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Abstract 

Canada faces a scarcity of impactful earthquakes that can be used to validate seismic risk 

models, as the last significant damaging earthquakes occurred in the 1980s (Hobbs, Journeay, and 

Rotheram 2021). To overcome this limitation, this study aims to assess the reliability of the 

Canadian National Seismic Risk Model (CanadaSRM1) by analyzing the shaking intensities and 

physical impacts recorded from several recent events. These events include the 2010 Mw 5.5 Val-

des-Bois and 2013 Mw 4.6 Ladysmith earthquakes in Eastern Canada, the 1985 M 6.9 Nahanni 

earthquake in Northern Canada, and the 2017 Mw 6.2 - 6.3 Mosquito Lake pair earthquakes in 

Western Canada. By evaluating the potential consequences of mentioned earthquakes in south-

western Quebec, the Northwest Territories, and southern Yukon (near Whitehorse), the study aims 

to assess the potential impact on densely settled metropolitan areas across the country. 

In order to support disaster risk reduction efforts and advance the objectives of the Sendai 

Framework for Disaster Risk Reduction, Natural Resources Canada (NRCan) partnered with 

Global Earthquake Model Foundation, Italy (GEM) to develop a public Canadian Seismic Risk 

Model (Hobbs et al. 2023). This collaborative effort involved creating a national exposure 

inventory, Canadian-specific fragility and vulnerability curves, and adjusting the Canadian 

Seismic Hazard Model, which is the basis for the seismic provisions in the National Building Code 

of Canada. The risk modeling process, using GEM's OpenQuake-Engine (OQ), utilizes 

deterministic and probabilistic calculations to assess seismic risk at the neighborhood level for all 

Dissemination Areas (DAUID) in Canada. By considering baseline and simulated retrofit 

conditions, the model provides risk metrics such as expected immediate physical impacts, 

including building damage, casualties, and direct economic losses. This approach of Seismic Risk 

Assessment (SRA) relies on previous earthquake knowledge to estimate the potential 

consequences of future earthquakes, enabling the evaluation of proposed mitigation and adaptation 

measures for disaster risk reduction. 

This thesis presents a comprehensive analysis of the potential damage caused by benchmark 

scenario earthquakes, including shaking damage to buildings, financial losses, fatalities, and other 

impacts. The study utilizes the OQ Engine and the national exposure dataset, following the 

methodology of the CanadaSRM1.  

The primary findings, such as damage distributions, loss exceedance curves, and annual average 

losses, offer an accessible and quantifiable foundation of evidence for decision-making at various 

levels - local, regional, and national. These results demonstrate a high degree of consistency with 

observed or predicted impacts, taking into account economic and population growth adjustments. 

Consequently, this confirms the reliability of the first generation Canadian Seismic Risk Model, 

aligning it with industry standards and enabling the reproduction of recent destructive earthquakes. 

Given Canada's vast size, intricate seismic hazard model, and dispersed populations, this study 

holds unique significance. Nonetheless, the challenges faced, and solutions provided are likely to 

be valuable to other countries undertaking similar programs. 

  



   

ii 

 

Acknowledgements 

I extend my profound gratitude to Professor Lapo Boschi, the supervisor of this research 

endeavor, for his unwavering support and invaluable guidance throughout the entire duration of 

this project. Professor Boschi's expertise in the field of seismology has been indispensable, 

providing me with the necessary insights to comprehend and navigate the intricacies of this study. 

I am particularly thankful for his time, unwavering patience, and constant encouragement, all of 

which played a pivotal role in the triumphant culmination of this thesis. 

Additionally, I wish to convey my sincere thanks to my co-advisor, Dr. Tiegan Hobbs from the 

University of British Columbia, for her countless support and invaluable guidance throughout this 

project. Dr. Hobbs's profound knowledge and experience in seismic risk assessment have 

significantly contributed to my understanding and adept navigation of the complexities inherent in 

this study. I am especially appreciative of her generous allocation of time, patience, and 

encouragement, which have been instrumental in the successful completion of this thesis. Without 

her expertise and unwavering support, my research journey would not have been possible, even 

amidst her demanding schedules. Her patience and dedication as a mentor have left an indelible 

mark on my academic pursuits. 

I would also like to express my deep appreciation to the program coordinator of the master’s 

program, Professor Giorgio Cassiani, whose adept structuring of the program laid a solid 

foundation and provided the necessary tools for this research. The entire Geoscience department 

deserves my thanks for their unwavering support and guidance. I extend my gratitude to all my 

knowledgeable professors, whose classes significantly contributed to my learning, realization of 

my aspirations, and paved the way for both my future academic journey and job opportunities. 

Finally, I want to express heartfelt gratitude to my siblings, Dr. Fatemeh, Eng. Mohammadreza, 

Dr. Samira, for their unwavering support and encouragement throughout my academic journey. I 

am also grateful to my loving family and friends for their invaluable support and encouragement 

during this engagement. Their belief in me and unwavering support have been pivotal in my ability 

to conduct and successfully complete this research. 

 

  



   

iii 

 

Dedication 

 

 

 

This dissertation is affectionately dedicated to my soul and heart 

My Mother and Father 

Pure spirits who have bestowed profound meaning upon my life 

 

 

 

To my beloved homeland, wounded yet resilient, with a rich cultural heritage 

IRAN 

 

 

 

 

 

 

"In the garden of the mind, sow the seeds of wisdom, 

Water them with curiosity, watch the blooms of knowledge blossom. 

Rumi tends this garden, where the soul finds its light, 

In the dance of understanding, darkness takes its flight." 

(Jalāl al-Dīn Muḥammad Rūmī) 

13th-century Persian poet 



   

iv 

 

Table of Contents 

Abstract ............................................................................................................................... i 

Acknowledgements ............................................................................................................ ii 

Dedication .......................................................................................................................... iii 

Table of Contents .............................................................................................................. iv 

List of Tables .................................................................................................................... vii 

List of Figures ................................................................................................................. viii 

List of Acronyms ............................................................................................................... xi 

Chapter 1 :  Introduction .................................................................................................. 1 

1.1. Introduction .................................................................................................................... 2 

1.2. Seismic risk assessment background ............................................................................ 2 

1.3. Research motivation ....................................................................................................... 3 

1.4. Aims and objectives ........................................................................................................ 4 

1.5. Limitation and scope ...................................................................................................... 5 

1.6. Thesis outline .................................................................................................................. 5 

Chapter 2 : Literature Review ......................................................................................... 7 

2.1. Introduction .................................................................................................................... 8 

2.2. Seismic risk methods ...................................................................................................... 8 

2.3. Overview of earthquake loss assessment ...................................................................... 8 

2.4. Loss assessment software ............................................................................................... 9 

2.4.1. ER2-Earthquake ................................................................................................................. 9 

2.4.2. HAZUS ................................................................................................................................. 9 

2.4.3. ERGO (MAEviz, mHARP, Hazturk) .............................................................................. 11 

2.4.4. CAPRA-Earthquake ......................................................................................................... 11 

2.4.5. EQRM ................................................................................................................................ 12 

2.4.6. InaSAFE ............................................................................................................................. 12 

2.4.7. SELENA ............................................................................................................................. 13 

2.4.8. OpenQuake Engine ........................................................................................................... 13 

2.5. Selection rationale for OpenQuake Engine ............................................................... 15 

Chapter 3 :  Study Area .................................................................................................. 17 

3.1. Introduction .................................................................................................................. 18 

3.2. Geological setting of Canada ....................................................................................... 18 



   

v 

 

3.3. Seismicity of Canada .................................................................................................... 19 

3.4. Earthquake zones in Canada ...................................................................................... 21 

3.4.1. Earthquake zones in western Canada ............................................................................. 21 

3.4.2. Earthquake zones in eastern Canada .............................................................................. 21 

3.4.3. Earthquake zones in northern Canada ........................................................................... 22 

3.5. Analysis of recent earthquakes as case studies .......................................................... 22 

3.5.1. Earthquakes in the west ................................................................................................... 23 

3.5.2. Earthquakes in the east .................................................................................................... 25 

3.5.3. Earthquakes in the north ................................................................................................. 28 

Chapter 4 : Methodology and Theory ........................................................................... 29 

4.1. Introduction .................................................................................................................. 30 

4.2. Methodology of seismic damage and risk assessment for model validation ........... 30 

4.2.1. Step 1: Data collection ...................................................................................................... 30 

4.2.2. Step 2: Structural damage assessment ............................................................................ 31 

4.2.3. Step 3: Loss estimation ..................................................................................................... 32 

4.2.4. Step 4: Result correlation and adjustment ..................................................................... 32 

4.2.5. Step 5: Comparison and model verification ................................................................... 32 

4.3. Seismic risk assessment ................................................................................................ 32 

4.4. Input data sets .............................................................................................................. 32 

4.4.1. Seismic hazard model ....................................................................................................... 33 

4.4.2. Exposure model ................................................................................................................. 36 

4.4.3. Physical fragility and vulnerability model ...................................................................... 41 

4.5. Uncertainty ................................................................................................................... 43 

4.6. Program Executing ...................................................................................................... 44 

4.6.1. Scenario damage calculator (SDC) .................................................................................. 44 

4.6.2. Scenario risk calculator (SRC) ........................................................................................ 45 

Chapter 5 :  Results and Outputs ................................................................................... 48 

5.1. Introduction .................................................................................................................. 49 

5.2. Structural damage from scenario damage assessment ............................................. 49 

5.2.1. Classification system ......................................................................................................... 49 

5.2.2. Damage output .................................................................................................................. 52 

5.3. Mean financial losses and fatalities from scenario risk assessment ........................ 56 

5.3.1. Monetary losses ................................................................................................................. 56 

5.3.2. Casualty estimation ........................................................................................................... 56 



   

vi 

 

5.3.3. Loss output ........................................................................................................................ 57 

Chapter 6 : Discussion and Evaluation ......................................................................... 62 

6.1. Introduction .................................................................................................................. 63 

6.2. Output discussion ......................................................................................................... 63 

6.2.1. Scenario damage output – damage maps and statistics ................................................. 63 

6.2.2. Scenario damage output – summary of aggregated damages ....................................... 80 

6.2.3. Scenario risk output – monetary losses ........................................................................... 81 

6.2.4. Scenario risk output – human losses ............................................................................... 90 

6.2.5. Scenario risk output – summary of aggregated losses ................................................... 90 

6.3. Data processing and adjustments ............................................................................... 92 

6.3.1. Financial loss adjustment ................................................................................................. 92 

6.4. Comparison and model validation .............................................................................. 94 

Chapter 7 :  Conclusion and Future Works .................................................................. 97 

7.1. Introduction .................................................................................................................. 98 

7.2. Conclusions ................................................................................................................... 98 

7.3. Limitations .................................................................................................................... 99 

7.4. Future works ............................................................................................................... 100 

Appendix A : Important Canadian Earthquakes ....................................................... 103 

Appendix B : Taxonomy and Occupancy Terms ....................................................... 104 

Appendix C : Executed Code ........................................................................................ 106 

References ....................................................................................................................... 109 

 

  



   

vii 

 

List of Tables 

TABLE 2.1. SEISMIC RISK ASSESSMENT SOFTWARE PACKAGES (SILVA ET AL. 2014A) (JENA ET AL. 2020) (HOSSEINPOUR 

ET AL. 2022). ....................................................................................................................................................... 10 
TABLE 3.1.  OVERVIEW OF PAST EARTHQUAKES EMPLOYED AS RESEARCH LOCATIONS IN THIS THESIS, (FENG ET AL. 2019, 

201), (HE ET AL. 2018), (BENT ET AL. 2015), (MITCHELL, TINAWI, AND LAW 1990), (PERRET ET AL. 2017)....... 23 
TABLE 4.1. GROUND MOTION PARAMETERS (INTENSITY MEASURE TYPES) USED TO QUANTIFY SHAKING HAZARD. ...... 35 
TABLE 4.2.  INSTRUMENTAL INTENSITY SCALE BASED ON MMI SCALE, PGA, OR PGV (WALD ET AL. 1999). ............. 35 
TABLE 4.3. GMPE AND USGS ID OF EACH SHAKEMAP USED IN THIS STUDY (USGS WEBSITE N.D.). .......................... 38 
TABLE 4.4. SAMPLE EXPOSURE MODEL USED FOR ONTARIO DAMAGE AND RISK ASSESSMENT. .................................... 40 
TABLE 5.1. DAMAGE STATES (HAZUS-MH 2003) (HILL AND ROSSETTO 2023). ........................................................... 50 
TABLE 5.2. EXPOSURE MODEL CHARACTERISTICS. ....................................................................................................... 52 
TABLE 5.3. STRUCTURAL DAMAGE RESULTS AND STATISTICAL ANALYSIS FOR FIVE PREVIOUS EARTHQUAKES. ........... 53 
TABLE 5.4. INJURY SEVERITY (KIRCHER, WHITMAN, AND HOLMES 2006). .................................................................. 57 
TABLE 5.5. FINANCIAL LOSS AND FATALITY RESULTS IN USD FOR LOSS VALUES, EXPOSED VALUES AND LOSS RATIO FOR 

FIVE PREVIOUS EARTHQUAKES. ............................................................................................................................ 59 
TABLE 6.1. DAMAGE DISTRIBUTION SUMMARY OF 2010 VAL-DES-BOIS EARTHQUAKE ESTIMATED BY SDC (“GOOGLE 

EARTH” N.D.), (GOVERNMENT OF CANADA 2022, CANADIAN CENSUS 2011). ..................................................... 66 
TABLE 6.2. DAMAGE DISTRIBUTION SUMMARY OF 2013 LADYSMITH EARTHQUAKE ESTIMATED BY SDC (“GOOGLE 

EARTH” N.D.), (GOVERNMENT OF CANADA 2022, CANADIAN CENSUS 2016). ..................................................... 70 
TABLE 6.3. DAMAGE DISTRIBUTION SUMMARY OF 1985 NAHANNI EARTHQUAKE ESTIMATED BY SDC (“GOOGLE 

EARTH” N.D.), (GOVERNMENT OF CANADA 2022, CANADIAN CENSUS 1986). ..................................................... 71 
TABLE 6.4. DAMAGE DISTRIBUTION SUMMARY OF 2017 MOSQUITO LAKE EARTHQUAKE-M6.2 ESTIMATED BY SDC 

(“GOOGLE EARTH” N.D.), (GOVERNMENT OF CANADA 2022, CANADIAN CENSUS 2016). .................................... 74 
TABLE 6.5. DAMAGE DISTRIBUTION SUMMARY OF 2017 MOSQUITO LAKE EARTHQUAKE-M6.3 ESTIMATED BY SDC 

(“GOOGLE EARTH” N.D.), (GOVERNMENT OF CANADA 2022, CANADIAN CENSUS 2016). .................................... 77 
TABLE 6.6. FINANCIAL LOSS SUMMARY CAUSED BY 2010 VAL-DES-BOIS EARTHQUAKE ESTIMATED BY SRC (“GOOGLE 

EARTH” N.D.), (GOVERNMENT OF CANADA 2022, CANADIAN CENSUS 2011). ..................................................... 82 
TABLE 6.7. FINANCIAL LOSS SUMMARY CAUSED BY 2013 LADYSMITH EARTHQUAKE ESTIMATED BY SRC (“GOOGLE 

EARTH” N.D.), (GOVERNMENT OF CANADA 2022, CANADIAN CENSUS 2016). ..................................................... 84 
TABLE 6.8. FINANCIAL LOSS SUMMARY CAUSED BY 2017 MOSQUITO-LAKE-M6.2 EARTHQUAKE ESTIMATED BY SRC 

(“GOOGLE EARTH” N.D.), (GOVERNMENT OF CANADA 2022, CANADIAN CENSUS 2016). .................................... 85 
TABLE 6.9. FINANCIAL LOSS SUMMARY CAUSED BY 2017 MOSQUITO-LAKE-M6.3 EARTHQUAKE ESTIMATED BY SRC 

(“GOOGLE EARTH” N.D.), (GOVERNMENT OF CANADA 2022, CANADIAN CENSUS 2016). .................................... 86 
TABLE 6.10. FINANCIAL LOSS SUMMARY CAUSED BY 1985 NAHANNI EARTHQUAKE ESTIMATED BY SRC (“GOOGLE 

EARTH” N.D.), (GOVERNMENT OF CANADA 2022, CANADIAN CENSUS 2016). ..................................................... 87 
TABLE 6.11. SCENARIO RISK OUTPUTS OF FIVE STUDIED EARTHQUAKES. ..................................................................... 91 
TABLE 6.12. THE ADJUSTMENT COEFFICIENT BASED ON INFLATION RATE FROM THE YEAR OF OCCURRENCE TO 2016. 93 
TABLE 6.13. THE ESTIMATED RESULTS FOR THE STUDIED EARTHQUAKES AND THE ADJUSTED RESULTS AFTER 

PROCESSING. ........................................................................................................................................................ 94 
TABLE 6.14. EFFECTS OF THE 5 EXAMINED EARTHQUAKES, UTILIZING USGS SHAKEMAP DATA AS INPUT FOR THE 

CANADASRM1 MODEL. ....................................................................................................................................... 96 
TABLE A.1. AN OVERVIEW OF IMPORTANT EARTHQUAKES IN CANADA FROM 1663 TO 2012 (GEOLOGICAL SURVEY OF 

CANADA). .......................................................................................................................................................... 103 
TABLE B.1. BUILDING TAXONOMIES, ADAPTED FROM TABLE 3 FROM (HOBBS ET AL. 2022), TABLE 3.2 FROM HAZUS 

(FEMA 2012). ................................................................................................................................................... 104 
TABLE B.2. OCCUPANCY CLASSIFICATIONS, REPRINTED FROM (HOBBS ET AL. 2022), ORIGINALLY FEATURED IN FEMA'S 

METHODOLOGY FOR ESTIMATING DISASTER-RELATED POTENTIAL LOSSES (HAZUS) TABLE 3.3 (FEMA, 2012).

 .......................................................................................................................................................................... 105 

 



   

viii 

 

List of Figures 

FIGURE 1.1. OUTLINES THE STRUCTURAL LAYOUT OF THE THESIS, OFFERING A VISUAL OVERVIEW OF HOW KEY 

CHAPTERS OR SECTIONS ARE INTERCONNECTED. THIS FIGURE SERVES AS A GUIDE FOR READERS TO UNDERSTAND 

THE LOGICAL FLOW AND ORGANIZATION OF THIS DOCUMENT. .............................................................................. 6 
FIGURE 2.1. OQ ENGINE LOSS ESTIMATION PROCESS AND VISUALIZATION OF LOSS RESULTS. IN THIS SPECIFIC EXAMPLE, 

MW 7.0 EARTHQUAKE SCENARIO WAS SIMULATED WITH A UNIFORM SHEAR WAVE VELOCITY OF 760 M/S ACROSS 

THE STUDY AREA TO ACCOUNT FOR LOCAL SITE AMPLIFICATION. THE FIGURES PROVIDED SHOW SCREEN CAPTURES 

OF INPUT TABLES AND THE VISUALIZATION OF RESULTS (REPRINTED FROM BHATTACHARYA, BASU, AND MA 

2001). .................................................................................................................................................................. 15 
FIGURE 3.1. GEOLOGICAL MAP OF CANADA. SOURCE: NATIONAL RESOURCES CANADA (1996). ................................ 18 
FIGURE 3.2. SEISMIC ACTIVITY IN CANADA OVER TIME. THIS MAP ILLUSTRATES THE HISTORICAL EARTHQUAKES THAT 

HAVE OCCURRED IN OR NEAR CANADA BETWEEN 1627 AND 2022, WITH THE SIZE OF THE RED CIRCLES INDICATING 

THE MAGNITUDE (SOURCE: GSC). IT'S EVIDENT THAT SMALLER EARTHQUAKES ARE MORE FREQUENT COMPARED 

TO STRONGER ONES (N. R. C. GOVERNMENT OF CANADA N.D.). ......................................................................... 19 
FIGURE 3.3. SEISMIC HAZARD MAP, NATIONAL EXPOSURE MODEL, AVERAGE ANNUAL ECONOMIC LOSSES AND LOSS 

RATIO OF CANADA (NATIONS N.D.). THESE MAPS, FOUND IN COUNTRY PROFILES, ARE BASED ON THE 2018.1 

VERSION OF THE GLOBAL SEISMIC HAZARD MAP FROM GEM (SILVA ET AL. 2020). ........................................... 20 
FIGURE 3.4. LOCATION OF THE SELECTED SITES WHERE THE INTERESTED EARTHQUAKES OCCURRED. THIS FIGURE 

HIGHLIGHTS 2 EARTHQUAKES IN EASTERN CANADA, NAMELY VAL-DES-BOIS AND LADYSMITH, AS WELL AS 2 

EARTHQUAKES IN WESTERN CANADA KNOWN AS THE MOSQUITO LAKE PAIR EARTHQUAKES, AND 1 EARTHQUAKE 

IN NORTHERN CANADA, REFERRED TO AS NAHANNI. BACKGROUND IMAGES SOURCED FROM LANDSAT 8 AND 

GOOGLE EARTH. .................................................................................................................................................. 23 
FIGURE 3.5. OVERVIEW OF SOUTHEASTERN ALASKA'S TECTONIC SETTING AND SEISMIC ACTIVITY. A) 

REPRESENTATION OF THE 2017 MW6.2 AND MW6.3 EARTHQUAKE DOUBLET USING BEACH BALLS, WITH RED 

LINES INDICATING SURFACE RUPTURE FROM THE 2002 DENALI EARTHQUAKE. ARROWS INDICATE TECTONIC 

MOTION RELATIVE TO THE NORTH AMERICAN PLATE, BASED ON STUDIES BY DEMETS & DIXON (1999), LEONARD 

ET AL. (2007, 2008). B) HISTORICAL SEISMIC ACTIVITY (M5+ SINCE 1900 AND M2.5+ SINCE 1973) SOURCED FROM 

USGS-PDE AND ISC-GEM CATALOGS, ALONG WITH MAJOR QUATERNARY FAULTS. SOLID, DASHED, AND 

DOTTED LINES REPRESENT WELL-CONSTRAINED, APPROXIMATE, AND INFERRED FAULTS. RED STARS DENOTE THE 

BRITISH COLUMBIA EARTHQUAKE DOUBLET. THE INSET IN THE TOP RIGHT CORNER OFFERS A CLOSER VIEW OF THE 

REGION OUTLINED IN THE BLUE BOX (DOSER AND RODRIGUEZ 2011). ................................................................ 24 
FIGURE 3.6. INTENSITY MAP OF THE 2010 M 5.0 VAL-DES-BOIS EARTHQUAKE BASED ON THE NUMBER OF REPORTS 

RECEIVED BY THE GSC AND U.S. GEOLOGICAL SURVEY VIA THEIR 'DID YOU FEEL IT?' ONLINE FORMS IN 

RESPONSE TO THE VAL-DES-BOIS MAINSHOCK  (REPRINTED FROM MARANO, WALD, AND ALLEN 2010). ........... 25 
FIGURE 3.7. VISUALIZING THE IMPACT OF THE 2010 M 5.0 VAL-DES-BOIS EARTHQUAKE ON BUILDINGS AND 

INFRASTRUCTURES (NEWS · 2011), (N. R. C. GOVERNMENT OF CANADA N.D.). .................................................. 26 
FIGURE 3.8. VISUALIZING GROUND MOTION: MAPPING THE IMPACT OF THE 2010 M 5.0 VAL-DES-BOIS EARTHQUAKE. 

STATION LOCATIONS ARE MARKED WITH SYMBOLS, WHILE CONTOUR LINES REPRESENT MMI VALUES DERIVED 

FROM RECORDED PGV DATA, FOLLOWING THE METHODOLOGY OF ATKINSON AND KAKA (2007) (EARTHQUAKE 

ENGINEERING RESEARCH INSTITUTE N.D.). ......................................................................................................... 26 
FIGURE 3.9. INTENSITY MAP OF LADYSMITH EARTHQUAKE BASED ON THE NUMBER OF REPORTS RECEIVED BY THE GSC 

AND U.S. GEOLOGICAL SURVEY VIA THEIR 'DID YOU FEEL IT?' ONLINE FORMS IN RESPONSE TO THE LADYSMITH 

MAINSHOCK. A TOTAL OF 4,273 REPORTS WERE SUBMITTED (J F CASSIDY, ROGERS, AND HALCHUK 2010). ...... 27 
FIGURE 3.10. MODIFIED MERCALLI INTENSITY SCALE MAP SHOWING IMPACT ZONES OF TWO MAJOR EARTHQUAKES, 

GRADED BY MMI SCALE FROM MINOR TREMORS (I) TO TOTAL DEVASTATION (XII)  (J F CASSIDY, ROGERS, AND 

HALCHUK 2010). ................................................................................................................................................. 28 
FIGURE 4.1. METHODOLOGY OUTLINE FOR VALIDATING THE SEISMIC RISK MODEL (CANADASRM1). THE DIAGRAM 

OUTLINES KEY STEPS, INCLUDING DATA COLLECTION, MODEL DEVELOPMENT, AND VALIDATION TECHNIQUES. 

SDC AND SRC REFERS TO OQ CALCULATORS, WHICH STANDS FOR SCENARIO DAMAGE CALCULATOR AND 

SCENARIO RISK CALCULATOR, RESPECTIVELY. ................................................................................................... 31 



   

ix 

 

FIGURE 4.2. OQ ENGINE SCENARIO HAZARD CALCULATOR, SHOWCASING ITS FUNCTIONALITY WITH THREE KEY 

INPUTS—SEISMIC RUPTURE, GMPES, AND SITE EFFECT CURVES. THE RESULTING OUTPUT IS A COMPREHENSIVE 

SEISMIC HAZARD MODEL PRESENTED IN THE FORM OF GMFS (GLOBAL EARTHQUAKE MAPS | GLOBAL 

EARTHQUAKE MODEL FOUNDATION | ITALY N.D.). ............................................................................................. 33 
FIGURE 4.3. THE SHAKEMAPS OF THE EASTERN EARTHQUAKES EXAMINED AS CASE STUDIES IN THIS THESIS (USGS 

WEBSITE N.D.). .................................................................................................................................................... 37 
FIGURE 4.4. THE SHAKEMAPS OF THE WESTERN EARTHQUAKES EXAMINED AS CASE STUDIES IN THIS THESIS (USGS 

WEBSITE N.D.). .................................................................................................................................................... 37 
FIGURE 4.5. THE SHAKEMAP OF THE NORTHERN EARTHQUAKE EXAMINED AS CASE STUDIES IN THIS THESIS (USGS 

WEBSITE N.D.). .................................................................................................................................................... 38 
FIGURE 4.6.  SEISMIC FRAGILITY, DEMONSTRATES THE CORRELATION BETWEEN GROUND MOVEMENT INTENSITY AND 

THE DAMAGE LEVEL EXPERIENCED BY AN EXPOSED ELEMENT (GEMSCIENCETOOLS N.D.). NO-DAMAGE STATES 

ARE OBSERVED IN THE ABSENCE OF GROUND MOVEMENT. AS GROUND MOTION INCREASES, THE LEVEL OF DAMAGE 

IS ESCALATED, AND DAMAGE STATES PROGRESS FROM SLIGHT TO MODERATE, EXTENSIVE, AND ULTIMATELY 

RESULT IN COMPLETE OR COLLAPSE WHEN THE BUILDING IS COMPLETELY DAMAGED (ROSSETTO ET AL. 2014). 41 
FIGURE 4.7. GMFS VARIABILITY. THE GROUND MOTION INTENSITY HAS AN ASSOCIATED VARIABILITY, OBSERVED IN 

THE SAME EVENT, AND IN DIFFERENT EVENTS, ALTHOUGH IT IS THE SAME TYPE OF RUPTURE, MAGNITUDE, AND 

DISTANCE (ATIK ET AL. 2010).............................................................................................................................. 43 
FIGURE 4.8. SDC, FEATURING THREE INPUT LAYERS—GMFS (HAZARD MODEL), EXPOSURE MODEL, AND FRAGILITY 

FUNCTIONS. THE CALCULATOR PRODUCES DAMAGE MAPS AND DISTRIBUTION, PROVIDING A COMPREHENSIVE 

ANALYSIS OF POTENTIAL IMPACTS. (GLOBAL EARTHQUAKE MAPS | GLOBAL EARTHQUAKE MODEL FOUNDATION 

| ITALY N.D.). ....................................................................................................................................................... 44 
FIGURE 4.9. SRC, USING THREE INPUT LAYERS: GMFS (REPRESENTING THE HAZARD MODEL), EXPOSURE MODEL, AND 

VULNERABILITY FUNCTIONS. THE CALCULATOR GENERATES COMPREHENSIVE OUTPUTS IN THE FORM OF LOSS 

MAPS AND LOSS STATISTICS, PROVIDING A ROBUST ASSESSMENT OF POTENTIAL RISKS. (GLOBAL EARTHQUAKE 

MAPS | GLOBAL EARTHQUAKE MODEL FOUNDATION | ITALY N.D.). ................................................................... 45 
FIGURE 5.1. PROVINCIAL BUILDING TAXONOMY FOR STUDIED EARTHQUAKE. THIS FIGURE PRESENTS A TAXONOMY OF 

PROVINCES INVOLVED IN THE EARTHQUAKE ANALYSIS EXPLORED IN THIS THESIS. THE PIE CHARTS ILLUSTRATE 

THE PREDOMINANT BUILDING TYPES AND PROTOTYPES IN EACH PROVINCE, AS DETERMINED BY THE EXPOSURE 

MODEL OBTAINED FOR EACH CANADIAN PROVINCE. DETAILED EXPLANATIONS FOR EACH ABBREVIATION 

EMPLOYED IN THE LEGENDS ARE AVAILABLE IN APPENDIX B. SPECIFICALLY, W1/W4 DENOTES LIGHT/HEAVY 

WOOD FRAME, URML REPRESENTS UNREINFORCED MASONRY, MH STANDS FOR MOBILE HOME, RES1 

CORRESPONDS TO A SINGLE-FAMILY HOUSE, RES2 INDICATES A MOBILE HOUSE, AND RES3A REFERS TO A DUPLEX 

HOUSE. ................................................................................................................................................................. 51 
FIGURE 5.2. THE RESULTED ASSET DAMAGE STATISTICS FOR A) VAL-DES-BOIS EARTHQUAKE IN ONTARIO SIDE, B) VAL-

DES-BOIS EARTHQUAKE IN QUEBEC SIDE, C) LADYSMITH EARTHQUAKE IN ONTARIO SIDE, D) LADYSMITH 

EARTHQUAKE IN QUEBEC SIDE, E) MOSQUITO LAKE-6.2 EARTHQUAKE IN BRITISH COLUMBIA SIDE, AND F) 

MOSQUITO LAKE-6.2 EARTHQUAKE IN YUKON SIDE. .......................................................................................... 54 
FIGURE 5.3. THE RESULTED ASSET DAMAGE STATISTICS FOR A) MOSQUITO LAKE-6.3 EARTHQUAKE IN BRITISH 

COLUMBIA SIDE, B) MOSQUITO LAKE-6.3 EARTHQUAKE IN YUKON SIDE, C) NAHANNI EARTHQUAKE IN ALBERTA 

SIDE, D) NAHANNI EARTHQUAKE IN BRITISH COLUMBIA SIDE, E) NAHANNI EARTHQUAKE IN NORTHWEST 

TERRITORIES, AND F) NAHANNI EARTHQUAKE IN YUKON SIDE. .......................................................................... 55 
FIGURE 5.4. THE RESULTED FINANCIAL LOSSES AND FATALITIES FOR A) VAL-DES-BOIS EARTHQUAKE IN ONTARIO SIDE, 

B) VAL-DES-BOIS EARTHQUAKE IN QUEBEC SIDE, C) LADYSMITH EARTHQUAKE IN ONTARIO SIDE, D) LADYSMITH 

EARTHQUAKE IN QUEBEC SIDE, E) MOSQUITO LAKE-6.2 EARTHQUAKE IN BRITISH COLUMBIA SIDE, AND F) 

MOSQUITO LAKE-6.2 EARTHQUAKE IN YUKON SIDE. .......................................................................................... 60 
FIGURE 5.5. THE RESULTED FINANCIAL LOSSES AND FATALITIES FOR A) MOSQUITO LAKE-6.3 EARTHQUAKE IN BRITISH 

COLUMBIA SIDE, B) MOSQUITO LAKE-6.3 EARTHQUAKE IN YUKON SIDE, C) NAHANNI EARTHQUAKE IN ALBERTA 

SIDE, D) NAHANNI EARTHQUAKE IN BRITISH COLUMBIA SIDE, E) NAHANNI EARTHQUAKE IN NORTHWEST 

TERRITORIES, AND F) NAHANNI EARTHQUAKE IN YUKON SIDE. .......................................................................... 61 
FIGURE 6.1. DAMAGE DISTRIBUTION MAPS OF VAL-DES-BOIS EARTHQUAKE. THESE IMAGES ARE ESTIMATED BY SDC IN 

4 DIFFERENT DAMAGE STATES. A) SLIGHT DAMAGE, B) MODERATE DAMAGE, C) EXTENSIVE DAMAGE, AND D) 



   

x 

 

COMPLETE DAMAGE (COLLAPSE).  COLOR SCHEME, WITH ITS VARYING SHADES OF RED, SERVES AS A VISUAL AID 

IN INTUITIVELY CONVEYING THE SEVERITY OF THE DAMAGES INCURRED, WITH DEEPER SHADES OF RED 

INDICATING MORE PROFOUND DAMAGE, AND LIGHTER SHADES SIGNIFYING LESS SEVERE IMPACT. ..................... 65 
FIGURE 6.2. DAMAGE DISTRIBUTION MAPS OF LADYSMITH EARTHQUAKE. THESE IMAGES ARE ESTIMATED BY SDC IN 4 

DIFFERENT DAMAGE STATES. A) SLIGHT DAMAGE, B) MODERATE DAMAGE, C) EXTENSIVE DAMAGE, AND D) 

COMPLETE DAMAGE (COLLAPSE). COLOR SCHEME, WITH ITS VARYING SHADES OF RED, SERVES AS A VISUAL AID 

IN INTUITIVELY CONVEYING THE SEVERITY OF THE DAMAGES INCURRED, WITH DEEPER SHADES OF RED 

INDICATING MORE PROFOUND DAMAGE, AND LIGHTER SHADES SIGNIFYING LESS SEVERE IMPACT. ..................... 69 
FIGURE 6.3. DAMAGE DISTRIBUTION MAPS OF NAHANNI EARTHQUAKE. THESE IMAGES ARE ESTIMATED BY SDC IN 4 

DIFFERENT DAMAGE STATES. A) SLIGHT DAMAGE, B) MODERATE DAMAGE, C) EXTENSIVE DAMAGE, AND D) 

COMPLETE DAMAGE (COLLAPSE). COLOR SCHEME, WITH ITS VARYING SHADES OF RED, SERVES AS A VISUAL AID 

IN INTUITIVELY CONVEYING THE SEVERITY OF THE DAMAGES INCURRED, WITH DEEPER SHADES OF RED 

INDICATING MORE PROFOUND DAMAGE, AND LIGHTER SHADES SIGNIFYING LESS SEVERE IMPACT. ..................... 73 
FIGURE 6.4. DAMAGE DISTRIBUTION MAPS OF MOSQUITO LAKE EARTHQUAKE-M6.2. THESE IMAGES ARE ESTIMATED 

BY SDC IN 4 DIFFERENT DAMAGE STATES. A) SLIGHT DAMAGE, B) MODERATE DAMAGE, C) EXTENSIVE DAMAGE, 

AND D) COMPLETE DAMAGE (COLLAPSE). COLOR SCHEME, WITH ITS VARYING SHADES OF RED, SERVES AS A VISUAL 

AID IN INTUITIVELY CONVEYING THE SEVERITY OF THE DAMAGES INCURRED, WITH DEEPER SHADES OF RED 

INDICATING MORE PROFOUND DAMAGE, AND LIGHTER SHADES SIGNIFYING LESS SEVERE IMPACT. ..................... 76 
FIGURE 6.5.DAMAGE DISTRIBUTION MAPS OF MOSQUITO LAKE EARTHQUAKE-M6.3. THESE IMAGES ARE ESTIMATED BY 

SDC IN 4 DIFFERENT DAMAGE STATES. A) SLIGHT DAMAGE, B) MODERATE DAMAGE, C) EXTENSIVE DAMAGE, AND 

D) COMPLETE DAMAGE (COLLAPSE). COLOR SCHEME, WITH ITS VARYING SHADES OF RED, SERVES AS A VISUAL AID 

IN INTUITIVELY CONVEYING THE SEVERITY OF THE DAMAGES INCURRED, WITH DEEPER SHADES OF RED 

INDICATING MORE PROFOUND DAMAGE, AND LIGHTER SHADES SIGNIFYING LESS SEVERE IMPACT. ..................... 79 
FIGURE 6.6. THE AGGREGATED DAMAGES FOR FIVE EXAMINED EVENTS BASED ON 5 DAMAGE STATES. ....................... 80 
FIGURE 6.7. THE AGGREGATED DAMAGES FOR FIVE EXAMINED EVENTS BASED ON 4 DAMAGE STATES, WITH NO-DAMAGE 

STATE EXCLUDED. ............................................................................................................................................... 80 
FIGURE 6.8. MEAN LOSS MAPS, SHOWING FINANCIAL LOSS DISTRIBUTION MAPS OF EASTERN, WESTERN, AND NORTHERN 

CANADA. THESE IMAGES ARE ESTIMATED BY SRC FOR 5 EXAMINED EARTHQUAKES. A) 2010 VAL-DES-BOIS 

EARTHQUAKE, B) 2013 LADYSMITH EARTHQUAKE, C) 2017 MOSQUITO LAKE EARTHQUAKE-M6.2, D) 2017 

MOSQUITO LAKE EARTHQUAKE-M6.3, AND E) 1985 NAHANNI EARTHQUAKE. COLOR SCHEME, WITH ITS VARYING 

SHADES OF RED, SERVES AS A VISUAL AID IN INTUITIVELY CONVEYING THE SEVERITY OF THE DAMAGES INCURRED, 

WITH DEEPER SHADES OF RED INDICATING MORE PROFOUND DAMAGE, AND LIGHTER SHADES SIGNIFYING LESS 

SEVERE IMPACT. .................................................................................................................................................. 90 
FIGURE 6.9. SCENARIO RISK OUTPUTS OF FIVE STUDIED EARTHQUAKES. ...................................................................... 91 
FIGURE 6.10. AGGREGATE LOSSES FOR FIVE DISTINCT EVENTS UNDER STUDY. ............................................................ 91 

 

 

 

 

 

 

 



   

xi 

 

List of Acronyms 

SRA  Seismic Risk Assessment 

DSHA  Deterministic Seismic Hazard Assessment 

PSHA  Probabilistic Seismic Hazard Assessment 

SDC Scenario Damage Calculator 

SRC Scenario Risk Calculator 

CanadaSHM6 6th Generation Seismic Hazard Model of Canada 

CanadaSRM1  Canadian National Seismic Risk Model  

OQ Engine  OpenQuake-Engine Software 

GEM  Global Earthquake Model Foundation, Italy 

HAZUS   
The United States Federal Emergency Management Agency’s 

methodology for estimating potential losses from disasters  

FEMA Federal Emergency Management Agency 

Mw  Moment Magnitude 

PGA  Peak Ground Acceleration 

PGV Peak Ground Velocity 

SA Spectral Acceleration 

GMM    Ground Motion Model 

GMPE   Ground Motion Prediction Equation  

GMF  Ground motion field 

MMI Modified Mercalli Intensity 

DAUID     Dissemination Areas Unique Identifier 

DA Census Dissemination Area 

CAD   Canadian Dollars  

GIS   Geographic Information System  

GSC  Geological Survey of Canada 

USGS United States Geological Survey 

NRCan   Natural Resources Canada  

CDD  Canadian Disaster Database (Public Safety Canada 2022) 

EM-DAT       Center for Research on Epidemiology of Disasters 2022 

CatIQ Catastrophe Loss Database 2023 



 

1 

 

  

 

 

 

 

 

Chapter 1 :  Introduction 



Chapter 1: Introduction  VALIDATING THE CANADIAN 

  SEISMIC RISC MODEL 

 

2 

 

 

 

1.1. Introduction 

Canada, a seismically active country, faces the potential for future earthquakes that could result 

in significant damage and loss. Understanding and mitigating the consequences of such disasters 

is crucial, especially considering the interdependencies among critical infrastructure networks that 

provide essential services to the population. 

The Canadian Seismic Risk Model, developed by Natural Resources Canada (NRCan) in 

collaboration with the Global Earthquake Model Foundation, Italy (GEM), supports disaster risk 

reduction efforts at various levels of government and across industries (Tiegan Hobbs et al. 2023) 

(Hobbs et al. 2022). The model, known as CanadaSRM1 (the first generation of Canadian National 

Seismic Risk Model), includes both a probabilistic assessment of expected damages and losses at 

different time intervals, and a catalog of deterministic scenarios that assess damage, financial 

losses, human impacts, and other associated consequences. This model aligns with Canada's 

adoption of the Sendai Framework for Disaster Risk Reduction (Sendai Framework for Disaster 

Risk Reduction 2015 - 2030, n.d.). The model integrates a new physical exposure model covering 

the entire country (Journeay et al. 2022), earthquake building performance functions adapted for 

Canada based on HAZUS (The United States Federal Emergency Management Agency’s 

methodology for estimating potential losses from disasters, stands for Hazard US) (Tiegan E 

Hobbs et al. 2023), and the 6th Generation National Seismic Hazard Model (CanadaSHM6) (Kolaj, 

Halchuk, and Adams 2023), which forms the foundation for the seismic provisions of the National 

Building Code of Canada.  

Utilizing OpenQuake-Engine Software (OQ Engine) (Pagani et al. 2014) provided by GEM the 

risk modeling process involves deterministic and probabilistic calculations under both baseline 

and simulated retrofit conditions (Hobbs et al. 2023). The model generates outputs for all settled 

regions in Canada, providing information at the neighborhood or smaller scales. However, before 

the model can be utilized, it needs to undergo validation. The validation process ideally involves 

using data from previous earthquakes and the cumulative losses over relevant time periods. 

1.2. Seismic risk assessment background  

Seismic Risk Assessment (SRA) involves evaluating the potential negative impacts that 

individuals and society may face as a consequence of future earthquakes (“The Basics of Seismic 

Risk Analysis” 1989). This assessment consists of three main components: seismic hazard, 

vulnerability of structures in the area, and an inventory of the buildings and inhabitants, which is 

known as exposure model. To estimate the level of ground shaking at a particular location, seismic 

hazard assessment methodologies are used. Factors such as earthquake source characteristics 

(magnitude and fault type), wave travel path effects, and local site conditions influence the ground 

shaking. Local site conditions encompass aspects like soil amplification. The goal is to estimate 

the damage of potential earthquakes in order to reduce the impact of seismic events (Thibert 2008). 

“It was at nighttime that the land shook… a big wave smashed 

into the beach…the Pachena Bay people were lost…” 

Pacheenaht Elder, Vancouver Island 

(Arima, 1991) 
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To perform seismic risk assessment, regional building data needs to be collected and stored in 

a building inventory. This data can include information like the building's name, address, 

occupancy, as well as structural details such as height, age, materials, and lateral force resisting 

system.  Rather than analyzing each building individually, buildings in the Canadian database are 

grouped based on similar structural characteristics. This allows for earthquake risk assessment to 

be conducted more efficiently, as safety measures and policies can be applied to entire groups of 

buildings that share these common features, rather than addressing each building individually. This 

classification system assists in understanding and managing seismic risks across a wide range of 

structures by sorting buildings into categories. Damage estimation relies on ground motion-

damage relationships developed for these building prototypes, which determine the anticipated 

amount of structural and non-structural damage caused by a given level of earthquake intensity 

(Hazus-MH 2003). 

Losses are estimated based on the outcome of the damage assessment. Monetary losses are 

calculated considering both structural and non-structural damage, as well as the replacement value 

of the building (Hobbs et al. 2023). The replacement value depends on the use of the facility, with 

non-structural components and contents often comprising the largest portion, thereby impacting 

the economic losses resulting from earthquake damage. The number of casualties is determined by 

considering the structural damage and the number of occupants present in the building during the 

earthquake, and the relationship between shaking and fatalities (Hobbs et al. 2023).  

1.3. Research motivation 

Large earthquakes are less common in stable continental regions, but they can still pose a 

significant threat to both people and infrastructure. The devastating New Madrid earthquake 

sequence with magnitudes above 7.0 on the winter of 1811–1812 serves as evidence of this (Hough 

2009). Canada, similar to numerous other regions, faces the risk of significant earthquakes that can 

lead to extensive destruction and the loss of human lives (Hobbs, Journeay, and Rotheram 2021). 

Even in Canada, there have been damaging and deadly earthquakes in the past, such as the  

Moment Magnitude (Mw) 7 earthquake in Charlevoix, in 1663 and the Mw 7.2 earthquake off of 

Grand Banks, Newfoundland, in 1929, which resulted in a tsunami and the loss of 27 lives (M. 

Lamontagne et al. 2008).  

According to Canada's national hazard map, most Canadians live in areas prone to earthquakes, 

particularly in urban regions where more than 75% of the population resides (Adams et al. 2002). 

This means that the highest risk of earthquakes in Canada is concentrated in these urbanized areas. 

Therefore, the occurrence of a major earthquake near densely populated areas could have 

disastrous social and economic consequences. Past earthquakes have emphasized the significance 

of safeguarding buildings, prioritizing the safety of residents, and taking proactive steps to mitigate 

the impact of earthquakes (Fereidoni 2014). Therefore, it is crucial to evaluate the seismic risk 

model of Canada accurately and reliably in order to implement effective measures to mitigate 

impact. 
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1.4. Aims and objectives 

The objective of this study is to conduct a benchmark assessment of the CanadaSRM1 model 

by comparing observations from recent earthquakes in Eastern, Northern, and Western Canada 

with the estimated impacts of these events determined using the CanSRM1 model. The aim is to 

evaluate the model's reliability in predicting the effect of future events, with the goal of providing 

valuable information for decision makers in Canada to justify plans and take appropriate actions 

to mitigate seismic risk in the country. 

To achieve this, the research proposes a computational method to assess the risks associated 

with different seismic scenarios in three regions of Canada: east, north, and west. OQ engine, an 

open-source software, is utilized to combine seismic hazard data in the form of shakemaps, 

exposure models, and building vulnerability information to validate the initial version of Canada's 

national seismic risk model. The method involves selecting earthquake scenarios based on 

magnitude and location distributions for each area, sampling damage states for each event using 

ground-motion shaking intensity data from the United States Geological Survey (USGS) 

shakemaps and comparing the computed results with actual data. 

While this research contributes to the understanding and evaluation of Canada's initial seismic 

risk model by quantifying the likelihood of various levels of loss, it's important to note that the 

study does not cover the effects of earthquakes on infrastructure and secondary losses like induced 

landslides. Nonetheless, the estimation of uncertainty in the data will help assess its quality and 

determine its appropriate use in decision-making processes. To achieve this goal, the following 

steps will be taken: 

1. Development of a dataset of recent earthquakes that occurred in the study areas: 

▪ Due to a shortage of relevant catastrophic disaster events in Canada, we will focus on recent 

earthquakes that are not featured in major databases but still caused modest damage in 

western, northern, and eastern Canada.  

▪ Calculation of the expected physical impacts and cumulative losses from previous 

earthquakes will be done, using USGS shakemaps and the OQ Engine. This approach 

mostly aligns with the methodology of the CanadaSRM1 model. 

 

2. Adjustment of the outputs for economic and population growth from the model's generation 

year, 2016, to the year of the events' occurrence. 

 

3. Collecting reports of the impacts of these events using information acquired from Disaster 

databases, Catastrophe Loss Database (CatIQ), and Geological Survey of Canada (GSC).  

 

4. Analysis and comparison of the adjusted outcomes of recent earthquakes (CanadaSRM1) with 

the determined threshold. 

 

5. Validating of the CanadaSRM1 model. 
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1.5. Limitation and scope 

Assessing seismic risk is challenging due to the interactions between risk drivers. Seismic 

hazard is inherently uncertain because it relies on previous knowledge that may be limited or 

poorly understood (Dowrick 2003). The evaluation of both structural and non-structural damage 

involved following assumptions: 

1. This approach is not capable of determining the specific damage to individual components or 

systems, such as mechanical, electrical, and plumbing systems of the non-structural 

components of a building. 

2. The approach used in this study is focused on evaluating regions rather than individual 

buildings, so detailed structural analyses were not conducted. Instead, buildings were 

categorized into prototypes. However, it's important to note that this simplification introduces 

uncertainties in the estimation of damages. For site specific impacts it is important to conduct 

site specific analyses. Additionally, estimating earthquake casualties involves various 

uncertainties, relying on factors such as assessing structural damage, understanding the 

relationship between damage and casualties (casualty rate), and determining the number of 

individuals present in the affected buildings during the event.  

3. The study focused solely on evaluating the damage caused by the shaking of buildings during 

an earthquake. Other associated risks like landslides, liquefaction, fires triggered by 

earthquakes, and flooding were not considered in this research. 

4. The mentioned monetary losses do not take into account the additional losses incurred through 

business interruption. Calculating these indirect losses is not solely based on the physical 

damage suffered by a building, but also involves assessing the duration of downtime which is 

determined by the time required for repairing the damage. Due to the complexity involved and 

the constraints of time and resources, the monetary losses were only calculated for the direct 

damages. 

1.6. Thesis outline 

This thesis covers several topics, presented in the following order of discussion: After the first 

introductory chapter, chapter 2 provides an overview of general risk assessment methods and a 

discussion of techniques used for national-scale seismic risk analyses. It explains various tools and 

software used in this field, comparing their effectiveness. Finally, the main methods that are 

currently used in risk assessment are critically discussed. Chapter 3 presents a comprehensive 

overview of the three study areas. This includes a detailed description of the geological formation, 

tectonic situation, seismicity, and seismic history of each area. 

Chapter 4 delves into the research methodology for assessing the CanadaSRM1, covering 

aspects such as workflow, input parameters, data processing, and theoretical concepts like seismic 

risk analysis. Additionally, it establishes the theoretical framework and methodological design for 

SRA, discussing key requirements and presenting a roadmap for the SRA methodology. Chapter 

5 presents research findings and estimated outcomes from seismic damage and risk assessments 

conducted on five earthquakes in various regions of Canada. Utilizing the OQ Engine and the 

CanadaSRM1 framework, the study employed calculators to simulate damage states and loss ratios 
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for buildings and assets in the exposure model. The mean damage distribution and aggregated 

statistics for the entire portfolio were calculated, including fatalities and mean financial losses.  

Chapter 6 provides a comprehensive analysis of SRA in the western, eastern, and northern 

regions of Canada. It explores the implications of probability of exceedance across different 

damage states, assessing variations among provinces exposed to earthquakes. The chapter also 

delves into the economic losses and fatalities resulting from studied earthquakes, while examining 

the relationship between probability of exceedance and loss ratio. Furthermore, this chapter is 

dedicated to the comparison and evaluation of a proposed system, addressing testing and results in 

relation to research objectives. 

In the concluding chapter of the thesis, final conclusions are drawn from the research, 

accompanied by an acknowledgment of limitations associated with the methods and software used. 

This section not only offers valuable recommendations for potential future research but also tailors 

them to the specific scope of the study, as detailed in Chapter 7. 

 

Figure 1.1. Outlines the structural layout of the thesis, offering a visual overview of how key chapters or sections are 

interconnected. This figure serves as a guide for readers to understand the logical flow and organization of this 

document.
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2.1. Introduction 

In recent years, research in various fields, spanning from seismology to social sciences, has 

greatly enhanced our comprehension of global disasters. This chapter offers a concise overview of 

seismic risk methodologies, elucidating key terms in seismic risk. Additionally, it delves into the 

evolution of notable SRA software programs, ultimately spotlighting the ones selected and 

employed in this thesis. 

2.2. Seismic risk methods 

Strong earthquakes have severe consequences, such as economic impacts, building damage, 

casualties, and harm to essential facilities, lifelines, transport networks, cultural heritage, and the 

environment (“Global Assessment Report on Disaster Risk Reduction 2015” n.d.). To address 

these risks, an SRA process is conducted, aiming to measure the potential negative impacts and 

their likelihood. This assessment informs emergency managers and decision-makers, enabling 

them to take appropriate actions (Newman et al. 2017). Accurate estimation of seismic risk 

requires detailed information about ground shaking intensity, exposed buildings and infrastructure, 

and their vulnerabilities. Risk assessment results may quantify some combination of physical 

damage, economic and social losses, and their probabilities. 

Seismic losses have been increasing significantly in terms of both magnitude and frequency, 

resulting in severe impacts on societies and economies. This rise is primarily due to the rapid 

growth of population and infrastructure in earthquake-prone areas worldwide. To effectively 

respond to and recover from these events, it is crucial to have a better understanding and accurate 

estimation of seismic risks. As a result, research communities have been focusing on developing 

software tools for modeling and analyzing seismic risk.(Hosseinpour et al. 2021) 

In recent years, significant efforts have been made to develop software for estimating seismic 

losses. Various tools, such as HAZUS (Hazus-MH 2003), Haz-Taiwan, SELENA (S. Molina, 

Lang, and Lindholm 2010), HazCan , InaSAFE (Pranantyo and Fadmastuti 2014), CAPRA (Bernal 

and Cardona 2018), DBELA, OQ Engine (Pagani et al. 2023), and ER2 web application (Abo El 

Ezz et al. 2019), have been created for seismic loss estimation. Some countries have their 

customized versions, while global projects like the GEM are working on tools with worldwide 

capabilities (Silva et al. 2014a). 

This section provides a critical review of existing methods and software used for seismic risk 

analysis. It discusses the essential steps of hazard assessment, exposure modeling, and 

vulnerability assessment, with a particular emphasis on evaluating different approaches to 

vulnerability evaluation. The strengths and limitations of various software programs are 

highlighted, and a comparative analysis of major seismic risk software is presented.  

2.3. Overview of earthquake loss assessment 

Four main factors contribute to the calculation of seismic loss: 

▪ Exposure: It refers to the level of human activity in areas prone to seismic hazards, 

determined by the presence of buildings, infrastructure, and inhabitants in those locations 

(De Bono and Mora 2014b). 
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▪ Vulnerability: This factor assesses the susceptibility of infrastructure to damage from 

shaking  (Tyagunov et al. 2004). 

▪ Hazard: It represents the likelihood of specific intensity  ground motions occurring at a 

particular location over a given period of time, which can be determined through various 

methods such as scenario modeling which is Deterministic Seismic Hazard Assessment 

(DSHA) and Probabilistic Seismic Hazard Assessment (PSHA) (J. J. Bommer 2002). 

▪ Damage loss conversion: This factor quantifies the damage in terms of repair and 

restoration costs or social impact, including injuries, homelessness, and fatalities (Daniell 

2011). 

Due to the diverse approaches used to determine these components, there is a wide range of 

earthquake loss estimation methods available (Daniell 2011). The suitability of a particular method 

may vary depending on the region, considering the reduction of uncertainties related to data 

collection, scientific assumptions, and regional factors like source, path, and site characteristics. 

An earthquake loss estimation can be performed either proactively (pre-earthquake scenario 

modeling) or reactively (post-earthquake fixed scenario modeling) (Daniell 2011). 

2.4. Loss assessment software 

There are different types of software packages for seismic analysis. These packages can be 

proprietary, open access, or open-source, and they are usually designed for specific regions with 

their unique geological and construction characteristics. Table 2.1 provides a summary of the SRA 

software. OQ Engine is being considered for this current study, and the rationale behind this choice 

will be discussed in the following. 

2.4.1. ER2-Earthquake 

ER2-Earthquake, developed by NRCan, is a user-friendly web-based software for assessing 

seismic risk (Abo El Ezz, Nollet, and Nastev 2014). It's unique in its usability for both experts and 

non-experts, offering assessment using scenario earthquakes or probabilistic scenarios over 

various return periods. Built with Java and Python, it efficiently computes results, using an 

innovative non-iterative algorithm to determine structural response (Porter 2009). By employing 

HAZUS fragility functions, it calculates probabilities of building damage states linked to spectral 

displacement (Nollet et al. 2018). These probabilities are linked to the intensity measures of the 

input spectrum. 

What sets ER2 apart is its database storage of multiple scenario results, reducing the need for 

time-consuming iterations, and it provides quick, reliable outcomes akin to HAZUS but with the 

added benefits of short runtime and minimal user input (Abo El Ezz et al. 2019). This accessibility 

makes ER2 highly valuable for planning and operational drills, particularly in regions with low to 

moderate seismic activity. 

2.4.2. HAZUS 

The U.S. Federal Emergency Management Agency (FEMA) created the HAZUS software in 

the 1990s to assess the effects of earthquakes and other hazards on buildings, infrastructure, 

casualties, shelter needs, and economic losses (Kircher, Whitman, and Holmes 2006). The 
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software uses C++ and Visual Basic algorithms, Microsoft SQL for the database, and ArcGIS for 

visualization. It is developed by private companies as closed-source software with comprehensive 

guidelines and parameters for damage assessment (“Hazus User & Technical Manuals | 

FEMA.Gov” n.d.). 

Table 2.1. Seismic risk assessment software packages (Silva et al. 2014a) (Jena et al. 2020) (Hosseinpour et al. 2022).  

Software ER2 
HAZUS 

(HazCan) 

HAZUS-

MH 

Ergo 

(MAEviz) 
CAPRA EQRM SELENA OQ 

Lunched by 
Canada 

(Quebec 

City) 

Canada U.S. U.S. 

Central 

America 

(Nicaragua

) 

Australia Norway Italy 

Developed by 
NRCan, 

CSSP 
NRCan 

FEMA 

(NHRAP) 
Uni. Illinois 

World 

Bank 

(GFDRR) 

Geoscience 

Australia 
NORSAR 

GEM 

(Stakeholder 

worldwide) 

Programming 

Language 

Java and 

Python 
VB6, C++ VB6, C++ Java  

Visual 

Basic, 

NET 

Python, 

MATLAB 

MATLAB, 

C++ 

Python 

(Web-based) 

Open source No No No Yes Yes Yes Yes Yes 

Graphic user 

interface 
Yes Yes Yes Yes Yes No                                                            Yes No 

Input data 

seismic hazard 

data, structural 

information on 

buildings, 

infrastructure, 

and population 

data 

Buildings, 

infrastructure 

and 

demographic 

data 

Buildings, 

critical 

facilities, 

transportation 

and 

demographic 

data 

building data, 

infrastructure 

details, human 

behavior 

models, and 

environmental 

factors 

Population, 

building 

inventory 

data, PGA, 

and 

infrastructure 

Active fault 

Types, Event 

scenario, 

Attenuation, 

Threshold 

Distance, 

Amplification, 

Building 

classification 

Building 

Demographic

al 

data and 

seismic 

data, different 

soil class 

Population, 

global 

land cover, 

building data, 

global GDP data 

Methodology 

assess structural 

vulnerabilities 

and risks related 

to earthquakes, 

focuses on 

building 

characteristic, 

soil types 

incorporate 

Canadian 

seismic 

hazard 

models and 

regional 

geological 

data, 

Building 

vulnerability 

assessment 

map, 

Estimation of 

damage and 

Casualty, 

Estimate loss 

Prepare 

shakemap, 

Building 

vulnerability 

assessment 

map, Estimation 

of damage and 

Casualty, 

Estimate loss 

building 

performance 

evaluation, 

evacuation 

modeling, 

infrastructure 

analysis, and 

environmental 

considerations 

Seismic 

hazard 

Evaluation, 

Identifying 

inventory, 

Application 

of 

Vulnerability 

functions, 

Estimation of 

losses 

Generation of 

Synthetic 

earthquake 

catalog, 

Preparation of 

attenuation 

relation, 

Account of 

Interaction 

between 

geology and 

seismic waves, 

preparing 

probability of 

every 

earthquake and 

hazard, using 

buildings and 

population risk 

analysis can be 

done 

Prepare 

seismic risk 

map, produce 

building 

vulnerability 

map, 

Estimate 

damage and 

casualty 

Seismic risk 

evaluation, Use 

of analytical and 

empirical 

methods for 

vulnerability 

analysis, 

Socioeconomic 

impact and 

losses 

estimation 

Output 

detailed 

structural 

assessments, 

including 

building-

specific damage 

predictions and 

risk analyses 

loss 

estimates, 

considering 

economic, 

social, and 

infrastructure 

damage 

Loss estimates 

for utilities and 

lifelines, 

Estimation of 

vulnerability 

and casualties, 

Estimation of 

economic and 

social loss 

building 

performance 

analysis, 

evacuation 

strategies, 

infrastructure 

resilience, and 

environmental 

impact 

assessment 

Physical and 

economic 

losses 

approximated 

per property, 

Probable % 

of loss, 

annually 

expected 

economic 

losses 

Probability 

estimation, 

Level of 

damage 

estimation, 

financial loss, 

Computation of 

risk 

Physical 

damage 

estimation, 

Estimation of 

total 

economic 

loss, 

Damage, and 

casualty 

Loss of life and 

Property, 

Damage 

Estimation, 

Social and 

Economic 

changes due to 

disruption 

 

HAZUS v.4.2, released in May 2019, offers high-resolution shake-maps and an updated fire 

following earthquake module. It provides pre-packaged input data and links to additional 
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information sources. The software incorporates 15 categories of building types, differentiated by 

structural features and materials, multiplied by building height and design level to generate 128 

building types. HAZUS also considers seven major occupancy categories, which impact building 

performance and resulting social and economic losses. Ongoing efforts aim to modernize HAZUS 

and eliminate the need for commercial software (Otto 2010). 

The HAZUS methodology has been adapted in various locations worldwide to assess losses in 

other areas. Examples include Turkey (J. Bommer et al. 2002), Norway (SELENA) (Sergio Molina 

and Lindholm 2005), Taiwan (using a modified version called Haz-Taiwan) (Yeh, Loh, and Tsai 

2006), Canada (HazCan) (Nastev 2014), Risk-UE (Mouroux and Le Brun 2006), EQRM (D. 

Robinson, Fulford, and Dhu 2005), ER2-Earthquake (Abo El Ezz et al. 2019), and Ergo (formerly 

known as MAEviz). HAZUS employs a user-friendly GUI for data input and presents output in a 

GIS-based platform. It can estimate losses for different infrastructures like lifelines, essential 

facilities, and transportation systems. Additionally, it considers damage from post-earthquake fires 

and indirect economic losses. However, HAZUS has some limitations, including the requirement 

of an ArcGIS license and difficulties in software installation. It's worth noting that while HAZUS 

can be used for locations outside the U.S., the reliability of loss estimation results may be 

compromised due to varying seismic and structural conditions (Daniell 2011). 

2.4.3. ERGO (MAEviz, mHARP, Hazturk) 

Ergo, previously known as MAEviz and mHARP, is a loss estimation software developed by 

the Mid-America Earthquake Centre and the National Centre for Supercomputing Applications at 

the University of Illinois (Makhoul and Argyroudis 2018) (“Ergo – Multi-Hazard Assessment, 

Response, and Planning” n.d.). It is designed for SRA in the central U.S. states. Ergo is an open-

source software written in Java programming language and has a user-friendly graphical user 

interface. It includes a built-in Geographic Information System (GIS) for representing input and 

output data without requiring any commercial package. 

The software is built on the open-source Eclipse Rich Client Platform. It supports various plug-

ins and allows users to incorporate their own hazard data (Elnashai et al. 2008). The software 

considers hazards like liquefaction and ground shaking. It provides default earthquake scenarios 

and probabilistic hazard maps in its catalogue, but users can also upload their own hazard data 

within the GUI. It follows a consequence-based risk management approach to assess and mitigate 

potential losses from disasters (Elnashai et al. 2008). Ergo has been integrated into various 

platforms, including HAZTurk (Turkey's seismic risk assessment platform) (Karaman, Şahin, and 

Elnashai 2008), EQvis (European platform) (Schäfer and Wenzel 2013), and the SYNER-G 

project, which incorporates a large fragility function manager system (Pitilakis, Crowley, and 

Kaynia 2014). 

2.4.4. CAPRA-Earthquake 

CAPRA is an open-source risk assessment platform supported by the World Bank (“CAPRA-

GIS | CAPRA | Probabilistic Risk Assessment Platform” n.d.). It was released in 2008 and offers 

various modules for evaluating risks related to natural hazards, with a focus on earthquakes. The 

main module, CAPRA-GIS, calculates losses caused by different hazards once the necessary input 



Chapter 2: Literature Review  VALIDATING THE CANADIAN 

  SEISMIC RISC MODEL 

 

 

12 

 

files are imported. CAPRA-GIS relies on a hazard model generated by the CRISIS 2015 module, 

which incorporates stochastic scenarios and spatial distribution of intensity (Bernal and Cardona 

2018). CAPRA also includes modules for analyzing strong motion signals, soil response, and 

conducting PSHAs. 

To assess damage, CAPRA utilizes vulnerability functions specific to each building type. These 

functions are developed using the ERN-Vulnerabilidad module, which allows for the creation of 

custom functions and considers uncertainty by adjusting the variance (Aguilar Meléndez et al. 

2017). The outputs provided by CAPRA include loss exceedance curves, probable maximum loss, 

and average annual loss for individual buildings or a set of buildings. 

In addition to the existing modules, a new module called CAPRA-EQ is currently being 

developed to enhance seismic hazard modeling for risk analysis, reduction, and management. 

CAPRA serves as a user-friendly platform with a graphical interface programmed in Visual Basic 

language, making it accessible and easy to understand (“CAPRA-GIS | CAPRA | Probabilistic 

Risk Assessment Platform” n.d.). 

2.4.5. EQRM 

The EQRM (Earthquake Risk Model) is an open-source software developed by Geo-Science 

Australia specifically for assessing seismic risks and damage in Australian (D. J. Robinson, Dhu, 

and Row 2007). It was created using Python and MATLAB and lacks a graphical user interface or 

integration with GIS (D. Robinson, Fulford, and Dhu 2005). 

The software applies the HAZUS methodology for damage assessment but with some 

variations. It considers a wider range of periods in the response spectrum and soil amplification 

compared to HAZUS. Instead of incorporating variability in damage thresholds, capacity curves, 

and ground shaking, EQRM focuses only on the variability of damage states in its fragility curves. 

The software utilizes uniform hazard spectra and the Modified Mercalli Intensity (MMI) scale. It 

performs probabilistic seismic hazard and risk analysis using an event-based approach, calculating 

ground shaking parameters and losses for each event and aggregating the results for probabilistic 

risk estimates (Dhu et al. 2008). EQRM provides various outputs such as seismic hazard maps, 

hazard exceedance curves, uniform hazard spectra, risk exceedance curves, and 

aggregated/disaggregated annualized losses (“Daniell J, Simpson A, Murnane R, Tijssen A, Nunez 

A, Deparday V, Gunasekera R, Baca A, Ishizawa O, Schäfer A. Review of Open Source and Open 

Access Software Packages Available to Quantify Risk from Natural Hazards. Washington, DC: 

World Bank and Global Facility for Disaster Reduction and Recovery. 2014.” n.d.). 

2.4.6. InaSAFE 

InaSAFE is a free and open-source software developed collaboratively by the Indonesia 

National Disaster Agency, the Australian Government, and international organizations 

(“Inasafe.Org | 521: Web Server Is Down” n.d.). It functions as a plugin for QGIS, a GIS platform, 

and aims to aid disaster managers in understanding the potential impacts of specific disasters 

(Pranantyo and Fadmastuti 2014). InaSAFE, as same as HAZUS, includes tools to calculate shelter 

needs based on estimated displaced populations and utilizes MMI as a hazard measure. It calculates 
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economic losses considering building values and areas, and estimates fatalities using a model 

developed by Institute Teknologi Bandung (Vecere, Monteiro, and Ammann 2016). However, the 

ITB model tends to over-predict fatality rates at high MMI levels, and its associated uncertainty 

has not been addressed (Jaiswal, Wald, and Hearne 2010). 

Object-oriented framework for infrastructure modelling and simulation (OOFIMS) OOFIMS 

Seismic Loss Estimation software, developed as part of the SYNER-G project, evaluates the 

seismic vulnerability of urban areas, including buildings, transportation systems, and lifelines 

(Pitilakis, Crowley, and Kaynia 2014). It is an open-source software written in MATLAB and can 

now handle multiple hazards such as floods and volcanic events (Hosseinpour et al. 2021). The 

latest version, OOFIMS V.4.4, released in 2018, includes the Boore and Atkinson Ground Motion 

Prediction Equation (GMPE) and HAZUS fragility models for water supply systems (Boore and 

Atkinson 2008). OOFIMS can analyze the vulnerability of interconnected infrastructure systems 

and building portfolios, including natural gas transition infrastructure, water supply systems, 

electrical power networks, and transportation systems (Franchin and Cavalieri 2013). It has been 

successfully applied to transportation and electric networks and gas distribution systems in Italy 

(Esposito et al. 2015). 

2.4.7. SELENA 

SELENA (Seismic Loss Estimation for Normal Earthquake Scenarios) is a software developed 

by the International Centre for Geohazards in collaboration with NORSAR and the University of 

Alicante. It uses a logic tree approach to assess uncertainties in seismic risk estimation (S. Molina 

0). SELENA 6.5, the latest version coded in MATLAB, allows users to input data in a specific 

format to calculate shake maps, damage probabilities, economic losses, and casualty estimates. 

Unlike other tools, SELENA is independent of a GIS and can be integrated with any GIS system 

for result visualization (Sergio Molina et al. 2017). It incorporates various ground-motion 

parameter calculation methods and offers multiple vulnerability methodologies for computing 

building damage (“ATC-40 Seismic Evaluation and Retrofit of Concrete Buildings | PDF | 

Economic Sectors | Solid Mechanics” n.d.). This method differs from other methods by using a 

logic tree approach which allows for incorporating uncertainties related to different input 

parameters, offering final results along with corresponding confidence levels (S. Molina, Lang, 

and Lindholm 2010). Additionally, SELENA accounts for topographic effects in hilly regions 

through user-selectable amplification procedures based on different approaches (Sergio Molina et 

al. 2017). 

2.4.8. OpenQuake Engine 

The OQ Engine is software developed by GEM that allows for the assessment of seismic hazard 

and risk at various scales. It is coded in Python and the current version is v3.16.3, which is open 

source. The OQ Engine utilizes the Natural Hazard's Risk Markup Language, an XML-based 

language developed alongside the GEM project, to read input parameters and conduct loss analyses 

(Global Earthquake Maps | Global Earthquake Model Foundation | Italy n.d.). OQ is a transparent 

software that can be used with GEM or other user-created models to perform scenario-based or 

probabilistic hazard and risk analyses and generate hazard and loss outputs. It can also model 

spatial correlation of ground motion residuals and vulnerability uncertainty. 
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The OQ Engine includes various calculation algorithms such as the Scenario Risk Calculator 

(SRC), Scenario Damage Calculator (SDC), classic PSHA-based risk, probabilistic event-based 

risk, and retrofitting benefit-cost ratio (Silva et al. 2014b). The Probabilistic Event Based 

calculator is a particularly innovative module that utilizes the Monte Carlo method to generate a 

stochastic event set representing potential seismicity. GMFs are calculated for each event in the 

set. The event based PSHA calculator uses this set of GMFs to compute hazard curves for each 

site, representing the potential shaking scenarios over a given time period. However, this procedure 

can be computationally intensive and may not be suitable for large study areas (Pagani et al., n.d.). 

The GEM project also developed a framework for evaluating and selecting existing fragility 

curves for new studies (Rossetto et al. 2014). This framework helps users assess the quality and 

relevance of fragility curves and improve the selection process, which can often be subjective. It 

requires a deep understanding of structural dynamic response and the evaluated fragility curves.  

The inventory of assets at risk, including structural and non-structural parameters, vulnerability 

curves, and content parameters, was then considered. The final step involved computing the 

negative impacts. The exposure dataset could also be prepared independently in a spreadsheet 

format and imported. 

Figure 2.1 illustrates how QGIS, an open-source GIS platform, is utilized to assess the impact 

of an earthquake scenario. The process begins with users inputting necessary data using the Input 

Preparation toolkit. They then select the type of calculation they wish to conduct, be it event-based 

or seismic risk and hazard assessment scenarios. Each calculation stage yields diverse outputs, 

such as average asset loss, GMFs, and comprehensive calculation reports. The final phase involves 

visualizing these results through the QGIS software for a comprehensive understanding of the 

scenario's effects.  

This section presents a review of various seismic loss estimation software options and 

concludes that OQ Engine is the preferred choice. OQ Engine distinguishes itself through its 

implementation of a user-friendly graphical interface, utilization of open-source codes, ability to 

incorporate probabilistic seismic shake maps from the USGS, and provision of visual 

representations of input and output parameters (Crowley and Bommer 2006). Furthermore, it 

offers free web-based access and incorporates a logic tree to account for uncertainties in modeling. 

OQ Engine enables users to input their own data and customize the analysis according to their 

needs. In comparison to alternative software, OQ Engine provides comprehensive user and 

technical manuals and is particularly accessible for users with moderate knowledge. Additionally, 

it appropriately considers uncertainties in seismic hazard assessment. Considering the limitations 

of other software options and the challenges related to data acquisition, seismic vulnerability 

assessment, and probabilistic risk assessment, OQ Engine emerges as a reliable and user-friendly 

tool for conducting seismic loss assessments in this thesis. 
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Figure 2.1. OQ Engine loss estimation process and visualization of loss results. In this specific example, Mw 7.0 

earthquake scenario was simulated with a uniform shear wave velocity of 760 m/s across the study area to account 

for local site amplification. The figures provided show screen captures of input tables and the visualization of results 

(reprinted from Bhattacharya, Basu, and Ma 2001). 
 

2.5. Selection rationale for OpenQuake Engine  

The OQ Engine, employed in this research, presents distinct advantages in SRA when compared 

to other SRA software, such as ER2, HAZUS (HazCan), HAZUS-MH, Ergo (MAEviz), CAPRA, 

EQRM, and SELENA. Here is a detailed analysis of the key points of comparison: 

ER2 boasts advanced seismic hazard analysis capabilities, including integration with GIS for 

enhanced visualization. However, its drawback lies in limited flexibility for customization, and it 

may not garner the same level of community support as open-source alternatives (Abo El Ezz et 

al. 2019). HAZUS (HazCan) and HAZUS-MH are extensively used in the U.S. and Canada for 

earthquake risk assessment. While they encompass various building types and occupancy classes 
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and seamlessly integrate with GIS, their primary design for the U.S. may limit their applicability 

in other regions (Daniell 2011). Moreover, these non-open-source tools may lack flexibility for 

customization, disregarding certain local building characteristics. Ergo (MAEviz) features a user-

friendly interface and integration with other risk assessment tools. Nevertheless, it may lack some 

advanced features found in competing tools and offers limited flexibility for customization 

(Elnashai et al. 2008). 

CAPRA stands out with comprehensive risk assessment capabilities and the ability to conduct 

PSHAs. However, it may demand significant computational resources and possesses a steep 

learning curve for users unfamiliar with PSHAs (Bernal and Cardona 2018). EQRM, being open-

source and customizable, is suitable for SRA in various regions. Yet, it requires substantial 

knowledge of seismic hazard modeling and has limitations in certain risk assessment components 

(D. Robinson, Fulford, and Dhu 2005). SELENA, developed for SRA in Europe, seamlessly 

integrates with GIS. However, its applicability outside of Europe may be limited, and it has a 

smaller user community compared to more widely used tools (Sergio Molina et al. 2017). 

In the context of validating the first seismic risk model for Canada in this thesis, the OQ Engine 

emerges as a robust candidate. Its open-source nature facilitates adaptation to regional 

requirements, and the incorporation of state-of-the-art seismic hazard models provides a strong 

foundation for risk assessments (Pagani et al. 2023). Despite the learning curve associated with its 

use, the flexibility and comprehensive capabilities of the OQ Engine make it a favorable choice 

for SRA in the Canadian context. 
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3.1. Introduction 

The purpose of the chapter is two-fold: first, to describe the geological setting, seismicity of 

Canada including the tectonic mechanism and active faults, and recognize the earthquake zones of 

western, eastern, and northern Canada; and second, to summarize the effects of Canada's 

noteworthy scenario and recent earthquakes, used as the case studies in this thesis, reminding 

readers that destructive earthquakes have happened in the past and will occur again in the future. 

3.2. Geological setting of Canada 

Canada is a country with diverse and complex geological settings due to its vast size and varied 

landscapes (Figure 3.1). The geological history of Canada spans billions of years and includes a 

wide range of geological features, including mountains, plains, plateaus, and the world’s longest 

coastline. 

 

Figure 3.1. Geological map of Canada. Source: National Resources Canada (1996). 

The prairies in Alberta and Saskatchewan have flat landscapes due to the presence of 

sedimentary rocks deposited by an ancient sea (C. E. Ventura and Schuster 1994). British 

Columbia and the Yukon Territory are mountainous regions with volcanoes formed by tectonic 

plate collisions (J F Cassidy, Rogers, and Halchuk 2010). In the Rocky Mountains, the geological 

record shows three distinct sequences from the Cretaceous period. These sequences indicate the 

movement of underwater deposits, transitioning from marine shale to deltaic sandstones and 

conglomerates. They're important sources of coal, oil, and gas (Stott 1984). 

The Canadian Shield in the Northwest Territories, Nunavut, Manitoba, Ontario, and Quebec is 

known for its lakes and rocky landscapes and contains some of the oldest rocks on Earth, forming 

the core of the continent (Langford 2018). The Appalachian Mountains in southern Quebec were 
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once as high as the Rockies but have eroded over time (Brooks and Perret 2023). Along the East 

coast, Newfoundland showcases rocks with ancient multicellular fossils, and the continental shelf 

in the Atlantic Ocean is covered by thick sediment layers. 

3.3. Seismicity of Canada 

The GSC, an agency under NRCan, is responsible for studying and documenting earthquakes 

in the country. Presently, seismologists detect over 4000 earthquakes annually in Canada, but only 

around 100 of them are noticeable to humans (Ludwin et al. 2007). The majority of these 

earthquakes are relatively small, with a magnitude below 3, and go unnoticed (Fereidoni 2014). 

However, Canada has also witnessed numerous significant earthquakes, some occurring in remote 

regions while others have struck populated areas, resulting in destruction, injuries, and even rare 

fatalities. These substantial earthquakes generally register a magnitude of 6 or higher (Fereidoni 

2014). 

The distribution of earthquakes can largely be explained by the tectonic setting. Most 

earthquakes occur along the active plate boundaries off the west coast. However, significant 

seismic activity is also observed in the Cordillera region, particularly in the Yukon and Northwest 

Territories, along the Arctic margin, in the Ottawa and St. Lawrence river valleys, in the northern 

Appalachians, and along the eastern offshore margin (J. F. Cassidy et al. 2010).The least number 

of earthquakes occur in the stable craton, including the plains of Saskatchewan and Manitoba. 

Figure 3.2 shows a map of earthquakes in or near Canada for a period of almost four centuries 

from 1627 to 2022 and had a magnitude of 3 or higher. 

 

Figure 3.2. Seismic Activity in Canada Over Time. This map illustrates the historical earthquakes that have occurred 

in or near Canada between 1627 and 2022, with the size of the red circles indicating the magnitude (Source: GSC). 

It's evident that smaller earthquakes are more frequent compared to stronger ones (N. R. C. Government of Canada 

n.d.). 
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Globally, approximately one-third of the world's population is exposed to earthquakes (Pesaresi 

et al. 2016). In Canada, a similar proportion of people are at risk of experiencing ground shaking 

that could lead to structural damage, especially in high hazard areas like British Columbia (BC) 

and Quebec, where the risk is closer to one in two residents (Hobbs et al., 2023). While many 

Canadians have not witnessed destructive earthquakes, historical events confirm their occurrence 

(J F Cassidy, Rogers, and Halchuk 2010), and as our population grows and development expands 

into high-risk zones, this becomes increasingly concerning (Hobbs et al., 2021). 

The seismic hazard map in Figure 3.3 shows where the likelihood of experiencing strong ground 

shaking, measured as Peak Ground Acceleration (PGA), with a 10% chance of happening in 50 

years is highest. Average annual loss is the yearly average of expected damages due to earthquake 

ground shaking for residential, commercial, and industrial buildings, including both structural and 

non-structural components and contents. The average annual loss ratio for a country or subdivision 

is the average annual loss divided by the total value of assets that could be replaced in that area. 

 

Figure 3.3. Seismic hazard map, national exposure model, average annual economic losses and loss ratio of Canada 

(Nations n.d.). These maps, found in country profiles, are based on the 2018.1 version of the Global Seismic Hazard 

Map from GEM (Silva et al. 2020).  
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The 200-year return period loss represents the average expected loss due to earthquake ground 

shaking for buildings (structural and non-structural) and contents, but it's something that is 

anticipated to occur or be exceeded roughly once every 200 years. This country profile relies on 

the most reliable and publicly accessible data and models. The seismic hazard, exposure, and 

vulnerability models used were either supplied by national institutions or developed through 

regional programs and collaborations (Hobbs et al. 2023).  

3.4. Earthquake zones in Canada 

In essence, earthquake zones are areas where earthquakes frequently occur due to a common 

underlying cause. These areas are known as seismic zones and are crucial for assessing earthquake 

risks (Heidebrecht 1995). 

3.4.1. Earthquake zones in western Canada 

The largest and most frequent earthquakes happen along the west coast, primarily associated 

with plate motions and active faults (Bostwick 1984). Seismologists from the GSC monitor and 

locate over 1000 earthquakes annually in western Canada, with the Pacific Coast being the most 

susceptible region (Bent et al. 2018). In the past 70 years, more than 100 earthquakes with a 

magnitude of 5 or higher have occurred offshore west of Vancouver Island (Lochead, Gillespie, 

and Hand 2012). These earthquakes could have caused significant damage if they had been closer 

to land (Fowler et al., 1990). 

The Queen Charlotte Fault, where the Pacific and North American plates separate, experienced 

Canada's largest recorded earthquake in 1949 (Lay et al. 2013). The Cascadia Subduction Zone, 

off the west coast from Vancouver Island to northern California, generates various types of 

earthquakes due to the Juan de Fuca plate subducting beneath North America. The Juan de Fuca 

and North America plates are currently locked together, causing strain and leading to both small 

and potentially destructive earthquakes, which are known as "megathrust", occur approximately 

every 300-800 years along this coast (Walker et al. 2021). 

Other earthquake-prone regions in Western Canada include the St. Elias Region and the 

Southwestern Yukon, where significant seismic activity has been observed (Bruhn et al. 2012), 

and the Northern Cordillera, which experienced its largest recorded earthquake with Mw 6.9 in 

1985 (John F. Cassidy, Rogers, and Ristau 2005). The Southern Cordillera, located south of the 

60th parallel, has decreased seismic activity, with the most powerful earthquake occurring in 1918 

(Gutenberg 2013). Finally, the Interior Platform, below 60 N latitude, focuses on southern 

Saskatchewan, where seismic activity is concentrated, and notable earthquakes, including those 

related to potash mining, have been documented (Bakun, Stickney, and Rogers 2011). 

3.4.2.  Earthquake zones in eastern Canada 

Eastern Canada, situated on the stable North American Plate, generally experiences fewer 

earthquakes than the western region. Despite its stability, significant and potentially destructive 

earthquakes have occurred and are anticipated in the future. On average, about 450 earthquakes 

transpire annually in eastern Canada, with four exceeding Mw 4, thirty surpassing Mw 3, and 

approximately twenty-five being perceptible (Sadegh 2012). 

https://earthquakescanada.nrcan.gc.ca/zones/westcan-en.php
https://earthquakescanada.nrcan.gc.ca/zones/eastcan-en.php
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Unlike areas near plate boundaries where seismic activity is directly linked to plate interactions, 

eastern Canada, situated in the stable interior of the North American Plate (refer to Figure 3.1), 

sees seismic activity influenced by regional stress patterns. Clusters of earthquake activity have 

been identified, occurring at depths ranging from the surface to 30 km (Asgharzadeh Sadegh 

2012). Several specific earthquake zones exist in eastern Canada. Northern Ontario experiences 

minimal seismic activity, with only one or two earthquakes of Mw 2.5 or higher recorded between 

1970 and 1999 (Agrawal 2018). The Southern Great Lakes region encounters relatively few and 

mild earthquakes, with only three moderate-sized earthquakes (Mw 5) in the past 250 years 

(Dineva, Eaton, and Mereu 2004). The Charlevoix-Kamouraska Seismic Zone near Quebec City 

is highly active, considered the highest earthquake risk area in eastern Canada. Earthquakes happen 

there approximately every day and a half due to geological faults in the Canadian Shield (Brooks 

and Perret 2023). 

The Lower St. Lawrence Seismic Zone, along the St. Lawrence River east of Quebec City, is 

active but hasn't experienced major earthquakes like the Charlevoix Seismic Zone. It sees around 

60 smaller earthquakes annually within a defined area (Maurice Lamontagne et al. 2004). The 

Northern Appalachians Seismic Zone, spanning from New Brunswick to Boston, experienced 

notable earthquakes in 1982 in central New Brunswick (Wetmiller et al. 1984). The Laurentian 

Slope Seismic Zone, off the southeastern coast of Canada, including the Grand Banks of 

Newfoundland, saw a powerful earthquake in 1929 with Mw 7.2, causing a destructive tsunami  

(Hasegawa 1991). 

The Western Quebec Seismic Zone covers a large area, including Montreal, Ottawa, and 

Eastern Ontario (Hunter et al. 2010). It consistently experiences earthquakes, including historical 

events like the 1732 Montreal earthquake (Mw 5.8) and the 1935 Temiscaming earthquake (Mw 

6.2). Recent earthquakes in this zone include a 1990 Mw 5 quake near Mont-Laurier (Lamontagne 

2002). 

3.4.3.  Earthquake zones in northern Canada 

In Northern Canada, earthquake risk is generally low in the central region, but moderate seismic 

activity is estimated in the Arctic areas (Milne and Davenport 1969). A 2021 study in northwestern 

Canada by Estève et al. used local earthquakes to examine the Earth's crust and upper mantle, 

creating a 3D model of seismic velocity (Estève et al. 2021). The study noted changes in the shape 

of the northwestern North American craton edge, suggesting subduction of a segment of the Pacific 

plate beneath the Wrangell volcanic field in southeastern Alaska. These findings have significant 

implications for understanding the tectonic evolution of the northern Canadian region (Estève et 

al. 2021). 

3.5. Analysis of recent earthquakes as case studies 

This thesis examines a total of five previous earthquakes to determine whether their observed 

impacts match those anticipated by CanSRM1: two in eastern Canada, two in western Canada, and 

one in northern Canada. The geographical location of these earthquakes is provided in Figure 3.4.  

Table 3.1 presents a compilation of noteworthy earthquakes that have occurred in Western, 

Northern, and Eastern Canada, which have been selected as the focus of study for this thesis.  

https://earthquakescanada.nrcan.gc.ca/zones/eastcan-en.php
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Figure 3.4. Location of the selected sites where the interested earthquakes occurred. This figure highlights 2 

earthquakes in eastern Canada, namely Val-des-Bois and Ladysmith, as well as 2 earthquakes in western Canada 

known as the Mosquito Lake pair earthquakes, and 1 earthquake in northern Canada, referred to as Nahanni. 

Background images sourced from Landsat 8 and Google Earth. 

 

Table 3.1.  Overview of past earthquakes employed as research locations in this thesis, (Feng et al. 2019, 201), (He 

et al. 2018), (Bent et al. 2015), (Mitchell, Tinawi, and Law 1990), (Perret et al. 2017). 

Year 
Lat 
(°N) 

Long 
(°W) 

Mw 
Depth 
(km) 

Location Region MMI Comment 

2017 59.87 136.66 

 

6.2 

 

5.1 
West 

Canada 

Mosquito Lake, Alaska 

(near Whitehorse) 

Northwest British 

Columbia; 109 km SE 

of Haines Jct.  

VI 

Widely felt in B.C., 

localized damage, no 

landslide, no tsunami, no 

deaths 

2017 59.87 136.66 

 

6.3 

 

2.5 
West 

Canada 

Mosquito Lake, Alaska 

(near Whitehorse) 

Northwest British 

Columbia; 109 km SE 

of Haines Jct.  

V 

Widely felt in north-western 

B.C., localized damage, 

associated landslide, no 

tsunami, no deaths 

2013 45.74 76.34 

 

4.6 

 

13.5 
East 

Canada 

Ladysmith, Southwest 

Quebec 
VII 

Widely felt, most damaging 

quake in western Canada, 

no landslide, no tsunami, no 

deaths 

2010 45.88 75.48 

 

5.0 

 

22.1 
East 

Canada 

Val-des-Bois, Southwest 

Quebec 
VIII 

Widely felt, minor damage, 

associated landslide, no 

tsunami, no deaths 

1985 62.21 124.22 

 

6.9 

 

5 
North 

Canada 

North Nahanni River, 

Northwest Territories. 
IX 

Widely felt, minor damage, 

associated landslide, no 

tsunami, no deaths 
 

3.5.1. Earthquakes in the west 

In May 2017, a pair of earthquakes with Mw 6.2 and 6.3, referred to as EQ 1 and EQ 2, occurred 

in the southern Yukon Territory and Alaska, near the U.S.-Canada border, near the junction of the 
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eastern Denali fault and Duke River fault. EQ 1 was a reverse fault event and EQ 2 was a strike-

slip event (He et al. 2018). Figure 3.5 illustrates the tectonic environment and seismic events in 

Southeastern Alaska. 

 

Figure 3.5. Overview of Southeastern Alaska's Tectonic Setting and Seismic Activity. a) Representation of the 2017 

MW6.2 and MW6.3 earthquake doublet using beach balls, with red lines indicating surface rupture from the 2002 

Denali earthquake. Arrows indicate tectonic motion relative to the North American Plate, based on studies by DeMets 

& Dixon (1999), Leonard et al. (2007, 2008). b) Historical seismic activity (M5+ since 1900 and M2.5+ since 1973) 

sourced from USGS-PDE and ISC-GEM catalogs, along with major Quaternary faults. Solid, dashed, and dotted lines 

represent well-constrained, approximate, and inferred faults. Red stars denote the British Columbia earthquake 

doublet. The inset in the top right corner offers a closer view of the region outlined in the blue box (Doser and 

Rodriguez 2011). 

3.5.1.1. 2017: Mw 6.2 - 47 km NW of Mosquito Lake, Alaska, pair earthquakes: Western Canada  

On May 1, 2017, at 12:31:55 (UTC), there was an earthquake designated as EQ 1. It occurred 

at around [59.821° N, 136.711° W] coordinates and had a Mw of 6.2. The earthquake's hypocenter 

was located approximately 5.1 kilometers below the Earth's surface (U. S. Geological Survey 

2017). There have been no reports of landslides or tsunamis associated with this earthquake. 

Because of the sparse population in the affected areas, there were no reported casualties or 

significant economic losses, with only isolated damages observed in the surrounding areas of the 

earthquakes (Feng et al. 2019). The earthquake had an estimated intensity of VI and was strongly 

felt in several areas, including Whitehorse, Haines Junction, Atlin, Teslin, Carmacks, and Watson 

Lake (He et al. 2018). Additionally, there were avalanches triggered near Mount Logan, and there 

was also another earthquake, with Mw 6.3, following the initial earthquake. 

3.5.1.2. 2017: M 6.3 - 48 km NW of Mosquito Lake, Alaska, pair earthquakes: Western Canada  

Two hours later, the second earthquake (EQ 2) occurred at 14:18:15 (UTC), 1.3 km northeast 

of the location of EQ 1 with a Mw of 6.3 (He et al. 2018). The earthquake's hypocenter was located 

approximately 2.5 kilometers below the Earth's surface. Some avalanches and landslides were 

observed during a field survey conducted two months later by the Yukon Geological Survey (U. 

S. Geological Survey 2017).  
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These 2017 earthquakes were notable as the largest seismic events in the northern Canadian 

Arctic region in recent years. They occurred in a tectonically complex area between the Duke 

River and Eastern Denali faults, driven by the collision of the North American and Pacific plates 

(He et al. 2018). This collision has caused significant crustal deformation and seismic activity in 

the region. The Denali fault, a major strike-slip fault, is active in this region and has experienced 

substantial displacement over millions of years (Feng et al. 2019, 201).  

3.5.2. Earthquakes in the east 

3.5.2.1. 2010: Mw 5.0 Val-des-Bois earthquake: Eastern Canada (SW Quebec) 

On June 23, 2010, a significant earthquake with Mw 5.0 struck Val-des-Bois, Quebec at 

13:41:41 (EDT). This earthquake was located about 60 kilometers north of Ottawa, at a depth of 

22 kilometers (Perret et al. 2017). It had a northwest-striking thrust motion and was notable for its 

widespread effects, spanning approximately 3 million square kilometers. This impact extended 

beyond its epicenter, affecting regions in Quebec, Ontario, and several U.S. states, from Maine to 

Illinois and Kentucky (Ma and Motazedian 2012). What made this earthquake particularly 

significant was that it resulted in the strongest shaking ever recorded in Canada's capital city, 

Ottawa, and it generated an unprecedented response on the “Did You Feel It?” online platform, 

with over 57,000 reports from individuals who experienced the tremors (Marano, Wald, and Allen 

2010). 

 

Figure 3.6. Intensity map of the 2010 M 5.0 Val-des-Bois Earthquake based on the number of reports received by the 

GSC and U.S. Geological Survey via their 'Did You Feel It?' online forms in response to the Val-des-Bois mainshock  

(reprinted from Marano, Wald, and Allen 2010).  

In terms of seismic significance, the Val-des-Bois earthquake marked a major event in 

southeastern Canada and the northeastern United States since the 2002 earthquake in Au Sable 

Forks, New York, which also had Mw 5.0. The Val-des-Bois earthquake was measured at intensity 

level VIII on the MMI scale (CBC News, June 23, 2010). It caused minor damage to structures 

within the epicenter area, including a damaged church steeple and cracked masonry (Marano, 

Wald, and Allen 2010). Damage was also recorded in Ottawa, where buildings such as City Hall 
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suffered broken windows, and numerous structures, including the Parliament buildings, had to be 

evacuated. Additionally, there was some damage to roads and bridges in the epicenter area, 

primarily attributed to embankment failures (Perret et al. 2017). 

 

Figure 3.7. Visualizing the Impact of the 2010 M 5.0 Val-des-Bois Earthquake on buildings and infrastructures (News 

· 2011), (N. R. C. Government of Canada n.d.). 

From a scientific perspective, the Val-des-Bois earthquake provided an extensive dataset for 

analysis. It involved 120 instrumental recording stations within a 1,000-kilometer radius of the 

epicenter, including nine stations with detailed three-component records at distances less than 100 

kilometers (Perret et al. 2017), which is illustrated in Figure 3.8. These contours are created using 

MMI values derived from the recorded Peak Ground Velocity (PGV) data.  

 

Figure 3.8. Visualizing Ground Motion: Mapping the Impact of the 2010 M 5.0 Val-des-Bois Earthquake. Station 

locations are marked with symbols, while contour lines represent MMI values derived from recorded PGV data, 

following the methodology of Atkinson and Kaka (2007) (Earthquake Engineering Research Institute n.d.). 
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3.5.2.2. 2013: Mw 4.6 Ladysmith earthquake: Eastern Canada (SW Quebec) 

On May 17, 2013, at 09:43 Eastern Daylight Time (13:43 Coordinated Universal Time), there 

was a moderate earthquake with Mw 4.6 in Shawville, southwestern Quebec, near Ladysmith 

(Esmaeilzadeh and Motazedian, n.d.). This earthquake was felt across a wide area, from Montreal 

to Toronto, and even as far as New York and Vermont. While it didn't cause significant damage, 

some buildings developed cracks, and there were minor rockfalls (Bent et al. 2015). After the main 

earthquake, there were several aftershocks, with the largest one having Mw 3.6 occurring about 

10 minutes later. This aftershock sequence was unusual because there were many relatively large 

aftershocks (Ma and Audet 2014). A total of 46 aftershocks were recorded up until March 2014. 

 

Figure 3.9. Intensity map of Ladysmith earthquake based on the number of reports received by the GSC and U.S. 

Geological Survey via their 'Did You Feel It?' online forms in response to the Ladysmith mainshock. A total of 4,273 

reports were submitted (J F Cassidy, Rogers, and Halchuk 2010). 

The earthquake took place in the western Quebec seismic zone, an area known for moderate 

earthquake activity. The Canadian National Seismograph Network (CNSN) and U.S. 

Transportable Array (USTA) stations recorded the event extensively, allowing for detailed 

analysis. The earthquake resulted from thrust faulting on a northwest-striking plane and had a 

depth estimated to be between 12 and 15 kilometers (Bent et al. 2015). 

The strong-motion data from this event contributed to a study on soil amplification and basin 

effects. The earthquake was felt over a vast distance, with more than 4300 people filling out a "Did 

You Feel It?" survey online, providing valuable information on its effects (Bent et al. 2015). Visits 

to Ladysmith and nearby areas showed minor damage, mostly limited to the epicentral region. 

While the earthquake's correlation with known faults in the region is challenging to establish, some 
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local-scale features in the epicentral area trend similarly to the nodal planes of the earthquake's 

focal mechanism. 

3.5.3. Earthquakes in the north 

3.5.3.1. 1985: M 6.9 Nahanni earthquake: Northern Canada (Northwest Territories) 

Between 1985 and 1988, a series of earthquakes occurred in the northern Canadian Cordillera, 

in the Mackenzie Mountain range, with the main event being the M 6.9 Nahanni earthquake on 

December 23, 1985, followed by another M 6 event in 1988 (Mitchell, Tinawi, and Law 1990). 

These earthquakes were felt up to a distance of 1500 km, but since no community was closer than 

100 km to the epicenters, no major structural damage was reported (J. F. Cassidy et al. 2010). 

However, there were noticeable effects such as ground rolling, vehicle bouncing, and tree and 

power line movements in the area. The Mackenzie River also experienced slumping of its banks, 

and homes had furniture displacement and other disturbances (M. Lamontagne, Halchuk, and 

Adams, n.d.).  

The December 23 earthquake triggered a large rock avalanche, resulting in a significant 

landslide (Choy and Boatwright 1988). Aftershocks reveal that the earthquake sequence involved 

thrusting along a shallow fault that was 50 km long and 15 km wide, dipping towards the west 

(Wetmiller et al. 1988). This quake was the strongest of a series of earthquakes that took place in 

the region in the last months of 1985. 

 

Figure 3.10. Modified Mercalli Intensity Scale Map Showing Impact Zones of Two Major Earthquakes, Graded by 

MMI Scale from Minor Tremors (I) to Total Devastation (XII)  (J F Cassidy, Rogers, and Halchuk 2010). 

The earthquake had an estimated intensity of IX and was felt in areas including the western 

Northwest Territories, southeastern Yukon, northern Alberta, and British Columbia. It resulted in 

significant landslides, rockfalls, and a major rock avalanche at the epicenter, with around 5 to 7 

million cubic meters of rocks tumbling 1.6 kilometers from the top to the bottom of the slope. 

Numerous aftershocks were documented in the months that followed by (Horner, Lamontagne, 

and Wet-miller 1987).
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4.1. Introduction 

The chapter focuses on the research methodology and procedures employed to achieve the 

objectives outlined in the first chapter. The methodology begins by outlining the workflow used 

to assess the CanadaSRM1. It then introduces the input parameters used in this dissertation, 

followed by an explanation of the various data processing procedures. Meanwhile, it offers a 

comprehensive overview of the theoretical concepts employed in seismic risk analysis, which 

includes seismic risk assessment, ground motion intensity, exposure model and building inventory 

collection, vulnerability and fragility functions, uncertainties, and a brief description of the OQ 

Engine, the software utilized in this thesis.  

4.2. Methodology of seismic damage and risk assessment for model validation  

In Canada, there is a lack of useful events for validating seismic risk models, as the last 

significantly damaging earthquakes occurred in the 1980s (Hyndman and Rogers 2010). Therefore, 

this study focuses on the benchmarking of CanadaSRM1, using shaking intensities and physical 

impacts recorded from a few recent earthquakes in various regions of Canada (west, east, and 

north) that are not featured in prominent databases and resulted in minor damage. These include 

the Mosquito Lake earthquakes in 2017 out west Canada in the northwestern corner of British 

Columbia, the Val-des-Bois earthquake in 2010 and the Ladysmith earthquake in 2013 out east 

Canada in the southern margin of Quebec, as well as the Nahanni earthquake in 1985 out north 

Canada in the south of Northwest Territories.  

For recent events, acquired shaking data, including shakemaps, exposure models, and 

vulnerability-fragility models, is employed. The shaking data is then input into the CanadaSRM1 

model to calculate expected building damage and financial losses. These outcomes are compared 

with the observed impacts from the five recent events. All monetary values are in Canadian Dollars 

(CAD), unless stated otherwise. Notably, it doesn't include any secondary hazards due to 

computational challenges or data limitations in Canada. The methodology of validation 

CanadaSRM1 is visually represented in  Figure 4.1, illustrating each step of the process. 

Furthermore, the step-by-step description of this figure is provided in detail in the subsequent 

sections of this thesis. 

4.2.1. Step 1: Data collection 

Risk assessment requires three input layers: the seismic hazard model, exposure model, and 

vulnerability or fragility functions. USGS shakemaps are used as the Ground Motion Field (GMF) 

(Silva and Horspool 2019) (Hazus-MH 2003) for damage and loss calculations in this thesis. A 

national exposure model (Journeay et al. 2022) is used, and adjusted fragility and vulnerability 

curves are derived from the CanadaSRM1 curves, focusing on functions dependent on a Spectral 

Acceleration (SA) of 0.6 seconds (Hobbs et al. 2022). As a result, the initial step involves the 

preparation of these input layers, as elaborated in detail on in Section 4.4. 
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Figure 4.1. Methodology outline for validating the seismic risk model (CanadaSRM1). The diagram outlines key steps, 

including data collection, model development, and validation techniques. SDC and SRC refers to OQ calculators, 

which stands for Scenario Damage Calculator and Scenario Risk Calculator, respectively. 

4.2.2. Step 2: Structural damage assessment 

In this step, after the preparation of three input layers, SDC is conducted for each of the five 

earthquakes. The total damage resulting from these events, encompassing all stages of damage 

(no-damage, slight, moderate, extensive, and complete damage), are determined from the SDC.  

  Define 

Threshold 
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4.2.3. Step 3: Loss estimation 

Subsequently, the process is repeated for scenario risk assessment (SRC), and losses incurred 

by structural and non-structural elements, contents, and occupants are computed through the 

utilization of SRC in OQ Engine.  

4.2.4. Step 4: Result correlation and adjustment 

The financial losses and fatalities calculated in step 4 are based on data from 2016 (Journeay et 

al. 2022). Consequently, to establish a dependable basis for comparing the estimated outcomes 

with actual observed data for the respective earthquake years, the results derived from SRC must 

be modified to align with the year of each earthquake's occurrence. This adjustment involves 

accounting for the inflation rate from the year of each earthquake's occurrence to 2016 and 

incorporating the population growth rate to adjust the fatalities. 

4.2.5. Step 5: Comparison and model verification 

The CanadaSRM1 model is validated in the final step by comparing the actual losses from five 

earthquakes to the estimated retrospective losses for these events, using the CanadaSRM1 model. 

The observed or actual impacts of these events were determined by referring to reported and 

documented information from disaster databases such as EM-DAT, CDD, and CatIQ, as detailed 

in Chapter 6. It should be noted that the calculations of losses were restricted to the Canadian side 

of the border, in line with the primary focus of this work on the Canadian risk model. 

4.3. Seismic risk assessment 

Risk refers to the potential damages and anticipated losses expected from a specific hazard in a 

specific area within a certain time frame (Coordinator 1980). When it comes to seismic risk, it 

pertains to the probability of damage or losses resulting from potential future earthquakes. It can 

be represented by the spatial and temporal combination of three factors: hazard, vulnerability, and 

exposure. Seismic hazard quantifies the likelihood of earthquakes or ground motions occurring at 

specific location (Hosseinpour et al. 2022) and is obtained through DSHA/ PSHA.  

Fragility/vulnerability curves are used to describe the seismic vulnerability of structures, 

indicating the probability of various damage/risk levels based on the seismic intensity (Karaca and 

Luco 2008) (Porter 2015). Exposure pertains to man-made environment and all assets subjected to 

seismic risk in a particular region (Journeay et al. 2022), and in the case of buildings, it requires a 

building inventory with information on the number of buildings, residents, and their distribution 

across different vulnerability classes (Sabetta et al. 2023). 

4.4. Input data sets 

The subsequent sections outline the fundamental elements needed to calculate risk, 

encompassing exposure models, fragility models, and vulnerability models.  

𝑹𝒊𝒔𝒌 =  𝒉𝒂𝒛𝒂𝒓𝒅 ∗  𝒗𝒖𝒍𝒏𝒆𝒓𝒂𝒃𝒊𝒍𝒊𝒕𝒚 ∗ 𝒆𝒙𝒑𝒐𝒔𝒖𝒓𝒆  (4-1) 
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4.4.1. Seismic hazard model 

Seismic hazard, which is typically quantified as the anticipated intensity of ground shaking over 

a defined timeframe, is indicative of the threat posed by earthquakes in a particular region.  

4.4.1.1. Probabilistic seismic hazard assessment (PSHA) 

The PSHA estimates ground motions with a specific probability of exceedance for the 

intermediate term, considering all potential seismic sources. The Probability of Exceedance (PE) 

quantifies the likelihood of surpassing a specific loss value in the future (Wyss and Toya 2000). 

PSHA assumes earthquakes follow a Poisson distribution in time and space (Baker 2008). A logic 

tree weighs different models, producing hazard curves, uniform hazard spectra, and hazard maps. 

OQ Engine offers two calculators: the Classical PSHA for seismic design codes and the Event-

based PSHA for risk assessment, both generating valuable outputs for understanding and 

mitigating seismic risks (Pagani et al. 2023). 

4.4.1.2. Deterministic seismic hazard assessment (DSHA) 

The effects of a single earthquake scenario are analyzed by DSHA, characterizing each event 

by magnitude, hypocenter, fault information, and rupture type. Unlike PSHA, DSHA uses a single 

value per parameter and employs a ground shaking intensity model based on macroseismic 

intensity and strong motion records (Pagani et al. 2023). This scenario-based approach results in a 

GMF that assigns a ground motion measure to each location. 

DSHA calculates ground motions using attenuation equations, considering earthquake wave 

propagation and local site conditions. Both DSHA and PSHA methods contribute to seismic hazard 

assessments, offering complementary insights (TOOLKiT 2015). The OQ Engine 's scenario 

calculator generates a stochastically based GMF for a single seismic event, incorporating seismic 

source characteristics, rupture-produced GMF, and site effects (refer to Figure 4.2). This GMF 

informs the intensity of shaking in the study area (Bay et al. 2005). 

 

Figure 4.2. OQ Engine scenario hazard calculator, showcasing its functionality with three key inputs—seismic 

rupture, GMPEs, and site effect curves. The resulting output is a comprehensive seismic hazard model presented in 

the form of GMFs (Global Earthquake Maps | Global Earthquake Model Foundation | Italy n.d.). 
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4.4.1.3. Seismic source characteristics 

Seismic hazard assessment evaluates the likelihood of potentially destructive events occurring 

over time, specifically earthquakes. When dealing with earthquakes, this process includes 

estimating how often various magnitudes of earthquakes might occur from active faults in the area 

of concern and assessing the level of ground shaking they could produce. To describe the seismic 

source, the initial step involves identifying the type, geometry, and location of seismic faults, along 

with the factors associated with their potential rupture (Hobbs et al. 2023).  

Fractures or breaks in the Earth's crust, known as faults, result from compressional or tensional 

forces, causing movement between rocks on opposite sides. These fractures vary in size and 

displacement, ranging from centimeters to hundreds of kilometers (McGuire 2004). Faults create 

planes of discontinuity, allowing independent movement of adjacent blocks. Earthquakes, 

occurring along faults, stem from seismic activity. During seismic events, only a portion of the 

fault breaks, termed a rupture, representing the movement within the Earth's crust. Seismic hazard 

modeling often simplifies ruptures as flat features in earthquake analysis (Pagani et al. 2014). 

4.4.1.4. Ground motion parameters and intensity metrics 

The spatial distribution of ground shaking generated by a rupture event, known as the GMF, is 

characterized by intensity levels at places of interest relative to the distance from the epicenter. 

The modeling of GMFs, calculated using GMPEs, is employed to estimate the anticipated ground 

shaking resulting from earthquakes. These estimates are based on the characteristics of the rupture 

and the distances to sites within the study area (Hobbs et al. 2022). 

➢ Intensity metrics 

Ground motion parameters, such as PGA and PGV, must be transformed into an earthquake 

intensity scale for damage assessments. PGA suits shorter buildings, correlating well with their 

design, while PGV is relevant for taller structures, posing a challenge in linking velocity to force 

for design purposes (Trifunac and Brady 1975). SA, used in seismic analysis, models the impact 

on buildings during an earthquake. Despite its potential, the relationship between SA and design 

force is more intricate than that of PGA due to the influence of vibration period (Atik et al. 2010). 

While PGA, PGV, and SA provide approximations for building demand/design, their accuracy 

is complicated by the diverse vibration modes of buildings (Bay et al. 2005). Some research 

suggests that nonlinear response weakly depends on earthquake magnitude and distance, favoring 

SA as a potentially more reliable index for demand/design. 

Intensity, denoting the effects of an earthquake on structures, differs from magnitude scales. 

Unlike Richter Magnitude and Moment Magnitude, which measure energy release, intensity offers 

a qualitative assessment of damage (Wald et al. 1999). Shaking intensity can be portrayed using 

metrics like PGA or SA or non-mathematical scales like MMI, as outlined in Table 4.1. 
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Table 4.1. Ground motion parameters (intensity measure types) used to quantify shaking hazard. 
 

Acronym 
 

Intensity measure type 
 

Units 
 

Description 

 
 

MMI Modified Mercalli Intensity Roman numeral 
A discrete scale that indicated the 

severity of earthquake effects 
 

PGA Peak Ground Acceleration 
 

[𝑚 𝑠2⁄ ], [%𝑔] 
The highest acceleration experienced 

on the ground 
 

PGV Peak Ground Velocity 
 

[𝑚 𝑠⁄ ], [𝑐𝑚 𝑠⁄ ] 
The highest velocity experienced on 

the ground 

 

SA (T) Spectral Acceleration 
 

[𝑚 𝑠2⁄ ], [%𝑔] 

The acceleration experienced by a 

structure with natural vibrational 

period T 

… 
… … … 

 

Researchers commonly employ MMI scale for assessing damage in terms of intensity 

(Langhammer et al. 2006), as indicated by equations  (4-2) and (4-3). 

𝑰𝑰 = 𝟑. 𝟔𝟔(𝑷𝑮𝑨) − 𝟏. 𝟔𝟔 (4-2) 

𝑰𝑰 = 𝟑. 𝟒𝟕(𝑷𝑮𝑽) − 𝟐. 𝟑𝟓 (4-3) 

where, 𝐼𝐼 denotes Instrumental Intensity, PGA is measured in 𝑐𝑚 𝑠2⁄ , and PGV is measured in 

𝑚 𝑠⁄ . 

For intensities lower than VII, it is recommended to use a relationship based on acceleration, 

while for intensities greater than VII, a relationship based on velocity should be used. The provided 

equations and Table 4.2 allow for quick conversion from PGA or PGV to the Instrumental Intensity 

scale. While intensity to peak ground motion relationships have been developed for various 

regions, there are no specific ones available for whole Canada. Therefore, relationships based on 

strong motion data from other regions, such as those proposed by Neumann in 1945 (Neumann 

1954), Trifunac and Brady in 1975 (Trifunac and Brady 1975), McCormack and Rad in 1997 

(McCormack and Rad 1997), and Wald in 1999 (Wald et al. 1999) using equations  (4-2) and (4-3), 

are currently being used by the USGS to rapidly generate earthquake intensity maps 

("SHAKEMAP") for earthquakes worldwide. 

Table 4.2.  Instrumental intensity scale based on MMI scale, PGA, or PGV (Wald et al. 1999). 

 

In simple terms, a Ground Motion Model (GMM) is a mathematical equation utilized to 

estimate the average ground motion intensity during an earthquake. This equation incorporates 

various parameters: 
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𝒀 =  𝑪𝟏 +  𝑪𝟐𝒎 +  𝑪𝒎𝒎𝒄𝟒 + 𝑪𝟓𝒍𝒏 𝒓 + 𝒇(𝑭) + 𝒇(𝑯𝑾) + 𝒇(𝑺)  
 

(4-4) 

where 𝑌 represents the expected ground motion intensity (measured as PGA, SA), 𝑚 is the 

earthquake's magnitude, 𝑟 is the distance from earthquake's source to the site, 𝐹 relates to the type 

of fault mechanism, 𝐻𝑊 considers the site's location in relation to the fault plane, and 𝑆 accounts 

for the local site conditions, which help estimate how ground shaking will vary across the site 

during an earthquake. 

In a more concise way, the ground motion intensities must be calculated as: 

𝑳(𝒀) = 𝒇(𝑹𝒖𝒑, 𝑴𝒂𝒈, 𝑫𝒊𝒔) + 𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚 

 

(4-5) 

 

where 𝐿(𝑌) is the intensity, 𝑅𝑢𝑝, 𝑀𝑎𝑔, 𝐷𝑖𝑠 stand for rupture, magnitude, and distance, 

respectively. 

 

4.4.1.5. USGS Shakemap 

The input hazard model in this thesis is constituted by the utilization of shakemaps. The USGS 

shakemap system, initially developed in response to the 1994 Northridge earthquake and 

subsequently adopted globally, is a robust tool for swiftly assessing earthquake-induced shaking 

(Bay et al. 2005). It addresses the distribution of shaking intensity instead of only considering the 

earthquake magnitude and location, by leveraging seismic recording stations, community reports, 

and GMMs. This comprehensive approach, which incorporates data grids, fault geometry 

adjustments, variability reduction, and site effect considerations (Wald et al. 1999), estimates 

shaking in areas lacking sensors and provides detailed maps for various shaking measures such as 

peak ground velocity, PGA and multiple periods of SA. For locations close to seismic monitoring 

stations, the system heavily relies on the actual ground motion recorded by these stations. For areas 

further away from these stations, it uses a prediction equation to estimate ground motion. The 

generated ground motion maps are compatible with the OQ Engine  (Pagani et al. 2023). 

shakemaps used in this thesis are depicted in Figure 4.3 - Figure 4.5.  

Additional information about the selected shakemaps, such as their USGS ID, the type of 

GMPEs employed, magnitude, maximum intensity, PGA/PGV, and SA, can be found in Table 4.3.  

4.4.2. Exposure model 

Exposure refers to the human-made environment that faces the risk of seismic activity. This 

refers to the potential losses that assets could face due to earthquake shaking, encompasses 

economic and social elements, such as residential buildings, schools, and their occupants, as well 

as the services they provide, which can all suffer damage or disruption during a seismic event (J. 

J. Bommer, Crowley, and Pinho 2015). Additionally, valuable cultural and heritage assets like 

religious temples and historical monuments can also be considered as exposed elements (Hobbs et 

al. 2022). To model exposure accurately, it's essential to identify and characterize all the elements 

involved in a risk assessment.  
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                       Val-des-Bois-2010             Ladysmith-2013 

 

Figure 4.3. The shakemaps of the eastern earthquakes examined as case studies in this thesis (USGS Website n.d.). 

 

 

                6.2 Mosquito Lake-2017                   6.3 Mosquito Lake-2017 

 

Figure 4.4. The shakemaps of the western earthquakes examined as case studies in this thesis (USGS Website n.d.). 
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Nahanni-1985 

 

Figure 4.5. The shakemap of the northern earthquake examined as case studies in this thesis (USGS Website n.d.). 

       Table 4.3. GMPE and USGS ID of each shakemap used in this study (USGS Website n.d.). 

Earthquake USGS ID GMPE Mw MMI 
PGA 

(g) 

PGV 

(cms) 

SA(0.3s) 

(g) 

SA(1.0s) 

(g) 

SA(3.0s) 

(g) 

Val-des-Bois ld2010062300 

Gmpe-

ld2010062300

-custom 

5.0 

 
5.856 0.129 2.138 0.244 0.087 0.013 

Ladysmith ld60040526 
AB06-ENA-

BC 
4.6 4.96 8.7 3.06 8.79 1.02 0.05 

Mosquito 

Lake 
us10008mel 

Gmpe-

us10008mel-

custom 

6.2 7.577 0.384 3.628 0.799 0.425 0.101 

Mosquito 

Lake 
us10008mgu 

Gmpe-

us10008mgu-

custom 

6.3 8.036 0.465 3.938 1.055 0.57 0.146 

Nahanni usp0002p9m 

Gmpe-

usp0002p9m-

custom 

6.6 8.706 0.948 4.487 1.793 0.961 0.234 

 

This involves using descriptive attributes that cover aspects like usage, content, economic and 

human value, physical characteristics, and connectivity of what is exposed to the seismic hazard 

(Pagani et al. 2023). In essence, exposure pertains to the constructed environment, its contents, 

and its occupants that are susceptible to seismic hazards. Certain attributes are necessary for 

conducting damage and loss assessments. The development of an exposure model can be adapted 

to different scales, depending on the scope of the risk assessment. In all cases, it requires the 

identification, manipulation, and management of geographic, demographic, and socio-economic 

data to accurately assess what's at risk. 
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Regardless of the model's scale, OQ Engine enables users to perform risk analysis using 

exposure models, provided they meet the minimum attribute requirements (Pagani et al. 2014). 

Furthermore, apart from the number of elements within the exposure model, modelers can also 

consider replacement costs by distinguishing the value of various components. For instance, these 

components may include structural elements, non-structural elements, contents, and losses due to 

business interruptions. Occupancy levels, such as day, night, and transit occupants, can also be 

factored in (TOOLKiT 2015). This allows for the analysis of insured portfolios with defined limits 

and deductibles, and even the incorporation of personalized information through labels. For 

instance, it's possible to differentiate between elements in the same construction category based 

on the socioeconomic status of the house or its built area.  

Key factors to consider in exposure modeling include: 

▪ Limits and deductibles ▪ Number of assets 

▪ Average area per building class ▪ Occupants (day/night/transit) 

▪ Tages (custom user information)  

▪ Economic value (replacement cost) for various components: structural, non-structural, 

contents, and business interruption. 

In the study by Journeay et al. (2022), they provide a comprehensive overview of their exposure 

model, its development process, and important findings regarding the current state of Canada's 

building inventory. This exposure model, which is used in this thesis, focuses on creating a detailed 

representation of various aspects related to buildings and their seismic risk within Canada. 

This model encompasses a national inventory of buildings, their occupants, and the replacement 

value of these buildings, all analyzed on the scale of a Dissemination Area Unique Identifier 

(DAUID). These DAUIDs serve as the smallest census units (polygons) used for calculating 

seismic risk in CanadaSRM1 and define areas of building development across Canada (Hobbs et 

al. 2022). In urban regions, DAUIDs typically cover less than a square kilometer. In rural areas, 

DAUIDs can be extensive and non-contiguous, approximating the locations of building clusters.  

Within this model, a representative building inventory consists of points situated at the centroids 

of DAUIDs. Each point represents a group of buildings with similar occupancy, construction type, 

and seismic design levels, referred to as 'building archetypes.' The inventory also summarizes the 

number of occupants in these buildings at different times of the day and the replacement value of 

the buildings and their contents. The classification of building occupancy and construction type is 

based on standard HAZUS classifications, with adaptations to account for Canadian building 

conditions (FEMA, 2021). Seismic design levels are determined based on building code 

requirements at the time of construction, assuming that all buildings met these standards during 

their construction, as well as geographic location relative to seismic hazard. The composition of 

buildings with various occupancies is derived from national census data and georeferenced 

business listings (Journeay et al. 2022). 

The distinct building archetypes within each DAUID are determined using mapping schemes 

that relate land use characteristics to the mix of specific building occupancies and construction 
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types typical for a given location and time period (Journeay et al. 2022). The model estimates the 

number of occupants in buildings during daytime, nighttime, and transit hours. Occupants in 

residential buildings are estimated based on housing statistics and nighttime occupancy 

proportions (Statistics Canada, 2016). Non-residential building occupants are estimated based on 

the average number of people per 1,000 square feet and the total finished building area (Hamburger 

et. al., 2012). 

Table 4.4. Sample exposure model used for Ontario damage and risk assessment. 

As shown in Table 4.4, an exposure model consists of several metadata sections with 

information common to all assets in the portfolio. The metadata section consists of several 

parameters described below: 

The "id" attribute is mandatory and serves as a unique string to identify the asset. It can contain 

letters (a–z; A–Z), numbers (0–9), dashes (-), and underscores (_), with a maximum of 100 

characters. The "taxonomy" attribute is mandatory and specifies the building typology of the asset, 

which can be user-defined or based on an existing classification scheme (De Bono and Mora 

2014a). The "number" attribute represents the number of individual structural units comprising the 

asset and is mandatory for damage calculations. For risk calculations, it must be defined if costs 

are provided per structural unit (“OpenQuake Platform” n.d.). 

The "location" attribute is mandatory and specifies the longitude (between -180∘ to 180∘) and 

latitude (between -90∘ to 90∘) of the asset. The occupancies attributes are mandatory for 

probabilistic or scenario risk calculations with an occupants_vulnerability file. It specifies the 

number of occupants for the asset during different periods of the day, such as "day", "transit", and 

"night". The number of occupants is provided as an aggregated value for the asset (TOOLKiT 

2015).  Next, attention is turned to the section in the file that describes area and cost conversions. 

The Exposure Model allows defining structural cost, non-structural components cost, contents 

cost, and business interruption or downtime cost for each asset (Journeay et al. 2022). The valid 

values for the "name" attribute of the costType element are "structural", "non-structural", 

"contents", and "business_interruption”.  

For each earthquake, damage and risk assessments are carried out for the province/territory in 

which it occurred and the surrounding provinces/territories near the epicenter. Consequently, 

multiple provincial/territorial exposure models may be utilized for each earthquake. For 

earthquakes in the eastern region, risk assessments are performed in Ontario and Quebec. For 
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earthquakes in the western region, risk assessments are conducted for British Columbia and 

Yukon. Lastly, for the earthquake in the northern region, assessments are conducted in Alberta, 

British Columbia, Northwest Territories, and Yukon.  

4.4.3. Physical fragility and vulnerability model 

In the context of seismic risk, fragility is associated with the structural damage resulting from 

a seismic event, while vulnerability is associated with the economic or human losses resulting from 

this damage (Pagani et al. 2023). 

4.4.3.1. Fragility model 

Seismic fragility represents the probability of an element exposed to seismic hazards sustaining 

damage due to ground shaking resulting from a seismic event (Hobbs et al. 2022). In risk analysis, 

fragility model establishes the relationship between the damage ratio and the ground motion 

intensity (Choi, DesRoches, and Nielson 2004). The damage ratio indicates the percentage of loss 

and ranges between zero (no loss) and one (complete destruction). The structural attributes of a 

building, such as construction material, construction system, height, and adherence to design 

regulations, directly influence its fragility, making it more or less resistant or vulnerable to ground 

shaking (Nielson and DesRoches 2007). Consequently, structures with higher fragility present a 

greater seismic risk under the same level of seismic hazard. 

Damage states define the extent of damage an exposed element (asset) will experience when 

specific engineering demand parameters are met. These parameters can include spectral 

displacement, SA, floor displacement (drift), acceleration between floors, inner story drift, 

maximum roof displacement, and so on (C. Ventura, Onur, and Finn 2005). A structure is 

considered to be in a particular damage state, as shown in Figure 4.6.  

 

 

Figure 4.6.  Seismic Fragility, demonstrates the correlation between ground movement intensity and the damage level 

experienced by an exposed element (GEMScienceTools n.d.). No-damage states are observed in the absence of ground 

movement. As ground motion increases, the level of damage is escalated, and damage states progress from slight to 

moderate, extensive, and ultimately result in complete or collapse when the building is completely damaged (Rossetto 

et al. 2014). 
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If there is no ground movement or lateral load, no damage should occur to the structure. Slight 

ground shaking will produce visible damage in the form of cracks. The intensity of shaking directly 

correlates with the extent of observed damage, potentially leading to permanent structural damage 

or even collapse. Though this process occurs continuously and uniquely for each structure, risk 

models often categorize it into several damage states: slight, moderate, extensive, complete 

damage, or collapse. 

Developing fragility models requires detailed analyses of the dynamic behavior of structures, 

and this is a primary focus of many research studies (Rossetto et al. 2014). This relationship can 

be described within OQ Engine using continuous mathematical functions, which show that the 

probability of damage increases with higher ground shaking intensity (Pagani et al. 2014). 

Alternatively, the relationship can be represented using discrete functions (TOOLKiT 2015). 

4.4.3.2. Vulnerability model 

Seismic vulnerability is the final component needed for estimating losses and damage. It refers 

to the likelihood of damage or loss experienced by a structure when exposed to seismic activity, 

specifically ground shaking (Gueguen 2013). Vulnerability models establish a connection between 

the strength of ground shaking and the extent of damage or loss, such as the number of fatalities, 

that may occur once a certain level of intensity is reached (Hobbs et al. 2023). 

These relationships can be categorized into two types: intensity-based and engineering 

parameter-based. Intensity-based relationships are often developed based on expert opinions and 

convey the probability of damage corresponding to earthquake intensity using damage probability 

matrices (Thibert 2008). In contrast, engineering parameter-based methods frequently employ SA 

or spectral displacement, represented as demand spectra, to describe input ground motions 

(Zameeruddin and Sangle 2016). Building characteristics are represented through capacity curves, 

and building vulnerability is predicted using fragility curves.  

Fragility and vulnerability curves specific to each building type are required due to the varied 

responses of different building types to shaking (McGuire 2004). The fragility and vulnerability 

functions designed for Canada were created by adapting HAZUS capacity curves from FEMA 

(Hobbs et al. 2022). Adjustments were made to align with Canadian construction standards, 

particularly for wood and unreinforced masonry buildings. Hobbs et al. (2022) detailed the use of 

Monte-Carlo simulations to address variability in building capacity and structural response. 

Standard classifications from the HAZUS program, relying on taxonomies, were utilized for 

construction and occupancy determination. Recent Hobbs's researches (Hobbs et al. 2022) (Tiegan 

Hobbs et al. 2023) identified additional wood building classes in the Canadian exposure dataset, 

not considered in HAZUS. Hobbs et al. (2023) highlighted these newly identified classes, 

prompting the ongoing development of fragility and vulnerability functions. Consequently, to 

accommodate Canadian wood buildings, a mapping file was employed, incorporating adjustments 

to wood typologies. The purpose of this mapping file, as outlined by Hobbs et al. (2023), was to 

link Canadian wood building types to the original HAZUS options. 
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In summary, the primary objective of this thesis is to validate CanadaSRM1. To achieve this, a 

methodology has been adopted wherein the Canadian fragility and vulnerability functions derived 

from CanSRM1 are utilized. This approach was chosen with the intention of comparing the 

estimated results obtained through CanadaSRM1 with the actual observed data. By employing the 

established functions from CanadaSRM1, this study aims to assess the accuracy and reliability of 

CanadaSRM1 in estimating and modeling the structural damage and financial loss caused by 

potential future earthquakes. 

4.5. Uncertainty 

The accuracy and reliability of GMMs in predicting intensity are questioned due to observed 

variability in earthquake ground shaking with similar rupture properties and source-to-site 

distances (J. J. Bommer and Crowley 2006). Seismic hazard modeling commonly employs 

truncation levels, like 3 (chosen in this thesis), which accounts for 99.7% of the distribution, as 

depicted in  Figure 4.7, to prevent unrealistically high ground motion values driven by 

mathematical models rather than actual seismic events.  

Intra-event variability refers to variation in ground motion within a single seismic event, arising 

from differences in ground motions at equidistant locations due to various path effects for a given 

rupture (Atik et al. 2010). In contrast, inter-event variability encompasses differences in ground 

motion between multiple seismic events with the same magnitude occurring at the same distance 

from an observation point (Bostrom, Anselin, and Farris 2008).  

 

Figure 4.7. GMFs variability. The ground motion intensity has an associated variability, observed in the same event, 

and in different events, although it is the same type of rupture, magnitude, and distance (Atik et al. 2010). 

Uncertainty in risk assessment can manifest in various aspects, such as characterizing the 

exposure scenario, estimating parameters, and making model predictions (Bostrom, Anselin, and 
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Farris 2008). Therefore, accounting for uncertainty in seismic hazard analysis is crucial, including 

aleatoric uncertainty related to the inherent randomness of earthquakes and epistemic uncertainty 

linked to gaps in our knowledge and data, which is handled using a logic tree (Hobbs et al. 2022). 

4.6. Program Executing   

The SDC and SRC calculators of the OQ Engine are used to assess building damage and 

economic loss in the context of seismic events. The overall damage distribution is then 

characterized by the average and variation (standard deviation) for each building. This 

information, when combined with the total number or area of buildings, provides the complete 

picture of building damage (Pagani et al. 2023). In the modeling of seismic scenario in this thesis, 

in order to deterministic calculation of scenario seismic risk, both kinds of calculators were used. 

Starting from version 3.1, the ability to perform scenario risk and scenario damage calculations 

is enabled by the engine, beginning with the GeoJSON feed for shakemaps (Pagani et al. 2023). 

In this thesis, all these models were implemented on OQ Engine version 3.11.5 (GEM 2022), 

which was operated on Amazon Web Services, allowing for the utilization of shakemaps from 

alternative sources such as the local filesystem or a custom URL. Consequently, the hazard input 

layer utilized in this study was based on the USGS ID, Table 4.3, provided for each shakemap. 

4.6.1. Scenario damage calculator (SDC) 

Statistics on the distribution of damages were obtained through the use of the damage scenario 

calculator. This calculator required three input layers: USGS shakemap as the GMF in the form of 

ID codes within a configuration file with a .txt format, the national exposure model in .xml format, 

and the fragility function in .xml format. The propagation of uncertainties was handled in a manner 

similar to that of a SRC by employing the truncation level 3 (TOOLKiT 2015). 

 

Figure 4.8. SDC, featuring three input layers—GMFs (hazard model), exposure model, and fragility functions. The 

calculator produces damage maps and distribution, providing a comprehensive analysis of potential impacts. (Global 

Earthquake Maps | Global Earthquake Model Foundation | Italy n.d.).  
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As depicted in Figure 4.8, the outputs were generated by this calculator consist of a damage 

map and a damage distribution chart. The damage map displays the spatial distribution of the 

number of buildings in a given damage state, taking into account various damage levels such as 

slight, moderate, extensive, and complete. Meanwhile, the damage distribution, which represents 

as a bar graph of number of assets in damage states, focuses on statistics per asset, such as moderate 

damage levels, and aggregates damage distribution statistics by building class and region. 

4.6.2. Scenario risk calculator (SRC) 

Economic losses can be obtained when the SRC is utilized (Hobbs, Journeay, and Rotheram 

2021). The computed loss statistics include the mean and standard deviation of economic losses 

for each type of loss analyzed (Pagani et al. 2023). The calculator can currently compute loss 

statistics for four different types: structural losses, non-structural losses, contents losses, and 

occupant fatalities. 

In this thesis, the calculation was performed through the definition of three key models. The 

hazard model, encompassing a set of pre-computed GMFs, was represented by the USGS 

shakemap. These GMFs, which were automatically generated minutes after events occurred (Silva 

and Horspool 2019), were structured in the form of ID codes within a configuration file with a .txt 

format. Additionally, a national exposure model in .xml format and a physical vulnerability model 

in .xml format for each loss type were utilized. 

The main outcomes of this calculation include loss statistics per asset and mean loss maps. 

Figure 4.9 illustrates the generated loss maps for each building class or region, and loss statistics 

were computed for all assets within a specified exposure model for each earthquake rupture, as 

demonstrated by Hobbs et al. (2023). 

 

Figure 4.9. SRC, using three input layers: GMFs (representing the hazard model), exposure model, and vulnerability 

functions. The calculator generates comprehensive outputs in the form of loss maps and loss statistics, providing a 

robust assessment of potential risks. (Global Earthquake Maps | Global Earthquake Model Foundation | Italy n.d.). 
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Therefore, the spatial distribution of economic losses was estimated by this deterministic 

calculator as a loss map in the event of it occurring today in each study area. This map illustrates 

the distribution of loss ratios for the same event, with loss ratios calculated as the ratio of absolute 

economic losses to the total replacement costs indicated in the exposure model. The scenario loss 

ratio map takes the results of the loss map and normalizes them by the exposed value. This map 

highlights areas with a combination of higher hazard and higher vulnerability. 

To execute these calculations and activate these functionalities, a parent calculation was 

prepared, encompassing the exposure and risk functions for the regions of interest. To achieve this, 

two prepare_job.ini files were composed for each area that had been exposed to the examined 

earthquakes, resembling the following examples which is done for the damage assessment of Val-

des-Bois earthquake on Ontario side: 

 
And for the risk assessment of Val-des-Bois earthquake on Ontario side: 

 

Upon execution of the calculation with the specified command in OQ Engine (Console): 

 
 The exposure and risk functions were imported into the datastore.  
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It should be noted that, when this code is implemented, the shakemap will be downloaded and 

converted into a format suitable for further processing. Specifically, it will be transformed into a 

shakemap array with longitude and latitude fields. Subsequently, the shakemap array will be 

associated with the hazard sites within the region covered by the shakemap. 

In the scenario calculators, multiple simulations of GMFs corresponding to the single event 

should be generated, considering both inter-event variability of ground motions point (Bostrom, 

Anselin, and Farris 2008) and intra-event residuals obtained from a spatial correlation model for 

ground motion residuals (Atik et al. 2010). The use of logic trees will allow for uncertainty 

consideration in the selection of a GMM for the specific tectonic region (Hobbs et al. 2023). 

Therefore, Job.ini files were created based on 100 number of GMFs and truncation level 3 

considering a 3-sigma range of uncertainty in the ground motion, for both damage and risk 

assessments as shown below, which was done for the damage assessment of Val-des-Bois 

earthquake on Ontario side, And for the risk assessment of Val-des-Bois earthquake on Ontario 

side: 

  
The calculation ID for the 'pre' calculation was set to 1000. The damage and risk calculations 

were then initiated, starting from shakemaps, by executing the following command in the OQ 

Engine Console:   

 

After running this command, a set of GMFs conforming to the truncated Gaussian distribution 

were generated and saved in the datastore, utilizing the parameters truncation_level and 

number_of_ground_motion_fields. Finally, standard damage and risk calculations were conducted 

by employing these GMFs and considering the assets situated within the region covered by the 

shakemap (Hobbs et al. 2023). This approach was in line with the methodology of CanadaSRM1. 
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5.1. Introduction 

The research findings and estimated outputs, comprising structural and non-structural damage 

assessment, monetary losses, and casualty estimation resulting from the seismic damage and risk 

assessment of five earthquakes investigated in the eastern, western, and northern regions of 

Canada, are presented in this chapter. The data were obtained using the OQ Engine, in alignment 

with the CanadaSRM1 framework. 

By running the calculators, for each GMF, SDC and SRC simulated a damage state and a loss 

ratio for each building and asset in the exposure model using the provided fragility and the 

provided probabilistic vulnerability model. The calculators then calculated the mean damage 

distribution across all realizations. It also provided aggregated damage distribution statistics for 

the entire portfolio, such as the mean damage fractions for each taxonomy in the exposure model 

and the mean damage for the entire study regions. 

Finally, loss statistics, including the fatalities, mean financial losses, were calculated for each 

asset. Mean loss maps were also generated, illustrating the mean ground-up losses caused by the 

scenario events for the different assets in the exposure model. These results are crucial for tasks 

like emergency planning, raising public awareness of seismic risk, and quickly assessing the 

impact of seismic events. 

5.2. Structural damage from scenario damage assessment 

5.2.1. Classification system 

The assessment of structural damage resulting from earthquakes involves two primary 

approaches: engineering parameter-based methodologies such as HAZUS (FEMA, 2021) 

(Kircher, Whitman, and Holmes 2006), and intensity-based methodologies such as ATC-13 

(Thibert 2008) (Rojahn et al. 1986). The former relies on using parameters like SA or spectral 

displacement to describe ground motions. It then makes use of capacity curves and fragility curves 

to predict the vulnerability of buildings (Hazus-MH 2003). However, these engineering parameter-

based methods may lack accuracy and sufficient data for specific regions (Kircher, Whitman, and 

Holmes 2006). 

There exist five damage states, and each of them is linked to a specific set of damage index and 

percentage of initial cost. These costs represent the proportion of monetary losses incurred from 

damages relative to the total replacement value of the building (Hazus-MH 2003). Table 5.1 

represents a comprehensive list of the damage states, their descriptions, as well as the 

corresponding ranges of damage indexes and costs. 

In 1988, FEMA-154, a method known as Rapid Visual Screening of Buildings for Potential 

Seismic Hazards, was developed by the FEMA (Rojahn 1988). This approach has been 

subsequently updated multiple times with the aim of rapidly assessing seismic vulnerability 

through visual inspection (Lizundia et al. 2015).  
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Table 5.1. Damage states (Hazus-MH 2003) (Hill and Rossetto 2023). 

 
Damage 

States 
Evidence Description 

Damage 

Index 

Cost (% of 

initial cost) 

1 None 
None  

(pre-yield) 
No damage 0.0 - 0.14 0.0 

2 Slight 
Cracking, 

minor spalling 

Limited localized minor damage not 

requiring repair 
0.14 - 0.40 0.5 

3 Moderate 
Large cracks 

cover spalled 

Significant localized damage of 

many components requiring repair 
0.40 - 0.60 20.0 

4 Extensive 

Failure of 

components, 

bar fracture 

Major widespread damage that may 

result in the facility being destroyed 

or repaired 

0.60 - 1.00 80.0 

5 Complete 
Partial/total 

collapse 

Total destruction of the majority of 

the facility 
1.0 - ∞ 100.0 

 

Buildings were grouped into 15 prototypes by this system, taking into consideration factors 

such as materials, number of stories, and height, as outlined in Table B.1 with detailed descriptions 

of residential structures provided in Table B.2. Buildings in this classification were designated as 

low-rise (one to three stories), mid-rise (four to seven stories), and high-rise (over eight stories) 

(FEMA 2012). 

It is important to note that HAZUS utilized only two wood building classes. However, the 

exposure dataset for Canada encompasses four wood building classes to better represent the 

diversity of timber construction in Canada: light frame wood, light frame wood with cripple wall 

or subfloor, heavy frame wood industrial/commercial, and heavy frame wood residential (Hobbs 

et al. 2022) (FEMA, 2012). As fragility and vulnerability models have not yet been developed for 

these new building classes, the Canadian wood building types were reassigned to the original 

HAZUS options, as modified in Table B.1 (Hobbs et al. 2022). 

The distribution of taxonomies within the provinces/territories examined in this thesis is 

illustrated as pie charts in Figure 5.1. As shown in this figure, the majority of these buildings are 

comprised of single-family wood-frame structures, constituting approximately 75% of the total in 

these selected provinces/territories, which aligns with the findings highlighted by Hobbs et al. for 

the national total. Unreinforced masonry buildings, , known for their vulnerability to seismic 

shaking in Canada (Fathi-Fazl et al., 2019), make up around 8% of the building stock, with a 

notable concentration in Ontario and Quebec (Hobbs et al. 2022), and mobile houses show a 

significant concentration in Alberta. Table 5.2 provides the characteristics of the exposure model 

for each exposed province/territory. 
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Figure 5.1. Provincial Building Taxonomy for Studied Earthquake. This figure presents a taxonomy of provinces 

involved in the earthquake analysis explored in this thesis. The pie charts illustrate the predominant building types 

and prototypes in each province, as determined by the exposure model obtained for each Canadian province. Detailed 

explanations for each abbreviation employed in the legends are available in Appendix B. Specifically, W1/W4 denotes 

light/heavy wood frame, URML represents unreinforced masonry, MH stands for mobile home, RES1 corresponds to 

a single-family house, RES2 indicates a mobile house, and RES3A refers to a duplex house. 
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Table 5.2. Exposure model characteristics. 

Province/Territory 
Number of Settled Areas 

(DAUID) 
No. of assets 

British Columbia 27,344 274,630 

Yukon 647 3,916 

Alberta 79,639 290,268 

NW Territories 253 2,828 

Ontario 96,627 733,602 

Quebec 54,486 487,210 

 

5.2.2. Damage output 

In this thesis, the findings of the scenario damage assessment are encapsulated in various data 

files. These include: 

▪ Excel Spreadsheet Files (.csv): Three files with .csv extensions were generated. These files 

contain: 

- Selected Events Information: These files contain information about the 100 selected 

GMFs used in the study. This information could include details about the events' 

magnitudes, locations, and other relevant factors. 

- Aggregate Event Damages: These files offer insights into the cumulative damage 

resulting from the selected events. They provide a breakdown of the number of assets in 

different damage states based on these events. 

- Asset Damage Distribution: This part of the Excel files presents data on how damage is 

distributed among assets in each DAUID. This distribution is categorized into five 

damage states: no damage, slight damage, moderate damage, extensive damage, and 

complete damage.  

▪ HDF5 Files (.hdf5): Two files in the .hdf5 format were created as part of the assessment 

process for visualization the damage distribution in the form of map. 
 

▪ NPZ File (.npz): A single .npz file was generated as well.  
 

▪ Text Files (.rst): In addition to the aforementioned files, there are some text files that likely 

contain supplementary information or descriptions. 

By combining the information from these Excel files and the .npz file, a statistical analysis of 

damage for each asset in each state was conducted. One of the key outcomes of the statistical 

analysis is the determination of the probability of exceedance for each damage state. In other 

words, this reveals the likelihood or probability of assets experiencing damage at different severity 

levels (refer to Table 5.3). 
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Table 5.3. Structural damage results and statistical analysis for five previous earthquakes. 

Damage States No-damage Slight Moderate Extensive Complete 

Val-des-Bois-ON 

Assets per state 326424.13 127.8 3.53 0.35 0.19 

Probability of Exceedance 0.999596 0.000391 0.000011 0.000001 0.000001 

Val-des-Bois-QC 

Assets per state 261768.9 86.74 2.76 0.32 0.23 

Probability of Exceedance 0.999656 0.000331 0.000011 0.000001 0.000001 

Ladysmith-ON 

Assets per state 418059.05 14.42 0.42 0.08 0.03 

Probability of Exceedance 0.999964 0.000034 0.000001 0.000000 0.000000 

Ladysmith-QC 

Assets per state 139701.5 25.04 1.1 0.21 0.17 

Probability of Exceedance 0.999810 0.000179 0.000008 0.000002 0.000001 

Mosquito Lake6.2-BC 

Assets per state 56.96 0.04 0 0 0 

Probability of Exceedance 0.999298 0.000702 0.000000 0.000000 0.000000 

Mosquito Lake6.2-YU 

Assets per state 10159.86 10.7 0.28 0.05 0.01 

Probability of Exceedance 0.998915 0.001052 0.000028 0.000005 0.000001 

Mosquito Lake6.3-BC 

Assets per state 11.66 0.26 0.04 0.02 0.02 

Probability of Exceedance 0.971667 0.021667 0.003333 0.001667 0.001667 

Mosquito Lake6.3-YU 

Assets per state 10137.2 5.68 0.12 0 0 

Probability of Exceedance 0.999428 0.000560 0.000012 0.000000 0.000000 

Nahanni-AB 

Assets per state 5335.28 4.63 0.08 0.01 0 

Probability of Exceedance 0.999116 0.000867 0.000015 0.000002 0.000000 

Nahanni-BC 

Assets per state 2309.6 1.36 0.04 0 0 

Probability of Exceedance 0.999394 0.000588 0.000017 0.000000 0.000000 

Nahanni-NWT 

Assets per state 4070.4 4.29 0.22 0.05 0.03 

Probability of Exceedance 0.998874 0.001053 0.000054 0.000012 0.000007 

Nahanni-YU 

Assets per state 604.72 1.14 0.13 0 0.01 

Probability of Exceedance 0.997888 0.001881 0.000215 0.000000 0.000017 

To make the results more accessible and understandable, the thesis employs data visualization 

techniques. In particular, bar charts are used to represent and compare the probability of 

exceedance for each damage state across all provinces exposed to the five earthquakes being 

studied. These charts can be found in Figure 5.2 and Figure 5.3. 
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Figure 5.2. The resulted asset damage statistics for a) Val-des-Bois earthquake in Ontario side, b) Val-des-Bois 

earthquake in Quebec side, c) Ladysmith earthquake in Ontario side, d) Ladysmith earthquake in Quebec side, e) 

Mosquito Lake-6.2 earthquake in British Columbia side, and f) Mosquito Lake-6.2 earthquake in Yukon side. 
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Figure 5.3. The resulted asset damage statistics for a) Mosquito Lake-6.3 earthquake in British Columbia side, b) 

Mosquito Lake-6.3 earthquake in Yukon side, c) Nahanni earthquake in Alberta side, d) Nahanni earthquake in British 

Columbia side, e) Nahanni earthquake in Northwest Territories, and f) Nahanni earthquake in Yukon side. 
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5.3. Mean financial losses and fatalities from scenario risk assessment 

5.3.1. Monetary losses 

In a seismic risk assessment, estimating losses involves considering three types: monetary loss, 

human loss, and loss ratio. Monetary losses encompass financial losses resulting from an 

earthquake and can be direct or indirect (Hallegatte and Przyluski 2010). Direct monetary losses 

arise from building damage due to ground shaking, while indirect losses result from collateral 

hazards like tsunamis, landslides, liquefaction, and fire, as well as business interruption (Kircher, 

Whitman, and Holmes 2006). To calculate these losses, the mean damage factor for each 

component, which represents the ratio of lost dollars to the replacement value of the building, is 

multiplied by the corresponding replacement values. The total monetary loss for the building is 

obtained by summing up the losses from all these components (Cardone et al. 2019). 

It's important to note that only direct losses are considered in the study, since calculating indirect 

losses resulting from collateral hazards, which are associated with business interruption, involves 

considerable complexity and depends heavily on the estimation of downtime. Additionally, 

estimating the losses due to business interruption involves assessing the downtime. The time 

required for repair is just one factor influencing downtime; others include the availability of funds 

and resources (J. Bommer et al. 2002). 

Non-structural damage is determined based on inter-storey drift and floor accelerations but 

doesn't account for additional issues caused by major structural damage (MDF < 60%). If the 

structural mean damage factor is greater than or equal to 60%, the monetary losses should be 

calculated from structural damage only (S. E. Cook 1999). To determine the replacement values 

for the components, the cost of construction per square meter for a building prototype basis is used.  

5.3.2. Casualty estimation 

In seismic risk assessment, the main goal is safeguarding human lives. A crucial aspect of this 

assessment involves estimating the number of casualties resulting from an earthquake. Casualties 

refer to people who are injured or killed due to the earthquake's impact. 

The number of casualties can vary significantly from one earthquake to another, and they can 

occur through various means. These include structural and non-structural damage, collateral 

hazards like tsunamis and landslides, heart attacks, car accidents, and other causes. According to 

Coburn and Spence's book "Earthquake Protection" (2002), building collapse accounts for over 

75% of earthquake-related deaths, and if secondary disasters are excluded, building collapse 

causes almost 90% of such deaths. Secondary disasters refer to collateral hazards (Coburn and 

Spence 2002). Therefore, it is reasonable to estimate earthquake casualties based on structural 

damage alone. 

To calculate the number of casualties, the population in the building is multiplied by the 

probability of being in a specific damage state given the earthquake's size and the likelihood of an 

injury of a certain severity occurring with that damage state (Holzer and Savage 2013). For this 

purpose, HAZUS defines five damage states: slight, moderate, extensive, complete with collapse, 
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and complete without collapse (Hazus-MH 2003). These damage states are determined using 

fragility curves, which express the probability of exceeding a damage state given the spectral 

displacement or acceleration. The probability of fatalities resulting from these damage states is 

obtained from casualty rates available in the module (Kircher, Whitman, and Holmes 2006). 

To estimate the total number of people killed in the scenario earthquake, the formula considers 

the probabilities of fatalities for each damage state and the number of occupants in the building at 

the time of the earthquake. Additionally, the methodology classifies injuries into four severity 

levels (Kircher, Whitman, and Holmes 2006), which is shown in Table 5.4, ranging from minor 

injuries requiring medical attention to instantaneous death. 

Table 5.4. Injury severity (Kircher, Whitman, and Holmes 2006). 

Injury 

Severity Level 
Injury Description 

 

 

1 

Injuries that necessitate simple medical assistance, manageable by non-professionals, 

usually involving bandages or monitoring. Examples include sprains, deep cuts requiring 

stitches, minor burns affecting a small area of the body, or non-serious head bumps 

without loss of consciousness. HAZUS does not provide estimates for injuries of lesser 

severity that can be self-treated. 

2 

Injuries that demand extensive medical attention involving advanced medical 

technologies like x-rays or surgery, yet not anticipated to become life-threatening. 

Instances include third-degree burns, substantial second-degree burns on significant 

body areas, head bumps leading to loss of consciousness, fractured bones, severe 

dehydration, or exposure-related injuries. 

 

3 
Injuries with the potential to be immediately life-threatening if not promptly and 

properly addressed include uncontrolled bleeding, punctured organs, internal injuries, 

spinal column injuries, and crush syndrome. 

4 Immediately killed or fatally wounded. 

 

5.3.3. Loss output 

The findings from the scenario risk assessment in this thesis yield the following results: 

▪ Excel Spreadsheet Files (.csv): Four files with .csv extensions have been generated, 

containing the following information: 

- Selected Events Information: This file contains information identical to that of the 

scenario damage assessment. 

- Aggregate Event Losses: These files provide insights into the four types of losses 

resulting from the selected events. They offer a breakdown of financial losses in CAD 

based on these events. 

- Average Asset Losses: This Excel file presents data on the monetary loss among assets 

with different taxonomy in each DAUID. Asset losses are categorized into four types: 

structural, non-structural, contents, and occupants. It is important to note that the first 

three mentioned loss types are in CAD, whereas the last type refers to the rate of 
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fatalities. Fatalities are quantified as the sum of probabilities of death, equating to the 

expected number of deaths across the study area, rounded to the nearest integer. 

- Average Asset Losses: This file contains the cumulative financial losses for the entire 

province, categorized into four types of loss. 
 

▪ HDF5 Files (.hdf5): Two files in the .hdf5 format were created as part of the assessment 

process to visualize economic losses in different ranges of million USD figures in the 

form of maps. 
 

▪ Text Files (.rst): In addition to the aforementioned files, there are text files that contain a 

comprehensive report of the calculations. 

Table 5.5 presents the average results for the five previous earthquake scenarios in terms of 

total financial losses and fatalities. The data used for these calculations is derived from USGS 

shakemap and integrated into the CanadaSRM1 model, which was developed in 2016. This means 

that these acquired results should be adjusted to the date of occurrence and then compared with 

observed data. This step is explained in detail in Chapter 6. 

To make the results more accessible and understandable, the thesis employs data visualization 

techniques. In particular, bar charts are used to represent and compare the amount of loss for each 

loss type across all provinces exposed to the five earthquakes being studied. These charts can be 

found in Figure 5.4 and Figure 5.5. 
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Table 5.5. Financial loss and Fatality results in USD for loss values, exposed values and loss ratio for five 

previous earthquakes. 

Loss Type Structural Non-structural Contents Occupants 

Val-des-Bois-ON 
Loss Value 405385 2575340 61392 0 

Exposed Value 61047600000 171010000000 39098200000 1255170 

Loss Ratio 0.000007 0.000015 0.000002 0.000000 

Val-des-Bois-QC 

Loss Value 435694 2631990 82971 0 

Exposed Value 37102000000 111658000000 21933800000 803915 

Loss Ratio 0.000012 0.000024 0.000004 0.000000 

Ladysmith-ON 

Loss Value 405385 2575340 61392 0 

Exposed Value 61047600000 171010000000 39098200000 1255170 

Loss Ratio 0.000007 0.000015 0.000002 0.000000 

Ladysmith-QC 

Loss Value 207873 950170 59400 0 

Exposed Value 19756000000 60965800000 11354700000 439094 

Loss Ratio 0.000011 0.000016 0.000005 0.000000 

Mosquito Lake6.2-BC 

Loss Value 2740 6570 327 0 

Exposed Value 39000000 109000000 36900000 908 

Loss Ratio 0.000070 0.000060 0.000009 0.000000 

Mosquito Lake6.2-YU 

Loss Value 16419 108103 2026 0 

Exposed Value 2161700000 6109900000 1402600000 28854 

Loss Ratio 0.000008 0.000018 0.000001 0.000000 

Mosquito Lake6.3-BC 

Loss Value 1790 4120 222 0 

Exposed Value 924000 3110000 370000 15 

Loss Ratio 
0.001940 

 

0.001320 0.000602 0.000000 

Mosquito Lake6.3-YU 

Loss Value 4730 36500 579 0 

Exposed Value 2160000000 6110000000 1400000000 28900 

Loss Ratio 0.000002 0.000006 0.000000 0.000000 

Nahanni-AB 

Loss Value 94 459 15 0 

Exposed Value 1584070000 3643250000 1364800000 24290 

Loss Ratio 0.0000001 0.0000001 0.0000000 0.0000000 

Nahanni-BC 

Loss Value 17 333 5 0 

Exposed Value 532000000 1420000000 411000000 532276000 

Loss Ratio 0.00000003 0.00000023 0.00000001 0.00000000 

Nahanni-NWT 

Loss Value 21486 105644 4754 0 

Exposed Value 1436130000 3809300000 1121150000 11693 

Loss Ratio 0.000015 0.000028 0.000004 0.000000 

Nahanni-YU 

Loss Value 218 1831 23 0 

Exposed Value 137383000 419564000 92320100 1107 

Loss Ratio 0.000002 0.000004 0.000000 0.000000 
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  e)   f) 

 
Figure 5.4. The resulted financial losses and fatalities for a) Val-des-Bois earthquake in Ontario side, b) Val-des-Bois 

earthquake in Quebec side, c) Ladysmith earthquake in Ontario side, d) Ladysmith earthquake in Quebec side, e) 

Mosquito Lake-6.2 earthquake in British Columbia side, and f) Mosquito Lake-6.2 earthquake in Yukon side. 
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Figure 5.5. The resulted financial losses and fatalities for a) Mosquito Lake-6.3 earthquake in British Columbia side, 

b) Mosquito Lake-6.3 earthquake in Yukon side, c) Nahanni earthquake in Alberta side, d) Nahanni earthquake in 

British Columbia side, e) Nahanni earthquake in Northwest Territories, and f) Nahanni earthquake in Yukon side. 
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6.1. Introduction 

This chapter comprises three key sections: an in-depth discussion of acquired results in the 

western, eastern, and northern regions of Canada, followed by an account of the processing steps 

involved in adjusting the estimated outcomes. The final section conducts a comparative analysis, 

aligning the adjusted results with observed impacts to validate CanadaSRM1, thereby fulfilling the 

primary objective of this thesis. 

6.2. Output discussion 

6.2.1. Scenario damage output – damage maps and statistics 

Through the application of data visualization techniques, insights can be gleaned regarding the 

estimated quantities of buildings experiencing varying degrees of damage. This analytical process 

is underpinned by the utilization of fragility functions, which yield four distinct damage maps for 

each seismic event, each illustrating diverse levels of structural impairment on a spatial map. 

Figure 6.1 to Figure 6.5 provide graphical representations of the damage maps obtained through 

the adept utilization of OQ Plugin, QGIS, and Python. These visualizations elucidate the relative 

proportions of buildings categorized into four damage states: slight damage, moderate damage, 

extensive damage, and complete damage, with each figure corresponding to a specific seismic 

event. It is crucial to emphasize that the extent of damage within each geographical region is not 

only contingent upon the intensity of ground shaking or the proximity to the epicenter. Instead, it 

hinges upon various factors, including the nature of the residential structures, their construction 

materials, the age of the assets, and whether retrofit measures have been implemented. 

6.2.1.1. Val-des-Bois earthquake damages 

In Figure 6.1, the damage distribution maps resulting from the 2010 Val-des-Bois earthquake 

portray the effects of this seismic event in Ontario and Quebec. It is important to note that the 

intensity conveyed by the reddish hues within these maps directly indicates the severity of the 

damage sustained in the affected regions. This categorization not only facilitates the assessment of 

immediate impacts but also informs subsequent disaster response and recovery efforts. The 

distribution of damage from this earthquake is summarized in Table 6.1. 

In the case of 'Slight Damage' on the Ontario side, Ottawa, a large and densely populated city, 

is the most heavily impacted area, with approximately 93 buildings experiencing slight damage. 

Following Ottawa, Clarence-Rockland, located in close proximity to the epicenter and the nearest 

urban area in Ontario, has almost 7 affected buildings. Additionally, North Grenville and North 

Dundas each have almost 1 building suffering from slight damage. In more distant regions, South 

Stormont and North Glengarry each have almost 2 buildings with damage, while Cornwall, 

situated in the southern part of the model, experienced slight damage in 4 buildings. Perth, a small 

area in the southwest of the Ontario model, also experienced minor impact from the earthquake. 
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c) 

 

d) 

Figure 6.1. Damage distribution maps of Val-des-Bois earthquake. These images are estimated by SDC in 4 different 

damage states. a) slight damage, b) moderate damage, c) extensive damage, and d) complete damage (collapse).  Color 

scheme, with its varying shades of red, serves as a visual aid in intuitively conveying the severity of the damages 

incurred, with deeper shades of red indicating more profound damage, and lighter shades signifying less severe impact. 
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On the Quebec side, the figure reveals that Gatineau, despite being somewhat distant from the 

epicenter, has 27 affected buildings. Val-des-Bois, the epicenter itself, is expected to have 6 

slightly damaged buildings. Bowman to the west, Notre-Dame-du-Laus to the north, and Val-des-

Monts to the south of the epicenter each have 4 damaged buildings. Saint-Andre-Avellin, not in 

close proximity to the epicenter, has 2 damaged buildings. In the southeast of the Quebec model, 

Salaberry-de-Valleyfield, located far from the epicenter, has 4 damaged buildings. Saint-Jerome, 

also distant from the epicenter, has 3 damaged buildings, and Vaudreuil-Dorion, also situated far 

from the epicenter, has 2 damaged buildings. 

Table 6.1. Damage distribution summary of 2010 Val-des-Bois earthquake estimated by SDC (“Google Earth” 

n.d.), (Government of Canada 2022, Canadian census 2011). 

`Community Name 

Distance-

Epicenter 

(km)  

Population 
Structural Damages 

Slight Moderate Extensive Complete 

Ontario Provinces/Territories 

Ottawa 89 1,218,000 93 3 3 - 

Clarence-Rockland 69 23,185 7 1 - - 

North Grenville 148 15,085 1 - - - 

North Dundas 147 11,225 1 - - - 

South Stormont 178 12,617 2 - - - 

North Glengarry 157 10,251 2 - < 1 - 

Cornwall 191 45,508 4 1 - - 

Perth 173 5,840 < 1 < 1 < 1 - 

The Nation distant - - - < 1 - 

Quebec Provinces/Territories 

Gatineau 67   265,349 27 26 - < 1 

Val-des-Bois Epicenter 938 6 6 2 < 1 

Bowman 7 677 4  - < 1 

Notre-Dame-du-Laus 27  1,518 4 4 1 - 

Val-des-Monts 39  10,420 4 4 - - 

Saint-Andre-Avellin 87 1,876  2 2 - < 1 

Salaberry-de-Valleyfield 198  38,323 4 4 - - 

Saint-Jerome 173 69,598 3 - < 1 - 

Vaudreuil-Dorion 176  33,305 2 - - - 

Cheneville 99 792 - - - < 1 

Sainte-Agathe-des-Monts 218  6,226 - - - < 1 
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In the case of 'Moderate Damage', Ottawa has 3 affected buildings, Clarence-Rockland almost 

1, Cornwall 1, and Perth has also been somewhat affected on the Ontario side. On the Quebec side, 

once again, the most affected area is Gatineau, with 26 damaged buildings. Val-des-Bois has 6 

damaged buildings, Notre-Dame-du-Laus has 4, Val-des-Monts has 4, and Saint-Andre-Avellin 

has 2 damaged buildings. In the southeast of the Quebec model, Salaberry-de-Valleyfield has 4 

damaged buildings. 

Val-des-Bois has 2 damaged buildings, Notre-Dame-du-Laus has one damaged building, and 

Saint-Jerome has less than one damaged building, all experiencing 'Extensive Damage' on the 

Quebec side. However, on the Ontario side, Ottawa has 3 damaged buildings. The Nation, North 

Glengarry, and Perth have also been somewhat affected by extensive damage. Regarding 

'Complete Damage', the model estimates no affected areas on the Ontario side. However, areas 

around the epicenter, such as Val-des-Bois, Bowman, Saint-Andre-Avellin, Gatineau, and 

Cheneville, along with Sainte-Agathe-des-Monts located far from the epicenter on the Quebec 

side, are all estimated by the model to have a possibility of less than 1% complete damage.  

6.2.1.2. Ladysmith earthquake damages 

Figure 6.2 provides an overview of the damage distribution resulting from the 2013 Ladysmith 

earthquake. In the category of 'Slight Damage' in Ontario, Ottawa, situated to the south of the 

epicenter, has reported damage in 9 buildings. Russell, located to the east of Ottawa, has 1 building 

with slight damage. Similarly, Cornwall, positioned far from the epicenter in the southern part of 

Ontario, has 1 affected building. Other areas around Ottawa, including South Frontenac, North 

Grenville, and Clarence-Rockland, as well as Mississippi Mills and Rideau Lakes in the southern 

part of Ontario, have also experienced slight damage. North Glengarry, situated far from the 

epicenter in the western part of Ontario, reports slight damage as well. 

On the Quebec side, the epicenter in Thorne has witnessed slight damage in 5 buildings. Otter 

Lake, to the north of the epicenter, has 4 affected buildings, while La Pêche, located to the east of 

the epicenter, has 3 buildings displaying slight damage. Gatineau, situated far from the epicenter 

but in the vicinity above Ottawa, has 3 affected buildings. Additionally, Clarendon, to the south of 

the epicenter, has 2 buildings with slight damage, and L'Ile-du-Grand, near the epicenter, reports 

1 affected building. 

Moving on to the 'Moderate Damage' category, on the Ontario side, Ottawa has experienced 

damage in 1 building, while Hastings Highlands, located far from the epicenter in the southwest 

of Ontario, has also reported moderate damage. In Quebec, Thorne has 1 building with moderate 

damage. La Pêche, Clarendon, and Otter Lake, have also seen moderate damage. For 'Extensive 

Damage', the Ontario region reports 1 building in Ottawa and 1 building in Cornwall, both situated 

very far from the epicenter. In Quebec, Thorne has 1 building with extensive damage. Otter Lake, 

La Pêche, and Kazabazua, have also experienced extensive damage. There are no reported 

instances of 'Complete Damage' in Ontario, except in Ottawa. In Quebec, neither the epicenter in 

Thorne nor L'Ile-du-Grand has experienced complete damage. The distribution of damage from 

this earthquake is summarized in Table 6.2.  
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Figure 6.2. Damage distribution maps of Ladysmith earthquake. These images are estimated by SDC in 4 different 

damage states. a) slight damage, b) moderate damage, c) extensive damage, and d) complete damage (collapse). Color 

scheme, with its varying shades of red, serves as a visual aid in intuitively conveying the severity of the damages 

incurred, with deeper shades of red indicating more profound damage, and lighter shades signifying less severe impact. 

Kazabazua 

Cornwall 

Ottawa 

Thorne 

Otter Lake 

La Pêche 

Ottawa 

Thorne 

L'Île-du-Grand 



Chapter 6: Discussion and Evaluation  VALIDATING THE CANADIAN 

  SEISMIC RISC MODEL 

 

70 
 
 

 

Table 6.2. Damage distribution summary of 2013 Ladysmith earthquake estimated by SDC (“Google Earth” 

n.d.), (Government of Canada 2022, Canadian census 2016). 

Community Name 

Distance-

Epicenter  

(km) 

Population 
Structural Damages 

Slight Moderate Extensive Complete 

Ontario Provinces/Territories 

Ottawa 79 1,218,000 9 1 1 - 

Russell 118 16,520 1 - - - 

Cornwall 191 45,508 1 - 1 - 

South Frontenac 225 18,113 < 1 - - - 

North Grenville 148 15,085 1 -  - 

Clarence-Rockland 69 23,185 7 1 - - 

Mississippi Mills 112 13,163 < 1 - - - 

Rideau Lakes 184 10,326 < 1 - - - 

North Glengarry 157 10,251 < 1 - < 1 - 

Hastings Highlands 184 4,078 - < 1 - - 

Quebec Provinces/Territories 

Thorne Epicenter 448 5 1 1 - 

Otter Lake 16 932 4 1 < 1 - 

La Pêche 45 7,863 3 1 < 1 - 

Gatineau 67   265,349 3 26 - - 

Clarendon 21 1,256 2 < 1 - - 

L'Ile-du-Grand 40 626 1 - - - 

Kazabazua 52 945 - - < 1 - 

 

6.2.1.3. Nahanni earthquake damages 

Figure 6.3 presents an overview of the damage distribution resulting from the 1985 Nahanni 

earthquake. In the category of 'Slight Damage', Grande Prairie in Alberta, situated a considerable 

distance from the epicenter, has reported damage in one building. Similarly, Peace River, a very 

small and remote area located far from the epicenter, has one building with slight damage. 

Athabasca has also been affected in this category. Moving to British Columbia, the Northern 

Rockies region has experienced slight damage in one building, and Prince George and Bulkley 

Valley are also included in this category. In the Northwest Territories, the Nahanni National Park 

Reserve, the epicenter itself, has encountered slight damage in two buildings. Additionally, 
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Sambaa Lake has reported damage in one building. In the Yukon territory, 4 buildings situated far 

from the epicenter have sustained slight damage. 

In the 'Moderate Damage' category, on the Alberta side, Peace River has experienced moderate 

damage. In British Columbia, Prince George reports moderate damage. In the Northwest 

Territories, both the Nahanni National Park Reserve and Sambaa Lake have sustained moderate 

damage. There are no reported instances of moderate damage in the Yukon region. For 'Extensive 

Damage', on the Alberta side, Grande Prairie, has reported extensive damage. However, in British 

Columbia, there are no areas reporting extensive damage. In the Northwest Territories, the 

Nahanni National Park Reserve has experienced extensive damage in one building, and Sambaa 

Lake has also reported extensive damage in one building. There are no reported instances of 

extensive damage in the Yukon region. In the 'Complete Damage' category, there are no estimated 

reports of complete damage in Alberta, British Columbia, Northwest Territories, or the Yukon 

region. The distribution of damage from this earthquake is summarized in Table 6.3. 

Table 6.3. Damage distribution summary of 1985 Nahanni earthquake estimated by SDC (“Google Earth” 

n.d.), (Government of Canada 2022, Canadian census 1986). 

Community Name 

Distance-

Epicenter 

(km) 

Population 

Structural Damages 

Slight Moderate Extensive Complete 

Alberta Provinces/Territories 

Grande Prairie 904 26,471 1 - < 1 - 

Peace River 953 6,355 1 < 1 - - 

Athabasca 1,288 2,990 < 1 - - - 

British Columbia Provinces/Territories 

Northern Rockies 312 5,856 1 - - - 

Prince George 1,127 67,621 1 < 1 - - 

Bulkley Valley 1,496 5,256 1 - - - 

Northwest-Territories Provinces/Territories 

Nahanni National 

Park Reserve 
Epicenter 775 2 < 1 1 - 

Sambaa Lake 281 54 1 < 1 1 - 

Yukon Provinces/Territories 

North of Yukon 1,625  4 - - - 
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c) 

 

d) 

Figure 6.3. Damage distribution maps of Nahanni earthquake. These images are estimated by SDC in 4 different 

damage states. a) slight damage, b) moderate damage, c) extensive damage, and d) complete damage (collapse). Color 

scheme, with its varying shades of red, serves as a visual aid in intuitively conveying the severity of the damages 

incurred, with deeper shades of red indicating more profound damage, and lighter shades signifying less severe impact. 
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6.2.1.4. Mosquito-Lake-M6.2 earthquake damages 

Figure 6.4 provides an overview of the damage distribution resulting from the 2017 Mosquito-

Lake earthquake with a magnitude of 6.2. In the 'Slight Damage' category in British Columbia, we 

observe that the British Columbia-Nechako epicenter has experienced slight damage in one 

building. Additionally, the Bulkley Valley region in BC is included in this category. In the Yukon 

region, there is a very small area located southwest of Yukon where 2 buildings, situated far from 

the epicenter, have sustained slight damage. Furthermore, there are small areas in Macpherson, 

Whitehorse, and Tagish that are far from the epicenter and have reported slight damage. 

Moving on to the 'Moderate Damage' category, in BC, the British Columbia-Nechako epicenter 

is the sole location experiencing moderate damage. In Yukon, all areas except Whitehorse and 

Macpherson have reported zero instances of moderate damage. Additionally, there is a very small 

area to the east of the epicenter in Tagish, and it has reported moderate damage. 

Regarding 'Extensive Damage,' in BC, the British Columbia-Nechako epicenter is the only area 

with reports of extensive damage. In the Yukon region, all areas except for Yukon-Whitehorse, 

located far from the epicenter in a very small area northeast of Yukon, have reported zero instances 

of extensive damage. In the 'Complete Damage' category, in BC, the British Columbia-Nechako 

epicenter is the sole location with reports of complete damage. In the Yukon region, all areas 

except for Yukon-Whitehorse, have reported zero instances of complete damage, with a very low 

probability in this specific area. The distribution of damage from this earthquake is summarized in 

Table 6.4. 

Table 6.4. Damage distribution summary of 2017 Mosquito Lake earthquake-M6.2 estimated by SDC 

(“Google Earth” n.d.), (Government of Canada 2022, Canadian census 2016). 

Community Name 

Distance-

Epicenter 

(km) 

Population 

Structural Damages 

Slight Moderate Extensive Complete 

British Columbia Provinces/Territories 

Nechako Epicenter 38,636 1 < 1 < 1 < 1 

Bulkley Valley 820 5,256 1 - - - 

Yukon Provinces/Territories 

SW- Yukon 1,375 - 2 - - - 

Macpherson 174 1,225 1 < 1 - - 

Whitehorse 173 25,085 1 < 1 < 1 < 1 

Tagish 200 249 1 < 1 - - 
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c) 

 

  d) 

Figure 6.4. Damage distribution maps of Mosquito Lake earthquake-M6.2. These images are estimated by SDC 

in 4 different damage states. a) slight damage, b) moderate damage, c) extensive damage, and d) complete 

damage (collapse). Color scheme, with its varying shades of red, serves as a visual aid in intuitively conveying 

the severity of the damages incurred, with deeper shades of red indicating more profound damage, and lighter 

shades signifying less severe impact. 
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6.2.1.5. Mosquito-Lake-M6.3 earthquake damages 

Figure 6.5 presents a comprehensive overview of the damage distribution resulting from the 

2017 Mosquito-Lake earthquake, which had a magnitude of 6.3. In the category of 'Slight Damage', 

it is observed that within British Columbia, specifically at the Nechako epicenter, only one 

building has reported damage. Additionally, the Bulkley Valley region also falls into this category. 

Moving to the Yukon region, Whitehorse, located a considerable distance from the epicenter in a 

small area to the northeast of Yukon, has one building displaying slight damage. Tagish and 

Macpherson also report one building with slight damage. 

Transitioning to the 'Moderate Damage' category, British Columbia-Nechako, the epicenter 

itself, reports moderate damage in British Columbia. In the Yukon region, all areas except for 

Whitehorse and Macpherson, both located far from the epicenter, have experienced no incidents 

of moderate damage. Tagish has reported one building with moderate damage. 

In terms of 'Extensive Damage', British Columbia-Nechako, is the sole reporting area in British 

Columbia. In the Yukon region, all areas except for Whitehorse, have encountered no instances of 

extensive damage. In the 'Complete Damage' category, British Columbia-Nechako, is the only 

reporting area in British Columbia. In the Yukon region, all areas except for Whitehorse, which is 

positioned at a distance from the epicenter in a small area to the northeast of Yukon, report a very 

low probability of complete damage. The distribution of damage from this earthquake is 

summarized in Table 6.5. 

Table 6.5. Damage distribution summary of 2017 Mosquito Lake earthquake-M6.3 estimated by SDC 

(“Google Earth” n.d.), (Government of Canada 2022, Canadian census 2016). 

Community Name 

Distance-

Epicenter 

(km) 

Population 
Structural Damages 

Slight Moderate Extensive Complete 

British Columbia Provinces/Territories 

Nechako Epicenter 38,636 1 < 1 < 1 < 1 

Bulkley Valley 820 5,256 1 - - - 

Yukon Provinces/Territories 

Macpherson 174 1,225 1 < 1 - - 

Whitehorse 173 25,085 1 < 1 < 1 < 1 

Tagish 200 249 1 1 - - 
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d) 

Figure 6.5.Damage distribution maps of Mosquito Lake earthquake-M6.3. These images are estimated by SDC in 4 

different damage states. a) slight damage, b) moderate damage, c) extensive damage, and d) complete damage 

(collapse). Color scheme, with its varying shades of red, serves as a visual aid in intuitively conveying the severity of 

the damages incurred, with deeper shades of red indicating more profound damage, and lighter shades signifying less 

severe impact. 
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6.2.2. Scenario damage output – summary of aggregated damages 

In light of the preceding discussions, an attempt was made to depict the cumulative damages 

incurred by all events through the utilization of a bar chart, as presented in Figure 6.6. It is readily 

apparent that these earthquakes did not manifest as catastrophic events, characterized by dramatic 

structural impacts. Consequently, a substantial proportion of the bars within the chart are attributed 

to the state of no damage. To enhance the clarity of discerning the comparatively minor 

proportions, the no-damage state was excluded, and the bar chart was subsequently constructed 

based solely on the categories of slight, moderate, extensive, and complete damage, as illustrated 

in Figure 6.7. 

 

Figure 6.6. The aggregated damages for five examined events based on 5 damage states. 

 

Figure 6.7. The aggregated damages for five examined events based on 4 damage states, with 

no-damage state excluded. 
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As is evident from this figure, the most probable type of damage in the area, aside from no 

damage, is slight damage. As the severity of damage escalates, progressing from moderate to 

extensive or complete, the corresponding probabilities exhibit a decreasing trend. An additional 

point of interest pertains to the Mosquito Lake earthquake, characterized by a magnitude of 6.3. 

The probability of damage in British Columbia, for all states, particularly slight damage, is notably 

higher in comparison to the other events.  

6.2.3. Scenario risk output – monetary losses 

The SRC outputs are acquired as loss maps pertaining to financial losses and fatalities, and loss 

statistics encompassing comprehensive statistical data related to the aggregated losses experienced 

across all sites. Figure 6.8 depicts the financial loss distribution maps resulting from the 

examination of the five earthquakes. It is important to note that the losses have been rounded to 

the nearest integer to facilitate processing and interpretation. 

6.2.3.1. Val-des-Bois earthquake losses 

It is clear that the 2010 Val-des-Bois earthquake caused minimal structural losses, primarily in 

the city of Ottawa, totaling approximately $330,786. Additionally, neighboring areas such as 

Clarence-Rockland, Russell, and Cornwall suffered structural losses of nearly $27,079, $6,264, 

and $7,642, respectively. Furthermore, Alfred and Plantagenet on the Ontario side experienced 

structural losses amounting to $5,035. Moreover, this earthquake resulted in significant non-

structural losses, with Ottawa bearing the highest burden at $2,027,380. Clarence-Rockland, 

Cornwall, Alfred and Plantagenet, North Grenville, and Russell also incurred non-structural losses 

totaling $179,635, $61,516, $33,102, $20,222, and $4,409, respectively. Regarding content losses, 

Ottawa once again emerged as the most affected area, recording losses of $49,067. Clarence-

Rockland, Russell, Cornwall, and Alfred and Plantagenet also experienced content losses 

amounting to $4,319, $1,126, $1,053, and $758, respectively. 

On the Quebec side, the Val-des-Bois earthquake caused comparatively lower structural losses, 

with Gatineau incurring approximately $152,213. Val-des-Bois itself, the epicenter area, 

experienced $50,518 in structural losses, and Val-des-Monts, Notre-Dame-du-Laus, Bowman, 

Notre-Dame-de-la-Salette, L'Ange-Gardien, and even regions far from the epicenter in the 

southeast of the Quebec model reported structural losses of $35,180, $24,676, $23,827, $18,638, 

$14,303, $5,555, and $3,115, respectively. The Val-des-Bois earthquake also resulted in 

noteworthy non-structural losses on the Quebec side, with Gatineau bearing the highest burden at 

$1,060,146. Val-des-Bois, Val-des-Monts, Bowman, Notre-Dame-du-Laus, and areas far from the 

epicenter, such as Salaberry-de-Valleyfield, Saint-Jérôme, and Vaudreuil-Dorion, incurred non-

structural losses totaling $212,328, $190,422, $109,084, $105,495, $48,497, $28,704, and 

$22,476, respectively. Content losses were also observed in select areas on the Quebec side, with 

Gatineau leading the way with losses amounting to $19,457. Val-des-Bois, Val-des-Monts, Notre-

Dame-du-Laus, and Bowman reported content losses of $12,543, $7,572, $6,181, and $6,821, 

respectively. An overview of the financial losses caused by this earthquake is summarized in Table 

6.6.To calculate the total financial losses resulting from each individual event, the aggregate losses 
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of structure, non-structure, and contents must be summed, and the total loss for each side of the 

exposed area likely affected by that particular earthquake should be calculated. 

Table 6.6. Financial loss summary caused by 2010 Val-des-Bois earthquake estimated by SRC 

(“Google Earth” n.d.), (Government of Canada 2022, Canadian census 2011). 

Community Name 

Distance-

Epicenter 

(km) 

Population 
Financial Losses (CAD) 

Structural  Non-structural  Content  

Ontario Provinces/Territories 

Ottawa 89 1,218,000 330,786 2,027,380 49,067 

Clarence-

Rockland 
69 23,185 27,079 179,635 4,319 

Russell 118 16,520 6,264 4,409 1,126 

Cornwall 191 45,508 7,642 61,516 1,053 

Alfred & 

Plantagenet 
87 9,196 5,035 33,102 758 

North Grenville 148 15,085 - 20,222 - 

Aggregated 

Losses 
 405,385 2,575,340 61,392 

Loss per Province 3,042,117 

Quebec Provinces/Territories 

Gatineau 67   265,349 152,213 1,060,146 19,457 

Val-des-Bois Epicenter 938 50,518 212,328 12,543 

Val-des-Monts 39  10,420 35,180 190,422 7,572 

Notre-Dame-du-

Laus 
27  1,518 24,676 105,495 6,181 

Bowman 7 677 23,827 109,084 6,821 

Notre-Dame-de-

la-Salette 
18.9 757 18,638 - - 

L'Ange-Gardien 57.1 3634 14,303 - - 

Salaberry-de-

Valleyfield 
198  38,323 - 48,497 - 

Saint-Jerome 173 69,598 - 28,704 - 

Vaudreuil-Dorion 176  33,305 - 22,476 - 

Aggregated 

Losses 
 435,694 2,631,990 3,150,655 

Loss per Province 6,218,339 

Total Loss $9,260,456 
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For the 2010 Val-des-Bois earthquake on the Quebec side, the combined losses for contents, 

non-structural, and structural components amounted to $3,150,655, $2,631,990, and $435,694, 

respectively, resulting in a total loss of $6,218,339 for the province of Quebec. On the Ontario 

side, the combined losses for contents, non-structural, and structural components totaled $61,392, 

$2,575,340, and $405,385, respectively, resulting in a total loss of $3,042,117 for the province of 

Ontario. Therefore, the combined losses for Quebec and Ontario yield a total financial loss of 

$9,260,456 caused by this earthquake. 

This information provides valuable insight into the potential economic impact, indicating that 

if the 2010 Val-des-Bois earthquake had occurred in approximately 2016 (the year to which the 

model is conditioned), CanSRM1 estimates that it would have resulted in nearly $9,260,456 in 

losses for Canada. This may seem like a large value to some, but in terms of an earthquake in a 

major metropolitan area, it is actually quite small. Much of this damage, as documented in Section 

6.1.1.1, is slight. Therefore, this figure is almost exclusively from small levels of damage to many 

buildings. This level of damage is unlikely to be reported or possibly even repaired, meaning it 

won’t be measured by engineers or insurers.  

6.2.3.2. Ladysmith earthquake losses 

In the context of the 2013 Ladysmith earthquake, an analysis was conducted to assess the 

financial loss distribution, considering both structural and non-structural components, as well as 

content losses on both the Ontario and Quebec sides. On the Ontario side, minor financial losses 

were observed. Shifting our focus to the Quebec side, the epicenter, Thorne, experienced 

substantial structural losses totaling $58,389. Additional structural losses were incurred by Otter 

Lake located in the north of epicenter at $29,933, La Pêche (East) at $25,101, Clarendon (South) 

at $19,615, Gatineau at $7,762, and L'Île-du-Grand at $8,650. Non-structural losses on the Quebec 

side were noteworthy, with Thorne registering $234,265, Otter Lake at $125,823, La Pêche at 

$110,378, La Pêche at $82,799, Gatineau at $69,575, and L'Île-du-Grand-Calumet at $31,619. 

Moreover, content losses in Quebec were observed in various regions, including Thorne at 

$22,235, Otter Lake at $9,662, La Pêche at $5,788, Clarendon at $5,923, Gatineau at $3,423, and 

L'Île-du-Grand-Calumet at $1,828. 

An overview of the financial losses caused by this earthquake is summarized in Table 6.7. This 

figure was derived by calculating the total loss on the Quebec side, which includes content, non-

structural, and structural losses, resulting in $1,217,443. When combined with the minimal losses 

on the Ontario side ($88), the total loss reached $1,217,531. This information sheds light on the 

potential economic impact, illustrating that if the 2013 Ladysmith earthquake had occurred in 

approximately 2016, it would have caused a total loss of $1,217,531 in Canada. 
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Table 6.7. Financial loss summary caused by 2013 Ladysmith earthquake estimated by SRC (“Google 

Earth” n.d.), (Government of Canada 2022, Canadian census 2016). 

 

6.2.3.3. Mosquito-Lake-M6.2 earthquake losses 

In the context of the 2017 Mosquito-Lake-M6.2 earthquake, various regions were impacted, 

including both the British Columbia and Yukon sides. On the British Columbia side, structural 

losses were incurred primarily in the vicinity of the epicenter, British Columbia-Nechako 

epicenter, totaling $2,694. Additionally, a nominal sum of $100 in structural losses was observed 

in the British Columbia-Bulkley Valley region. Non-structural losses were reported within the 

British Columbia-Nechako epicenter area, amounting to $6,049, while the British Columbia-

Bulkley Valley recorded non-structural losses of $300. In terms of contents, British Columbia-

Nechako epicenter experienced a minimal loss of $317. 

Turning to the Yukon side, structural losses were noted both near the epicenter and in areas 

farther away. Specifically, within the vicinity of the epicenter, a significant sum of $1,068 was 

observed in a small area located in the southwest of Yukon, while Macpherson recorded structural 

losses of $230. Furthermore, in the Yukon-Whitehorse region, located at a distance from the 

epicenter reported structural losses amounting to $118. Non-structural losses on the Yukon side 

were concentrated near the epicenter, with the small area in the southwest of Yukon registering 

$5,146 and Macpherson recording losses of $1,065. Similarly, the Yukon-Whitehorse region, 

experienced minimal non-structural losses, totaling $12. In terms of contents, the small area in the 

southwest of Yukon reported losses of $112, while Macpherson experienced losses amounting to 

$11. Table 6.8 summarizes an overview of the financial losses caused by this earthquake. 

Community Name 

Distance-

Epicenter 

(km) 

Population 
Financial Losses (CAD) 

Structural  Non-structural  Content  

Ontario Provinces/Territories 

Loss per Province Minor Financial Losses 

Quebec Provinces/Territories 

Thorne Epicenter 448 58,389 234,265 22,235 

Otter Lake 16 932 29,933 125,823 9,662 

Clarendon 21 1,256 19,615 110,378 5,923 

Gatineau 67   265,349 7,762 69,575 3,423 

L'Île-du-Grand 40 626 8,650 31,619 1,828 

La Pêche 45 7,863 25,101 82,799 5,788 

Loss per Province 1,217,443 

Total Loss $1,217,531 
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All in all, on the British Columbia side, the total loss was computed by summing the contents, 

non-structural, and structural losses, resulting in $9,631. Conversely, on the Yukon side, the total 

loss was estimated at $126,549. When combining the losses on the British Columbia side and the 

Yukon side, the total financial loss of $136,180 emerges. This analysis enables us to appreciate 

that if the 2017 Mosquito-Lake-M6.2 earthquake had occurred approximately in 2016, it would 

have resulted in financial losses totaling $136,180 in Canada. 

Table 6.8. Financial loss summary caused by 2017 Mosquito-Lake-M6.2 earthquake estimated by SRC 

(“Google Earth” n.d.), (Government of Canada 2022, Canadian census 2016). 

 

6.2.3.4. Mosquito-Lake-M6.3 earthquake losses 

The 2017 Mosquito-Lake-M6.3 earthquake is the other focal point of our analysis. On the 

British Columbia side, the Nechako epicenter bore minor structural losses totaling $1,794. 

Similarly, non-structural losses were observed in these areas, with Nechako epicenter reporting 

losses of $4,115. In terms of contents, the Nechako epicenter suffered losses of $222. 

On the Yukon side, structural losses were distributed as follows: Whitehorse incurred minimal 

losses in very small areas in the northeast of the Yukon model, amounting to $410. Near the 

epicenter, Yukon experienced structural losses in both Macpherson, and the small area in 

southwest Yukon, with losses of $97 and $78, respectively. Non-structural losses were also 

observed in these areas, with losses of $1,046 in southwest Yukon and $306 in Macpherson. 

Whitehorse reported non-structural losses, totaling $2,455. Contents losses were noted in Yukon 

near the epicenter, with losses of $45 in southwest of Yukon and $5 in Macpherson. Whitehorse, 

reported contents losses, amounting to $29. 

To calculate the total losses on the British Columbia side, the sum of contents, non-structural, 

and structural losses is computed, resulting in a total loss of $6,133. Similarly, on the Yukon side, 

Community Name 

Distance-

Epicenter 

(km) 

Population 
Financial Losses (CAD) 

Structural  Non-structural  Content  

British Columbia Provinces/Territories 

Nechako Epicenter 38,636 2,694 6,049 317 

Bulkley Valley 820 5,256 100 300  

Loss per Province 9,631 

Yukon Provinces/Territories 

SW- Yukon 1,375 - 1,068 5,146 112 

Macpherson 174 1,225 230 1,065 11 

Whitehorse 173 25,085 118 12  

Loss per Province 126,549 

Total Loss $136,180 
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the total loss is calculated by adding contents, non-structural, and structural losses, resulting in a 

total loss of $41,814. When the losses on the British Columbia side are combined with the losses 

on the Yukon side, the total financial loss caused by the 2017 Mosquito-Lake-M6.3 earthquake is 

calculated as $47,947. This analysis allows us to understand that if the 2017 Nahanni earthquake 

had occurred around 2016 (in alignment with the year of model development), it would have 

resulted in losses amounting to approximately $47,947 in Canada. An overview of the financial 

losses caused by this earthquake is summarized in Table 6.9. 

Table 6.9. Financial loss summary caused by 2017 Mosquito-Lake-M6.3 earthquake estimated by SRC 

(“Google Earth” n.d.), (Government of Canada 2022, Canadian census 2016). 

 

6.2.3.5. Nahanni earthquake losses 

The 1985 Nahanni earthquake, spanning various regions, provides an insightful examination of 

seismic repercussions. On the Alberta side, structural losses were noted in Grande Prairie 

registering the structural loss at $90. Non-structural losses also affected these remote areas, 

including Grande Prairie with $432. Furthermore, contents suffered losses in Grande Prairie at 

$12. Turning to the British Columbia side, structural losses were observed in the Northern Rockies 

at $20 and Prince George at $11. Non-structural losses afflicted the Northern Rockies at $85, 

Prince George at $15, and Bulkley Valley at $20.  

Moving to the Northwest Territories side, structural losses were concentrated in the epicenter 

area of Nahanni National, amounting to $211, and in Sambaa Lake, totaling $26. Non-structural 

losses were pronounced in the epicenter area of Nahanni National at $495 and in Sambaa Lake at 

$135. Contents also experienced losses in the epicenter area of Nahanni National at $17 and in 

Sambaa Lake at $4. Across the Yukon side, structural losses were discerned in northern Yukon 

region1 at $5. Non-structural losses affected this area at $48. 

Community Name 

Distance-

Epicenter 

(km) 

Population 
Financial Losses (CAD) 

Structural  Non-structural  Content  

British Columbia Provinces/Territories 

Nechako Epicenter 38,636 1,794 4,115 222 

Loss per Province 6,133 

Yukon Provinces/Territories 

SW- Yukon 1,375 - 578 1,046 45 

Macpherson 174 1,225 97 306 5 

Whitehorse 173 25,085 410 2,455 29 

Loss per Province 41,814 

Total Loss $47,947 



Chapter 6: Discussion and Evaluation  VALIDATING THE CANADIAN 

  SEISMIC RISC MODEL 

 

87 
 
 

To ascertain the total financial loss stemming from this earthquake, calculations were performed 

for each affected region. On the Northwest Territories side, the total loss was determined by 

summing contents, non-structural, and structural losses, resulting in a total of $131,884. The 

Yukon side's total loss amounted to $2,072, while the Alberta side faced a combined loss of $567, 

and the British Columbia side confronted a total loss of $355. Combining the losses from the 

Northwest Territories, Yukon, Alberta, and British Columbia yields a comprehensive total 

financial loss of $134,878. This analysis underscores that had the 1985 Nahanni earthquake 

occurred around 2016 (the year on which the model is founded), it would have resulted in an 

estimated $134,878 in losses for Canada. 

It is imperative to acknowledge that, due to certain data limitations such as the municipality 

shapefile in the eastern region, the results may not be entirely reliable in high precision projects. 

However, considering that the primary aim of this study is to validate a national model based on 

total losses, these obtained results remain dependable. 

Table 6.10. Financial loss summary caused by 1985 Nahanni earthquake estimated by SRC (“Google 

Earth” n.d.), (Government of Canada 2022, Canadian census 2016). 

Community Name 

Distance-

Epicenter 

(km) 

Population 
Financial Losses (CAD) 

Structural  Non-structural  Content  

Alberta Provinces/Territories 

Grande Prairie 904 26,471 90 432 12 

Loss per Province 567 

British Columbia Provinces/Territories 

Northern Rockies 312 5,856 20 185  

Prince George 1,127 67,621 11 115  

Bulkley Valley 1,496 5,256  2o  

Loss per Province 355 

Northwest-Territories Provinces/Territories 

Nahanni National 

Park Reserve 
Epicenter 775 211 495 17 

Sambaa Lake 281 54 26 135 4 

Loss per Province 131,884 

Yukon Provinces/Territories 

North of Yukon 1,625 - 5 48  

Loss per Province 2,072 

Total Loss $134,878 
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e) 

Figure 6.8. Mean loss maps, showing financial loss distribution maps of eastern, western, and northern Canada. 

These images are estimated by SRC for 5 examined earthquakes. a) 2010 Val-des-Bois earthquake, b) 2013 Ladysmith 

earthquake, c) 2017 Mosquito Lake earthquake-M6.2, d) 2017 Mosquito Lake earthquake-M6.3, and e) 1985 Nahanni 

earthquake. Color scheme, with its varying shades of red, serves as a visual aid in intuitively conveying the severity 

of the damages incurred, with deeper shades of red indicating more profound damage, and lighter shades signifying 

less severe impact. 

6.2.4. Scenario risk output – human losses 

As mentioned earlier, the second category of information obtained from SRA relates to the 

number of lives lost in a particular earthquake. The process of acquiring fatalities for each specific 

event mirrors that of calculating total economic losses. In this procedure, the number of fatalities 

gathered from each exposed area affected by the event is totaled and then rounded to the nearest 

whole number. It is essential to emphasize that no occupant losses were estimated in connection 

with these five examined events, and the total estimated fatalities for all cases remained at zero.  

6.2.5. Scenario risk output – summary of aggregated losses 

Table 6.11 presents a summary of the final results, which have been estimated by the scenario 

seismic risk model and are aligned with the utilization of CanadaSRM1. Figure 6.9 provides a bar 

chart of the acquired results. Aggregate losses for five distinct events under study are presented in 

Figure 6.10 . 
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Nahanni National Park Reserve 
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Grande Prairie 

Athabasca 

Bulkley Valley 

Northern Rockies 
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Table 6.11. Scenario risk outputs of five studied earthquakes. 

Earthquakes Financial loss in 2016 Fatalities in 2016 

Val-des-Bois $9,260,456 0 

Ladysmith $1,217,531 0 

Nahanni $134,878 0 

Mosquito-Lake-M6.2 $136,180 0 

Mosquito-Lake-M6.3 $47,947 0 

 
Figure 6.9. Scenario risk outputs of five studied earthquakes. 

 
Figure 6.10. Aggregate losses for five distinct events under study. 
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6.3. Data processing and adjustments 

It is noteworthy that CanSRM1 was developed in the year 2016, aligning its calculations 

inherently with the temporal context of that specific year. Therefore, before the estimated impacts 

generated by the CanadaSRM1 model can be meaningfully compared with the actual observed 

impacts of these earthquakes, there arises a compelling necessity to account for the overarching 

influences of both population growth and inflation. This, in turn, requires a conversion of the total 

financial loss figures, originally expressed in 2016 dollars, into the currency values prevailing at 

the time of each earthquake occurrence under consideration.  

6.3.1. Financial loss adjustment 

The losses reported are specific to damage incurred by Canadian buildings and their contents, 

converted from 2016 Canadian Dollars.  For this purpose, Statistics Canada data was employed, 

with Statistics Canada being the national agency responsible for the provision of essential 

statistical information to Canadians (Statistics Canada 2023a). Data and insights pertaining to 

Canada's economy, society, and environment, including various surveys and a Census conducted 

every five years, are generated by them. 

The data in question encompasses the Consumer Price Index, which undergoes monthly 

adjustments. To compute the coefficient employed in the adjustment for each year, the total dollar 

values of the year of occurrence are multiplied by 100 and then divided by the dollar values in the 

all-items column of 2016, as depicted in Equation (4-2). Subsequently, the adjustment coefficient 

is determined as a percentage, relying on Bank of Canada inflation tables, which draw upon 

Statistics Canada (2023) data. This coefficient, denoted as 𝑖𝑐𝑜𝑒𝑓𝑓, is calculated using the following 

formula: 

𝒊𝒄𝒐𝒆𝒇𝒇 =
𝑪𝑨𝑫𝒐𝒄𝒄  × 𝟏𝟎𝟎

𝑪𝑨𝑫𝟐𝟎𝟏𝟔
 

 

(6-1) 

where 𝐶𝐴𝐷𝑜𝑐𝑐 represents the total dollar value for the year of occurrence (Statistics Canada 2023a), 

𝐶𝐴𝐷2016 represents the total dollar value for February 2016 (Statistics Canada 2023a), and 𝑖𝑐𝑜𝑒𝑓𝑓 

signifies the adjustment coefficient that reflects the rate of inflation during that period. 

Finally, by multiplying the total losses, obtained from the risk assessment for each earthquake, 

by this coefficient and subsequently dividing by 100, as presented in Equation6-2), the total 

corresponding losses in the year of occurrence can be estimated. The formula for estimating the 

total losses adjusted for the year of event occurrence, denoted as 𝐿𝑜𝑠𝑠𝑜𝑐𝑐, is as follows: 

𝑳𝒐𝒔𝒔𝒐𝒄𝒄 =
𝑳𝒐𝒔𝒔𝟐𝟎𝟏𝟔  × 𝒊𝒄𝒐𝒆𝒇𝒇

𝟏𝟎𝟎
 

 

6-2) 

where 𝐿𝑜𝑠𝑠2016 signifies the total losses estimated by the model for the year 2016, and 𝐿𝑜𝑠𝑠𝑜𝑐𝑐 

represents the total losses adjusted for the year of event occurrence. 

Due to inflation, when considering earthquakes that took place before 2016, it is observed that 

the resulting value will be reduced compared to its 2016 counterpart. Conversely, when examining 
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earthquakes that occurred after 2016, it becomes apparent that the resulting value will be elevated 

in comparison to the corresponding 2016 figure. Table 6.12 serves as an illustrative depiction of 

the adjustment coefficients, 𝑖𝑐𝑜𝑒𝑓𝑓, corresponding to fluctuations in the rate of inflation, which 

pertain to each of the five earthquakes, considered individually and in isolation.  

Table 6.12. The adjustment coefficient based on inflation rate from the year of occurrence to 2016. 

Earthquake 𝑪𝑨𝑫𝟐𝟎𝟏𝟔 𝑪𝑨𝑫𝟐𝟎𝟏𝟎 𝑪𝑨𝑫𝟐𝟎𝟏𝟑 𝑪𝑨𝑫𝟏𝟗𝟖𝟓 𝑪𝑨𝑫𝟐𝟎𝟏𝟕 𝒊𝒄𝒐𝒆𝒇𝒇 

Val-des-Bois EQ 127.1 116.2 - - - 91.4 

Ladysmith EQ 127.1 - 123.0 - - 96.77 

Nahanni EQ 127.1 - - 64.1 - 50.4 

Mosquito-Lake-M6.2 EQ 127.1 - - - 130.5 102.7 

Mosquito-Lake-M6.3 EQ 127.1 - - - 130.5 102.7 
 

6.3.1.1. Val-des-Bois earthquake 

According to Statistics Canada, the composite consumer price index for February 2016 was 

recorded at $127.10, while the corresponding figure for June 2010, the month of the 2010 Val-des-

Bois earthquake, stood at $116.20. To render the economic findings compatible and to maintain 

consistency across the time frame, adjustments were made to account for inflation, using the Bank 

of Canada's inflation tables spanning the period from 2010 to 2016, which, in turn, relied on data 

sourced from Statistics Canada. This rigorous procedure was implemented to express the results 

in terms of constant 2010 dollars. Consequently, the total estimated losses, originally denoted at 

$9,260,456for 2016, were recalibrated to $8,464,057 to represent the equivalent losses in 2010. 

6.3.1.2. Ladysmith earthquake 

A similar procedure was employed for the analysis of the Ladysmith earthquake of 2013. In 

May 2013, the total consumer price was recorded at $123.0. Consequently, adjustments were 

carried out by applying a factor of 96.77%. Thus, the total losses, initially estimated at $1,217,531 

for 2016, were recalibrated to reflect the equivalent total losses in 2010, resulting in a figure of 

$1,178,204.  

6.3.1.3. Nahanni earthquake 

In the case of the Nahanni earthquake results, due consideration was given to the fact that this 

seismic event transpired in the year 1985. Drawing from the records provided by Statistics Canada, 

the corresponding figure for December 1985 was significantly lower than for February 2016, 

approximately $64.10. This correction amounted to 50.4% and was executed in alignment with the 

Bank of Canada's inflation tables spanning the years from 1985 to 2016. As a result of this process, 

the total estimated losses, which had amounted to $134,878,915 for the year 2016, were 

transformed into the equivalent figure of $67,978,973 when measured in 1985 dollars. 
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6.3.1.4. Mosquito-Lake-M6.2 earthquake 

The results of the Mosquito-Lake earthquake, which had a magnitude of 6.2, needed to be 

accounted for in light of the fact that this seismic event occurred in the year 2017. According to 

Statistics Canada, the total consumer price index for February 2016 stood at $127.10. In contrast, 

by May 2017, the total consumer price index had risen to $130.50. Consequently, in order to 

accurately adjust the economic results for the Mosquito-Lake earthquake, we applied an inflation 

factor of 102.7% based on the Bank of Canada's inflation tables spanning the years 2016 to 2017. 

As a result of this adjustment, the total estimated losses, initially calculated at $136,179,553 for 

the year 2016, were revised to $139,856,401 to reflect the total losses in the year 2017.  

6.3.1.5. Mosquito-Lake-M6.3 earthquake 

A similar procedure was employed in the case of the M6.3 Mosquito-Lake earthquake of 2017.  

According to Statistics Canada, the total consumer price index for February 2016 stood at $127.10, 

while in May 2017, it had risen to $130.50. In order to reconcile the economic findings, a currency 

adjustment was performed, whereby the dollar values were modified by $102.7% in accordance 

with the Bank of Canada's inflation tables for the years 2016 through 2017. Consequently, the total 

estimated losses, which amounted to $47,947 for 2016, were converted to $49,241 to represent the 

total losses in 2017. 

In Table 6.13, an exhaustive summary of all computations, encompassing the resultant 

adjustments, is presented. The tabular representation also includes the outcomes of recalculated 

total financial losses and fatalities from the year 2016 through the year of occurrence for each of 

the aforementioned five seismic events. 

Table 6.13. The estimated results for the studied earthquakes and the adjusted results after processing. 

Earthquakes 
Financial Loss in 2016 

(CAD) 

Financial Loss in 

Occurrence Date 
Fatalities 

2010 Val-des-Bois $9,260,456 $8,464,057 0 

2013 Ladysmith $1,217,531 $1,178,204 0 

1985 Nahanni $134,879 $67,979 0 

2017 Mosquito-Lake-M6.2 $136,180 $139,856 0 

2017 Mosquito-Lake-M6.3 $47,947 $49,242 0 
 

6.4. Comparison and model validation 

The validation of CanadaSRM1 is an intricate process, ideally conducted through the utilization 

of observations garnered from previous earthquakes and the cumulative losses incurred over the 

relevant time frames. However, it should be underscored that in the Canadian context, there exists 

a notable deficiency of pertinent events that can be considered for this validation purpose. Within 

the annals of disaster databases, such as EM-DAT and the CDD, records dating back to the year 

1900 are maintained. Their categorization of a disaster is explicitly defined as an event that 

involves the occurrence of 10 or more fatalities, the impact of 100 or more individuals through 
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injuries, evacuations, homelessness, or the initiation of a national or international assistance appeal 

(Tiegan E Hobbs et al. 2023). It is also noteworthy that the CDD's tracking extends to events that 

possess historical significance or that inflict substantial damage, thereby impeding the autonomous 

recovery of affected communities. 

In the specific context of Canada, it is imperative to recognize that EM-DAT has not registered 

any occurrences of earthquakes. Conversely, the CDD has managed to document a total of nine 

such seismic events. Among these nine events, it is worth highlighting that only two have resulted 

in casualties: the 1946 surface-wave Magnitude (Ms) 7.2 Vancouver Island earthquake (Rogers 

and Hasegawa 1978) and the 1925 magnitude 6.7 Charlevoix-Kamouraska earthquake (Maurice 

Lamontagne 2002; M Lamontagne et al. 2018). Furthermore, when considering injuries, only one 

event, namely the 1944 Mw 5.8 Cornwall earthquake (John F. Cassidy and Bent 1993), has 

documented injuries. Adding to this, it is essential to note that the sole event with a recorded 

financial impact is the 1988 Ms 5.7 Saguenay earthquake (Mitchell, Tinawi, and Law 1990).  

Given the scarcity of historical earthquake data that encompasses significant losses, this study 

necessitates adherence to a stringent threshold. Each earthquake subjected to scrutiny within this 

study is categorically deemed a disastrous event only when the model estimates a number of 

fatalities exceeding 10 people, thereby aligning with the data recorded by Disaster Databases.  

When delving into the CatIQ, which is entrusted with the arduous task of aggregating data from 

the insurance industry pertaining to all events in Canada that have engendered insured losses 

exceeding $30 million since 2008, a contrast emerges. Notably, CatIQ has not documented any 

earthquake events within its purview. Consequently, if the model's estimation of the total financial 

losses inflicted by earthquakes consistently falls below the $30 million threshold, it can be asserted 

that the model's estimation is reliable and aligned with the observed. 

In the examination of the five selected earthquakes that have been subjected to scrutiny within 

this thesis, it becomes evident that these seismic events remain conspicuously absent from the 

Disaster Databases as recognized disaster events. Furthermore, they are expected by CanSRM1 to 

have caused modest damage in eastern, western, and northern Canada and their estimated impacts, 

whether assessed in terms of financial losses or numbers of fatalities, fall significantly below the 

established threshold for reporting in a disaster database. This is therefore a successful attempt at 

validating the reliability of the first generation of Canadian seismic risk model as a potent tool for 

the estimation of the impact of future earthquakes. This predictive capacity assumes paramount 

significance within the realm of geohazard management and risk reduction, where it serves as a 

proactive means to mitigate potential human losses and economic ramifications stemming from 

future earthquakes. 

Table 6.14 provides a comprehensive summary of the final result comparison and validation 

test outcomes for all five examined events. The table includes information on Canadian building 

and contents damage, converted to the CAD of the occurrence year, rounded to the nearest million, 

and fatalities expressed as the cumulative probability of death, rounded to the nearest integer. 
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Table 6.14. Effects of the 5 examined earthquakes, utilizing USGS shakemap data as input for the CanadaSRM1 

model. 

Earthquakes Val-des-Bois Ladysmith Nahanni 
Mosquito-

Lake-M6.2 

Mosquito-

Lake-M6.3 

Year of 

occurrence 
2010 2013 1985 2017 2017 

Adjusted 

Financial losses 
$8,464,057 $1,178,204 $67,979 $139,856 $49,242 

Rounded 

Financial losses 
$8 million $1 million 

Bellow $1 

million 

Bellow $1 

million 

Bellow $1 

million 

Adjusted 

Fatalities 
0 0 0 0 0 

Economic loss 

threshold 
> $30 million 

Human loss 

threshold 
> 10 deaths 

Comparison 
Below 

threshold 

Below 

threshold 

Below 

threshold 
Below threshold 

Below 

threshold 

Validation Validated Validated Validated Validated Validated 
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7.1. Introduction 

This chapter serves as the concluding section of the thesis. It not only presents the final 

conclusions drawn from the research but also highlights certain limitations associated with the 

methods and software employed throughout the study. Additionally, it offers valuable 

recommendations for potential avenues of future research, which are tailored to the specific scope 

of this study. 

7.2. Conclusions 

SRA is a vital area of study, especially when dealing with densely populated urban areas. One 

of the most formidable challenges in this field is ensuring the reliability of the tools and models 

used to predict the impact of earthquakes. The crux of the matter lies in validating these tools 

against actual earthquake data and observations. However, this task is often complex due to the 

limited availability of such data. 

This study focuses on a specific aspect of seismic risk assessment, namely, the validation of 

Canada's first-generation seismic risk model, known as CanadaSRM1. This model plays a crucial 

role in estimating the potential consequences of earthquakes in Canada, which is particularly 

important in a country prone to seismic activity. To ensure the model's accuracy, it needs to be 

rigorously validated using real-world earthquake events. 

To achieve this, the researchers turn to previous earthquake events that have occurred in various 

regions of Canada. These actual events serve as benchmarks against which the model's predictions 

are compared. Among these benchmark scenarios are events like the Mosquito Lake 2017 pair 

earthquakes, Val-des-Bois 2010 earthquake, Ladysmith 2013 earthquake, and Nahanni 1985 

earthquake. By analyzing how well the model aligns with the outcomes of these events, the 

researchers can assess its reliability. 

The methodology employed in this research is reliable. It involves the use of specialized tools 

like the OQ Engine and a comprehensive national exposure dataset. These tools enable the 

researchers to estimate critical factors such as building damage, economic losses, and potential 

fatalities that might occur during the benchmark earthquake scenarios. Importantly, the research 

methodology adheres closely to the established framework of the CanadaSRM1. 

What makes this study particularly significant are the results it produces. Despite the inherent 

complexities and simplifications that come with assessing seismic risk, the outcomes reveal a 

remarkable alignment between the model's predictions and the actual losses and fatalities recorded 

by disaster databases during previous earthquakes. This alignment is a substantial achievement, 

indicating that CanadaSRM1 is indeed a reliable tool for understanding the potential impacts of 

earthquakes in Canada. 

The implications of this successful validation are far-reaching. It means that CanadaSRM1 can 

now be confidently applied to simulate and forecast the potential consequences of future 

earthquakes across the country. This is of paramount importance for disaster preparedness and 
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management. The insights generated by this model extend their influence on various sectors, 

including construction, urban planning, and infrastructure development. 

Furthermore, the study highlights that the validation of the deterministic (scenario-based) 

component of CanadaSRM1 strengthens confidence in the probabilistic component of the model. 

Both components share critical inputs and parameters, collectively reinforcing the overall 

reliability of the entire risk assessment framework.  

In summary, this study's achievement in successfully validating CanadaSRM1 using actual 

earthquake data is a significant milestone in the field of seismic risk assessment. It equips decision-

makers, emergency responders, and planners with a powerful and dependable tool for anticipating 

and mitigating the potential impact of future seismic events in Canada. This is of paramount 

importance in a nation susceptible to seismic activity, where effective disaster risk reduction is 

crucial for protecting lives, infrastructure, and communities. 

7.3. Limitations 

Despite the success in model validation, several limitations come to light that need 

consideration. First and foremost is the challenge posed by the quality and availability of 

earthquake data. The study heavily relies on historical earthquake records, which may have gaps 

or inaccuracies. These data limitations can potentially affect the precision of the model validation 

process. 

Furthermore, like many modeling endeavors, this research relies on certain assumptions and 

simplifications. While these are necessary for computational feasibility, they may not capture the 

full complexity of real-world seismic events and their consequences. This introduces an element 

of uncertainty, particularly regarding ground motion estimations. Another limitation arises from 

the geographical diversity within Canada. The country spans vast regions, and seismic 

characteristics can vary significantly from one area to another. The research may not 

comprehensively account for all regional variations, potentially limiting its applicability in specific 

locales. 

Temporal factors are also worth noting. While the study focuses on historical earthquake events, 

it may not fully encompass the temporal changes in various influencing factors. This includes 

changes in building codes, infrastructure development, population growth, and land use patterns 

over time, all of which can have an impact on seismic risk. Moreover, on a local scale, variations 

in building construction practices, soil conditions, and vulnerability might not be adequately 

addressed by the research. These local factors are crucial in assessing seismic risk but can be 

challenging to incorporate comprehensively. The complexity of the model itself is another aspect 

to consider. To make it computationally manageable, certain simplifications may be necessary. 

While these simplifications enhance efficiency, they can also influence the model's precision, 

particularly when dealing with nuanced factors. 
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Additionally, while the model excels in simulating past earthquakes, predicting future events is 

inherently uncertain. The validation primarily focuses on historical events, and extrapolating this 

accuracy to foresee unobserved future events introduces challenges.  

External factors that influence seismic risk, such as government policies, disaster preparedness 

measures, and socioeconomic conditions, might not be fully considered in the study. These 

external dynamics can significantly affect the real-world outcomes of seismic events. It's also 

essential to clarify the distinction between model verification and validation. The research 

validates the model against historical events, but it does not provide absolute confirmation of the 

model's correctness. Instead, it assesses its performance within a specific context.  

7.4. Future works 

To overcome the limitations and enhance the accuracy of the methodology used in this thesis 

for validating the seismic risk model, here are some future work suggestions: 

7.4.1. Incorporate In-Situ Data 

To improve the validation process, consider incorporating in-situ data from seismic monitoring 

stations and ground sensors. These real-time measurements can provide valuable information for 

validating model predictions. Additionally, the use of high-quality ground motion data can 

enhance the accuracy of ground motion modeling. 

7.4.2. Leverage Remote Sensing 

Utilize high-resolution satellite imagery and remote sensing data to assess the physical damage 

caused by earthquakes. Remote sensing can provide detailed and up-to-date information on 

infrastructure damage, which can be compared with model predictions for validation. 

7.4.3. Harness AI and Machine Learning Techniques 

Apply unsupervised clustering techniques like the K-means algorithm to identify patterns and 

clusters within the data. This can help refine exposure models by grouping similar regions with 

comparable characteristics, allowing for more accurate risk assessments. Explore the use of 

machine learning models, such as random forests or neural networks, to enhance the predictive 

accuracy of the seismic risk model. These models can capture complex relationships within the 

data and improve predictions. 

7.4.4. Expand the Earthquake Dataset 

To increase the robustness of the validation process, examine a more extensive dataset of 

earthquakes. By considering a broader range of historical events, the model's performance can be 

assessed across various magnitudes, depths, and locations, providing a more comprehensive 

validation. 

7.4.5. Utilize Alternative Disaster Databases  

Incorporate other disaster databases like AIR Worldwide to cross-reference and validate the 

estimated results. Comparing model outputs with multiple data sources can help assess the model's 

accuracy and reliability further. 
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7.4.6. Comprehensive Damage Assessment 

In addition to estimating structural damages, consider expanding the assessment to encompass 

non-structural damage and other types of damage. Non-structural components within buildings, 

such as contents, equipment, and utilities, can also incur significant losses during earthquakes. By 

incorporating non-structural damage assessments, the model can provide a more comprehensive 

and accurate picture of the overall impact. 

7.4.7. Incorporate Secondary Hazards and Site Conditions 

Extend the methodology beyond the consideration of direct seismic risk to include secondary 

hazards and indirect damage factors. Earthquakes can trigger secondary hazards like tsunamis, 

fires, and floods, which can greatly amplify the overall damage sustained by buildings. 

Additionally, site-specific conditions, such as soil amplification, liquefaction susceptibility, 

landslide potential, and surface rupture risk, should be factored into the assessment. Accounting 

for these factors will lead to a more realistic estimation of earthquake-induced damage and risk. 

7.4.8. Utilize High-Performance Computing (HPC) 

To mitigate aleatoric uncertainty and significantly increase the precision of the seismic risk 

calculations, consider leveraging high-performance computing (HPC) resources, such as 

supercomputers. By utilizing HPC capabilities, you can substantially increase the number of GMF 

simulations beyond the limitations of personal computers. This allows for a more extensive and 

finer-grained analysis of ground motion scenarios, reducing uncertainties and providing a more 

accurate assessment of seismic risk. The increased computational power and speed of 

supercomputers can expedite the modeling process, making it possible to explore a broader range 

of scenarios and parameters, ultimately improving the reliability of the seismic risk model. 

7.4.9. Temporal Analysis 

Investigate the temporal dynamics of seismic risk by examining changes over time. Consider 

how factors such as urban development, building code revisions, and population growth impact 

seismic risk. This longitudinal analysis can provide insights into the evolving nature of seismic 

risk. 

7.4.10. Sensitivity Analysis 

Perform sensitivity analyses to understand how variations in model inputs and assumptions 

affect the model's outcomes. Identifying the most influential parameters can guide efforts to refine 

the model and improve its accuracy. 

7.4.11. Real-Time Validation 

Develop a system for real-time validation of the model by continuously comparing model 

predictions with observed earthquake impacts as new data becomes available. This ongoing 

validation can enhance the model's adaptability and reliability. 
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7.4.12. Collaborative Research 

Collaborate with experts in fields such as seismology, geology, and disaster management to 

gain insights and expertise in specific aspects of seismic risk assessment. Interdisciplinary research 

can lead to more accurate and comprehensive models. 

These suggestions for future work are intended to tackle the limitations of the current 

methodology and harness advanced technologies and data sources to improve the accuracy and 

reliability of the validation process for seismic risk models. Consequently, the methodology can 

evolve to offer a more thorough and precise assessment of seismic risk, taking into account a 

broader spectrum of potential impacts and hazards. By integrating these methods, researchers can 

contribute to more efficient disaster preparedness and risk reduction endeavors. This all-

encompassing approach will aid in making better-informed decisions and formulating more 

effective disaster preparedness and mitigation strategies. 
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Appendix A : Important Canadian Earthquakes 

Table A.1. An overview of important earthquakes in Canada from 1663 to 2012 (Geological Survey of Canada). 

Year Day Latitude Longitude Mw Location Comment 

1663 Feb 5 47.60 -70.10 7.0 Charlevoix-Kamouraska Region   

1700 Jan 26 48.50 -125.00 9.0 Cascadia Subduction Zone 
Largest quake in 

Canada, one of the world's 

greatest quakes 

1732 Sep 16 45.50 -73.60 5.8 
Western Quebec Seismic Zone, 

Montreal Region  

1791 Dec 6 47.40 -70.50 6.0 Région Charlevoix-Kamouraska   

1860 Oct 17 47.50 -70.10 6.0 Région Charlevoix-Kamouraska   

1870 Oct 20 47.40 -70.50 6.5 Charlevoix-Kamouraska Region   

1872 Dec 15 48.60 -121.40 7.4 Washington-B.C. Border Widely felt in B.C. 

1899 Sep 4 60.00 -140.00 8.0 Yukon-Alaska Border 
Widely felt in north-

western B.C. 

1918 Dec 6 49.62 -125.92 7.0 Vancouver Island, BC Widely felt, minor damage 

1925 Mar 1 47.80 -69.80 6.2 Charlevoix-Kamouraska region   

1929 
May 

26 
51.51 -130.74 7.0 

South of Haida Gwaii (formerly 

Queen Charlotte Islands), BC 
Widely felt, minor damage 

1929 
Nov 

18 
44.50 -56.30 7.2 

Atlantic Ocean, south of 

Newfoundland 
 

1933 
Nov 

20 
73.00 -70.75 7.3 

Baffin Bay, Northwest 

Territories 
 

1935 Nov 1 46.78 -79.07 6.1 
Quebec - Ontario Border, 

Temiscamingue region 
 

1944 Sep 5 44.97 -74.90 5.8 
Cornwall region, Ontario-New 

York border 
 

1946 Jun 23 49.76 -125.34 7.3 Vancouver Island, BC 
Widely felt, most damaging 

quake in western Canada 

1949 
Aug 

22 
53.62 -133.27 8.1 

Offshore Haida Gwaii (formerly 

Queen Charlotte Islands), BC 

Largest quake in 

Canada, one of the world's 

greatest quakes 

1949    7.0 Washington 
Much damage in 

Washington and felt in 

southwestern B.C. 

1958 Jul 10 58.60 -137.10 7.9 
near the British Columbia-

Alaska Border 

Damage in Alaska, widely 

felt in northwestern B.C. 

1964    9.0 Alaska 
Tsunami damage on 

Vancouver Island 

1970 Jun 24 51.77 -130.76 7.4 
South of Haida Gwaii (formerly 

Queen Charlotte Islands), BC 
Widely felt 

1979 Feb 28 60.59 -141.47 7.2 Southern Yukon-Alaska Border  

1982 Jan 9 47.00 -66.60 5.7 Miramichi, New Brunswick  

1982 Jan 11 47.00 -66.60 5.4 Miramichi, New Brunswick  

1985 Oct 5 62.21 -124.22 6.6 
Nahanni region, Northwest 

Territories 
 

1985 Dec 23 62.19 -124.24 6.9 
Nahanni region, Northwest 

Territories  
 

1988 
Nov 

25 
48.12 -71.18 5.9 Saguenay region  

1989 Dec 25 60.12 -73.60 6.3 Ungava region  

2012 Oct 28 52.55 -132.24 7.7 Offshore Haida Gwaii  

 

http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/16630205-en.php?_gl=1*1nll7y5*_ga*MjA3Njg4OTM3OC4xNjg1NDA0MDYw*_ga_C2N57Y7DX5*MTY4NzQ4MzUxNC43LjEuMTY4NzQ4MzU5NS4wLjAuMA..
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/17000126-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/17320916-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/17320916-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/17911206-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/18601017-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/18701020-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/18721215-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19181206-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19250301-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19291118-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19291118-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19331120-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19331120-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19351101-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19351101-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19440905-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19440905-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19460623-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19490822-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19490822-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19580710-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19580710-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19820109-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19851223-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19851223-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19881125-en.php
http://www.earthquakescanada.nrcan.gc.ca/historic-historique/events/19891225-en.php
http://www.earthquakescanada.nrcan.gc.ca/recent_eq/2012/20121028.0304/index-en.php
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Appendix B : Taxonomy and Occupancy Terms 

Table B.1. Building taxonomies, Adapted from Table 3 from (Hobbs et al. 2022), Table 3.2 from HAZUS (FEMA 2012). 

Code 
Building 

Prototype 
Class Height Stories 

W1 

W2 

W3 

W4 

Small Wood 

Frame 
 

Large Wood 

Frame 

Wood Light Frame Residential 
 

Wood, Heavy Frame Residential 

Wood, Heavy Frame Commercial & Industrial 

Wood, Light Frame with Cripple Wall or Subfloor 

 

1-2 
 

3-6 

All 

1-2 

S1L 

S1M 

S1H 

 

Steel 

Moment 

Frame 

Steel Moment Frame Low Rise 

Steel Moment Frame Medium Rise 

Steel Moment Frame High Rise 

Low-Rise 

Mid-Rise 

High-Rise 

1-3 

4-7 

8+ 

S2L 

S2M 

S2H 

 

Steel Braced 

Frame 

Steel Braced Frame Low Rise 

Steel Braced Frame Medium Rise 

Steel Braced Frame High Rise 

Low-Rise 

Mid-Rise 

High-Rise 

1-3 

4-7 

8+ 
 

S3 
Light Metal 

Frame 

 

Light Metal Frame  
 

All 

S4L 

S4M 

S4H 

 

Steel Frame 

Concrete 

Wall 

Steel Frame with Cast-in-Place Concrete Shear Walls Low Rise 

Steel Frame with Cast-in-Place Concrete Shear Walls Med Rise 

Steel Frame with Cast-in-Place Concrete Shear Walls High Rise 

Low-Rise 

Mid-Rise 

High-Rise 

1-3 

4-7 

8+ 

S5L 

S5M 

S5H 

 

Steel Frame 

Infill Wall 

Steel Frame with Unreinforced Masonry Infill Walls Low Rise 

Steel Frame with Unreinforced Masonry Infill Walls Med Rise 

Steel Frame with Unreinforced Masonry Infill Walls High Rise 

Low-Rise 

Mid-Rise 

High-Rise 

1-3 

4-7 

8+ 

C1L 

C1M 

C1H 

 

Concrete 

Moment 

Frame 

Reinforced Concrete Moment Frame Low Rise 

Reinforced Concrete Moment Frame Medium Rise 

Reinforced Concrete Moment Frame High Rise 

Low-Rise 

Mid-Rise 

High-Rise 

1-3 

4-7 

8+ 

C2L 

C2M 

C2H 

 

Concrete 

Shear Wall 

Concrete Frame with Concrete Walls Low Rise 

Concrete Frame with Concrete Walls Medium Rise 

Concrete Frame with Concrete Walls High Rise 

Low-Rise 

Mid-Rise 

High-Rise 

1-3 

4-7 

8+ 

C3L 

C3M 

C3H 

 

Concrete 

Frame Infill 

Wall 

Concrete Frame with Unreinforced Masonry Infill Walls Low Rise 

Concrete Frame with Unreinforced Masonry Infill Walls Med Rise 

Concrete Frame with Unreinforced Masonry Infill Walls High 

Rise 

Low-Rise 

Mid-Rise 

High-Rise 

1-3 

4-7 

8+ 

PC1 Tilt Up Precast Concrete Tilt-Up Walls  All 

PC2L 

PC2M 

PC2H 

 

Precast 

Concrete 

Frame 

Precast Concrete Frames with Concrete Shear Walls Low Rise 

Precast Concrete Frames with Concrete Shear Walls Med Rise 

Precast Concrete Frames with Concrete Shear Walls High Rise 

Low-Rise 

Mid-Rise 

High-Rise 

1-3 

4-7 

8+ 

RM1L 

 

RM1M 

Reinforced 

Masonry 

Flexible 

Diaphragm 

Reinforced Masonry Bearing Walls with Wood or Metal Deck 

Diaphragms Low Rise 

Reinforced Masonry Bearing Walls with Wood or Metal Deck 

Diaphragms Medium Rise 

Low-Rise 

 

Mid-Rise 

1-3 

 

4+ 

RM2L 

RM2M 

RM2H 

Reinforced 

Masonry 

Rigid 

Diaphragm 

Reinforced Masonry Bearing Walls with Precast Concrete 

Reinforced Masonry Bearing Walls with Precast Concrete 

Reinforced Masonry Bearing Walls with Precast Concrete 

Low-Rise 

Mid-Rise 

High-Rise 

1-3 

4-7 

8+ 

URML 

URMM 

 

Unreinforce

d Masonry 

Unreinforced Masonry Bearing Wall Low Rise 

Unreinforced Masonry Bearing Wall Medium Rise 

Low-Rise 

Mid-Rise 

1-2 

3+ 

MH 
Mobile 

Home 
Mobile Homes  All 
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Table B.2. Occupancy Classifications, reprinted from (Hobbs et al. 2022), originally featured in FEMA's 

Methodology for Estimating Disaster-Related Potential Losses (HAZUS) Table 3.3 (FEMA, 2012). 
 

Label 

 

Occupancy Class 
 

Example Descriptions 
 

Residential 

RES1 Single Family Dwelling House 

RES2 Mobile Home Mobile Home 

RES3 

Multi Family Dwelling 

RES3A 

RES3B 

RES3C 

RES3D 

RES3E 

RES3F 

Apartment/Condominium 

Duplex 

3-4 Units 

5-9 Units 

10-19 Units 

20-49 Units 

50+ Units 

RES4 Temporary Lodging Hotel/Motel 

RES5 Institutional Dormitory Group Housing (military, college), Jails 

RES6 Nursing Home  

Commercial 

COM1 Retail Trade Store 

COM2 Wholesale Trade Warehouse 

COM3 Personal and Repair Services Service Station/Shop 

COM4 Professional/Technical Services Offices 

COM5 Banks  

COM6 Hospital  

COM7 Medical Office/Clinic  

COM8 Entertainment & Recreation Restaurants/Bars 

COM9 Theaters Theaters 

COM10 Parking Garages 

Industrial 

IND1 Heavy Factory 

IND2 Light Factory 

IND3 Food/Drugs/Chemicals Factory 

IND4 Metals/Minerals Processing Factory 

IND5 High Technology Factory 

IND6 Construction Office 

Agriculture 

AGR1 Agriculture  

Religion/Non/Profit 

REL1 Church/Non-Profit  

Government 

GOV1 General Services Office 

GOV2 Emergency Response Police/Fire Station/EOC 

Education 

EDU1 Grade Schools  

EDU2 Colleges/Universities Does not include group housing 
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Appendix C : Executed Code 

The following scripts introduce a selection of Python code snippets that are instrumental in the 

visualization process within the scope of this thesis.  

# Function to read a dataset from an HDF5 file 
def read_hdf5_dataset(file_path, dataset_name): 
    with h5py.File(file_path, 'r') as f: 
        return f[dataset_name][()] 

# Function to plot a map with given longitudes and latitudes 
def plot_map(lon, lat, title, marker_style, color): 
    plt.figure(figsize=(14, 10)) 
    m = Basemap(projection='mill',llcrnrlat=-60,urcrnrlat=90,\ 
                llcrnrlon=-180,urcrnrlon=180,resolution='c') 
    m.drawcoastlines() 
    m.drawcountries() 
    m.drawmapboundary(fill_color='aqua') 
    m.fillcontinents(color='lightgreen',lake_color='aqua') 
    m.drawparallels(np.arange(-90., 91., 30.), labels=[1, 0, 0, 0]) 
    m.drawmeridians(np.arange(-180., 181., 60.), labels=[0, 0, 0, 1]) 

# Convert longitude and latitude to map projection coordinates 
    x, y = m(lon, lat) 

    # Plot the coordinates on the map 
    m.scatter(x, y, marker=marker_style, color=color, zorder=5) 
    plt.title(title) 
    plt.show() 

# Read the 'sitecol' dataset from both HDF5 files 
sitecol_68 = read_hdf5_dataset('calc_68.hdf5', 'sitecol') 
sitecol_67 = read_hdf5_dataset('calc_67.hdf5', 'sitecol') 

# Extract longitude and latitude from the 'sitecol' datasets 
lon_68 = sitecol_68['lon'] 
lat_68 = sitecol_68['lat'] 
lon_67 = sitecol_67['lon'] 
lat_67 = sitecol_67['lat'] 

# Plot the map for calc_68.hdf5 
plot_map(lon_68, lat_68, "Geographical Distribution of Sites from calc_68", 'o', 'r') 

# Plot the map for calc_67.hdf5 
plot_map(lon_67, lat_67, "Geographical Distribution of Sites from calc_67", 'x', 'b') 
def list_hdf5_contents(file_path): 
    with h5py.File(file_path, 'r') as f: 
        return list(f.keys()) 
hdf5_file_path = 'calc_67.hdf5' 
print("Contents of HDF5 file:", list_hdf5_contents(hdf5_file_path)) 
df_dic = pd.DataFrame.from_dict(list_hdf5_contents(hdf5_file_path)) 
df_dic 
def list_npz_contents(file_path): 
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    with np.load(file_path) as f: 
        return list(f.keys()) 
npz_file_path = 'Asset Damage Distributions_output-131-damages-rlzs_68.npz' 
print("Contents of NPZ file:", list_npz_contents(npz_file_path)) 

# Function to read a dataset from an HDF5 file 
def read_hdf5_dataset(file_path, dataset_name): 
    with h5py.File(file_path, 'r') as f: 
        return f[dataset_name][()] 

# Function to save a zoomed map to a file 
def save_zoomed_map_to_file(lon, lat, title, marker_style, color, file_path, llcrnrlat, urcrnrlat, llcrnrlon, urcrnrlon): 
    plt.figure(figsize=(14, 10)) 
    m = Basemap(projection='mill', llcrnrlat=llcrnrlat, urcrnrlat=urcrnrlat, 
                llcrnrlon=llcrnrlon, urcrnrlon=urcrnrlon, resolution='c') 
    m.drawcoastlines() 
    m.drawcountries() 
    m.drawmapboundary(fill_color='aqua') 
    m.fillcontinents(color='lightgreen',lake_color='aqua') 
    m.drawparallels(np.arange(-90., 91., 30.), labels=[1, 0, 0, 0]) 
    m.drawmeridians(np.arange(-180., 181., 60.), labels=[0, 0, 0, 1]) 

# Convert longitude and latitude to map projection coordinates 
    x, y = m(lon, lat) 

# Plot the coordinates on the map 
    m.scatter(x, y, marker=marker_style, color=color, zorder=5) 
    plt.title(title) 
    plt.savefig(file_path) 

# Re-read the 'sitecol' dataset from both HDF5 files 
sitecol_68 = read_hdf5_dataset('calc_68.hdf5', 'sitecol') 
sitecol_67 = read_hdf5_dataset('calc_67.hdf5', 'sitecol') 

# Extract longitude and latitude from the 'sitecol' datasets 
lon_68 = sitecol_68['lon'] 
lat_68 = sitecol_68['lat'] 
lon_67 = sitecol_67['lon'] 
lat_67 = sitecol_67['lat'] 

# Load the NPZ file and extract longitude and latitude 
with np.load('Asset Damage Distributions_output-131-damages-rlzs_68.npz') as data: 
    sample_data = data['rlz-000'] 
lon_npz = sample_data['lon'] 
lat_npz = sample_data['lat'] 

# Define zoom boundaries for focusing on Canada 
llcrnrlat = 41  # Lower left corner latitude 
urcrnrlat = 84  # Upper right corner latitude 
llcrnrlon = -141  # Lower left corner longitude 
urcrnrlon = -52  # Upper right corner longitude 

# File paths to save the zoomed maps focused on Canada 
zoomed_canada_map_file_68_path = 'zoomed_canada_map_from_calc_68.png' 
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zoomed_canada_map_file_67_path = 'zoomed_canada_map_from_calc_67.png' 
zoomed_canada_map_file_npz_path = 'zoomed_canada_map_from_npz_file.png' 

# Save the zoomed maps focused on Canada 
save_zoomed_map_to_file(lon_68, lat_68, "Zoomed Geographical Distribution of Sites from calc_68 Focused on 
Canada", 'o', 'r', zoomed_canada_map_file_68_path, llcrnrlat, urcrnrlat, llcrnrlon, urcrnrlon) 
save_zoomed_map_to_file(lon_67, lat_67, "Zoomed Geographical Distribution of Sites from calc_67 Focused on 
Canada", 'x', 'b', zoomed_canada_map_file_67_path, llcrnrlat, urcrnrlat, llcrnrlon, urcrnrlon) 
save_zoomed_map_to_file(lon_npz, lat_npz, "Zoomed Geographical Distribution of Sites from NPZ File Focused 
on Canada", 's', 'g', zoomed_canada_map_file_npz_path, llcrnrlat, urcrnrlat, llcrnrlon, urcrnrlon) 
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