resources Canada for the use in seismic design in the National Building Code
of Canada (NBCC).

2. Materials and Methods
2.1. Framework for Performance Assessment

The framework for the seismic performance assessment constitutes four models. The
seismic hazard defines the expected ground motion intensities for various earthquake mag-
nitude scenarios using ground motion prediction equations (GMPE). The inventory model
defines the classification of fire station buildings according to their year of construction
and structural system. The fragility model associates each fire station building class with a
fragility function represented by a relationship between the probability of damage and a
ground motion intensity measure (IM). IMs can be defined by peak ground motion such as
PGA or using the response spectral values at specific structural periods of vibrations. For
regional scale risk assessment studies, short (T = 0.3 s) or long (T = 1.0 s) periods could be
used, both of which can be directly associated with seismic hazard values in the Canadian
codes. Sa(1.0s) was found to demonstrate less dispersion with displacement demands
based on the statistical analysis of a large number of structural analysis results for multiple
earthquake scenarios on various types of buildings [25]. Fragility functions are obtained
based on a regression analysis of the vulnerability analyses of various types of buildings
that were conducted in the framework of the developments of the rapid risk evaluator
(Evaluation Rapide de Risque, ER?) tool [26]. The impact model defines the interpretation of
damage state probabilities in terms of a mean damage factor. Figure 1 shows the integration
of these models and the sequence of analyses.

2.2. Seismic Hazard Model

The seismic hazard model considers the propagation of seismic waves between the epi-
center and the location of each building. The GMPEs presented in [15] for eastern Canada
are used to estimate the value of Sa(1.0s) at the site, taken as the intensity measure IM. The
IM values are given originally in discrete intensity measures as a function of magnitude Mw
and the distance to the epicenter (Repi) in a tabulated format for lower-bound, medium-
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and higher-bound estimates. Earthquake magnitude refers to a logarithmic scale that
quantifies the size of an earthquake based on the seismic moment, which is a measure of
the total energy released. Epicentral distance Repi is the ground distance between a specific
point and the earthquake’s epicenter, the point on the Earth’s surface directly above the
hypocenter (where the earthquake originates). To simplify the integration in a spreadsheet
solution, closed-form equations are developed for the selected IM for damage assessments
using regression as a function of Repi and various magnitudes ranging from 5 to 7. The
distance Repi was considered up to 60 km. Given that the island of Montreal is about
50 km long at its longest point, this covers the island plus a few kilometers of the sur-
rounding area. The closed-form equations are defined for five magnitude values and three
estimate levels of GMPE are presented in Table 1 for Sa(1.0s) for low, medium and high
estimates. GMPEs are given for a B/C seismic site class with an average shear wave velocity
at 30 m (Vs30) of 760 m/s. To consider the amplification site effect, it is necessary to adjust
the IM values obtained from the GMPEs. The IM values are first recalculated for a site
class C by applying a conversion factor proposed by [27]. The IM values are then modified
to consider the specific seismic site class at the location of each building, using the site
coefficient [28]. The site class corresponds to the average shear wave velocities in the first
30 m of soil (Vs30) for each fire station location and was identified based on the microzoning
study of the island of Montreal [29]. The site classes include hard rock (A; Vs30 > 1500 m/s),
rock (B; 760 < Vs30 < 1500 m/s), very dense soil and soft rock (C; 360 < Vs30 < 760 m/s)
and stiff soil (D; 180 < Vs30 < 360 m/s) (Table 2).

Inventory model:
Seismic hazard model: Building classes of fire stations
GMPEs for the selected IM according to material, year of
construction and design level

Fragility model:
Fragility functions for each
building class in the inventory

Earthquake scenarios:
Estimation of damage probabilities and mean

damage factor

Figure 1. Framework for earthquake scenario for performance assessment.

Table 1. Closed-form equations for Sa(1.0s) based on the regression analysis of the tabulated values
in [28] GMPE for Eastern Canada.

GMPE Level Magnitude Intensity Measure Sa(1.0s) (cm/s?)
M5 S4(1.0) = 17.35¢ 07 Repi
39.36e09(2) jf Ry, < 2
M5.5 54(1.0) = P =
«(10) { 39.36¢ "R else
77.99e005(2) jf Ry,; < 2
M6 54(1.0) = P =
Low a(1.0) { 77.99¢~005Rspi olse
143.45¢~005(398) jf R, ; < 3.98
Mé6.5 54(1.0) = P =
o(1.0) { 143.45¢ " 0Repi glse
~095 -
<
M7 5,(1.0) = 1580.33(10) %19256,,,_10
1580.33(Rgpi)  else
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Table 1. Cont.

GMPE Level Magnitude Intensity Measure Sa(1.0s) (cm/s?)
M5 S4(1.0) = 29.61e "7 Repi
68.855¢007(2) if Ry, < 2
M5.5 S.(1.0) = épt =
2(1.0) { 68.85¢ " 7Repi glge
141.65¢70062) if Ry, <2
. — pr —
Medium Mé 8a(1.0) { 141.65¢%Rei olge
281.5¢7005(398) jf Ry < 3.98
M6.5 S.(1.0) = épt =
o(1.0) { 281.5¢ %R else
—1.04 .
. i <
M7 5,(10) = 3 884.65(10) z_flge,,, <10
3 884.65(Repi) else
M5 S4(1.0) = 50.49¢ "08Repi
120.34e007(2) jf Ry; < 2
M5.5 S.(1.0) = épt =
o(1.0) { 120.34¢ 7Repi else
263.16e006(2) jf R, < 2
M6 S,(1.0) = ept =
High o(1.0) { 263.16¢ *0%Rei else

549.35¢0063:98) £ R, < 3.98
M6.5 $.(1.0) = épi =
o(10) { 549.35¢ 00Repi o]ge
—-1.12 .
N 5,(10) = 9 325.32(10) zfl ﬁépi <10
9325.32(Repi) " else

Table 2. Site classes’ definitions and corresponding number of fire stations located at each class.

Number of Fire Stations

Site Class Vs30 Range (m/s) Located at Each Class
A: hard rock Vs30 > 1500 m/s 1
B: rock 760 < Vs30 < 1500 m/s 22
C: very dense soil and soft rock 360 < Vs30 <760 m/s 35
D: stiff soil 180 < Vs30 <360 m/s 8

2.3. Inventory Model

The inventory model defines the classification of buildings according to construc-
tion types, the year of construction and seismic code levels. Each building class is then
associated with a fragility function to predict damage. Determining a specific fragility
function for each building would be time-consuming and a computationally intensive
process. The use of building classes with similar expected seismic performance offers the
advantage of simplicity and rapidity while it has proven to be computationally efficient
in the context of the regional seismic risk assessment of a large number of buildings. The
classification adopted is recommended by the standardized North America risk assessment
tool, Hazus [30], along with the fragility function associated with each building class, which
is determined based on structural type, height and building code level. The collection of in-
ventory data for the regional scale risk assessment can be collected from multiple resources
such as census data and geographical information system databases [31]. The method
adopted for the inventory and structural characterization of fire stations in Montreal were
carried out by the authors [32] using different sources of information including open source
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datasets such as those available online on the “Données Québec” website [33]; the Montreal
firefighters” website [34]; site visits of the inside and outside of the buildings with the
authorization of firefighters and (iii) construction and renovation drawings available at
the city archives. These sources were used to identify general information such as the date
of construction and building height, as well as construction materials and the lateral load
resisting system. Table 3 presents the building classification system and taxonomy adopted
in this study and corresponding parameters.

Table 3. Adopted building classification systems and parameters used in this study.
Material Lateral Load Resisting System Label Height Subclasses Code Levels
S1L (low-rise)
Steel moment frame S1
S1IM (mid-rise)
S2L (low-rise)
Steel braced frame S2 —
S2M (mid-rise) _p (pre-code)
s S3L (low-rise _l (low-code
Steel buildings Steel light frame S3 ( ) ( - :
S3M (mid-rise) ~m (mid-code)
_h (high-code)
Steel frame with cast in place concrete shear s S3L (low-rise)
walls S4M (mid-rise)
Steel frame with unreinforced masonry S5 S5L (low-rise)
infill walls S5M (mid-rise)
C1L (low-rise)
Concrete moment frame C1
C1M (mid-rise)
_p (pre-code)
1 C2L (low-rise) 1 (low-code)
Concrete buildings Concrete shear walls c2 - .
C2M (mid-rise) _m (mid-code)
- _h (high-code)
Concrete frame with unreinforced masonry 3 C3L (low-rise)

infill walls C3M (mid-rise)

Reinforced beari 1Is with RMIL (low-rise)

" Wood or metal deck diaphragms RM1 o - (pre-code)

Reinforced masonry phrag RMIM (mid-rise) 1 (lov.v-code)

buildings Reinforced masonry bearing walls with RM2L (low-rise) -m (mld-code)

. RM2 _h (high-code)
precast concrete diaphragms RM2M (mid-rise)

i URML (low-rise -
Unrelnfor'ce.d Unreinforced masonry bearing walls URM ( ) -P (pre-code)
masonry buildings URMM (mid-rise) _1 (low-code)

The average year of construction of fire stations in Montreal is 1958, i.e., an average
age of 65 years [32]. Fire stations are civil protection buildings and are therefore subject
to special regulations regarding their seismic design, which have evolved over the years
in the NBCC [35]. Building code editions used for the construction of each fire station
were determined based on the construction year. A code level is assigned to each building
according to the reference years (prior to 1953 for pre-code, between 1953 and 1975 for
low code, between 1975 and 2005 for medium code and after 2005 for high code). Figure 2
shows the number of fire stations built according to the edition of the NBCC and the code
level to which they are assigned. The inventory determined that 71.2% of the 66 fire stations
were built according to a building code that predated 1975, i.e., the introduction of dynamic
analyses to determine seismic force design in the NBCC [35].
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Figure 2. NBCC editions used for the construction of the fire stations and their classification according
to the seismic code levels.

Inventory analysis involved the characterization of each fire station building accord-
ing to the standardized fragility-based classification system in Hazus [30] with the result-
ing statistics showing in Figure 3. This approach was followed to be able to correlate
each building class to a corresponding fragility function that is used for damage assess-
ment. Montreal fire stations tend to be low-rise: 69.7% have 2 stories or less, 25.8% have
3 stories and 4.5% have 4 stories. The materials used in the construction of fire stations
vary according to the period of construction. Before 1930, load-bearing masonry walls and
steel frames with masonry infill were the predominant structures used; between 1930 and
1980, concrete frames were predominant; and since 1970, steel frames have been the most
popular structural system. The most common structures are concrete moment frames (C1)
(32%), steel braced frames (S2) (17%), steel moment frames (S1) (15%) and unreinforced
masonry bearing walls (URM) (14%).
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Fragility classes

Figure 3. Building types based on fragility classes of fire stations.

2.4. Fragility Model

The fragility model defines the relationship between the probability of being in differ-
ent damage states (i.e., slight, moderate, extensive and complete) and the IM. Key aspects
of the fragility function include the probability of exceedance, which shows the probability
of a structure exceeding a predefined damage state, ground motion intensity, which is
represented by an IM such as Sa(1.0s), and damage states. Fragility functions help en-
gineers and decision-makers understand how likely a structure is to be damaged under
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different levels of a hazard, the potential for different levels of damage to occur and the
implications for safety. Fragility functions can be developed based on empirical data from
post-earthquake damage datasets, analytical modelling and structural analysis. For re-
gions of scarce post-earthquake damage observations, the fragility analysis typically relies
on analytical modelling. The fragility analysis integrated in the ER? tool [26] developed
fragility datasets based on nonlinear static seismic demand and the damage probability for
single-degree-of-freedom models representative of a population of buildings with a specific
construction material, seismic design level and height. This dataset is used to generate
closed-form fragility functions for each identified building class in the inventory. The
fragility database includes pre-calculated damage state probabilities for various earthquake
magnitudes and distance combinations using standard vulnerability parameters available
in Hazus [30] for different building classes. Regression analyses were conducted on the data
points to correlate the damage state probabilities to the corresponding intensity measure for
each earthquake scenario, in this case the spectral acceleration Sa(1.0s). An example of the
fragility functions obtained for the unreinforced masonry, low-rise and pre-code (URML-p)
class is shown in Figure 4. The parameters of the lognormal probability distributions for
each building class identified in this study and for each damage state can be found in [32].
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Figure 4. Example fragility function for URML-p building class.

2.5. Impact Model

The impact model is used to translate damage probabilities into communicable terms.
The mean damage factor MDF is used by adopting from [36]. The damage states “None”
and “Slight” are combined, so there are four damage states retained: “None/Slight”,
“Moderate”, “Extensive” and “Complete”. The table associates the damage states with Di
values and MDF intervals. The expression of the MDF is given in Equation (1). D; is the
average damage ratio of damage state i, and P(DS;) is the probability of being in structural
damage state i. To identify the expected damage state for a given building, the predicted
MDF is compared to the intervals of the MDF for each damage state (Table 4). For example,
if the MDF from Equation (1) is 25%, the expected damage state is moderate (MDF ranges
from 1 to 30%).
MDF =) D; = P(DS;) (1)
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Table 4. Definition of average damage ratio D; for damage state and corresponding MDF intervals.

Damage State Average Damage Ratio D; MDF Range (%)
None/Slight (DS;) 0.5% 0-1
Moderate (DS3) 15% 1-30
Extensive (DSy) 55% 30-80
Complete (DSs) 90% 80-100

3. Results and Discussion
3.1. Scenario-Based-Spreadsheet Integrated Tool

A spreadsheet interface was programmed to enable the user to select the simulation
settings: epicenter coordinates, magnitude and GMPE level. The tool returns data iden-
tifying the fire stations, the damage probabilities and the state of damage according to
the MDF, as well as a map of the fire stations with their respective damage and a graph
of damage by class. The results of a simulation for an epicenter under the Mont Royal
neighborhood and a magnitude of Mw = 6 is presented below. The damage map (Figure 5)
provides a visual identification of the most affected buildings. The numerical results are
summarized in Table 5. The importance of the GMPE level is clearly highlighted, with 18%
of fire stations predicted to be in an “Extensive” state of damage for the “high” GMPE level,
while no fire station reaches this state of damage for the “low” and “medium” levels.

457
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Figure 5. Map of fire stations and their expected damage states for scenario M6 and high GMPE.
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Table 5. Number of fire stations in each damage state for scenario Mé.

Damage State

None/Slight Moderate Extensive Complete

m Low 38 28 0 0
ol

S Medium 17 49 0 0
© High 7 47 12 0

3.2. Simulations for Several Epicentres

In this study, several earthquake scenarios are selected, Mw = {5; 5.5; 6; 6.5; 7}. The
uncertainty in the location of epicenters is considered using a grid of epicenters. It is thus
possible to obtain statistical data on damage sustained by fire stations during an earthquake
with a given magnitude and various epicentral locations. Instead of choosing epicenters
randomly around Montreal Island, epicenters are chosen based on the calculation grid
points of the seismic hazard maps produced by National Resources Canada. The seismic
hazard map used for the 2015 version of the NBCC (NRCAN2015) was calculated for a
square grid of points spaced 10 x 10 km apart [27]. For the 2020 version of the NBCC
(NRCANZ2020), the 10 x 10 km square grid of calculation points has been replaced by a
triangular grid to eliminate certain points in large regions of Canada. The map is made
up of 34,732 points with an average distance of 20 km between them [37]. A comparative
analysis was conducted between the square grid and triangular grid points to evaluate the
impact of the choice of the epicenter grid on the damage results.

3.2.1. Damage Scenarios for Epicenters Using Square Grid Points

To carry out the simulations, the grid points of the closest to the island of Montreal
were selected, for a total of 23 points (Figure 6). For each 23 epicenters, 5 magnitudes
were simulated, and for each the GMPE level varies (M5, M5.5, M6, M6.5 and M7), for a
total number of 345 scenarios. Figure 7 shows the proportions of fire stations in different
damage states for the different magnitudes, with standard deviations. The fire stations are
subject to the following degrees of damage: for M5, “None/Slight” (99.4%) and “Moderate”
(0.6%); for M5.5, “None/Slight” (88.7%) and “Moderate” (11.3%); for M6, “None/Slight”
(59.1%), “Moderate” (40.4%) and “Extensive” (0.5%); for M6.5, “None/Slight” (26.2%),
“Moderate” (65.1%) and “Extensive” (8.7%); and for M7, “None/Slight” (7%), “Moderate”
(65.6%), “Extensive” (25.5%) and “Complete” (1.9%). The results show that an earthquake
of magnitude 5 will have a minor impact on the fire stations. The results also show that
“Complete” damage is rarely reached, except for a magnitude 7 earthquake with an average
of two fire stations reaching this damage level.

3.2.2. Damage Scenario for Epicenters Using Triangular Grid Points

The points on the map closest to the island of Montreal were selected as epicenters
(Figure 7). A total of five magnitudes and three GMPE levels are considered for each
of the 25 epicenters, giving a total of 375 scenarios. Figure 8 shows the proportions of
fire stations in the various damage states for the different magnitudes, with standard
deviations. The fire stations are subject to the following degrees of damage: for M5,
“None/Slight” (98.4%) and “Moderate” (1.6%); for M5.5, “None/Slight” (84.3%) and “Mod-
erate” (15.7%); for M6, “None/Slight” (51.2%), “Moderate” (47.5%) and “Extensive” (1.4%);
for M6.5, “None/Slight” (20.7%), “Moderate” (67.9%) and “Extensive” (11.4%); and for M7,
“None/Slight” (4.9%), “Moderate” (62.6%), “Extensive” (29.5%) and “Complete” (2.9%).
The magnitude 5 earthquake appears not to cause significant damage, with a prediction
of 98.4% in a “slight” damage state and a standard deviation of 4.1%. The magnitude
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6 earthquake is unlikely to cause “Extensive” damage, with an average of 1.4% of fire
stations in this condition and a standard deviation of 3.9%.

~74.000 ~73.800 -73.600 ~73.400
45.800 ~ TS - =T 45.800

AT

@ cEarthquake epicenter -
’J-
LY SRS
P
>

B

%

45.600 45.600

~74.000 -73.800 -73.600 -73.400
100.0
2]
2 800
i) m M5
=)
2 60.0 B M55
©
c " M6
S 400
o] = M6s5
Q.
© 200 u M7
o
0.0 = =
None/Slight ~ Moderate Extensive Complete

Figure 6. Locations of the epicenters based on the square grid points and the corresponding damage
state statistics.
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Figure 7. Locations of the epicenters based on the triangular grid points and the corresponding
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Figure 8. Proportions of fire stations in each damage state for epicentral square and triangular grids.

4. Discussion

From the damage results obtained for the five magnitude values, it is possible to
conduct a regression analysis on the points to obtain the damage functions and thus
be able to interpolate the damage for any earthquake of magnitude between five and
seven (Figure 8). The Prop; (M) function therefore defines the proportion of fire stations
in damage state i for a magnitude M. The different functions are given in Table 6. The
two-epicenter series used for the calculation can be compared. The results show that
the selection of the grid point formation has a minor impact on the predicted damage
state. In both simulations, the “Complete” damage state is only reached for magnitude
7 earthquakes, with an average of 2% (square grid) and 3% (triangular grid) of fire stations.
This observation can be correlated to the fragility functions used in this study. The mean
values of the fragility functions for the “Complete” damage state of all fire station build-
ing classes vary between 0.51 g and 3.52 g [32]. Based on the generated scenarios, only
13 scenarios have an average Sa(1.0s) greater than 0.5 g, which explains the low proportion
of fire stations in the “Complete” damage state in the simulation results. Similarly, the
maximum mean value of Sa(1.0s) for magnitude 5 earthquakes is 0.036 g, while the smallest
mean of the fragility functions for the damage state “None/Light” is 0.1061 g [32]. This
indicates that, for a magnitude 5 earthquake, most fire stations are in a “None/Light” dam-
age state. The regression equations are particularly useful to provide a rapid estimation
of the expected number of fire stations in each damage state for a given magnitude with
consideration of the uncertainty in the location of future earthquake events. The sensitivity
of the results to the choice of the sets of GMPEs is outside the scope of this research. On
the other hand, it is worth discussing the effect of using other GMPEs. A comparative
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assessment of predicted intensities of the AA13 GMPEs and next generation ground motion
models GMPEs in Eastern North America (NGA-East) [38] has demonstrated that for many
hazard scenarios more of the NGA-East GMPEs lie above the central AA13 relation than
below which will increase mean ground motions and thus hazard [39]. Such an increase in
the hazard would eventually shift the points of the probabilities shown in Figure 8 to the
right, thus predicting more damage probabilities for a given magnitude.

Table 6. Damage state prediction equations for Montreal fire stations.

Map Damage State Equation
None/Slight Propy (M) = 21.812M3 — 398.38M? + 2356.9M — 4451.9
. Moderate Propp (M) = —28.4M3 + 504.14M? — 2921.6M + 5554.9
Square grid
Extensive Propg(M) = 5.3433M> — 84.428 M? + 443.44M — 774.34
Complete Propc(M) = 1.2443M3 — 21.331M? + 121.28M — 228.67
None/Slight  Propy, (M) = 22.545M3 — 406.01M? + 2367.9M — 4409.2
_ _ 3 2
Triangular grid Moderate Propp(M) = —29.01M° + 507.85M? — 2901.6 M + 5439.6
Extensive Propg(M) = 4.4983M3 — 68.133M? + 342.04M — 569.08
Complete Propc(M) = 1.9663M3 — 33.709M? + 191.65M — 361.36

Based on the predicted damage results, more detailed structural evaluations using
advanced nonlinear static or dynamic analysis can be prioritized for vulnerable stations,
and proposals for seismic strengthening can be made such as the improvement of the
connections between masonry walls and floors, reinforcement of masonry walls with
composite materials and adding shear walls for improved stiffness and strength [40].

5. Conclusions

The development of a methodology for the seismic assessment of fire stations through
a simulated scenario-based approach has been presented in this article. The methodology
was applied to Montreal fire stations, and the assessment is justified by the risk of post-
earthquake fires on Montreal Island. The goal of this study was to identify the most
vulnerable fire stations so that authorities can prioritize seismic rehabilitation activities
and interventions. The article detailed a framework for damage assessment based on
four models: seismic hazard, inventory, fragility and impact model. The seismic hazard
model represents the spatial distribution of shakes giving the intensity measure Sa(1.0s) at
each site. The inventory model defines a classification of fire station classes based on the
structural characterization and the construction code used. The fragility model provides
fragility functions giving the relationship between the intensity measure and the damage
probabilities. The impact model converts damage probabilities into communicable terms of
damage states. Various simulations of earthquakes have been conducted with variations
of the epicenter location and magnitude. The results of these simulations are statistical
data on Montreal fire stations” expected damage states, which allows an expression of a
relationship between magnitude and expected damage states. The selection of the grid
points for the epicentral showed a minor impact on the predicted damage stat probabilities.
Simplified regression equations for the rapid prediction of a damage state distribution for a
given magnitude have been developed, which allows for the rapid assessment of seismic
risk for the purpose of guiding mitigation planning and emergency response activities.
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