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Abstract CanRisk is a tool to assess the seismic vulnerability of buildings in Canada.
CanRisk models that support the individual evaluation of reinforced concrete, masonry,
steel, and timber-frame buildings have been recently developed. Herein, a new model for
CanRisk is presented that quantifies an individual’s risk of earthquake injury, the number
of injuries, and provides an injury profile of life-threatening injuries at the building scale.
The model uses an evidence-based and multi-disciplinary approach to identifying risk
factors that affect an individual’s likelihood of being injured in an earthquake. The model
implements fuzzy synthetic evaluation to quantify seismic risk, combines Hazus
methodology with methodology presented herein to estimate number of injuries, and uses a
decision matrix to generate the injury profiles. The model is designed to include the ability
to test the benefits of mitigation strategies such as the retrofit of operational and functional
components and the implementation of earthquake safety campaigns.

Keywords Seismic risk - Earthquake injury - Fuzzy synthetic evaluation - Loss
estimations

1 Introduction

Earthquake casualties are the consequences of the intensity of ground shaking, earthquake
resistance of buildings and its operational and functional components (OFC), as well as
human behaviour. Seismic events are unique and dynamic with varying causal factors
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leading to injuries. As such, it is difficult to estimate earthquake-related injuries. In order to
underpin casualty loss estimation methodologies and better support informed decision
making in emergency management, detailed information of risk factors from case studies
must be compiled and studied. Identifying and understanding the causative factors of
injuries can aid in the development of effective mitigation and preparedness strategies, and
reduce the overall number of injuries.

The purpose of the CanRisk tool is to assess the seismic vulnerability of buildings in
Canada. This seismic assessment tool integrates building vulnerability, site seismic hazard,
and building exposure from detailed building-specific engineering data. CanRisk has a
modular architecture and can therefore incorporate any number of modules to evaluate the
risk of various aspects to the built environment. It currently includes modules to evaluate
the earthquake resistance of reinforced concrete buildings (Tesfamariam and Saatcioglu
2010), unreinforced masonry buildings (Elsabbagh 2013), timber-frame buildings (Kom-
sari 2014), steel buildings (Saatcioglu personal communication 2014), and the injury
module described herein. CanRisk utilizes detailed structural parameters in its evaluation
of building performance which leads to a more accurate estimation of damageability
(degree of damage to a building; a value between O and 1).

This article presents the rationale and development of an evidence-based injury model
for the CanRisk program. The purpose of the CanRisk earthquake injury model is to
quantify the risk to injury, the number and distribution of injuries, and to provide a profile of
life-threatening injuries at the building scale. The model outputs can equally apply to a
single unit within a building or to an entire structure and are dependent on the earthquake
preparedness decisions of the ‘owner.” For example, the owner of a high-rise 50 + unit
apartment building may choose not to engage in any earthquake preparedness activities or
may choose to engage in mitigation strategies such as sending an informative brochure to all
units in the building. In this case, the building owner can, to some extent, reduce the unit
dwellers’ risk of being injured in an earthquake. The overall aim of the model is to facilitate
informed decision making in emergency management (EM) with the ability to test potential
mitigation and preparedness strategies, and to provide loss estimations that will aid in the
development of realistic earthquake scenarios. This injury model is designed for the Can-
Risk program, but its underlying evidence-based theory has international application.

1.1 Risk terminology

Risk can be generally defined as the damage/impact that will be caused by a future earthquake
in a given area, and is the product of hazard, vulnerability, and exposure. In this paper, risk is
an inclusive and broad term that refers to a qualitative degree of exposure and vulnerability to
a hazard rather than expressing risk as a probability. The output of the ‘Risk to Injury’ model
denotes the likelihood of being injured in an earthquake. Risk factors are attributes and/or
characteristics of individuals, groups or communities that may develop negative outcomes
such as factors that may increase an individual’s likelihood of being injured.

2 Rational

The three primary factors that influence earthquake injuries are (1) earthquake shaking
characteristics (e.g., magnitude, attenuation, amplification), (2) the performance of struc-
tural building systems (e.g., seismic force resisting system, building design, quality of
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construction, irregularities, year of construction) and their OFCs (e.g., architectural,
mechanical/electrical, building contents), and (3) social factors (e.g., patterns of human
activity, earthquake awareness/preparedness, and human behaviour) (Alexander 1996).

Firstly, the majority of earthquake injuries occur during ‘felt’ ground motions. In
general, the prevalence of injury is greater closer to the rupture plane and decreases with
epicentral/hypocentral distance. Peek-Asa et al. (2003) found that for every ~ 1 km
increase in hypocentral distance, there was a 10 % decrease in the risk to injury. However,
isolated concentrations of injuries have been documented and are commonly related to soil
conditions and poor building resistance. In Canada, seismic wave amplification from soft
soil conditions is well documented. For example, approximately 95 % of reported damage
during the 1988 M5.9 Saguenay earthquake occurred on soft soils, up to distances of
350 km (Paultre et al. 1993; Lamontagne 2002).

Secondly, international case studies clearly establish that the structural aspects of the
built environment are the most notorious mechanism of earthquake casualties. Partial or
complete building collapse is the primary cause of serious and fatal injuries. While the
likelihood of collapse is lower in regions in which modern seismic safety provisions are
incorporated into building codes, the consequences can be catastrophic (e.g., Meadow
Apartments in the 1994 M6.7 Northridge earthquake, the Canterbury Television building in
the 2011 M6.3 Christchurch earthquake). Structural failure is the primary cause of fatal
injuries in North American earthquakes but constitute <10 % of non-fatal injuries (e.g.,
Durkin et al. 1991a). Building performance during ground motion, and therefore its
damageability, is a primary contributor to the risk of being injured. Building types also
play a role in the risk of being injured and the consequent distribution of injuries (Noji
et al. 1990; Coburn and Spence 2002). Additionally, building types can also influence the
progression of injury severity due to degree of cavitation after a collapse and search and
rescue (SAR) capabilities (see Scawthorn 1989; Coburn and Spence 2002).

In buildings that are more structurally resilient to lateral forces, operational and func-
tional components (OFCs) are more likely to cause injuries (Ohashi and Ohta 1984; Durkin
1985). OFCs are classified as (1) architectural and non-structural, (2) mechanical, electrical
and plumbing, or (3) general building content. In North American earthquakes, a high
proportion of damage is due to OFCs (Bruneau and Lamontagne 1994; Coburn and Spence
2002). For example, during the 1994 M6.7 Northridge earthquake, OFCs were responsible
for approximately five fatalities and over 7000 injuries (McKevitt et al. 1995). Therefore,
the primary factor of injury prevention is the development of superior building codes that
are strictly enforced (Lomnitz 1970; Coburn and Spence 2002) as well as active and timely
implementation of structural and non-structural retrofits (Bruneau 1990; Mitchell et al.
1995).

Thirdly, human behaviour and choices made before, during, and after earthquake
shaking influence the risk of being injured. Previous earthquake experience influences the
personal decision-making process in many ways, such as taking proactive steps to increase
the safety of one’s family (securing heavy objects, family emergency planning and drills),
and providing an experiential knowledge on the psychological/psychosocial intensity of an
earthquake event (Dooley et al. 1992; Russell et al. 1995; Shaw et al. 2004; Nguyen et al.
2006).

In earthquakes of all magnitudes, there is generally enough time to react before peak
motion (Lomnitz 1970; Armenian et al. 1992; Roces et al. 1992; Durkin and Thiel 1992).
During North American earthquakes, one of the common reactions is to rapidly exit a
building during shaking. Additionally, being among the ‘unfamiliar,” that is, in an unfa-
miliar place or with unfamiliar people at the time of the earthquake can foster stress and a
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greater urge to flee (Mawson 2005). Such reaction increases an individual’s risk to injury
from falling OFCs such as masonry elements and cladding/glass (Du Ree 1941; Durkin
et al. 1991a). However, based on recent case studies of Californian earthquakes, falling is
the most common mechanism of injury (Durkin et al. 1991a; Peek-Asa et al. 1998;
McArthur et al. 2000). In developed regions, taking protective cover (‘Drop, Cover, and
Hold On’) is the most prudent action and best practice during earthquake shaking. These
actions can significantly reduce the risk of serious and fatal injuries (Durkin and Murakami
1988). Therefore, active knowledge in earthquake safety does play a major role in the
reduction in earthquake injuries.

Other influential risk factors are time of day and ambient air temperature. Research
reveals that the time of day of an earthquake influences the risk to injury because of human
activities (e.g., Tierney 1990; Zuccaro and Cacace 2011). In North America and other
developed regions, daytime earthquakes will likely produce more casualties due to mass
evacuations (evacuations from high-rise buildings, shopping malls, theatres, etc.), traffic
light failure, road damage, and falling OFCs (Peek-Asa et al. 1998). Time of day is also an
influential factor of life-threatening injuries because it is an indicator of body positioning.
For example, head and spinal injuries are more common during daytime earthquakes when
the occupant is sitting, standing, or leaning with their head and back exposed to falling
OFCs (Maruo and Matumoto 1996).

Ambient air temperature directly affects an individual’s core body temperature. Core
body temperature characterizes two important factors of risk to injury: (1) exposure and the
development of hypothermia and (2) the development and progression of crush syndrome.
Hypothermia occurs when the core body temperature decreases due to ambient air tem-
perature or other stimuli such as severe trauma or hemorrhagic shock. A normal body
temperature is ~37 °C, and mild hypothermia develops as the body temperature decreases
below 36 °C. Symptoms of severe hypothermia begin to develop at ~33 °C and can
greatly compound an individual’s health. Additionally, case studies (e.g., Mulvey et al.
2008) and animal research (e.g., Takagi et al. 2011; Schaser et al. 2006) suggest that core
body temperature may also influence the development of crush syndrome and/or similar
clinical signs. However, more data and medical research are needed to find a definitive
correlation between core body temperature and the development/progression of crush
syndrome.

3 Methodology

The CanRisk injury model is a proactive (mitigation and preparedness) tool for decision
makers and is most useful at the household to municipal levels, but has application up to
the national level. It serves three main functions: (1) to evaluate the risk/likelihood of being
injured, (2) to profile life-threatening injuries (a short summary of injury details), and (3) to
estimate the number and distribution of injuries by both building and non-building factors
(Fig. 1). Additionally, the model is designed to evaluate the outcomes of specific miti-
gation decisions, such as how OFC retrofits and earthquake safety/preparedness strategies
affect the risk to injury. The primary framework of the injury model uses fuzzy synthetic
evaluation (FSE) to determine the likelihood of being injured. Life-threatening injury
profiles are evaluated using a decision matrix, and the estimation of number of injuries is
calculated using a combination of Hazus methodology (FEMA 2012) and the CanRisk
‘Risk to Injury’ FSE output.
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Fig. 1 Conceptual framework of the CanRisk injury model (Ploeger 2014)

3.1 Risk factors and data

The injury model risk factors are evidence-based and derived from case studies and reports
(e.g., academic literature/peer-reviewed journals, government- and agency-issued reports)
which provide qualitative evidence of the indicators of risk. For example, ‘lessons learned’
offer constructive comments on the challenges and successes of the earthquake impact,
such as the importance of OFC retrofits (e.g., McKevitt et al. 1995) or consequences of
OFC failure (Du Ree 1941). The derived key risk factors are damageability, building type,
OFC hazards, familiarity, previous earthquake experience, time of day, ambient air tem-
perature and earthquake safety education. Further discussion concerning the aforemen-
tioned risk factors can be found in Ploeger (2014).

Before the risk factors were incorporated into the model, they were treated in a manner
to best represent how that particular factor influences the likelihood of being injured. The
simplest treatments were (1) time of day where the input is either day or night and (2)
damageability as this is the direct output of the CanRisk engineering models. A more
involved treatment was capturing previous earthquake experience which entailed a GIS
approach and implemented an adapted Injury Severity Score (ISS) procedure which is used
in emergency medicine. A summary of the treatment of data (risk factors) is presented in
Table 1; more details can be found in Ploeger (2014).

Ground motion is not explicitly included in the CanRisk injury model because it is
already considered in the CanRisk engineering models and incorporated in the damage-
ability risk factor. In the CanRisk engineering models, seismic hazard values are embedded
in the hazard module in the form of spectral accelerations obtained from the uniform
hazard spectra (UHS) specified in the National Building Code of Canada for each
municipality in Canada. These are the current hazard values provided by the Geological
Survey Canada which reflect the expected seismicity in different parts of the country to be
used for analysis and design of buildings. The hazard values are modified (i.e., amplified or
de-amplified) by incorporating site soil conditions to reflect the effects of local soil con-
ditions on buildings, which can be quite significant. The hazard values, as modified for
local soil conditions, are used in the CanRisk engineering modules, which provide
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Table 1 Summary of the treatment of data (risk factors)

Treatment of data Input

Output contributes to

Damageability—building influence (structural)
Output from the CanRisk building
damage models
Statistical tests on injury dataset

Enter value between 0
(no damage) and 1
(complete damage)

Building type—building influence (structural)

Each building type weighted
according to (1) the construction
material and its mass, (2) building
height and its potential volume of
debris, and (3) challenges of debris
removal

Statistical tests on injury dataset

OFC hazards and retrofit decisions—building influence (OFC)

Three OFC classes within each
occupancy class are generalized

OFC classes are assigned values to

represent ‘no retrofit’ or ‘full
retrofit’ of OFCs

Familiarity—non-building influence (psychological)

Select building type

Select Yes or No to
retrofit for each OFC
class

Each occupancy class was ranked as
familiar, moderately familiar, or
unfamiliar

Select occupancy class

FSE output (structural, building, risk)

NDI (converts input to equivalent
Hazus damage state for Eqs. 1a and
1b)

IPDM to determine if building is intact
(<0.7) or, at least, extensively
damaged (>0.7)

FSE output (structural, building, risk)
NDI (indicates building type for Hazus
lookup tables for Egs. la and 1b)

IPDM to determine if construction
material is light, moderate, or heavy

FSE output (OFC, building, risk)
IPDM to determine the level of OFC
hazard

FSE output (psychological, psycho-
environmental, socio-environmental,
risk)

Previous earthquake experience—non-building influence (psychological)

Earthquakes between 1985 and 2013
with a magnitude greater than M5.0
and within 250 km of each location
are selected

Each earthquake is grouped and
ranked by ground motion®

The three strongest earthquakes were
selected and squared as per ISS
procedure

Select a location

Time of day—non-building influence (external)
Values of 1 and 2 are assigned for
night and day, respectively
Statistical tests on injury dataset

Select a day or night
scenario

FSE output (psychological, psycho-
environmental, socio-environmental,
risk)

FSE output (external, psycho-
environmental, socio-environmental,
risk)

IPDM to determine if scenario is day
or night

Air temperature—core body temperature—non-building influence (external)

A thermometric model was utilized to
show the relationships between
ambient air temperature and core
body temperature”

Select (1) a location
and month, or (2) a
temperature range

FSE output (external, psycho-
environmental, socio-environmental,
risk)

IPDM to determine if the individual
has a normal body temperature or is
experiencing mild or serious
hypothermia
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Table 1 continued

Treatment of data Input Output contributes to

Earthquake safety education—non-building influence (earthquake safety)

Four levels of earthquake safety Select a level of FSE output (earthquake safety, socio-
education are ranked; active (drills), earthquake safety environmental, risk)
physical (guest speaker, education IPDM to determine the level of
informational video), reading earthquake safety
(memorandum, internet search) and
none

The abbreviations FSE, IPDM, and NDI refer to fuzzy synthetic evaluation, injury profile’s decision matrix,
and number and distribution of injuries, respectively

? Each earthquake is grouped and ranked as (1) shaken (MMI < V; M5.0), (2) primarily OFC damage
(MMI VI; M5.1-5.5), (3) primarily OFC damage with injuries (MMI VII; M5.6-6.2), or (4) structural failure
and injuries (MMI > VIII; M > 6.3)

® Details on the ancillary thermometric model are not discussed in this paper; however, the model is adapted
from Iampietro (1961), Bell et al. (1992), and ISO 8996 (2004)

information on the type, geometry and structural characteristics of buildings, while also
reflecting the damage potential of non-structural elements present in the building. With this
and other data provided in the engineering modules, the fundamental period of the building
is computed, whereupon the corresponding spectral value can be obtained and combined
with the effects of building vulnerabilities (structural irregularities, year of construction,
quality of construction, building type, etc.). The final output of the engineering modules is
damageability which is then input in the CanRisk injury module.

The synthesis and analysis of data from medical case studies also support risk factors.
An earthquake injury dataset consisting of 44 international case studies of 19 earthquakes
was compiled. The injury dataset represents over 50,000 individual injuries and was coded
to include information on: (a) time of day; (b) ICD-10 taxonomy (International Classifi-
cation of Diseases); (c) body location of injury (upper body, trunk or lower body);
(d) inferred severity (minor, serious and life-threatening); and (e) most frequently observed
damage state of buildings in the case study region. The Wilcoxon signed-ranked test was
used in R (R version 3.0.1) to determine the significant differences in proportions of injury
characteristics within the datasets. As expected, many results are statistically marginal
(p value <0.25) due to the nature of the quantification of earthquake injuries in case studies
such as their inherent incomplete and ambiguous nature, and the lack of published datasets.
However, the stronger observations show effects/patterns of injuries that are further con-
textualized and supported by medical insights from case studies. These stronger obser-
vations (Table 2) are used in the CanRisk injury model to support the inclusion of
parameters, membership functions, and weights.

3.2 Evaluation of ‘Risk to Injury’ and fuzzy synthetic evaluation

The CanRisk ‘Risk to Injury’ model is designed to incorporate two broad concepts that
contribute to injury, and these are (1) the influence of building structural and OFC damage
factors, and (2) non-building influences, such as various psychological/psychosocial,
environmental and social factors.

Fuzzy logic is a method that can systemically handle the inherent limitations of disaster-
related risk such as limited, ambiguous or deficient data and concepts. Fuzzy synthetic

@ Springer



1178 Nat Hazards (2016) 80:1171-1194

Table 2 Summary of key observations supported by the results from the Wilcoxon signed-ranked test
(Ploeger 2014)

General parameters Specific parameters p value Important observations
Day Body Upper versus trunk 0.0831  During the day, upper and/or lower
location  Trunk versus lower 0.0972 body injuries are predominant
Heavy Body Trunk versus lower 0.219 In failures of large and heavy
damage location buildings, lower body injuries are
predominant
Light damage  Severity Minor versus serious 0.078 In earthquakes with little/no failures,
Minor versus life- 0219 minor injuries are predominant
threatening
Moderate Severity Serious versus life- 0.16 At the onset of building failure
damage threatening (moderate and heavy), serious
Heavy Severity Minor versus serious 0.22 mju;les are prefl0mn;ant,.llkely due
to the progression of serious to
damage Serious versus life- 0.16 fatal inl;ur;g/ !
threatening
Life- Damage Light versus heavy 0.13 When life-threatening injuries are
threatening damage observed, it predominantly occurs
Moderate versus heavy 0.22 in building failures of large/heavy
damage buildings
Life- body Upper versus trunk 0.047 When life-threatening injuries are
threatening location  Trunk versus lower 0.024 observed, it predominantly occurs
in the trunk area
Upper body Time Day versus night 0.17 During the day, upper body injuries
are predominant.
Crush injury Damage Light versus moderate 0.2 When crush injuries are observed, it
damage predominantly occurs at the onset
of building failure
Crush injury Time of Day versus night 0.067 When crush injuries are observed, it
day predominantly occurs at night

evaluation (FSE) uses a hierarchical approach and calculates a single output from multiple
quantitative and qualitative inputs as well as expert judgment. FSE is an ideal method-
ological approach for this study as data are both qualitative and quantitative, and datasets
on earthquake injuries are limited and incomplete; therefore, considerable expert judgment
is required. FSE is also the basis of the engineering models of the CanRisk program.

The hierarchical structure of the FSE method provides a logical order of the casual
relationships between the risk factors (Elsabbagh 2013). Membership functions and a rule
base are established for each pair of risk factors. The aggregation of arguments continues
up the hierarchy until they are incorporated into one final pairing, in this case the building
influence and non-building influence. As with all other pairings, the output is a crisp value
between 0 (low likelihood) and 1 (high likelihood); the final pairing outputs the likelihood
of being injured. An overview of the hierarchical framework of the ‘Risk to Injury’ FSE
and its risk factors is presented in Fig. 2.

The CanRisk injury model was constructed in the MathWorks ® MATLAB environment
using the Fuzzy Logic Toolbox. Each risk factor was assigned a membership function with
a numerical range which can also be described linguistically (Table 3). Membership
functions are a necessary step for fuzzification; the process where input variables are
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Fig. 2 Overview of the hierarchical framework of the ‘Risk to Injury’ FSE (Ploeger 2014)

Table 3 Summary of the FSE risk factors and their fuzzy groups, membership functions and range (Ploeger

2014)
Risk/input factors Fuzzy groups Membership functions Membership
range
Damageability None, slight, moderate, extensive, 0.0-0.3-0.5-0.7-1.0 0.0-1.0
complete
Building type Light, moderate, heavy 0.15-0.375-0.6 0.15-0.6
OFC hazards/retrofit Low, moderate, high, very high, 0.0-0.375-0.75-1.125-1.5 0.05-1.5
decisions exceptional
Familiarity Familiar, moderately familiar, 1.0-2.0-3.0 1.0-3.0
unfamiliar
Earthquake Sufficient, some, little 1.0-3.0-5.0 1.0-5.0
experience
Time of day Night, day 1.0-2.0 1.0-2.0
Body temperature Normal, mild, serious 1.0-2.0-3.0 1.0-3.0
Earthquake safety Active, visual, read, none 0.0-4.0-8.0-9.0 0.0-9.0
education
Fuzzy evaluation De-
groupings fuzzification
range
Structural Influence  Very light, light, moderate, serious, 0.0-0.2-0.4-0.6-0.8-1.0 0.0-1.0
critical, imminent
Building influence Numerical 1-8 8 equal intervals 0.0-1.0
Psychological Low, moderate, high, very high 0.0-0.3-0.6-1.0 0.0-1.0
influence
External influence Low, moderate, high, very high 0.0-0.3-0.6-1.0 0.0-1.0
Psycho- Very low, low, moderate, high, very 0.0-0.25-0.5-0.75-1.0 0.0-1.0
environmental high
influence
Socio- Numerical 1-6 6 equal intervals 0.0-1.0
environmental
influence
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Fig. 3 Analytic workflow of the ‘Risk to Injury’ FSE

transformed into the fuzzy sets. A fuzzy set consists of membership functions where an
input factor can have partial membership in multiple ranges. Once risk factors are paired
and assigned membership functions, [F-THEN rules are created to evaluate the relationship
between each factor. Finally, de-fuzzification involves the evaluation of the processed
fuzzy values and generates a single numeric output. An overview of the analytic workflow
of the ‘Risk to Injury’ FSE is presented in Fig. 3.

3.3 Life-threatening injury profile

Life-threatening injuries create an exceptional demand on medical resources including
medical equipment, pharmaceuticals and specialists. They are also of interest to emergency
managers, especially those responsible for medical care facilities/hospitals and paramedic
operations because of their unique requirements. For these reasons, life-threatening head/
spinal, trunk, orthopedic, and crush injuries were selected for evaluation.

The injury profiles are constructed using a decision matrix of the varying risk factors,
these are earthquake safety education, time of day, OFC hazards/retrofit decisions, dam-
ageability, air temperature, and building type. Each risk factor has various parameters to
describe each state (e.g., active earthquake safety education) which are ordered from most
influential to least influential (Table 4), weighted and normalized (Ploeger 2014). Some of
these ‘orders’ are straightforward such as education, OFC hazards and building type (i.e.,
active training is more effective than no safety education); however, the time of day,
damageability, and temperature parameters vary because they may influence some types of
injuries more than others (e.g., orthopedic injuries are more likely to occur during the day
and crush injuries are more likely at night). Ranking and weighting these factors are based
on qualitative and quantitative evidence, and expert judgment. For example, life-threat-
ening head/spinal injuries have four associated risk factors; the most influential is OFC
hazards/retrofit decisions and the least is earthquake safety education. Therefore, the OFC
hazards are multiplied by four, while earthquake safety education is multiplied by one. The
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Table 4 Summary of the key risk factors that influence life-threatening injuries in order of most influential
to least influential (Ploeger 2014)

Injury type

Risk factor

Most significant
parameter

Support

Head/
spinal

Trunk

Orthopedic

OFC hazards/retrofit decisions

Time of day

Damageability

Earthquake safety education

Damageability

Building type

Time of day

Earthquake safety education

OFC hazards/retrofit decisions

Earthquake safety education

Time of day

OFC hazards/retrofit decisions
Damageability

No retrofits

Day

<0.7

No safety education

>0.7

Heavy/complex

Night

No safety education

No retrofits

No safety education

Day

No retrofits
<0.7

Falling OFCs and building
elements (Shoaf et al. 1998;
Coburn and Spence 2002)

Common in day when standing or
sitting (Beinin 1985; Sheng
1987; Maruo and Matumoto
1996; Papadopoulos et al.
2004)

Likely fatal with building failure
(>0.7) (Noji et al. 1990;
Tanaka et al. 1999; Coburn and
Spence 2002)

In general, earthquake education
reduces injuries

Likely with building failure or
falling structural debris (Peek-
Asa et al. 1998; Ozdogan et al.
2001; Coburn and Spence
2002)

Likely increases with building
failure (Ozdogan et al. 2001)

Supported by statistical tests

Common at night when in supine
or lateral position (Sheng 1987;
Maruo and Matumoto 1996;
Papadopoulos et al. 2004)

Earthquake education reduces
injuries in building failure
(Durkin and Murakami 1988)

Void spaces created from OFCs
and structural elements (Durkin
and Murakami 1988; Durkin
and Thiel 1992)

Common extremity injuries from
protecting property (Mahue-
Giangreco et al. 2001) and falls
(Durkin et al. 1991a; Durkin
and Thiel 1992; Shoaf et al.
1998)

As above
Supported by statistical tests
As above

Serious orthopedic injuries
progress to crush injury with
building failure
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Table 4 continued

Injury type Risk factor Most significant Support
parameter
Crush Damageability >0.7 Mainly in failure of large

reinforced concrete buildings
(Tanaka et al. 1999; Coburn
and Spence 2002)

Supported by statistical tests
Building type Heavy/complex As above

Time of day Night Crush injury may be related to
lying down and pinned, rather
than standing/sitting

Supported by statistical tests

Body temperature Serious Evidence suggests cooler
temperatures may affect the
development and progression
of crush syndrome

Earthquake safety education No safety education As above

OFC hazards/retrofit decisions No retrofits As above

sum of the risk factors for each type of injury will determine if the risk of life-threatening
head/spinal, trunk, orthopedic, and crush injuries is low, moderate, or high.

3.4 Estimation of number and distribution of injuries

CanRisk’s estimation of the number and distribution of injuries combines Hazus
methodology with the aforementioned ‘Risk to Injury’ FSE output. Hazus casualty
methodology utilizes North American datasets to calculate injuries; however, it only
considers injuries due to structural and OFC damage. Hazus methodology calculates the
expected number of injuries using casualty rate tables arranged by damage state and
building type (see FEMA 2012 Chapter 13). However, considering that the primary cause
of injury in North American earthquakes is related to non-building factors such as
attempting to rapidly exit a building and falling, the CanRisk injury model attempts to
capture these additional injuries that are not included in the traditional Hazus methodology.
Therefore, the CanRisk injury model includes not only Hazus casualty rate tables but also
incorporates the FSE output of the ‘Risk to Injury’ as an indicator for non-building-related
injuries.

In order to determine the likely range of non-building-related injuries, the analysis of a
‘mechanism of injury’ dataset was required. This dataset was compiled and represented 21
international case studies of 17 earthquakes. Of these, only 16 case studies were selected
for analysis because they contained fall-related (non-building-related) injuries. A his-
togram of the proportions revealed a non-normal distribution, and the range of possible fall
injuries was determined by the 10th (0.096) and 90th (0.502) percentiles. However, as seen
in previous earthquakes [e.g., 1964 M7.6 Niigata, Japan earthquake (Ohashi and Ohta
1984), and the 1994 M6.7 Northridge earthquake (Peek-Asa et al. 1998; McArthur et al.,
2000; Mahue-Giangreco et al. 2001)], fall-related injuries can constitute more than 50 % of
all injuries. Equations 1a and 1b denote the calculation of the number of non-building
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Table 5 Summary of results from the ordinal logistic regression of non-buildings (i.e., fall-related) injuries
(Ploeger 2014)

Categories Number of Injury severity probabilities
earthquakes®

Damage Earthquake Severity 1 Severity 2 Severity 3 (life-

safety (minor) (serious) threatening)
Light Active, visual 3 0.882407 0.060022 0.057571
Light Read, none 2 0.983169 0.011608 0.005223
Moderate Active, visual 1 0.022632 0.272597 0.704771
Moderate Read, none 6 0.152729 0.677022 0.170249
Heavy Active, visual 0 N/A N/A N/A
Heavy Read, none 4 0.153245 0.774433 0.072322

% Number of earthquakes included in the dataset

injuries in the CanRisk model where upper (a) and lower (b) equations represent the
percentile bounds:

Ninjnonbidg = (0.502upper % Riskinj) X (Nocep — NIjttazus ) (1a)

NInjnonbldg = (0-096lower X RiSkInj) X (Noccp - NInjHazus) (lb)

where NInjyonpigg is the total number of individuals with non-building (e.g., fall-related)
injuries, Riskjy; is the CanRisk FSE output of ‘Risk to Injury’ (0-1), Noccupants 18 the number
of occupants within the building, and NInjg,,s is the total number of building-related
injuries as determined by the Hazus casualty rate tables (FEMA 2012).

It is acknowledged that the above equations may seem disproportional as the fewer
number of people injured by building factors (Hazus methodology) increases the chance of
being injured by non-building factors (‘Risk to Injury’ multiplier). In most cases, the
injuries sustained by the onset of building and OFC failure supersede those from non-
building factors. For example, a serious Falling on Outstretched Hand(s) (FOOSH) injury
is typically not comparable to the severity and medical resources needed to treat a crush
injury. However, in earthquakes with few building failures as often seen in North America,
non-building injuries like falls can represent a major stressor on medical and emergency
response resources.

The distribution of fall/non-building injuries in each severity class (minor, serious, and
life-threatening) is determined by trends observed in the injury dataset. All injuries con-
sistent with FOOSH/fall-related characteristics were extracted from the injury dataset.
Severity 1 (minor) and severity 2 (serious) injuries included all arm, shoulder girdle, and
leg injuries; minor injuries also included all general sprains and strains. Severity 3 (life-
threatening) injuries included the entire severity 3 orthopedic injury dataset which does not
include crush injury. It is assumed that the majority of the above injuries were sustained
from non-building factors (i.e., tripping, falling or jumping). Under these assumptions, an
ordinal logistic regression using R (R version 3.0.1) was used to determine the probabilities
of sustaining a minor, serious or life-threatening non-building injury (Table 5). Fatal
injuries are not accounted for as these types of injuries were not included in the injury
dataset and therefore could not be calculated. The ordinal logistic regression included two
categories, most observed damage and earthquake safety education. The former was
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selected because more damage leads to additional obstacles during and after shaking, and
increases an individual’s chance of tripping. The latter was selected because earthquake
education is an indicator if an individual will attempt to rapidly exit a building. Although
no fatal fall injuries were included in the ordinal logistic regression, these types of injuries
are possible (McKevitt et al. 1995). The total number of injuries per unit (e.g., building) is
calculated by the total number of non-building injuries (Egs. 1a, 1b) and the total number
of building-related injuries.

An additional feature of the CanRisk injury model is a graphical output of critical
exposure. The output denotes the approximate number of hours until critical exposure;
that is, when the core body temperature drops below 33 °C. A thermometric model was
utilized to show the relationships between ambient air temperature and core body tem-
perature. Details on the ancillary thermometric model are not discussed in this paper;
however, the model is adapted from Iampietro (1961), Bell et al. (1992), and ISO 8996
(2004).

3.5 Limitations in model approach

The computation of earthquake risk is a complex task, and for this reason, it is excep-
tionally difficult to model. Assumptions and limitations are intrinsic to the development of
loss estimation and injury risk methodology, but these can enlighten issues of repro-
ducibility as well as challenges within this research field. The following are some of the
major assumptions/limitations used in this model:

1. Traditional casualty loss estimation methodology is empirical and frequently based on
previous experience (e.g., Fulford et al. 2002; Spence et al. 2011; FEMA 2012). In
North America, there are very few contemporary earthquakes and even fewer in
Canada with which to assemble a comprehensive injury database. Even international
case studies offer few relevant earthquake datasets. The lack of these datasets and the
reporting of earthquake injuries is attributable to the lack of standardized methods to
collect data, the interpretations of injury severity, lack of epidemiological data of the
patient, and the chaotic nature of post-earthquake situations (Alexander 1985; Durkin
1985; Alexander 1996; Peek-Asa et al. 1998; Ramirez and Peek-Asa 2005; Auf der
Heide 2006; Stallings 2002; Ardagh et al. 2012).

2. An inherent characteristic of loss estimation research is the lack of available data and
having to wait for earthquakes to occur to test a model. Tools can be calibrated,
validated, and refined with the use of empirical data. Calibration and validation of
earthquake loss estimation models have utilized historical data (e.g., Frolova et al.
2011; Trendafiloski et al. 2011a, b) and newly acquired data from recent and relevant
earthquakes (e.g., Zuccaro and Cacace 2011; Astoul et al. 2013; Sedan et al. 2013).
However, many models (e.g., Jones and Dhu 2002; Scheulen et al. 2009) including
Canadian models (e.g., Ploeger 2008) still require further data for validation.

3. The statistical analysis of the injury dataset yielded few statistically significant results
(p value <0.05). However, in this study, statistical tests were used to help identify
effects/trends rather than making a definitive statement of reality (Nuzzo 2014). All
identified observations (Table 2) were also supported by firsthand/primary qualitative
observations made in medical case studies and reports.

4. Limitations in the available qualitative and quantitative data lead to assumptions and
generalizations in the translation of the datasets to risk factors. An example to
demonstrate a generalization of the coded dataset is that all minor injuries included
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sprains, strains, contusions, open wounds, and soft tissue injuries, but some of these
‘assumed minor injuries’ may have been serious or life-threatening in reality.

5. An unanticipated trend was observed in ordinal logistic regression results of the
probabilities of minor, serious, and life-threatening non-building injuries (Table 5);
the chances of minor injuries increase when earthquake safety education is low. There
are three possibilities for this trend. (1) In the dataset used for the ordinal logistic
regression analysis, light damage and low earthquake education were represented by
two earthquakes, one of them was the 2011 M6.3 Christchurch earthquake. Research
and data reporting from this earthquake have been exemplary, and may offer better
recording/reporting of earthquake injuries (minor to life-threatening) and therefore
skewed data toward minor injuries. All three earthquakes representing light damage
and high earthquake education were twentieth-century earthquakes from California
(1989 Loma Prieta, 1992 Landers, and 1994 Northridge earthquakes). Researchers
have noted that a significant number of minor injuries were likely treated but not
reported (Durkin and Thiel 1992; McKevitt et al. 1995; McArthur et al. 2000). (2)
Moderate damage is classified as primarily structural failures of moderate material
(e.g., timber-frame) and/or low-rise buildings. Only one earthquake represented
moderate damage and high earthquake education which was the 1995 M6.9 Great
Hanshin (Kobe) Japan earthquake. This particular earthquake had numerous timber-
frame building collapses. Most earthquakes with moderate damage and low earthquake
education had URM building collapses. It is possible that there is a fundamental
difference in the epidemiology of injuries with these conditions and therefore cannot
be compared. For example, perhaps life-threatening orthopedic injuries in URM
collapses are less survivable which leads to fewer injuries being reported, while these
types of injuries in timber-frame collapses have higher chances of survival. Other
fundamental differences are that injuries from developing and developed regions
cannot be compared due to different post-earthquake medical treatment and advanced
care capacities. (3) Another possibility could be that one or both of the categories
(damage and earthquake safety education) do not influence non-building/‘fall-related’
injuries, though this possibility would oppose observations from international
earthquake injury literature.

6. In Egs. la and 1b, the 0.096 and 0.502 values were determined by the ‘mechanism of
injury’ dataset in which all case studies with documented fall-related injuries were
selected and used to construct a histogram. This variable was calculated using the 10th
and 90th percentile which can change when newer data become available.
Additionally, these variables do not consider the unique circumstances where
significantly more fall-related injuries are possible.

4 Sensitivity analysis and validation

A sensitivity analysis of the ‘Risk to Injury’ FSE was performed using an iterative process.
A select number of numeric inputs were chosen that best represent each risk factor. All
possible combinations of these inputs were evaluated to determine the sensitivity of each
risk factor. As anticipated, the most sensitive input is damageability, followed by OFC
hazards/retrofit decisions; represented by the building influence axis in Fig. 4. Academic
literature clearly documents damageability as the primary predictor of injuries; injuries due
to OFCs are also clearly established. Earthquake safety education is the most influential
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Fig. 4 Sensitivity analysis results of building versus non-building factors (Ploeger 2014)

non-building factor (non-building influence axis). Familiarity, previous earthquake expe-
rience, time of day, and body temperature are less sensitive. This is partially due to (1) the
emphasis placed on known influences in the fuzzy rule-based knowledge, and (2) the
hierarchical framework as the aforementioned factors undergo more fuzzy inferences
(Fig. 2). However, combinations of the most influential parameters of these factors (un-
familiar, little experience, daytime earthquake, and/or serious hypothermia) increase
sensitivity.

There are very few case studies that provide an extensive epidemiology of earthquake
injuries, that is, all documented injuries for a building where many risk factors are known.
Durkin et al. (1991b) present an example of such a case study which details the injuries of
22 survivors of an eight-story reinforced concrete medical resident dormitory that col-
lapsed during the 1985 M8.0 Michoacan (Mexico City) earthquake (Table 6). In this case
study, many survivors sustained multiple injuries, but only the most serious injury was
considered.

In this example, there are inconsistencies in the estimation of the number of injuries
which is expected because the Hazus methodology is calibrated using Californian earth-
quakes. For example, as dictated in the Hazus methodology, the complete collapse of a
reinforced concrete building would cause the following distribution of injuries, 40 %
minor, 20 % serious, 5 % life-threatening, and 10 % fatal. On the other hand, the ‘Risk to
Injury’ and the life-threatening injury profiles are more consistent with actual observations.
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Table 6 Comparison of estimated (Ploeger 2014) and observed injuries from a medical resident dormitory
following the 1985 M8.0 Michoacan earthquake (Durkin et al. 1991b; Ploeger 2014)

Injury type Estimated Estimated with fall Observed

Number of casualties n = 76*

Severity 1 30.4 (40.0 %) 30.6-31.6 (~40-42 %) 6 (7.9 %)
Severity 2 15.2 (20.0 %) 16.3-21.2 (~21-28 %) 6 (7.9 %)
Severity 3 3.8 (5.0 %) 3.9-4.4 (~5-6 %) 10 (13.2 %)
Severity 4 7.6 (10.0 %) N/A 36 (47.4 %)
Unknown 18 (23.7 %)
Risk to life-threatening (severity 3) injuries

Head/spinal Moderate 1 (10 %)
Trunk High 1 (10 %)
Orthopedic High 4 (40 %)
Crush High 4 (40 %)
Risk to injury 0.862

? A total of 76 casualties are reported, 36 of which sustained fatal injuries and 18 declined or were not
available to be surveyed

Head and spinal injuries received moderate risk, while trunk, serious orthopedic, and crush
injury are ranked as high risk. Serious orthopedic and crush injury (including compression)
had the highest observations, while trunk injuries only had one observation. However,
upon further inspection, two crush injuries and two orthopedic injuries were located in the
trunk.

5 Results and discussion

The purpose of this article is to present the rationale and development of the CanRisk
injury model. However, results will be presented to demonstrate the utility of this tool
based on a generic set of conditions (Table 7). Four building types which represent the
major construction materials are selected: W1 a light timber-frame building, URMM a
mid-rise unreinforced masonry building, C1H a high-rise concrete moment frame building,
and S1L a low-rise steel moment frame building. Only residential occupancies are con-
sidered in this demonstration: RESI1 is a single-family dwelling which typically consists of
wood and URM building types, and RES3D which is a 10-20 unit multi-family dwelling.
All scenarios consider a location with little experience (e.g., Ottawa), a temperature
>10 °C, and a daytime event. A RES1 building is assumed to have an occupancy of five,
while the multi-family dwelling as an assumed occupancy of 50. A direct application of
this tool to a case study of Ottawa, Canada, can be found in Ploeger (2014).

The results show that, under similar conditions, concrete and steel buildings will lead to
an increased likelihood of being injured due to the nature of construction material as this
reflects the potential mass, height, and volume of the debris as well as the challenges to
remove the rubble. Additionally, RES1 and RES3D have inherent differences in OFC
hazard; the hazard is higher in multi-family dwellings due to additional electrical and
mechanical OFCs that are present in larger buildings and smaller living spaces. However,
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Fig. 5 shows the unique risk of URM buildings in which out-of-plane failures prior to
structural failure can increase an individual’s likelihood of being injured due to the heavy
and blunt attributes of brick/stone as well as the resultant rubble. In all scenarios, the
likelihood of being injured is stable until extensive damage is initiated. When the building
is relatively intact, then the primary mechanism of injury is due to a combination of OFC
hazards and earthquake safety education. Arguably, many of these injuries can be pre-
vented with appropriate mitigation and preparedness strategies. As seen in Table 7, the
combination of OFC retrofits and active training can significantly reduce the likelihood of
being injured and reduce the number of injuries. The user can test strategies by investi-
gating various combinations of strategies such as OFC retrofits (e.g., to architectural/non-
structural, mechanical/electrical and/or building content components) and earthquake
safety educations (e.g., none, reading, visual, and/or active).

At the onset of extensive structural damage, likelihood of being injured approximately
doubles because structural elements begin to fail; these elements tend to be heavy and/or
create tripping hazards. Partial or complete failure presents the highest likelihood of being
injured; however, risk decreases when the individual has adequately retrofitted OFCs as
well as takes cover under a sturdy piece of furniture.

The above example demonstrates the utility of the CanRisk injury model as an EM tool
to aid in decision making. However, this model can also facilitate decision making of a
home owner right up to the Federal government (Table 8). To further demonstrate the ease
of use for decision makers, the model is also designed to show the FSE outputs to all the
pairing influences (e.g., building influence, psycho-environmental influence) and the final
output is also expressed in descriptive terms (e.g., ‘Very Low’ to ‘Extreme’). Incidentally,
the CanRisk injury model has already been implemented in an institutional-wide simula-
tion cell exercise whereupon the results were useful for exercising institutional security
procedures and the coordination between emergency management teams.

The methods used in the development of the CanRisk injury model present an inno-
vative approach to evaluating an individual’s likelihood of being injured in an earthquake
as well as providing important medical details to decision makers. Firstly, the compilation

o Timber frame
0.9 m Unreinforced masonry
0.8 4 Concrete moment frame
+ Steel moment frame
> 0.7 _ o _
3 06 —— Without CanRisk mitigation strategies
= o5 | With CanRisk mitigation strategies
o O
e
S04
n
& 03
0.2
0.1
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Damageability

Fig. 5 Compares eight scenarios input into the CanRisk injury model which represents the four common
building types and the influence of mitigation and preparedness strategies (OFC retrofits and earthquake
safety education). The points refer to the various building types: Timber frame (circle), unreinforced
masonry (square), concrete moment frame (triangle), and steel moment frame (diamond). The solid lines are
scenarios without CanRisk mitigation strategies, and the dotted lines are scenarios with CanRisk mitigation
strategies
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Table 8 Examples of the CanRisk injury model’s utility

CanRisk injury model choices Examples of evaluations
Risk factors Choices Selected Decision Decision-making examples
level
Location 6 cities Montreal versus National Prioritize funding initiatives based on
Toronto cross-country risk to government
buildings
Date Month, or February, or Municipal Consider options for heated shelters
Temperature Temperature  —20.0 to
ranges —40.0 °C
Time of day Day, night Day versus Provincial Anticipate specific types of injuries and
night resources for deployment of medical
assistance teams
Building type 36 options URM versus Municipal Evaluate risk to occupants across
concrete various city-owned buildings to
prioritize retrofits
Occupancy 35 options Residence Institutional ~Assess how risk changes from building
class versus library to building on a campus to develop

various safety plans
Damageability Value 0-1 0.75 (extensive) Municipal Anticipate USAR task force requests

versus 0.98
(complete)
OFC retrofits 3 retrofit Building Home Explore options to retrofit their home to
options content retrofit owner reduce injury to their family
Earthquake 4 levels Active training  Institutional Review school board wide earthquake
safety safety programs (similar to successes
education from fire safety)

and analysis of earthquake injury and mechanism datasets have provided valuable insight
into patterns and distributions of earthquake injuries. Secondly, in North America, there are
few earthquake models that provide detailed information on earthquake injuries. Hazus,
although monumental, only accounts for the number and distribution of casualties that are
building-related and do not include non-building-related injuries such as falls nor does it
provide specific details on life-threatening injuries. The CanRisk injury model attempts to
capture these additional injuries as well as provides information on an individual’s risk to
life-threatening head/spinal, trunk, orthopedic, and crush injuries.

Thirdly, the application of fuzzy methodology is a useful approach to multi-criteria
decision making and has recently been gaining acceptance in various field such as civil
engineering (e.g., Abdul-Rahman et al. 2013), environmental monitoring (e.g., Wang et al.
2009; Mi et al. 2011), and medicine (e.g., Bates and Young 2003). The fuzzy approach has
many similarities to traditional multi-criteria analysis such as (1) the ability to incorporate
quantitative and qualitative attributes/criteria, (2) the ability to include incommensurable
units, (3) incorporating many attributes, and (4) accounting for subjectivity and uncer-
tainty. However, a fundamental difference is that FSE, in particular, does not evaluate and
rank a series of possible alternative decisions but rather evaluates the attributes/criteria and
outputs a single value. This difference and the ability to systematically handle incomplete
and ambiguous data as well as the ability to capture imprecision in natural language make
the FSE approach ideal for this type of study.
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Lastly, the CanRisk injury model evaluates information on a building-by-building basis
and provides decision makers with information that can reduce the likelihood of being
injured. Additionally, decision makers can evaluate preparedness and mitigation strategies
such as OFC retrofits and earthquake safety programs, facilitate emergency planning such
as resource acquisitions and stockpiles, and utilize the program to build scenarios for
training purposes.

The following are recommendations for future work:

1. Casualty loss estimation methodology is underpinned by evidence-based research and
analysis. Therefore, it is imperative that case studies are assembled and made
available. With larger datasets and qualitative observations, loss estimation method-
ology can be better refined, including the contributions detailed in this article.

2. An international framework for recording, standardizing and reporting earthquake
injuries is needed. Even contributions from a single institution are useful in loss
estimation research. Therefore, it is encouraged that medical care facility emergency
management committees facilitate and support a framework to record earthquake-
related injuries. This can be accomplished in several ways including tailored medical
charts (i.e., how were you injured?), an assigned personnel or volunteer to record such
information, or a pretested standardized questionnaire to collect relevant data after the
earthquake.

3. A partner-enabled approach to case studies is also beneficial. Pretested standardized
questionnaires can be constructed and given to participating institutions, agencies, and
businesses to enable a cohort study of injuries and their mechanisms.

4. Researchers should make a better effort to publish earthquake case studies that include
injuries. Even moderate earthquakes such as the 2010 MS5.0 Val-des-Bois that affected
the Ottawa, Canada, region can provide important observations, challenges, successes,
and ‘lessons learned.’

6 Conclusion

Earthquakes present a significant exposure to danger and threaten the integrity, security,
and well-being of communities. Earthquake risk is complex and infused with imprecision,
ambiguity and limited data, making it difficult to model. However, modeling is a useful
exercise and can facilitate informed decision making in emergency management. The
CanRisk injury model enables decision makers to test potential mitigation and prepared-
ness strategies which can aid in the design of effective emergency plans and promote
community and medical care facility resilience. Additionally, the CanRisk injury model
outputs can aid in the development of a realistic earthquake scenario that can be utilized as
an educational tool and for training purposes (e.g., tabletop exercise).

The CanRisk injury model is designed for a Canadian setting, but it has international
application in other developed and/or similar regions. The validation results of the model
are promising, but loss estimation studies must rely mostly on future damaging earthquakes
for validation. Nonetheless, the CanRisk injury model risk factors are supported not only
by an extensive review on multi-perspective, international scholarly case studies but also
on the compilation and analyses of injury and mechanism datasets.
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