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Abstract
North America gets hit with approximately 1,100 recorded tornadoes annually. In Ontario, Canada, more
than 12 tornadoes are recorded between the months of May and September annually. Two major tornadoes
hit Ottawa, Canada on September 21, 2018. Ottawa, Ontario suffered an Enhanced Fujita (EF 3and EF2)
tornado in Dunrobin and Arlington Woods, respectively. These severe events destroyed numerous
buildings, and thus, a field investigation was conducted to observe the damages in the structures. Damageassessment data was recorded with a focus on damage failure modes and functionality of the buildings
during the field investigation. According to the data collected, the damage was characterized based on
different levels and discussion was formulated surrounding the way residential buildings should be built to
assure resilience against tornadoes. Based on the site investigation, it was found that roofs are the most
vulnerable component of a residential house and are often left with rafter, sheathing and shingle damages
when exposed to high wind pressures.
Fragility analysis can be used to estimate the probability of failure of a roof when constructed with specified
nails and sheathing sizes. Specific type of nails, roof to wall connection details and sheathing sizes based
on the damaged roofs that were previously assessed in the Dunrobin area in Ottawa,Ontario. Empirical
fragility analysis considers eight different scenarios, including different sheathing and nail sizes. These
baseline structures were used to analyze how different variables in a wooden roof could affect the fragility
analysis results. The considered variables included the nail type, panel size, wind load and dead load.
Finally, Finite element analysis (FEA) was conducted using the ABAQUS software to model and determine
the structural responses of typical residential roofs. The wood-framed roof models permitted visualtion of
the structural behaviour under wind pressures such as excessive stresses. The FEA model results were then
compared to the results from a field investigation in Dunrobin, Ontario. This methodology will allow for
a more accurate prediction of tornadic wind-induced damage on residential roofs to be used for better design
and construction practices.
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The performance of the examined buildings from the field investigation, the fragility models and the initial
ABAQUS models, suggests a need for more resilient design and retrofit methods to strengthen buildings
envelopes.
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Chapter 1
Introduction
1.1 Motivation
Tornadoes are one of the most damaging natural disasters created by a mixture of high winds and
thunderstorms. They are relatively rare and localized events as the majority of tornadoes only occur
during certain months, however the high impact a tornado can leave on a community is detrimental.
The destructive capabilities of tornadoes include large costs and the loss of life on an annual basis
(Simmons et al. 2015). Two thirds of the structures impacted by tornadoes are residential structures.
Wood-framed residential homes generate roof failures from both the sheathing panels and the roof
to wall connections. These failures allow water ingress which then increases the damage that occurs
to the structure (Sparks et al. 1994). Tornadoes also create debris from items such as signs on
streets, trees and part of residential houses and cars that have flown off, this debris can strike other
structures creating even more failures and increasing the amount of damage during the tornadic
episode (Minor 1994).
Figure 1.1 illustrates all reported tornadoes in Canada from 1980 to 2019 in a heat map. It was
created in Geographic Information System (GIS) using data that provided the reported number of
tornadoes in Canada between 1980-2019 (Wikipedia, 2020). This clearly shows that there is a high
number of tornados that impact the central and southeastern portions of Canada due to their open
landscapes. These tornadoes occur where the majority of Canada’s population lives (close to the
US border) and thus these areas have potential to have a significant economic/social impact.
Although, as Figure 1.1 illustrates, tornadoes have been reported in all provinces of Canada
between the period of 1980 and 2019.
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Figure 1.1. Number of tornadoes reported in Canada between 1980-2019.
Figure 1.2 illustrates the intensity of all reported tornadoes in Canada from 1980 to 2019. Intensities
of tornadoes are decided using an Enhanced Fujita (EF) Scale. The scale is between EF0-EF5 where
EF0 is the least threatening tornado with winds between 90-130 km/h (rounded to 5 km/h) and EF5
includes winds 315 km/h or above (rounded to 5 km/h). This clearly shows that there the highest
intensity of tornados impacts the central and southeastern portions of Canada. These area’s receive
the warm and moist Maritime Tropical air masses. They also receive the cool humid Maritime polar
air masses that close in from the east and west. These combined forces cause large thunderstoms
that touch down on the flat landscap of the central and southeastern portions of Canada (ESRI,
2020).
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Figure 1.2. The EF rating of all reported tornadoes in Canada between 1980-2019.
During a high wind episode, such as a tornado, catastrophic damages can occur to wood-framed
structures. Wood- framed construction has been observed to fail under tornadic wind loads in both
heavy and moderate tornadoes (Jordan 2007). The most common failure mode observed in the
aftermath of a tornadic episode is the material and components used such as roof sheathing (sizes)
and roof to wall connections (nails, hurricane clips).
Roof failure occurs due to the significant uplift forces that are imparted on the structure as the
strong tornadic winds move over the roof (Mehta et al. 1976). There are instances where portions
of a roof will fail first, and other instances where the complete roof will fail first (Mehta et al. 1976,
Conner et al. 1987, Pan et al. 2002, Jordan 2007, Chowdhury et al. 2012). There have been scenarios
in which the home loses its entire roof, however the remaining portion of the home preforms well,
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this can be seen in Figure 1.3, where a house lost its entire roof during the tornado in Ottawa in
2018.

Figure 1.3. The house lost its entire roof, however the remaining of the home is still intact.
(Image by Aikaterini S. Genikomsou.)
Two ways that high winds from tornados induce uplift include aerodynamic lift, similar to an
airplane wing as lift from the wind passes over a sloped roof, and the strong uplift of the
independent tornado suction. Figure 1.4 illustrates a home that lost a portion of roof sheathing
during the Dunrobin, Ontario in Ottawa Tornado on September 21, 2018.

Figure 1.4. Dunrobin home that lost a portion of the roof sheathing. (Image by Aikaterini S.
Genikomsou.)
A large source of insured losses from these tornadic episodes is property loss due to rainwater
intrusion which could be prevented if the roof sheathing had withheld the wind forces (Lee and
4

Rosowsky 2005, Dao and van de Lindt 2012, van de Lindt and Dao 2012). The roof- to-wall
connection is another common observed failure that occurs after high winds. The connection is
located at the intersection of the roof joists and the wall top plate. Roof-to-wall connections vary
between nails, toenails and hurricane clips. It is common to use nails or toenails in roof-to wall
connections and while the connection preforms well with gravity loads, it is not able to provide
adequate resistance to uplift forces and fails. This is illustrated in Figure 1.5 after the tornado that
hit Dunrobin, ON in Ottawa on September 21, 2018.

Figure 1.5. The roof to wall connections on the left side of the house have failed after the
September 21, 2018 Ottawa tornado. (Images by Aikaterini S. Genikomsou.)
The structural failures that have been illustrated above can be prevented during low or moderate
tornado winds. This can be done by improving the components along the vertical load path (Mehta
et al. 1976). As infrastructure continues to improve, the number of fatalities and injuries have
decreased, however, the cost of damages is continuously increasing (Prevatt et al. 2011b, Amini
and van de Lindt 2014). Residential wood construction compromises approximately 90% in the
United States and is most individuals’ single largest assets (Ellingwood et al. 2004). The low
probability of a tornado occurrence has left no modern Ontario engineering code to include tornado
provisions to date, however light-framed wood construction is one of the most vulnerable structures
during high wind events (Twisdale and Dunn 1983, van de Lindt et al. 2013).
5

There is an increased interest in understanding the performance of wood framed residential
construction subjected to tornado wind loads due to the large societal and economic disruptions.
The current pressure coefficients are insufficient to withstand the strong uplift loads on roofs during
tornadic winds. Due to the low probability of occurrence, the residential construction has not yet
been provided tornado design provisions (Twisdale and Dunn 1983, van de Lindt et al. 2013). The
interest and push to understand and improve the structural performance of residential structures
subject to wind load has increased due to the high impact of violent tornadoes in urban settings
(Prevatt et al. 2011a, 2011b, 2012b).
The work presented in this thesis details the types of damages observed during a site investigation
in Ottawa, Canada after a tornado happened in September 2018. Using a fragility assessment
methodology to quantify the impacts of different materials/components being used in residential
roof construction and finite element analysis (FEA). This framework of fragility and FEA can be
used for future studies.

1.2 Objective
This thesis focuses on building resilience to high winds using fragility analysis and finite element
analysis. Ottawa, Ontario which is the Capital of Canada was used as an initial investigation when
high impact tornadoes tore through in 2018. Ottawa is home to many Canadians as well has to
many high government officals. The city attracts approximetly 11 million tourists annually to tour
attaractions such as the parlement buildings and museums.
Keeping the resdients of Ottawa safe during high wind episodes such as tornadoes saves damages
costs to the city and can help save lifes. It is therefore necessary to carefully consider which
materials are being used in the construction on a roof to withstand certain winds. Mutlitple different
scenarios were analyzed using fragility analysis in MATLAB to create models to predict the best
sheathing and roof to nail connections that should be used in high wind regions. In addition, initial
ABAQUS models were created to provide the weakest points at maximum principle stress to assure
6

the results were aligned with the ground investigation . Hence, there are three main objectives of
this research:
1) Observe and classify the damages done in Ottawa,Canada through a field investigation.
2) Using MATLAB, predict the best construction methods using fragility analysis for
different sheathing sizes and different type of roof to wall connections to withstand
different amounts of wind.
3) Creating simple ABAQUS models to identify the weakest areas of a residential roof at
maximum deflection when wind pressure is applied.

1.3 Layout of Thesis
This thesis is a manuscript type thesis and consists of two manuscripts (Chapters 2 and 3) and one
ABAQUS modelling chapter (Chapter 4). Chapter 2 presents a reconnaissance of buildings that
were impacted by the 2018 tornadoes in Ottawa, Canada. These results were used to identify types
of damages to residential roofs and potential causes. Types of sheathing and nails were determined
to be the potential cause of damage on the residential roofs. Chapter 3 presents fragility assessment
of wood sheathing panels and roof to wall connections subjected to winds. Fragility curves were
created using MATLAB where different size sheathing and types of nails were compared to
represent a typical residential house. The MATLAB results provided results of which types of
materials can withstand different winds. Chapter 4 presents simple ABAQUS models that were
created for gable roofs, similar to a typical residential house to verify the results found in Chapter
2 and 3. The simple ABAQUS models illustrate the maximum deflection on different types of roofs
when wind was applied and was compared with the breaking points in Chapter 2 and 3.
The thesis ends with a concluding chapter (Chapter 5) which also includes recommendations for
future research.
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Chapter 2
Reconnaissance of Buildings Impacted by the 2018 Tornadoes in
Ottawa, Canada
Gill A., Genikomsou A.S. (2020). “Reconnaissance of buildings impacted by the 2018 tornadoes in
Ottawa, Canada”, ASCE, Journal of Performance of Constructed Facilities. 2020, 34(4):
04020074: 10.1061/(ASCE) CF.1943-5509.0001487

2.1 Introduction
Tornadoes are devastating natural disasters that occur worldwide and leave behind lost lives,
injuries, and much damage. In North America, the United States experiences an average of 1,000
recorded tornadoes each year, while Canada records around 100 tornadoes a year (NOAA 2019b).
Even if tornadoes occur in Canada with a significantly lower frequency compared with the United
States, their occurrence and the severe damage they leave behind them are still significant. In
Canada, most tornadoes transpire in the summer between June and August, where approximately
43 tornadoes occur across the Canadian prairies (Manitoba, Saskatchewan, and Alberta) and 17 in
Ontario and Quebec (Global News 2019). Tornadoes form during severe thunderstorms and follow
the same formation of a thunderstorm, which includes dynamics, thermodynamics, and a
mechanism that releases atmospheric instability (Etkin et al. 2001). The warm and humid air
collides with dry and cold air causing a thunderstorm. The tornado then forms using the supercells
from the large existing thunderstorms already in motion. The change in the direction and the wind
speed creates a horizontal spinning effect (National Geographic 2019). This horizontal spinning
effect is then topped vertically by the air rising and moving through the thunderclouds, creating a
tornado. The in- creased wind speed causes concern among homeowners regarding the strength of
their houses, as protection is vital during these horrific events (van de Lindt et al. 2012). The
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strongest tornadoes that can occur are classified as category EF4 and EF5. An EF4 tornado has
wind speeds of 270–310 km/h and an EF5 tornado has wind speeds of 315 km/h and greater. During
EF4 and EF5 tornadoes, homeowners are recommended to use a shelter located near their house
that can provide protection from death or injury (FEMA 2008), since such tornadoes cause damage
that includes demolishing residential and commercial infrastructure, tearing down trees and
shrubbery, overturning vehicles, and allowing debris in the air to injure and take the lives of
individuals.

When the tornadoes occurred on September 21, 2018, in Ottawa, Canada, multiple residential and
commercial buildings, as well as wooden poles, electrical lines, and other infrastructure were
severely damaged. Although six total tornadoes hit, this chapter assesses the Dunrobin and
Arlington Woods tornadoes because they were placed in the strongest categories (EF3 and EF2,
respectively) and consequently caused the most severe damage. In both Dunrobin and Arlington
Woods, numerous roof tops and exterior housing materials such as vinyl were damaged beyond
repair by the wind forces that accompanied the Ottawa tornadoes, although most of the damage
investigated occurred to residential houses in rural areas. The damage was largely attributed to the
increasingly high wind speeds demolishing infrastructure, trees falling on infrastructure, and debris
in the air, breaking windows and causing injuries. The design of 3-s gust speed at 10-m height in
open terrain for Ottawa is about 35 m/s (128 km/h) (NBCC 2015), which is in the range of an EF0
tornado. Thus, this can be considered to be a greater than de- sign level event. Although numerous
areas of residential houses were damaged, the main focus of this chapter will be on the reconnaissance of wood-frame buildings.

After a climate-related disaster occurs, reconnaissance and field investigation are usually
performed to better understand the consequences and the impact on the building infrastructure and
to aid urban planners, stakeholders, and the government in making risk-informed decisions to
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enhance community resilience against natural disasters. Compiling and assessing empirical data
from the Ottawa tornadoes can lead to the improvement of Canadian structural infrastructure in
similar future events. Thus, this chapter presents an overview of the damages caused to the building
infrastructure after the Ottawa tornadoes. Using meteorology reports, radar imagery reports, ground
surveying reports, and satellite analysis and imagery, the path and damage the tornadoes caused to
infrastructure are evaluated. The performance of residential infra- structure is assessed, including
a discussion of the factors contributing to the damage. A damage assessment characterization for
both affected areas is also presented based on survey observations. In addition, the damage
witnessed during the recent Ottawa tornadoes is compared to that observed during past Canadian
events, including the 2009 Vaughan tornado and the 2014 Angus tornado. Finally, various
recommendations for mitigating damages in future events and a summary of lessons learned are
presented. These recommendations and lessons can be used to establish future studies that can
benefit the reconnaissance process and reduce the catastrophic effects of tornadoes by improving
the construction practices to create more resilient structural systems.

2.2 Tornado Data
2.2.1 EF Scale
To categorize a tornado the Enhanced Fujita (EF) scale (Wind Science and Engineering Center
2014) is used. The EF scale is a methodology to predict wind speed based on detected damage to
build infrastructure. The EF scale was adopted by Canada in 2013 (NOAA 2019a). Environment
Canada provides the wind speeds of the EF scale shown in Table 2.1.

According to Environment Canada, the EF0 category indicates light damage, which includes
damage to chimneys, tree branches breaking, sign board damage, and damage to shallow-rooted
trees. Category EF1 indicates moderate damage, which includes mobile homes being pushed over,
cars being pushed off roads, and surfaces of roofs peeling off. Category EF2 denotes considerable
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damage, which includes include roofs being torn off houses, the demolition of mobile homes, large
trees snapping, boxcars being flipped, and light objects being carried by the wind. Category EF3
indicates severe damage, which include trains being overturned, walls and roofs being torn off from
well-constructed houses, trees being up- rooted, and heavy cars being thrown off the ground.
Category EF4 indicates devastating damage, which includes well-constructed houses being
demolished and structures with weak foundations being displaced some distance, as well as cars
and other larger items traveling through the air. Lastly, category EF5 denotes in- credible damage,
which includes strong framed houses being lifted off their foundation and carried a significant
amount of distance, vehicles and larger objects being thrown up in the air for an excess of 100
yards, and trees being debarked (NOAA 2019a).

Table 2.1. EF scale wind speeds used by environment Canada.
EF Rating

Wind Speed Rounded to 5km/h (EF scale)

0

90-130

1

135-175

2

180-220

3

225-265

4

270-310

5

315 and greater

2.2.2 Canadian Tornado Database
The Canadian Tornado Database provides the number of tornadoes with regard to intensity that
occur on a yearly basis. A tornado can happen in both undeveloped urban areas as well as highly
populated rural areas. Both scenarios provide a different number of casualties and damages done
to infrastructure. Therefore, it is essential and important to analyze a tornado’s path regarding the
amount of infrastructure and residents located within its path. Different- category tornadoes will
also provide different amounts and types of damages to infrastructure. The Canadian Tornado
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Database releases the category of the tornado, but no other specific details; however, these details
can be estimated based on the category of the tornado and the location. Figure 2.1(a) presents the
annual number of tornadoes that occurred between 1980 and 2009, placed in each EF category (data
collected from Environment Canada), and Figure 2.1(b) shows the annual tornado counts based on
their EF category that happened between 2010 and 2018 (data collected by the authors from media).
From 1980 to 2018, a total of 2,190 tornadoes have been reported in Canada, the distribution of
which includes 1,471 EF0, 528 EF1, 157 EF2, 27 EF3, 6 EF4, and 1 EF5 tornadoes. In this period,
both EF4 and EF5 tornadoes produced strong winds and caused exceptional damage to the
surrounding infrastructure. There is no significant pattern regarding the occurrence of annual
tornadoes in Figures. 2.1(a and b). The most severe damage occurred in 2007 when an EF5 tornado
hit (Environment and Climate Change Canada 2017). During this EF5 tornado, strong frame
buildings were demolished and debris from infrastructure and vehicles were thrown in the air, but
no serious injuries and/or deaths were reported. The less significant tornadoes that occurred are the
EF0 tornadoes. Multiple EF0 tornadoes occur each year in Canada and cause little to no
infrastructure damage; however, trees and sign boards take most of the damage that does occur.

2.3 Overview of Tornadoes in Ottawa, 2018
2.3.1 Overview of Storm
Intense windstorms developed in advance of a cold front moving through southwestern Ontario
creating six tornadoes and a down-burst in the late afternoon on September 21, 2018. The most
severe of these tornadoes occurred in the Dunrobin and Arlington Woods areas in Ottawa. Dunrobin
was hit with a category EF3 tornado at approximately 4:30 p.m., with a path 49 km in length and
an estimated maximum width of 1.3 km. Arlington Woods was hit with a category EF2 tornado at
approximately 5:50 p.m., with an estimated path length of 23 km and an estimated maximum width
of 750 meters. During the tornadoes, 25 injuries were recorded (The Star 2018), while 295 million
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Canadian dollars in insured losses were reported by the IBC (2018). Hydro Ottawa reported that
there were 80 hydro pole damaged or poles torn down, leaving approximately 171,462 customers
without electricity (CBC News 2018). The location of the affected areas of Dunrobin and Arlington
Woods with respect to Ottawa are shown in Figure 2.2. Dunrobin is a small community with a
population of approximately 1,000 people and is located about 25 km west of Ottawa. Arlington
Woods is a suburban neighborhood with a population of around 11,700 people and is located about
13 km southwest of downtown Ottawa.
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Figure 2.1. Annual tornado counts in Canada since 1980: (a) tornado counts from 1980 to 2008
including all EF scale tornadoes (Environment Canada); and (b) tornado counts from 2008 to 2018
including all EF scale tornadoes (data selected from authors).

The National Oceanic and Atmospheric Administration (NOAA) Storm Prediction Center (SPC)
provided the surface meso-analysis, which presents the surface wind in units of kilotons and the
mean sea level using contour lines in hectopascals (hPa) for both September 20 and September 21.
Tornado prediction involves analysis of the meteorology. A weather bomb event requires a 24 mbar
or greater drop within a 24-h time period. Between the 20th and the 21st of September there was a
22-mbar drop, which could have nearly met the weather bomb criteria. These criteria could have
provided more time for citizens of Ottawa to be better well-prepared and taken more advanced
safety precautions as the tornado was approaching.
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Figure 2.2. Location of Ottawa with respect to Dunrobin and Arlington Woods. (Map data
© 2019 Google, Image © 2019 Maxar Technologies.)

Valuable tools that can be used for assessing potential severe weather conditions include the
Significant Tornado Parameter (STP) tool and the Supercell Composite Parameter (SCP) tool.
During the Ottawa tornadoes, the STP tool showed conditions supported for a supercell to be
moving right producing an EF2 tornado as the mixed-layer lifting condensation level (MLLCL)
ranged be- tween 2 to 5 at 18:00 Universal Time Clock (UTC). The STP tool also considered the
wind shear, convective inhibition, and instability. The SCP tool works best when convective
inhibition is low (CIN) and the convective mode is discrete. SCP also considers instability and wind
shear. At 18 UTC the SCP showed ranges between 8 and 20 which indicated that there was a
cyclonic air mass associated with a supercell. Using all the tools and data provided by meteorology
reports, better predictions can be made to assure the safety of citizens during these events. Even if
the predictions were available, not all residents of the affected areas were informed to evacuate
their houses or take measures to protect their properties.

2.3.2 Damage Assessment and Failure Mechanisms
The damages that occurred in both the Dunrobin and Arlington Woods areas included, among other
roof damages and collapses, wall collapses, and structural collapses. It was found from the field
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investigation that most of the residential houses in both regions were wood-framed and were built
using conventional construction practices. The wood frame houses had wood beams and columns
supported on concrete foundations, while all the walls were continuously sheathed with plywood.
A site investigation conducted one week after the tornado, in which, based on observations, the
damages were evaluated using the scale described in Table 2.2. The scale of the type of the damage
of Table 2.2 was created based on previous research done by Stearns and Padgett (2011), however,
the description of the damage was modified to represent damage caused by the examined tornadoes.

Table 2.2. Damage state definition and description.
Type of Damage
Light

Medium
Heavy

Demolished

Description of Damage
Repearable damages to the
infrustracture, where there is no
immedidate danger.
Damage to the infrastructure that can
cause the loss of structural integrity,
Severe damage to infrastructure where
the public is in danger and there is loss
of structural integrity.
Sections of infrastructure are missing
or unstable

The statistical analysis results using the damage state definition of Table 2.2 of all inspected
buildings in the two affected areas are summarized in Figure 2.3. In Dunrobin, the structural
damage includes partial and total collapses, roof frames being disassembled, walls being torn down,
shingles missing from roofs, slight deformation of garage doors, and vinyl being stripped from the
side of the buildings. With the EF3 tornado in Dunrobin area [Figure 2.3(a)], 70% of the inspected
buildings were demolished, 13% were heavily damaged, 4% had medium damage, and 13% were
lightly damaged. Arlington Woods was hit with a slightly less severe tornado (EF2), and only 7%
of the buildings were demolished, 14% were heavily damaged, 50% had medium damage, and 29%
were lightly damaged [Figure 2.3(b)]. All inspected damages require repair, however, those that
were demolished and had medium and heavy damage are unstable for occupancy. The buildings
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with light damage, such as broken window frames and minor vinyl damage, would still have
functionality, although many buildings even with such type of damages lost their functionality and
required repair.

Figure 2.3. Damage assessment by damage state: (a) Dunrobin; and (b) Arlington woods.

2.4 Dunrobin Area (EF3 Tornado)
In total, approximately 75 houses and 1 commercial building (strip plaza) in Dunrobin area were
visibly damaged by the tornado. The most severe damage was found in an area that consisted of
residential houses. Twenty houses suffered significant damage with portions of roof structures
being removed, and 6 houses had sig- nificant wall collapses. Among the 75 damaged houses, 23
houses were selected for a detailed inspection. These 23 houses were the most representative in
terms of the observed failure modes.
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Figure 2.4. Distribution of the inspected building locations in Dunrobin, ON. (Map data ©
2019 Google, Image © 2019 Maxar Technologies.)
Figure 2.4 indicates the location of the buildings that were examined during the site inspection.
Based on the damage scale of Table 2.2, most of the buildings in the Dunrobin area were found to
be demolished, while only one house was observed with heavy-type damage and one with lighttype damage. Figure 2.5(a) shows the house with the light identified damage and Figure 2.5(b)
shows the house with the heavy damage. Figure 2.5(a) clearly shows that both the roof frame and
the house were visibly undisturbed; however, the garage door was damaged. In Figure 2.5(b) the
roof on top of the driveway was missing. The framework to the right of the garage was exposed;
however, the structure of the house was visibly intact. Only a few small sections of the roof with
shingles were found to be damaged and removed.

During the field reconnaissance the most common observation showed structural damage on roof
elements and in many cases roof collapses. Two examples of roof collapses are illustrated in
Figures 2.6(a and b). Both houses were considered as demolished since sections of the houses were
missing.
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Structural collapse was identified as a failure mode in older construction, compared with newer
houses, which mostly experienced only roof damages. New houses included the ones that had been
recently constructed at the tornado event, typically less than five years old. Figures 2.7(a and b)
illustrate two houses with both roof and frame collapse.

Figure 2.5. Observed damages in two houses in Dunrobin area: (a) light damage; and (b)
heavy damage. (Images by Aikaterini S. Genikomsou.)

Figure 2.6. Roof collapses: (a) example 1; and (b) example 2. (Images by Aikaterini S.
Genikomsou.)
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Figure 2.7. Total structural collapses: (a) example 1; and (b) example 2. (Images by Aikaterini
S. Genikomsou.)
Sheathing damage was one of the most common damages seen on the roofs and sides of houses.
Figures 2.8(a and b) illustrate sheathing damage that occurred to two houses during the tornado.
The damage on the roofs varied between sheathing damage, rafter damage, shingle damage, and
the roof being missing. Figures 2.9(a and b) show two houses where the sheathing, rafting, and
shingle damage is visible. In another building, shown in Figure 2.10, its walls have collapsed after
detaching from the subfloor, while the subfloor remained attached to the foundation. Most of the
houses on the same street were demolished due to connection failures.

A strip plaza in Dunrobin was also affected and needed to be shut down. The structure was a singlestory plaza and can therefore be seen as a low-rise structure. Although the structure of the strip
plaza seemed stable, the front windows of stores have been broken and were boarded up with wood,
and the frame of the roof was also exposed (Figure 2.11). Sections of the roof were missing and
some of the roof shingles have also fallen off. These damages affected store owners and customers,
as stores such as the post office, bakeries, grocery stores, doctor’s offices, restaurants, and liquor
stores were shut down. The plaza, which was severely damaged by the tornado, was demolished in
December, two months after the tornado.
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Figure 2.8. Sheathing damage: (a) example 1; and (b) example 2. (Images by Aikaterini S.
Genikomsou.)

Figure 2.9. Visible sheathing, rafting, and shingle damages: (a) example 1; and (b) example
2. (Images by Aikaterini S. Genikomsou.)
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Figure 2.10. Walls have collapsed from the subfloor leaving only the foundation visible.
(Image by Aikaterini S. Genikomsou.)

Figure 2.11. Dunrobin strip plaza damages. (Image by Aikaterini S. Genikomsou.)
Despite the many inspected buildings with severe damages, some other buildings were untouched
by the tornado. Figure 2.12 shows a house with only a few minor vinyl siding damages on the
garage wall. It is important to observe that there is no damage in the roof of this house. The roof
with the solar panels was expected to have extra pressure due to the space under the solar panels.
However, the roof and the solar panels did not appear as damages during the high wind speeds of
the tornado, and one reason may be the new construction of the roof that happened in order to be
installed the solar panels.
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Figure 2.12. Undamaged roof with solar panels. (Image by Aikaterini S. Genikomsou.)
To better understand the different types of damages, all selected taken images of the buildings
during the inspection were compared to images of the same buildings before the tornado had
happened (Google Images). The previous condition of these buildings was verified by the house
owners. This comparison allowed obtaining of useful information for the buildings (e.g., number
of stories, roof type) when this information was not fully understood during the damage assessment
field investigation (e.g., structural collapse). Figure 2.13(a) shows the house before the tornado,
and Figure 2.13(b) shows the tear off of the roof that indicates incorrect roof-to-wall connection.
This type of damage is alarming, as it could potentially mean that the house was built incorrectly
(construction errors or older construction practices). Another observed damage in the same building
is the wall failure that indicates issues with the construction, since the collapsed walls may have
been constructed later around the patio. Figure 2.14 compares another building [before Figure
2.14(a) and after the event Figure 2.14(b)] with similar types of damage to that mentioned
previously, however this house shows more severe wall collapses. Possible reasons for these
failures may be the incorrect roof-to-wall connections together with the vulnerable garage door
failure that caused more severe damages to both the roof and the walls. Figure 2.15 illustrates an
old construction and compares its condition before [Figure 2.15(a)] and after the tornado [Figure
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2.15(b)]. The house consisted of two attached parts that indicates possible addition in the existing
house. The complexity layout together with potential construction issues lead to the collapse of the
roof of the one part of the house, while the other part of the house totally collapsed. Figure 2.16
shows a house with collapsed roof and main floor. The comparison between the two images before
[Figure 2.16(a)] and after the event [Figure 2.16(b)] shows that the roof had some space between
the ceiling and the roof (possible attics) that together with construction errors (possible weak
nailing patterns) had resulted in collapse.

Figure 2.13. Comparison of a building in Dunrobin area: (a) before the tornado (image ©
2019 Google); and (b) after the tornado with its roof to being torn off (image by Aikaterini S.
Genikomsou).
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Figure 2.14. Building in Dunrobin area: (a) before the tornado (image © 2019 Google); and
(b) after the tornado with its roof and walls to be collapsed (image by Aikaterini S.
Genikomsou).

Figure 2.15. Building in Dunrobin area: (a) before the tornado (image © 2019 Google); and
(b) after the tornado with its roof and one part of the house to have been collapsed (image by
Aikaterini S. Genikomsou).

Figure 2.16. Building in Dunrobin area: (a) before the tornado (image © 2019 Google); and
(b) after the tornado (has collapsed) (image by Aikaterini S. Genikomsou).
Severe roof damage was observed in the house of Figure 2.17 with loss of roof covering material
and damage of roof framing. Figure 2.17(a) shows the house condition before the tornado, while
Figure 2.17(b) illustrates the house condition after the tornado event. Figure 2.18 presents a
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collapsed garage roof and also shows the building before the tornado [Figure 2.18(a)]. The failure
of the garage door may have resulted in pressurization, causing the final garage roof failure [Figure
2.18(b)]. An older building is shown in Figure 2.19, before [Figure 2.19(a)] and after the tornado
[Figure 2.19(b)]. The building constructed in the early 1900s and had many renovations over its
life until the tornado event. The building was used as a cheese factory and the high winds caused
its structural collapse. Figure 2.19(a) shows the building before the event and one can indicate that
potential reason of the collapse may had been the complex shape of the building in conjunction
with construction issues in the connections between roofs and supporting walls.

The two-story wood frame house shown in Figure 2.20 was constructed in 2003. Figure 2.20(a)
shows the house before the tornado, while Figure 2.20(b) shows the structural damages after the
tornado. The tornado caused the collapses of the attic floor and roof. The high winds also caused
the collapse of the garage that was located next to the entrance to the right of the house. This house
was inspected with many broken windows that could have created internal pressurization to the
structure which could have led to increases in the wind loads to the roof. These increased wind
loads may have caused the structural failures in the building.

In Figure 2.21(a), nails appeared to be fastened through the subfloor into the framing below with
the wall being erected on top of the sub- floor. NBCC (2015) suggests the use of a minimum of 82mm- long nails at 400-mm spacing for the plywood walls. These nails potentialy fail to meet the
requirement of the NBCC 2015 Code. If the house was constructed during a time when different
requirements were in place, the homeowner would have not been aware of the improper nails. Due
to this possibility, building code requirements should be enforced in older homes where potential
renovations may need to be conducted to assure the well-being of the occupants. In the same
building as shown in Figure 2.21(b) the anchor bolts that fasten the house to the foundation had
were able to be identified as the toroando damaged the frame of the house.
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Figure 2.17. Comparison of a building in Dunrobin area: (a) before the tornado (image ©
2019 Google); and (b) after the tornado with its roof to have severe damage (image by
Aikaterini S. Genikomsou).

Figure 2.18. Comparison of a building in Dunrobin area: (a) before the tornado (image ©
2019 Google); and (b) after the tornado with its garage roof to have collapsed (image by
Aikaterini S. Genikomsou).
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Figure 2.19. Comparison of an old building in Dunrobin area: (a) before the tornado (image
© 2019 Google); and (b) after the tornado (collapsed) (image by Aikaterini S. Genikomsou).

Figure 2.20. Wood frame house in Dunrobin area: (a) before the tornado (image © 2019
Google); and (b) after the tornado with its upper floor and roof to have collapsed (image
by Aikaterini S. Genikomsou).
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Figure 2.21. Observations of the nails and anchor bolts on the walls: (a) nails on the
floorboard; and (b) anchor bolt in the ground-level bond beam. (Images by Aikaterini S.
Genikomsou.)
During the field investigation the roof shapes and the types of damage of the inspected buildings
in the Dunrobin area were selected.

The types of damage on the roofs were categorized as: (1) no roof damage, (2) minor roof damage
(shingles were missing), (3) severe roof damage (damage on sheathing and truss), and (4) roof
collapse. Only two houses out of the 23 houses that were inspected in detail found to have no
roof damage. These two houses with no roof damage were identified as newer building
construction.

Figure 2.22 summarizes the distribution of different roof types of the inspected buildings. Gable
roofs (58%), intersecting roofs (combination of gable and hip) (30%), shed roofs (8%), and hip
roofs (4%) were identified as the most considerable roof types of the inspected buildings. Figure
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2.23 shows the statistical results of the roof damage assessment of the buildings during the
survey. The gable roofs performance was the poorest of the roofs inspected.

Figure 2.22. Distribution of identified roof types of inspected buildings (Dunrobin area).

Figure 2.23. Roof damage assessment of the inspected buildings (Dunrobin area).

As observed during the inspection, 8% of the roofs had no damage, 4% of the roofs appeared
with minor damage, 44% of the roofs experienced severe damage, and 44% of the roofs
collapsed. A clear pattern cannot be detected regarding whether the shape of the roof affected
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the amount of damage. However, it can be observed that only 4% of the inspected buildings were
classified with hip roofs, which are considered as the most preferable type of roof to reduce
exposure to high wind impacts.

2.5 Arlington Woods Area (EF2 Tornado)
In Arlington Woods, 13 houses and 1 church were inspected after the tornado occurred. Figure 2.24
shows the location of the examined houses. Due to the abundance of pine trees varying from 2.25
to 30 m in height, the observed damages in Arlington Woods were mostly found in the roofs of the
houses. Many of the older pine trees were impacted by the tornado’s heavy winds and failed by
snapping around mid-height due to their tall and slender nature. Most of the property damage in
the neighborhood was due to the pine trees falling on the houses, as can be seen in Figure 2.25.

Figure 2.24. Distribution of the inspected locations in Arlington Woods, ON. (Map data ©
2019 Google, Image © 2019 Maxar Technologies.)
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Figure 2.25. Damage caused by a tree falling onto the roof of a house in Arlington Woods.
(Image by Aikaterini S. Genikomsou.)

Based on the scale of Table 2.2, most of the buildings in Arlington Woods area were categorized
as medium damage (7 buildings), while only two houses were observed with heavy type of damage,
two with light type of damage, and one house as demolished. In some areas of Arlington Woods,
due to the wind there were no trees left standing. The damage on the roofs that was mostly created
by the falling trees but also by the tornado itself did not appear global. Several houses that were hit
by trees had shingles removed from the wind, while others did have shingles and sheathing removed
by the tornado itself (Figure 2.26). In most houses, structural damages to the roofs, vinyl surfaces
and severe damages on the sides were observed.
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Figure 2.26.Roof damages: (a) shingles on the roof stayed intact while portions of the roof
were removed; and (b) shingles were removed by strong wind loads. (Images by Aikaterini
S. Genikomsou.)

In certain areas of Arlington Woods, over 80% of the trees were uprooted and/or snapped, as shown
in Figure 2.27. It was estimated that the trees had less wind resistance than most trees in rural areas
due to their slender nature. Due to the abundance of large trees, the structures were shielded from
the strong winds.
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Figure 2.27. Removed trees by the tornado: (a) tree branches fall near and on houses
damaging them; and (b) woods cut up and removed. (Images by Aikaterini S.
Genikomsou.)

Arlington Woods Church was also damaged during this event. Due to the damages, the church
remained closed for renovations and affected the community services. The church experienced
sheathing damages and slight roof deformation as can be seen in Figure 2.28.

Figure 2.28.Arlington Woods Church roof damages. (Image by Aikaterini S. Genikomsou.)

Figures 2.29 and 2.30 show houses before and after the tornado. The comparisons illustrate the
sections of the houses that got damaged during the severe impact of the wind forces (EF2)
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encountering the houses. In Arlington Woods, most of the buildings’ damage was due to trees
falling on them. Although none of the houses were severely structurally damaged, side vinyl and
roof damage were visible.

Figure 2.29.Building in Arlington Woods area: (a) before the tornado (image © 2019
Google); and (b) after the tornado with severe roof damage and wall panel damage (image
by Aikaterini S. Genikomsou).

Figure 2.30.Building in Arlington Woods area: (a) before the tornado (image © 2019
Google); and (b) after the tornado with vinyl damage and severe roof damage (image by
Aikaterini S. Genikomsou).
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During the damage survey in the Arlington Woods area both the roof shapes and the types of
damage of the 13 inspected buildings were observed. The types of damage on the roofs were
categorized in a similar manner to the ones in Dunrobin area: (1) no roof damage, (2) minor roof
damage (shingles were missing), (3) severe roof damage (damage on sheathing and truss), and (4)
roof collapse. Figure. 2.31 presents the distribution of different types of roof shapes of the inspected
buildings. Gable roofs (69%), hip roofs (15%), intersecting roofs (8%), and gambrel roofs (8%)
were identified as the different roof types of the inspected buildings. Figure 2.32 shows the
statistical results of the roof damage assessment of the buildings during the inspection. As observed
during the field investigation, 79% of the roofs appeared with minor damage and 21% of the roofs
experienced severe damage. In Arlington Woods, most of the roof damages were a result of the
trees that fall on the roof, and thus only minor and severe roof damages were identified. Thus, a
clear pattern cannot be detected on if the shape of the rood affected the amount of damage.

Figure 2.31. Distribution of identified roof types of inspected buildings (Arlington Woods
area).
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Figure 2.32. Roof damage assessment of the inspected buildings (Arlington Woods area).

2.6 Comparison to Past Tornadoes
The tornadoes that hit Ottawa in September of 2018 caused significant damage and can be
compared to previous Canadian tornadoes, the 2009 Vaughan tornado and the 2014 Angus tornado.
Both tornadoes occurred in Ontario and were in the EF2 category. These past tornadoes had similar
characteristics to the Ottawa tornadoes and the lessons that can be taken from each tornado can be
used to better aid infrastructure in Canada to help prepare for future events. Table 2.3 compares the
recent tornadoes in Ottawa with the two past events (tornadoes in Angus, 2014, and Vaughan, 2009)
in terms of number of injuries, cost, and number of damaged buildings. Both the Vaughan and
Angus tornadoes left behind them more damaged buildings compared with the recent tornado in
Ottawa. The tornadoes in Angus and Vaughan occurred in areas with many residential houses that
were close to each other, while the tornadoes in Ottawa occurred in an area (Dunrobin) with
residential houses far away from each other, and thus the tornado path impacted fewer houses. In
terms of associated losses, the Ottawa tornadoes had costs of about $295 million, the Vaughan
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tornado follows with costs of $87 million, and the Angus tornado had costs of about $30 million.
The Ottawa tornadoes appeared to have more costly damages compared to the two previous
tornadoes in Ontario due to the severe damage not only to buildings but also to the electrical power
networks. No deaths were reported in these tornadoes, but 25 people were injured in Ottawa, while
3 and no injuries were reported in the Angus and Vaughan tornadoes, respectively.

2.6.1 Angus Tornado (2014)
The tornado that hit Angus (Ontario) in 2014 damaged many roofs and walls. Tree damage was
also reported, and by studying the debris of the tornado, it was concluded that the tornado had a
narrow core. Although the damage was greater in certain areas, most of the damage stayed between
the fence lines of the house as the width of the damage was estimated to be around 25–30 m (Kopp
et al. 2016). Much of the structural damage was due to poor construction, for example, nail spacing
in the inter-story wall-to-floor connections and toenails in the roof-to-wall connections. These
structural issues were the weak link allowing more infrastructure damage to occur.

Table 2.3.Comparison table including the EF rating, cost (Canadian dollars), injuries and
building damages.
Torondo
Ottawa (2018)
Angus (2014)
Vaughan (2009)

EF Scale
2/3
2
2

Injuries
25
3
-

Cost
$295 million
$30 million
$87 million

Number of
damaged houses
More than 75
101
92

2.6.2 Vaughan Tornado (2009)
The Vaughan tornado in 2009 included structural damage to roofs. Similar to the Ottawa tornadoes,
two different areas were affected, the Woodbridge area and the Maple area. The Woodbridge
tornado had a longer track length and caused major structural damage to residential buildings,
including wood framed roofs and sheathing, masonry walls and shingle loss. The damage track of
Woodbridge was narrow and was estimated to be 80 m. The Maple tornado faced similar damages
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with a narrow path of approximately 50 m wide. In both areas roof-to-wall connection failures were
the most common observed type of damage. Most of the observed roof failure happened due to
significant internal pressures caused by large windows and garage doors. According to Amini and
van de Lindt (2013), toe-nailed roof-to-wall connections can be a weak link for wood frame houses
in the vertical path. This weak link could be responsible for many of the failures that occurred
during the Vaughan tornado. Other reasons for severe damage may be significant internal pressures
caused by openings of large windows or garage doors (Morrison et al. 2012).

2.7 Conclusions
This chapter focused on the reconnaissance of wood frame buildings impacted during the 2018
tornadoes in Ottawa, Canada. Two different areas were impacted by the two different tornadoes:
the Dunrobin area was hit with an EF3 category tornado and the Arlington Woods area was hit with
an EF2 category tornado. The types of damage that occurred in both areas were examined during a
field investigation.

Based on the findings of this study, the primary cause of damage to the infrastructure in the
Dunrobin area was the high wind loading. The main failure modes that occurred included damage
to roof components, main frame failures, and vinyl siding. The damage assessment of the inspected
buildings showed that the connection between: (1) floor walls, (2) floor walls and roof, and (3)
foundation and wall, was the primary point of weakness that was identified in many houses. In
addition, many of the inspected houses had severe roof damages: 44% had collapsed roofs and
these collapsed roofs were gable type. When gable roofs are used in buildings, measures should be
considered to ensure that the connection between the walls and the roof is sufficient. The extensive
roof damage in Dunrobin area demonstrates the need for retrofit or replacement of gable roofs to
ensure safety for future extreme events such as tornadoes. In the Arlington Woods area, the heavy
winds caused fallen trees that impacted the buildings. Many old pine trees snapped and fell onto
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the houses, creating severe roof damages. However, many roofs appeared with major or minor damage due to loss of roof covering material. Similar to the Dunrobin area, in Arlington Woods the
majority of the inspected buildings had gable roofs that are more vulnerable to high wind impacts.
In both areas the winds were high, in the range of 180–265 km/h. According to NBCC (2015) the
design of 3-s gust speed at 10-m height in open terrain for Ottawa is about 35 m/s (128 km/h),
which is in the range of an EF0 category tornado, which can be considered to be greater than the
design level event.

Lessons learned from past tornadoes (Angus 2014 and Vaughan 2009) are similar to the lessons
learned from the Ottawa 2018 tornadoes. These lessons have not been considered to strengthen the
existing residential infrastructure in Canada. Inspections and retorfit are needed on an as-need basis
to ensure the structural safety of existing buildings for future tornado hazards. Finally, current
Canadian design codes do not consider the effect of tornadoes to the structural safety of new
structures. The need for new design alternatives includes assurance of high wind resistant buildings.
Further research is needed using the selected data of previous tornadoes to analyze typical Canadian
buildings under different tornado scenarios and examine their structural performance.
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Chapter 3
Fragility assessment of wood sheathing panels and roof to wall
connections subjected to winds
Gill A., Balomenos G.P., Genikomsou A.S. “Fragility assessment of wood sheathing panels and
roof to wall connections subjected to winds” Under submission.

3.1 Introduction
Tornadoes are destructive natural disasters that affect communities by causing damage to
infrastructure, deaths and financial repercussions. A tornadic event can have costs exceeding 1
billion dollars in insurance losses and can cause up to 695 casualties (Brooks and Doswell 2001).
During a tornado, gradient wind speeds and wind turbulence dominate, causing high fluctuations
in the lower part of the atmospheric boundary layer that mainly affects low-rise buildings, i.e.
buildings with height-to-width ratio not greater than 0.5, for which reference height does not exceed
20 m with gabled or single ridged roofs (NBCC 2015). Air that flows over and around these
buildings is causing aerodynamic wind pressures, while the external negative pressure may separate
the roof and the walls. As the air particles pass the sharp corners of a building, the external pressures
(suction forces), are the greatest in the ridge and the roof corners, the eaves and the wall corners.
Failures between the top of the wall and the roof connections, as well as sheathing failures, are
caused by these high wind pressures since the siding materials and roof are likely to be displaced
(Kopp and Gavanski 2012). Due to the vulnerability of the roof in high wind events, roofs can
suffer severe damages that may include the loss of shingles, the loss of sheathing, damaged rafters
and connection failures leading to a collapse (Gill and Genikomsou 2020). Figure 3.1 illustrates a
damaged roof sheathing in Dunrobin, Ontario, that was hit with an Enhanced Fujita (EF3) tornado.
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Another common failure (roof-to-wall connection) that can occur after a tornado is shown in Figure
3.2. The roof was attached to the wall with a toe-nail connection. This type of connection does not
resist all uplift forces caused by an EF3 tornado, and thus, such a failure is observed often after a
tornado aftermath.

Figure 3.1. Failure of roof sheathing in a residential house in Dunrobin, Ontario, caused by
an EF3 tornado (Image by Aikaterini S. Genikomsou).

Figure 3.2. Failure of roof-to-wall connection in a residential house in Dunrobin, Ontario,
caused by an EF3 tornado (Image by Aikaterini S. Genikomsou).

The above-mentioned structural failures can be prevented in low to moderate tornado wind loadings
by improving the individual components of the building along the vertical load path (Mehta et al.
1976). Thus, it is essential to better understand the structural performance of the residential woodframe low-rise buildings under wind loads to develop design solutions that will strengthen the
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structural elements of the buildings. Such design solutions to building practices require
probabilistic approaches to assessing the reliability of low-rise wood-frame buildings in tornadoprone areas. This study will use fragility analysis methodologies to determine the best construction
methods for roof components. Although tornadoes have been occurring for hundreds of years, the
ability to quantify tornado induced risk, has been only recently attempted (Ellingwood et al. 2004,
Amini and van de Lindt 2014, Gavanski and Kopp 2017, Kopp et al. 2017). These researchers have
conducted fragility assessments, on roof to wall connections in wood-frame houses and on roof
sheathings. Ellingwood et al. (2004) performed fragility analysis of wooden low-rise buildings and
suggested that the height of the house has little impact on the fragility analysis as the exposure
factor is approximately the same for one- and two-story houses. Instead, the fastener selection was
found to be crucial, as different nail sizes have different mean values of resistance. When analyzing
the roof-to-wall resistance, other research has shown that clips provide more resistance to uplift
forces than 8d toenails (Gavanski and Kopp 2017). A hurricane clip is a steel connector that can
attach the roof to the wall structure.
This chapter develops conditional fragility models for the structural risk assessment of wooden
roofs subjected to extreme winds. One type of single-family light frame residential house was
considered as representative of the building inventory in the examined area of Ontario (Ottawa): a
one-story building with gable roof without roof overhang. First, the adopted models for the demand
and the capacity estimation, and the general framework for the development of the fragility models.
Then, the proposed framework for the development of the fragility models is applied two major
structural components along the vertical load path, i.e., the roof sheathing (RS) and the roof-to-wall
connection (RW). The proposed models provide a tool for risk assessment of wooden houses
subjected to different wind scenarios. The main objective of this chapter is to illustrate the
effectiveness of fragility analysis in the performance assessment of wood sheathing panels and roof
to wall connections subjected to high winds. Demand in this chapter is done by using the Canadian
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EF scale which is what differs this chapter when compared to similar studies. This is done by
comparing 8 different scenarios that can be used in the construction of typical low-rise wood-frame
residential buildings. In addition, the study also develops new fragility models using Canadian
standards for the demand estimates.

3.2 Capacity Statistics of Roofs
The capacity of the roof is the summation of the dead load and the strength of the connection used.
When the structural performance of the roof sheathings (RS) is assessed (i.e., in scenarios 1-4
presented later), the weight of the RS together with the nail connection strength resist the uplift
load on the roof. Thus, the dead load is assumed to be constant in time, and the total uplift capacity
(C) is calculated as:
𝐶 = 𝑅𝑊 + 𝑅𝐶

(3.1)

where RW denotes the resistance due to the dead load of the roof panel and RC denotes the resistance
of the connection due to the type of nail/clip in the RS panel. When the structural performance of
the roof-to-wall connections (RW) is assessed (i.e., in scenarios 5-8 presented later), the weight of
the roof to wall connections and the nail/clip connection strength resist the uplift load on the roof.
Thus, RW connections resist the point loads from the end of the rafters, and the total uplift capacity
(C) is calculated as:
𝐶 = 𝑅𝐷 + 𝑅𝐶

(3.2)

where, RD denotes the resistance due to the dead load of the RW connections and RC denotes the
resistance of the connection due to the type of nails or clip used.
Structural details such as the dimensions of the roof and the type of nails, affect the capacity
estimates for both the RS and the RW structural cases. Therefore, this study investigates the
structural performance of sheathing panels and connection details used to construct typical
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residential houses found in the path of the recent tornadoes in Ottawa, Canada (Gill and
Genikomsou, 2020).
The most common sheathing panels consist of 12 mm thick CDX plywood with dimensions of 1.22
m by 1.22 m and 1.22 m by 2.44 m. The sheathing panels, rafter spaces and roof spans that have
been chosen in all analyses represent typical houses found in Dunrobin area, ON, and are similar
with the ones used by Clemson University’s Wind Load Test Facility and the National Association
of Home Builders (Rosowsky and Cheng 1999, NAHB 1999). These sheathing panels are
connected to the wall using 50.8 mm long 6d nails (i.e., 6d nails have 2.87 mm nominal diameter)
and 63.5 mm long 8d nails (i.e., 8d nails have 3.33 mm nominal diameter) and are connected to
rafters spaced at 610 mm center-to-center. RS panel failures are measured in kPa as the wind force
is exerted on the area of the panel creating a pressure which is resisted by the sheathing nail. The
rafters are 50 mm by 100 mm spruce-pine-fur (SPF) and the nails are spaced 150 mm at the edge
and 300 mm intermediate in the interior panel. The dimensions of the sheathing panels connected
by 6d or 8d nails to the wall and their statistics are presented in Table 3.1, while Figure 3.3.
illustrates the schematic drawings and the dimensions of all examined scenarios. The means and
COVs of Table 3.1 and 3.2 are taken from the referenced work in the tables where a pull test was
conducted on the nails to aquire the mean and COV.
Table 3. 1. Summary of sheathing nail resistance properties.
Nail Type
6d nail

Panel Size
1.22 m x 2.44 m

Mean
1.20 kPa

COV
0.15

Distribution
Normal

Reference
(Lee and Rosowsky, 2005)

1.22 m x 1.22 m

1.53 kPa

0.15

Normal

(Lee and Rosowsky, 2005)

1.22 m x 2.44 m

2.67 kPa

0.20

Normal

(Lee and Rosowsky, 2005)

1.22 m x 1.22 m

3.51 kPa

0.20

Normal

(Lee and Rosowsky, 2005)

8d nail
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a)

b)

Figure 3.3. Schematic drawings of examined sheathings on typical residential houses using
6d and 8d nails: a) Scenarios 1 and 3, b) Scenarios 2 and 4.

For the fragility analyses presented in this study, RW connections (rafter/truss to wall) are
considered as point loads and are measured in kN as they exert a force to a single point (i.e., to the
RW connection). This chapter investigates typical connection types that include: a) H2.5 hurricane
clip, b) 2-16d (i.e., 16d nails are 4.11 mm in diameter and 88.9 mm long) toenails, c) 3-16d (i.e.,
4.11 mm in diameter and 88.9 mm long) toenails and d) 3-8d (i.e., 8d nails have 3.33 mm nominal
diameter and are 63.5 mm long) toenails which connect the rafter/truss to the wall, and in Ontario,
Canada, these connections are commonly spaced every 16 inches (Government of Ontario, 2020).
Also, the rafters used are 50 mm by 100 mm spruce-pine-fur (SPF)., and the statistics of the RW
connections are presented in Table 3.2.
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Table 3.2. Summary of sheathing nail resistance properties.
Connection Type
H2.5 Clip
2-16d toenails
4.11mm diameter, 88.9mm
long
3-16d toenails
4.11mm diameter, 88.9mm
long
3-8d toenails
3.33mm diameter, 63.5mm
long

Mean
5.84 kN
1.83 kN

COV
0.12
0.16

Distribution Reference
Normal
(Amini and van de Lindt 2014)
Normal
(Amini and van de Lindt 2014)

2.80 kN

0.21

Normal

(Gavanski and Kopp 2017)

1.83 kN

0.34

Normal

(Ellingwood et al. 2004)

The roof dead load on the RS panels is 0.17 kPa (3.5 psf), while the strength of the RW connections
is 0.72 kPa (15 psf). The values of the mean-to-nominal ratio and the coefficient of variation (COV)
were found to be 1.05 and 0.10, respectively. These values were calculated using estimated weights
of materials such as plywood (Lee and Rosowsky, 2005). The RW connection weight is converted
into a force since the connection strength is simulated as a point load (kN). The RW connection
weight is multiplied by the common spacing requirement of 16 inches (0.41 m) and an estimated
span of 4 m from Figure 3.3 to generate a load. The dead load applied to the wood-framed roof
structures is assumed to be uniformly distributed (Ellingwood 1980).
3.2.1 Wind Load
Structural details such as the dimensions of the roof and the type of nails, affect the capacity
estimates for both the RS and the RW structural cases. Therefore, this study investigates the
structural performance of sheathing panels and connection details used to construct typical
residential houses found in Ottawa, Canada (Gill and Genikomsou, 2020).
The most common sheathing panels consist of 12 mm thick CDX plywood with dimensions of 1.22
m by 1.22 m or 1.22 m by 2.44 m. The sheathing panels, rafter spaces and roof spans that have
been chosen in all analyses represent typical houses found in Dunrobin area, ON, and are similar
to the ones used by Clemson University’s Wind Load Test Facility and the National Association of
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Home Builders (Rosowsky and Cheng 1999, NAHB 1998). These sheathing panels are connected
to the wall using 50.8 mm long 6d nails (i.e. 2.87 mm in diameter) and 63.5 mm long 8d nails (i.e.
3.33 mm in diameter) and are also connected to rafters spaced at 610 mm center-to-center. RS panel
failures are measured in kPa as the wind force is exerted on the area of the panel creating a pressure
which is resisted by the sheathing nail. The rafters are 50 mm by 100 mm spruce-pine-fur (SPF)
and the nails are spaced 150 mm on the edge and 300 mm intermediate. The dimensions of the
sheathing panels connected by 6d or 8d nails to the wall and their statistics are presented in Table
3.1, while Figure 3.3. illustrates the schematic drawings and the dimensions of all examined
scenarios.
Table 3.3. Summary of sheathing nail resistance properties.
Nail Type
6d nail

8d nail

Panel Size
1.22 m x 2.44 m

Mean
1.20 kPa

COV
0.15

Distribution
Normal

Reference
(Lee and Rosowsky, 2005)

1.22 m x 1.22 m

1.53 kPa

0.15

Normal

(Lee and Rosowsky, 2005)

1.22 m x 2.44 m

2.67 kPa

0.20

Normal

(Lee and Rosowsky, 2005)

1.22 m x 1.22 m

3.51 kPa

0.20

Normal

(Lee and Rosowsky, 2005)

Table 3.4. Summary of sheathing nail resistance properties.
Connection Type
H2.5 Clip
2-16d toenails
4.11mm diameter, 88.9mm
long
3-16d toenails
4.11mm diameter, 88.9mm
long
3-8d toenails
3.33mm diameter, 63.5mm
long

Mean
5.84 kN
1.83 kN

COV
0.12
0.16

Distribution Reference
Normal
(Amini and van de Lindt 2014)
Normal
(Amini and van de Lindt 2014)

2.80 kN

0.21

Normal

(Gavanski and Kopp 2017)

1.83 kN

0.34

Normal

(Ellingwood et al. 2004)
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3.3 Wind Load
The wind loading is the major external force applied on the structure during a tornadic event. The
National Building Code of Canada (NBCC 2015) has no wind load provisions for tornadic episodes,
thus, the wind load provisions for general wind loads are adopted in this study as:
𝑊𝑝 = 𝐼𝑤 𝑞𝐶𝑒 𝐶𝑡 𝐶𝑔 𝐶𝑝

(3.3)

where, Wp denotes the specified external pressure caused by the wind (kN/m2), Iw indicates the
importance factor for the wind load, q denotes the reference velocity pressure (kN/m2), Ce denotes
the exposure factor, Ct denotes the topographic factor, Cg denotes the gust effect factor and Cp
shows the external pressure coefficient which is averaged over the considered area. Equation 3.3
provides the wind pressure that can be applied to residential roofs in both the vertical and the
horizontal directions. The demand being exerted on the RS panels is the wind pressure which is
estimated using the Enhanced Fujita (EF) scale and represents the wind pressures of tornadic
events. The demand exerted on the RW connections is the wind load which is also estimated
using the EF scale. To categorize a tornado, the EF Scale is used, which was adopted by Canada
in April 2013 (Environment Canada 2013). Environment Canada provides the wind speeds of the
EF scale shown in Table 3.5. This scale is demonstrated by the amount of wind in kilometers per
hour that can be applied to a residential roof during a tornado. The EF scale is a methodology to
predict wind speed based on detected damage to building infrastructure. The wind speed provided
by Environment Canada has been converted to pressures and loads to allow for the limit state
equations to be created with consistent units. The fragility analysis is performed using Monte
Carlo Simulation (MCS) and considers categorized wind speeds which demonstrate the
tornadoes. Wind pressures between EF1 and EF4 scales are used, as the probability of an EF5
tornado occurring is unlikely.
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Table 3. 5. EF Scale wind speeds and wind pressures (Environment Canada, 2013).
EF Rating

Wind Pressure (RS) kPa

Wind Force (RW) kN

0

Wind Speed (km/h)
Rounded to 5km/ (EF Scale)
90-130

0.375-0.782

0.766-1.597

1

135-175

0.844-1.42

1.722-2.895

2

180-220

1.5-2.24

3.063-4.574

3

225-265

2.34-3.25

4.785-6.638

4

270-310

3.38-4.45

6.891-9.084

3.4 Fragility Methodology
Fragility analysis aids engineers to estimate the structural risk related to individual structural
components and/or to the whole structure (Billah and Alam 2015). Fragility analysis has been used
for multi-hazard assessment of highway bridges (Kameshwar and Padgett 2014), multi-bridge
classes vulnerable to hurricanes (Balomenos et al. 2020), pile-supported wharves and piers exposed
to storm surges and waves (Balomenos and Padgett 2018), aboveground storage tanks after extreme
storm events (Bernier and Padgett 2019), light-frame wood construction subjected to wind and
earthquake hazards (Ellingwood et al. 2004), hurricane damage to residential construction (Li and
Ellingwood 2006), isolated skewed bridges (Bayat et al. 2017), earthquake risk assessment of
underground railway stations (Kwon et al. 2020), single storey RC precast structures (Beilic et al.
2017), and residential wood framed structures subjected to tornadoes (Amini and van de Lindt
2014).
Fragility analysis requires the development of fragility curves that represent the conditional
probability of exceeding a given damage state (e.g., the collapse of roof) as a function of the demand
parameter (e.g., the intense winds from tornado analysis). Thus, fragility analysis is related to
specific limit state functions, and the conditional probability of the limit state being violated can be
expressed as:
𝑝𝑓 ,𝑖 = 𝑃[𝐿𝑆(𝐶, 𝐷) < 0 |𝑥]
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(3.4)

where LS denotes the limit state function in terms of pressure for the examined case in this study,
C denotes the capacity, D denotes the demand, and IM denotes the intensity measure (e.g., wind
pressure).
Roof sheathing failure and roof to wall connection failure due to wind loads happen when internal
and external pressures cause uplift to the roof framing. As it was also mentioned in the previous
section, such type of failure is influenced by three major factors: resistance, dead load, and wind
load. Resistance is providing by the nails, while dead load refers to the self-weight of roof sheathing
panel acting in opposite direction to uplift pressure that is the wind loading. Thus, for the scenarios
1-4 presented later, the limit state function can be described in terms of capacity and demand as:
LS(𝐱) = C(𝐱) − D(𝐱) = R W (𝐱) + R C (𝐱) − Wp (𝐱)

(3.5)

Also, for the scenarios 5-8 presented later the limit state function can be described in terms of
capacity and demand as:
LS(𝐱) = C(𝐱) − D(𝐱) = R 𝐷 (𝐱) + R C (𝐱) − W𝐹 (𝐱)

(3.6)

where, 𝐱 denotes a vector of the random variables associated for the calculation of capacity and
demand, RW is the resistance due to the weight of the roof panel, RD denotes the resistance due to
the weight RW connections, RC is the resistance of the connection due to the type of nails/clip in
the RS panel and the RW connection, Wp describes the wind pressure acting on the sheathing panel
and WF denotes the wind load acting on the RW connection. Thus, three parameters are involved
to the evaluation of the limit state function defined in Equations (3.5)-(3.6), where two are related
to the capacity and one is related to the demand. The adopted models for the estimation of these
parameters are presented in the following sections. During a tornado, the internal and external
pressures affect the integrity of the structure due to the high levels of wind, i.e., internal and external
pressure that acts on a roof panel will be combined creating a large uplift force on the panel that
may cause RS and RW failure (Ramseyer et al. 2016).
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The fragility function of the structural system is commonly described using the lognormal
Cumulative Distribution Function (CDF) as:
𝑙𝑛(𝑥) − 𝜆𝑅
𝐹𝑟(𝑥) = ϕ[
]
𝜁𝑅

(3.7)

where x denotes the intensity measure in the fragility analysis (e.g., wind speed), 𝛷 denotes the
standard normal distribution, 𝜉𝑅 is the logarithmic standard deviation of capacity and 𝜆𝑅 is the
logarithmic median of capacity. Once, 𝜉𝑅 and 𝜆𝑅 are known the fragility curved is plotted using
Equation 3.7 where the horizontal axis shows the intensity measure and the vertical shows the
conditional probability. The shape (𝜆𝑅 ) and scale (𝜉𝑅 ) parameters can be evaluated using the
Probability paper plot through a Monte Carlo Simulation (MCS) for the evaluation of the limit state
function. A probability paper plot is the limit state function against the standard lognormal
variables.
Figure 3.4 shows the flowchart of the proposed framework for the development of the fragility
curves. First is chosen the examined scenario that forms the limit state function. Then, demand and
capacity are estimated, where n denotes the different wind speeds associated to the demand and m
denotes the number of the Monte Carlo Simulations. Then, an n×m matrix is created for both
demand and capacity and the limit state function is evaluated. Using the data reported after
evaluating the LS function, the probability paper plot is applied to find the parameters of the
fragility models. As demand is considered the wind load from the EF scale, where 221 different
wind speeds were converted to pressures and used to calculate the demand of the sheathing panels.
A capacity is considered the dead load and the uplift capacity of the nails. For the MCS 1000 trials
were considered to create a n×m matrix, where n is equal to 1000 and m is equal to 221. This matrix
was used to calculate the capacity on the RS panels and the RW connections. Then, the LS function
was evaluated using the demand and capacity calculated in the previous step. The demand includes
the wind pressure and wind force that act as the uplift force on the RS panels and RW connections
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which can occur in multiple directions and is taken from the EF scale. The dead load includes the
self-weight of the roof including the RS panels and the RW connections that act in the opposite
direction to the uplift force seen in section 2.2. The resistance properties are provided from the
nails/clips and were used on the specified RS panels (Table 3.1) and RW connections (Table 3.2).
The RS panels have nails that are 6d or 8d, this means one is slightly longer than the other, however,
the spacing for both these nails is consistent. The nails for the RW connections are usually toenails
(8d or 16d) as well as hurricane clip (H2.5). The fragility equations used to create the fragility
curves are described for both the RS panels Equation 3.5, and the RW connections Equation 3.6.
The MCS is applied to create the fragility curves. Random variables including the dead load and
the uplift capacity (resistance) are defined based on a probability distribution and assigned to each
trial (i.e., 1000 random variables per trial). Once the random variable is generated, then it is placed
into the limit state equation with the wind pressures that are being used for these models. This
procedure is repeated for the duration of MCS and probability paper plot is applied to find the
fragility parameters (i.e. the lambda and zeta values). The residual R2 is also calculated to examine
how many data points surround the line of best fit, guaging for the accuracy of the data.
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Figure 3.4. Schematic flow chart of the proposed methodology.

3.5 Case Studies
3.5.1 Baseline of Scenarios
Table 3.6 illustrates the baseline of the roof sheathing (RS) panel scenarios used in this research
together with the characteristics and dimensions of each scenario. Different roof geometries are
analyzed to represent the different roofs that can be constructed and the most popular roofs that
were seen in Dunrobin tornadoes (Gill and Genikomsou, 2020). The scenarios presented, herein,
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are selected as common practice residential roofs that were analyzed during the primary field
investigation. The houses with the most damage that were inspected were primarily gable roofs and
represent a very popular roof type used in the construction of residential houses. Table 3.7
illustrates the baseline of the 4 different RW scenarios used in this research that have been chosen
using common nails/clips used in residential construction.
Table 3. 6. Baseline of 4 roof sheathing (RS) scenarios.
Properties
Sheathing
Dimension
Nail Type
Nail Spacing
Wind Load

Scenario 1
1.22m x 2.44m

Scenario 2
1.22m x 1.22m

Scenario 3
1.22m x 2.44m

Scenario 4
1.22m x 1.22m

6d nail
300 mm
EF0-EF4

6d nail
300 mm
EF0-EF4

8d nail
300 mm
EF0-EF4

8d nail
300 mm
EF0-EF4

Table 3. 7. Baseline of 4 roof to wall (RW) scenarios.
Properties
Nail Type
Connection
Type
Wind Load

Scenario 5
H2.5
RW

Scenario 6
2-16d toenails
RW

Scenario 7
3-16d toenails
RW

Scenario 8
3-8d toenails
RW

EF0-EF4

EF0-EF4

EF0-EF4

EF0-EF4

3.5.2 Fragility Models
3.5.2.1 Sheathing Failures
Individual panel failure fragilities can be defined using Equation 3.4. Using the LS function, MCS
has been used to develop fragility analysis for all scenarios shown in Table 3.4. An enclosed
structure is assumed until the first panel fails, which is why it is important to calculate the
probability of an individual sheathing panel before evaluating the reliability of the roof system. All
sheathing panels are assumed to be used on one story gable roofs.
Scenario 1 demonstrates the probability of failure for a 1.22 m x 2.44 m sheathing panel with 6d
nails when exposed to different wind pressures. The fragility analysis results predict that the
sheathing panels will fail at an applied pressure of approximately 192 km/h. This indicates that the
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sheathing on the roof will start failing during an EF2 tornado which agrees with the damages seen
in Dunrobin during the EF3 tornado. Scenario 2 demonstrates the probability of failure for a 1.22
m x 1.22-meter sheathing panel with 6d nails when exposed to different wind pressures. The
fragility analysis results predict the sheathing panels will fail at a wind speed of 213 km/h. This
also indicates that the sheathing on the roof will start failing during an EF2 tornado which agrees
with the damages seen in Dunrobin during the EF3 tornado. Scenario 3 demonstrates the probability
of failure for a 1.22 m x 2.44-meter sheathing panel with 8d nails when exposed to different wind
pressures. The fragility analysis results predict the sheathing panels will fail at a wind speed of 298
km/h. This indicates that the sheathing on the roof will start failing during an EF4 tornado. Scenario
4 demonstrates the probability of failure for a 1.22 m x 1.22-meter sheathing panel with 8d nails
when exposed to different wind pressures.
The presented predictions are based on developed fragility models developed using the probability
paper plot. Indicatively, Figure 3.5 shows the lognormal probability paper plot used to find the
parameters 𝜆 and 𝜉 for scenario 1. This graph can provide the accuracy of using a lognormal
distribution.

Figure 3.5. Example of a probability paper plot illustrated the equation and residual values
(Scenario 1).
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The lognormal probability paper plots define Eq. (3.8):

𝑙n(xi ) = ξSi + λ

(3.8)

here, 𝜉 represents the slope, and 𝜆 represents the intercept. The parameters of the fragility models
for the RS together with the R2 values are presented in Table 3.8. The high R2 values indicate that
the lognormal distribution can fit very well the data produced after the Monte Carlo simulation,
and thus the presented fragility models can be described using a lognormal distribution with 𝜉 and
𝜆 reported in Table 3.8.
Table 3. 8. Parameters of the RS fragility models.
𝛏

Scenario

𝛌

R2

1

1.0829

2.8226

0.9669

2

1.1271

2.9008

0.9755

3

1.236

3.2328

0.9667

4

1.272

3.2473

0.9847

Figure 3.6 shows the fragility curves for scenario 1-4 plotted using the developed fragility models.
Comparison of the fragility curves shows that the 1.22 m x 2.44-meter sheathing panel with 6d
nails (i.e., scenario 1) will provide the least stability to roofs exposed to high wind pressures. On
the other hand, the 1.22 m x 1.22-meter sheathing panel with 8d nails (i.e., scenario 4) will provide
the greatest stability to roofs exposed to high wind pressures. Thus, the use of bigger nails together
with smaller panel sizes is preferrable for reducing the risk of uplift failure. In addition, comparison
of scenario 1 and scenario 3 indicates that the use of 8d nails for large panels may significantly
increase the uplift resistance compared to the 6d nails. Thus, the use of longer nails with larger
diameter may be preferrable for resisting higher wind pressures. When constructing a roof, it is
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suggested to use the scenario that best fits the needs of the location as not to over-construct. This
would be Scenario 2.
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Figure 3.6. Fragility curves for individual roof sheathing (RS) failures.

3.5.2.2 Roof to Wall Connection Failures
Roof to wall connection fragility failures can be defined using Equation 3.5. Similar to sheathing
panel failures, using the limit state function, MCS has been used to develop fragility analysis using
the scenarios in Table 3.7. All connections exist on one-storey gable roofs as it was assumed for
the sheathing failures.
Scenario 5 demonstrates the probability of failure for a H2.5 hurricane clip fastener used as an RW
connection when exposed to different wind loads. The fragility analysis results predict that the RW
connection fails at approximately at a wind speed of 304 km/h. This indicates that the RW
connection will fail during an EF4 tornado. Thus, the use of hurricane clips would have allowed
the houses to withstand the Dunrobin tornado. Scenario 6 demonstrates the probability of failure if
2-16d toenails were used for an RW connection when exposed to different wind loads. The fragility
analysis results predict that the RW connection fails at a wind speed of 204 km/h. This indicates
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that the RW will fail during an EF2 tornado which agrees with the damages seen in Dunrobin.
Scenario 7 demonstrates the probability of failure if 3-16d toenails were used for an RW connection
when exposed to different wind loads. The fragility analysis results predict that the RW connection
fails at a wind speed of 248 km/h. This indicates that the RW connection will fail during an EF3
tornado which agrees with the damages seen in Dunrobin. Scenario 8 demonstrates the probability
of failure if 3-8d toenails were used for an RW connection when exposed to different wind loads.
The fragility analysis results predict that the RW connection fails at a wind speed of 226 km/h. This
indicates that the RW connection will fail during an EF3 tornado which agrees with the damages
seen in Dunrobin.
The presented predictions are based on developed fragility models developed using the probability
paper plot, as described in the previous section. Using Equation 3.8, the parameters of the fragility
models for the RW together with the R2 values are reported in Table 3.7. The high R2 values indicate
that the lognormal distribution can fit very well the data produced after the Monte Carlo simulation,
and thus the presented fragility models can be described using a lognormal distribution with 𝜉 and
𝜆 reported in Table 3.9.
Table 3. 9. Parameters of the RW fragility models.
𝛏

Scenario

𝛌

R2

5

2.4126

5.8400

0.9781

6

2.1794

5.2306

0.9663

7

2.3352

5.6188

0.9721

8

2.328

6.1877

0.9624

Figure 3.7 shows the fragility curves for scenario 5-8 plotted using the developed fragility models.
Comparison of the fragility curves shows that H2.5 hurricane clips (i.e., scenario 5) will provide
the best protection. On the other hand, 2-16 toenails (i.e., scenario 6) will provide the least amount
of stability for RW connections when exposed to high wind loads. Therefore, hurricane clips seem
to provide better RW resistance compared to nails because hurricane clips are specifically made to
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resist extreme wind pressures, and therefore provide a higher structural capacity to roofs exposed
to extreme wind loads. When constructing a roof, it is suggested to use the scenario that best fits
the needs of the location as not to over-construct. This would be Scenario 8 or 7.
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Figure 3.7. Fragility curves for roof to wall failures (all four scenarios).

3.6 Conclusion
This study proposed an easy to implement framework for the development of fragility models to
estimate the structural risk of typical wood houses exposed to tornadoes. Eight failure scenarios are
examined that may happen on low-rise wooden residential houses and specifically on roofs. four
related to roof sheathing failures and four related to roof to wall connection failures For each
scenario, the Monte Carlo simulation is used to evaluate the limit state function, together with the
probability plot to derive the parameters needed to plot the fragility curves.
The results indicate that the predictions of the developed fragility models align with the damages
observed in the Dunrobin area in Ottawa (Ontario) that was hit with an Enhanced Fujita (EF3)
tornado on September 21, 2018. For example, for the roof sheathing connections the use of a 1.22
m x 2.44 m sheathing panel with 6d nails (i.e., scenario 1) is the most vulnerable to high wind
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pressures, and the use of a 1.22 m x 2.44 m sheathing panel with 8d nails (i.e., scenario 3) will
significantly reduce this vulnerability. Also, for the roof to wall connections the use of H2.5
hurricane clips will significantly reduce the probability of failure compared to the use of nails.
Thus, the fragility curves suggest that the use of 8d nails with smaller panel sizes for the roof
sheathing connections and the use of H2.5 hurricane clips for the roof to wall connections will resist
higher wind loads (EF4). The presented fragility methodology has the potential for providing
effective strategies to improve structural safety. and to lead to more structural sound wooden
residential homes.
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3.8 Notation
C = Structural capacity
Ce = Exposure factor
Cg = Gust effect factor
Cp = External pressure coefficient
Ct = Topographic factor
D = Structural demand
Fr = Fragility function
Iw = importance factor
ln = lognormal function
LS= Limit state
pf = Probability of failure
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q = reference velocity pressure
RC = Resistance of the nail/clip connection
RD = Resistance of the dead load of the connection
RS = Roof sheathing
RW = Resistance of the dead load on the roof panel
RW = Roof to wall
R2 = residual
Si = Inverse of cumulative distribution function (CDF)
WL = Wind force
Wp = Wind pressure
x = Intensity measure
x = a vector of the random variables associated for the calculation of capacity and demand
λ = Slope of probability paper plot
λR = Lognormal median of capacity
ξR = Lognormal standard deviation of capacity
ξ = Slope of probability paper plots
Φ = Standard normal cumulative distribution
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Chapter 4
Finite Element Analysis of Gable Wooden Roofs under Tornadic Wind
Loads
4.1 Introduction
Tornadoes are destructive natural disasters that affect communities. Although tornadoes have been
occurring for hundreds of years, the ability to quantify tornado induced loading, has only been
attempted a few times. The high wind speeds that tornadoes endure cause destruction to
infrastructure. One tornadic event can have costs exceeding 1 billion dollars in insurance losses
(Pan, Montpellier et al. 2002). Tornadoes do not only affect infrastructure, a single tornadic event
can cause up to 695 casualties (Brooks and Doswell III 2001). There are very little studies that have
been completed on the dynamic response of structures subjected to tornado loads by Finite Element
Analysis (FEA) was studied by (Dutta, Ghosh et al. 2002). Static analysis of extreme wind loads
such as tornadic events on single storied wood-framed houses was studied by Sparks et al.(1988).
The tornadic forces on a building were found by Chang 1971, by using a basic tornado simulator.
To obtain force values of small building models with pressure measurements (Jischke and Light
1983) used a modified tornado simulator. A simplified laboratory simulator that generated an
approximate wind field in a tornado or mathematical/analytical models of a tornado were all used
in these analyses. Errors are most likely to occur in complex fluid-structure interaction when using
the simulator and therefore a physical tornado simulator that is large enough that can accommodate
models of structures and can simulate a wind field that matches that of a tornadic event is necessary.
To serve this purpose, the ISU’s Tornado/Microburst Simulator (Haan et al. 2008) can be used. In
the past, FEA did not capture the failure of the structure in stages when analyzed. When analyzing
wind intensity, the dynamic forces constantly change the internal pressure of the structure and
therefore the analyses must take into account different stages. Taking into account the multiple
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stages of analyses, the true behaviour of the structure can be observed. This chapter will attempt to
address the limitations of structural damage prediction that is caused by a tornadic event. Wind
speeds that cause such events will be estimated more accurately using the Enhanced Fuijita (EF)
scale and mitigation measures can be derived to prevent the damages caused by tornadoes.
The objective of this chapter is to use the FEA software ABAQUS to predict the structural
responses of residential roofs when affected by high wind pressures that occur in tornadic episodes.
FEA will focus on the excessive stress and deflections carried by a gable wood framed roof during
a tornadic episode. FEA will provide a more accurate prediction of the areas of a roof that will fail
during such episodes. Two single one story gable roof will be analyzed using multiple wind loads
to model the failure modes of the structural components at different stages. The obtained numerical
results will help to better understand the influence of varying internal pressures on a buildings
performance when impacted by a tornado. By analyzing wood framed roofs with FEA software, a
more accurate prediction of tornadic wind loads can be discussed to provide a better understanding
of better design and construction practice. The analysis results will benefit residential roofs as it
will allow to see exactly where the worst damage is located. The results will also be compared to
the site investigation results from Dunrobin Ontario. The analysis conducted will only be a initial
analysis. The models used will have simplified characteristics such as material properties and type
of loading. These models will also not have any roof to wall connections and will be focused simply
on a large sheathing panel. For more precise and detailed work to build off this initial ABAQUS
modelling, more data as well as more accurate material properties and loading type can be
implemented.

4.2 Literature Review
4.2.1 Past FEA Analysis of Light Framed Residential Houses
Finite Element Analysis (FEA) models are developed using multiple different software’s including
ANSYS, ABAQUS and more. Thampi et al. (2011) and Kumar et al. (2012) developed FEA models
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of wood-framed houses using ANSYS. These models included modelling roof sheathing and
connections between the wall and roof frame (roof to wall connections), wall frame and truss
members. During the studies conducted by Thampi et al. (2011) and Kumar et al. (2012), all nodes
were constraint. These studies would provide reasonable results, however, more precise results
could be collected if the base of the structure was modelled more precisely. Thampi et al. (2011)
considered the interaction of tornados on low rise timber buildings and predicted the stage-wise
failure of the structural components of gable-roof when hit by a tornado and provided a better
understanding of the influence of dynamically varying internal pressure on the building
performance during a tornadic event. Kumar et al. (2012) examined the failure of wood-framed low
rise buildings during tornado wind loads and including that the maximum stresses occur where the
roof edge meets the walls (eaves) and the top (ridge) where the two halves of the roof meet. It was
also concluded that there is a high stress concentration halfway between the roof edge and the roof
center, the high stress concentration decreases with the increase of the roof angle.
FEA has been previously performed on light framed residential houses (Phillips 1990, Kasal 1992,
Leichti et al. 1994), however, limited analysis has been done to residential roofs to examine their
structural performance. In past research, the joints and subassemblies have been the main focus of
FEA research (Collins, Kasal et al. 2005, Sagbas 2007). It is important to model the entire building
in order to understand the overall behaviour of the building. By modelling the entire building and
not just the joints and subassemblies, a more informative analysis can be shown. Light framed
residential houses are dictated by the structures’ diaphragms which includes the intercomponent
connections such as metal plates for wall-to-wall connections, nails, ceiling to wall connections,
floor to wall connections, roof to wall connections, as well as the walls, floor and the roof itself
(Collins et al. 2005).
The initial studies using 3D finite element models for light framed residential houses had been done
by (Phillips 1990, Kasal et al. 1994).Phillips (1990) a one story wood-framed building under quasi73

static loads. Kasal et al. (1994) took individual structure components of this experimental test house
and incorporated them into a full structure finite element analysis model. Linear super-elements
were used in the analysis of the experimental house for the floor diaphragms and the roof (Kasal et
al. 1994). Linear super-elements are used when a group of finite elements are processed therefore
defining it as a new type of finite element. This allows the problem to be locally solved before
solving the global problem. The membrane and bending stiffness was accounted for by using shell
elements for the floor and roof models in order to adequately to capture the diaphragm action. Full
scale finite element modelling was used for the intercomponent connections and for the shear walls.
Both the analytical results and experimental results from the two researchers for the modeling
details agreed closely. Finite element analysis showed that there would be less of a deformation at
the walls that are distant from the acting force and the be deformations at the boundaries would be
much greater. Assumptions of property values that were taken from multiple substructures of
analytical models could be the reason for the disagreements of the analytical model results
produced by Kasal et al. (1994) and the experimental result produced by Phillips (1990).
4.2.2 Roof Systems
One of the best ways to resist vertical loads in many buildings is the use of wood truss systems.
Apart from having a long history of good performance, the configurations of roof truss assemblies
have recently become progressively complex as multiple different types of trusses can be used in a
singular home with larger roofs such as multi-gable or hip roofs (Gupta 2005). After preforming a
few preliminary studies to calibrate the FEA models, an investigation of the software to preform
such analysis was complete.
Herein, the first roof contains rafters that are not purely axial, as they do not use triangular trusses;
therefore, there will also be flexure in the system, and the second roof has rafters that will be purely
axial as they do contain triangular trusses as seen in Figure 4.1.
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(a)

(b)

Figure 4.1. Roofs: (a) None-triangular trusses; (b) triangular trusses
The most engineered part of a light framed building is considered to be the roof (Kasal 1992).
Wood trusses can be pre-engineered components that have been previously fabricated from lumber
(Gupta 2005). To construct a typical light frame wood truss assembly, the trusses are constructed
and appropriately spaced based on building code provisions, the sheathing is then nailed into the
truss members. The sheathing is used to carry the imposed loads as well as to cover the truss frames
and serve as a load-distributing element. Other structural components that are included in roof
systems include connections such as purlins and bracing that connect the trusses together. In the
ABAQUS models created in this chapter, the connections used are made as tie connections.

4.3 Tornadic Episode
The location of the affected area with respect to Ottawa is located about 25 kilometers west of
Ottawa. Dunrobin was hit with a category EF3 tornado at approximately on September 21, 2018 at
4:30 PM with a path of 49 km in length and an estimated maximum width of 1.3 km. During the
tornadoes, 25 injuries were recorded (The Star 2018), while 295 million Canadian dollars in insured
losses were reported by the Insurance Bureau of Canada (Insurance Bureau of Canada IBC 2018).
Hydro Ottawa reported that there were 80 hydro poles damages or torn down leaving approximately
171,462 customers without electricity (CBC News 2108).
Damages that occurred in Dunrobin included roof damages and collapses, wall collapses and
structural collapses. A site investigation was conducted one week after the tornado, where based
on observations the damages were evaluated. The primary cause of damage to the infrastructure
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was the high wind loading. The finite element analysis will compare the damages observed in the
field with the predicted failures shown in the ABAQUS model.

4.4 FEA Model
4.4.1 Roofs Chosen for Analysis
Complete collapse of a roof occurs during medium tornadic events (EF3), were the roofs along the
centerline of the tornado experience the most severe damage. EF2 to EF4 tornadic wind pressures
have been chosen for this analysis so that it is possible to compare the predicted damaged state to
the observed damage state in Dunrobin. Multiple one-story homes were partially damaged in
Dunrobin. Two residential roofs have been chosen for analysis that resemble residential roofs that
were observed during the field investigation. These residential roofs were located in or near the
tornado path as the damage to the buildings are extensive.
Table 4.1 illustrates the baseline of the houses used in this research. Analyzing different roof
geometries is done to represent the different roofs that can be constructed and the most popular
roofs that were seen in Dunrobin. The roofs represented above are from residential roofs that were
analyzed during the primary field investigation in Dunrobin. The houses with the most damage that
were inspected were primarily gable roofs and are a very popular roof type used in the construction
of residential houses. The dimensions of the roofs used are based on multiple studies that occurred
at Clemson University’s Wind Load Test Facility (Rosowsky and Cheng 1999) that are similar to
the Dunrobin homes as the exact dimensions of the Dunrobin homes were not avalible. The first
roof is rectangular in plan with dimensions of 6.9 m x 12.2 m. It does not have any overhang and
has a roof slope of 18.4 degrees and one support beam 1/3 of the way down from the top of the
rafter. The second roof is very similar and has a rectangular plan with dimensions of 6.8 m x 12.2
m. It does not have any overhang and has a roof slope of 18.4 degrees with symmetrical triangular
trusses.
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Table 4.1. Baseline of the house.

Properties
Plan Dimension
No. of Stories
Roof Type
Roof Slope
Roof Framing Spacing
Overhang of Roof

Roof 1
6.9 m x 12.2 m
1
Beam Gable
18.4 ֯ (4:12)
61 cm
None

Roof 2
6.8 m x 12.2 m
1
Truss Gable
18.4 ֯ (4:12)
61 cm
None

To categorize a tornado the EF Scale (Wind and Engineering Center 2004) is used. EF scale is a
methodology to predict wind speed based on detected damage to build infrastructure. The EF scale
was adopted by Canada in 2013 (NOAA (National Oceanic and Atmospheric Administration)
2019b). Environment Canada provides the wind speeds of the EF scale shown in Table 4.2.
Table 4.2. EF Scale wind speeds used by Environment Canada.

EF Rating
0

Wind Speed Rounded to 5km/h (EF
Scale)
90-130

1
2

135-175
180-220

3

225-265

4

270-310

5

315 and up

The wind exposure/ design speeds will be based off the EF scale focusing on EF2 and EF3.
4.4.2 FEA roof Structure using ABAQUS
To analyze the gable roof system, the ABAQUS finite element software was used. ABAQUS
allows for complex models to be analyzed using multiple nodes to provide a more accurate
prediction. ABAQUS uses a CAE interface which allows models to be constructed in a threedimensional physical layout. This is superior to the purely numerical format which would be
complex and difficult to visualize as it would not provide the same level of detail. ABAQUS allows
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the creation of specialty elements used to recreate a more accurate and realistic behavior of the
connections and materials of the model in order to allow the up most accuracy.
However, due to the amount of detail ABAQUS allows in the model, the amount of time required
to analyze more complex models can be a drawback. Thus, to reduce the computational cost,
simplified models may be needed by taking the advantage of symmetry in modeling.
4.4.3 Materials
The material characteristic of both analyzed roofs are based off of Thampi et al., (2011). Douglas
Fir will consistently be used for all beams and studs with an elastic modulus of Ex = 8.14 GPa and
a Poisson’s ratio of 0.30. The wood structural panels (plywood), used for sheathing consist of an
elastic modulus of Ex = 10.3 GPa, and a Poisson’s ratio of 0.30. The load applied to the roof will
be based of the Enhanced Fujita (EF) Scale. The material properties were based off an elastic model,
however, in a more accurate model, an anisotropic model would be used as it shows the wood’s
ductile behavior in compression and brittle behviour in tension. It also demonstrates shear failure,
where both failure modes can occur simuntaneously which this initial model does not demonstrate.
4.4.4 Element Type and Mesh Size
To capture the appropriate results for the designed roof, proper element type and mesh size should
be assigned to the ABAQUS model. The element type that was chosen was an 8-node linear brick
with reduced integration and hourglass control.
To examine the adequacy of mesh refinement. The software starts with a default course mesh and
allows the mesh size to change to finer ones based on user input. Figure 4.2 shows the difference
between the initial course mesh and the final finer mesh for beam rafter roofs and Figure 4.3 shows
the initial and final mesh size for the truss rafter roof.
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(a)

(b)

Figure 4.2. The mesh size of the beam rafter roofs: (a) 150 mm mesh size; (b) 50 mm mesh
size.

(a)

(b)

Figure 4.3. The mesh size of the truss rafter roofs: (a) 150 mm mesh size; (b) 50 mm mesh
size.
Mesh convergence analysis was conducted to choose the proper mesh size. Many different ways
are possible to create the mesh convergence study such as comparing the resistance from the
support conditions, load versus displacement curves and stress versus the mesh size. Table 4.3
illustrates the mesh size used, the total number of elements in the roof for the beam roof and the
maximum principal stress from the sheathing of the roof. Creating a convergence graph shown in
Figure 4.4, visually represents that the mesh size of 50 mm would provide the best results as it is
the finest. The result size from 150 mm to 50mm does not vary by much and therefore the resuls
will be similar, however 50 mm was chosen as it provided the highest stress. This mesh size will
79

also be used in the truss roof. 50mm can also be seen as too fine a mesh size and in future research
75mm can be used.
Table 4.3. Mesh size (mm), number of elements and maximum principal stress (MPa) on the
sheathing of the roof.
Mesh Size (mm)

Total Number of Elements

Stress Maximum Principle

Beam

(MPa)

150

2798

5.48E-01

125

3930

7.87E-01

100

5592

8.99E-01

75

9455

9.42E-01

50

22263

9.96E-01

Mesh Convergence
1.20E+00

Stress (MPa)

1.00E+00
8.00E-01
6.00E-01
4.00E-01
2.00E-01
0.00E+00
0

20

40

60

80

100

120

140

160

Mesh size (mm)

Figure 4.4. Mesh convergence analysis for the beam roof.
Figure 4.4 illustrated that with a smaller mesh size (more elements), the stress increases. 50 mm
and 150 mm mesh size will be used in these models. The 50 mm mesh will be used to compare the
ABAQUS results to the site investigation results. With the smaller mesh size, the roof is being
analyzed in more detail then when the with a larger mesh size. The more detailed the roof is being
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analyzed the more accurate the results. Mesh size of 50 mm will be used as the most accurate
analysis for all subsequent analyses.
4.4.5 Boundary Conditions
Both roofs are gable roof and are therefore symmetric in both the XY and YZ plane. Supports were
added at the bottom of the roofs to prevent displacement in any direction. These supports were
fixed and were chosen to represent restraint in the X, Y and Z directions to simulate the restraints
but on a roof in a residential home. The boundary conditions are presented in Figure 4.5 (a) for the
beam roof and Figure 4.5 (b) for the truss roof.

(a)

(b)

Figure 4.5. The boundary conditions: (a) beam rafter roof; (b) truss rafter roof.
4.4.6 Constraints
Constraints were placed between the sheathing panel and the rafters, as well as between the rafters
and the support beam on both the left and right sides of both models. Tie constraints are used, and
they tie two separate surfaces together in order to allow no relative motion between them. Even
though the meshes created on the surface of the regions may be dissimilar, tie constraints allow two
regions to be fused together. This does not accurately represent how a roof is assembled, although
it was the simplest possible way provided by ABAQUS.
4.4.7 Loading
Wind pressures will be used as the type of loading in these models. The pressures applied to the
outside of the roof replicate realistic surface pressures on the structure under a uniform load with a
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dynamic solver. Realistic fluctuating wind loads with quasistatic laoding, has been used in previous
papers such as Morrison et al. (2012) . Quasistatic loading refers to loading where inertial effects
are negligiable. This chapter will follow quasistatic loading in the ABAQUS model. The physical
roofs have wind pressures applied in “all-direction” to cover the unpredictability of tornadoes. The
ABAQUS model uses time increased loading with an amplitude of 1 to simulate the load passing
over a residential house, similar to what would occur during a tornadic event. Wind pressures of an
EF3 (0.00234 MPa) and EF4 (0.00325 MPa) tornado will be used to represent different wind
pressures that could occur during different categories of tornadoes. Each individual loading
scenario will represent a different structural response by the roof depending on the amount of
pressure that is occurring on the roof. Illustrations of how the wind pressure is distributed on the
roofs is shown in Figure 4.6. Different types of loading such as dynamic loading could be more
accurate in representing tornadic pressures on roofs can be used in the future to improve this model.

(a)

(b)

Figure 4.6. The loading conditions: (a) beam rafter roof; (b) truss rafter roof.

4.5 Analysis Results and Discussion
4.5.1 Beam Roof
Both the course mesh of 150 mm (Figure 4.7a) and the fine mesh of 50 mm (Figure 4.7b) were
analyzed for the beam roof using the identical properties. The bottom of the rafters as well as the
edge of the roof where the rafters connect with the support beam are the highest points of stress in
both roofs. Maximum Principal Stress (Avg 75%) was used to determine where the most amount
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of stress occurred. The course mesh size demonstrated the highest stress to be 5.483E-01 MPa while
the fine mesh size demonstrated the highest stress was 2.312E+00 MPa.

(a)

(b)

Figure 4. 7. Maximum Principal Stress (Avg 75%) of beam rafters: (a) mesh 150 mm; (b)
mesh 50 mm.
The Maximum Principal Stress (Avg 75%) was also analyzed for the sheathing for both course and
fine mesh. The course mesh did not show much stress being applied to the sheathing with a highest
stress point being at the edge of the sheathing at 5.483E-01 MPa. The finer mesh illustrated more
stress near the center the of sheathing and at the edge of the sheathing with a stress of 9.964E-01
MPa. These observations are illustrated in Figure 4.8, where (a) is the course mesh and (b) is the
fine mesh. Based on mesh convergence, the fine mesh would provide more accurate results with
higher number of elements.

(a)

(b)

Figure 4.8. Maximum Principal Stress (Avg 75%) of beam roof sheathing: (a) mesh 150 mm;
(b) mesh 50 mm.
4.5.2 Truss Roof
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Both the course mesh of 150 mm (Figure 4.9a) and the fine mesh of 50 mm (Figure 4.9b) were
analyzed for the truss roof using the identical properties. Maximum Principal Stress (Avg 75%)
was used to determine where the most amount of stress occurred. The bottom of the two outer
trusses experience a high level of stress at two symmetrically identical points for the course mesh.
The course mesh size demonstrated the highest stress to be 6.391E+00 MPa. The fine mesh
demonstrated the highest stress level of 9.226E+00 MPa at the edges of the trusses which connect
to the support beam.

(a)

(b)

Figure 4.9. Maximum Principal Stress (Avg 75%) of truss rafters: (a) mesh 150 mm; (b) mesh
50 mm.
The Maximum Principal Stress (Avg 75%) was also analyzed for the sheathing for both course and
fine mesh. The course mesh illustrated high stress at the edges located in the middle of sheathing
on both left and right sides. High stress was also seen at the front of the sheathing edge in the
middle. The Maximum Principal Stress (Avg 75%) analyzed by the course mesh was 9.104E-01
MPa. The fine mesh illustrated multiple high-level stress points which were spread throughout the
sheathing. These points are located in the middle of the sheathing on both the left and the right side,
along the edge of the sheathing on both the right and the left side and symmetrically in the middle
of the sheathing where the slope of the roof changes. The Maximum Principal Stress (Avg 75%)
analyzed by the fine mesh was 7.659E-01 MPa. Based on mesh convergence, the fine mesh would
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provide more accurate results with higher number of elements. Figure 4.10, where (a) is the course
mesh and (b) is the fine mesh illustrates the truss roof sheathing analysis. Based on mesh
convergence, the fine mesh would provide more accurate results with higher number of elements.

(a)

(b)

Figure 4.10. Maximum Principal Stress (Avg 75%) of truss roof sheathing: (a) mesh 150 mm;
(b) mesh 50 mm.
4.5.3 EF3 and EF4
The fine mesh of 50 mm is used to compare the results of displacement from the EF3 tornado
pressures and the EF4 tornado pressures for more precise accuracy. The supports for the roof have
been fixed as stated in Section 4.5.5, however, there is a small rotation at the top of the beam edge
leading to a very small upward displacement. These displacements can be seen in the figures and
are extremely small. Therefore, for the analysis of the displacement for the roofs, the downward
deflections will be used.
Figure 4.11 represents the displacement of the fine mesh beam roof when impact by an EF3 tornadic
wind pressure (Figure 4.11a) and an EF4 tornadic wind pressure (Figure 4.11b). The EF3 tornado
shows a downward deflection of 2.753E-01 mm. The displacement force occurs on the edges of
the sheathing and rafters. The EF4 tornado shows a downward deflection of 7.068E-01 mm at the
edge of the sheathing and rafters, as well as the middle of the sheathing where the angle changes.
The reason for greater displacements for the EF4 tornado is the increased change in pressure.
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(a)

(b)

Figure 4.11. Displacement of roof beam rafters: (a) EF3 pressure, 50 mm mesh; (b) EF4
pressure, 50 mm mesh.

(a)

(b)

Figure 4.12. Displacement of beam roof sheathing: (a) EF3 pressure, 50 mm mesh; (b) EF4
pressure, 50 mm mesh.

The displacement of the sheathing specifically was also analyzed for the EF3 and EF4 pressures of
the fine mesh beam roof. Both roofs experience the worst deflection on the edges of the sheathing
on both the left and the right side, while the EF3 tornado also shows a larger deflection in the
middle of the roof where the angle changes. The largest downward deflection for the EF3 tornado
is 2.783E-01 mm and 7.184E-01 mm for the EF4 tornado. These can be seen in Figure 4.12
respectively.
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Figure 4.13 represents a displacement versus force curves for both the EF3 and EF4 tornado
pressures on the beam roof. The graph illustrates that the EF4 tornado wind pressures have a greater
displacement than the EF3 tornado. These results support that an EF4 tornado will cause more
damage on the roof than an EF3 tornado.

Displacement vs Force Beam Rafter Roof
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1.2

Dispalcement (mm)
Figure 4.13. Displacement vs Force graph for beam rafter roof with EF3 and EF4 pressures.

Figure 4.14 represents the displacement of the fine mesh truss roof when impact by an EF3 tornadic
wind pressure (Figure 4.14a) and an EF4 tornadic wind pressure (Figure 4.14b). The EF3 tornado
shows a downward deflection of 6.512E-01 mm whilst the EF4 tornado shows a downward
deflection of 1.332E+00 mm. Both roofs show the displacement force occurring on the edges of
the sheathing and the middle rafter. The EF4 has a larger displacement due to the large pressure
being exerted on the roof.
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(a)

(b)

Figure 4.14. Displacement of roof truss rafters: (a) EF3 pressure, 50 mm mesh; (b) EF4
pressure, 50 mm mesh.
The displacement of the sheathing specifically was also analyzed for the EF3 and EF4 pressures of
the fine mesh truss roof. EF3 pressure has a deflection of 6.512E-01 mm and EF4 has a deflection
of 1.332E+00 mm. The deflection for both roofs occurs on the edge of the sheathing as seen in
Figure 4.15 respectively.

(a)

(b)

Figure 4.15. Displacement of truss roof sheathing: (a) EF3 pressure, 50 mm mesh; (b) EF4
pressure, 50 mm mesh.
Figure 4.16 represents a displacement versus force curves for both the EF3 and EF4 tornado
pressures on the truss roof. Similar to the beam roof, the graph illustrates that the EF4 tornado wind
pressures have a greater displacement than the EF3 tornado. These results support that an EF4
tornado will cause more damage than an EF3 tornado. This graph should be linear, however due to
possible characteristics chosen in ABAQUS the results could have been skequed.
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Displacement vs Force Truss Rafter Roof
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Figure 4.16. Displacement vs Force graph for truss rafter roof with EF3 and EF4 pressures.
4.5.4 Limitation of the model and possible source errors
The ABAQUS model captures the response of the roof with a moderate degree of error due to
limitations that require further improvement since the presented results belong to an initial
investigation study. FEA can be a valuable tool in modern research since after the proper
calibration, the FEA models can be used for parametric studies. Applying multiple different wind
loads represents the immediate structural response for the wind pressure, however during a tornadic
episode the wind pressures increase as they approach the residential roof. The ABAQUS model
shows increase in pressure over time, instead it represents a constant pressure over the 1 second
amplitude. The largest limitation includes the type of connections used. Tie connections allow the
surfaces to perfectly fuse together at the nodes, however in construction common 6d and 8d nails
are used to attach the sheathing to the rafters and are not perfectly fused. This could create some
incorrect results when displaying the failure modes (high wind forces would be needed to fail the
sheathing when that is not necessarily the case). Furthermore, roofs are constructed in multiple
sheathing panels to create a roof system, in the ABAQUS model presented, one massive sheathing
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panel was created. This could alternate the results as different individual sheathing panels are
usually affected in some tornadic cases, however in the model the sheathing acts as a whole unit.

4.6 Observation Failure During Site Investigation
Approximate 23 houses were inspected in detail after the tornadic episode in Dunrobin. 20 houses
suffered significant damage with portions of the roof structure being removed. During the field
reconnaissance the most common observation showed structural damage on roof elements and in
many cases roof collapses. Two examples of roof collapses are illustrated in Figure 4.17 (a) and
(b). Both houses considered as demolished since sections of the houses were missing. Sheathing
damage was one of the most common damages seen on the roofs and sides of houses. Figure 4.18
(a) and (b) illustrate sheathing damage that occurred to two houses during the tornado.

(a)

(b)

Figure 4.17. Roof collapses (Images by Aikaterini S. Genikomsou).
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(a)

(b)

Figure 4.18. Roof sheathing damage: (a) on the outer side of the house; (b) on the edge of the
roofs, exposing the rafters (Images by Aikaterini S. Genikomsou).
The damage on the roofs varied between sheathing damage, rafter damage, shingle damage and the
roof to be missing. Figure 4.19 (a) and (b) show two houses where the sheathing, rafting and shingle
damage is visible.

(a)

(b)

Figure 4.19. Visible sheathing, rafting and shingle damages: (a) on the top of the roof where
the angle changes; (b) on the edge of the roofs, exposing the rafters.
Based on the findings of this study, the primary cause of damage to the infrastructure in Dunrobin
area was the high wind loading. The main failure modes that occurred included damage to roof
components, main frame failures and vinyl siding. The damage assessment of the inspected
buildings showed that the connection between a) floor walls, b) floor walls and roof, and c)
foundation and wall, was the primary point of weakness that was identified in many houses. In
addition, many of the inspected houses had severe roof damages: 44% had collapsed roofs and
these collapsed roofs were gable. When gable roofs are used in buildings, measures should be
considered to ensure that the connection between the walls and the roof is sufficient. The extensive
roof damage in Dunrobin area demonstrates the need for retrofit or replacement of gable roofs to
ensure safety for future extreme events such as tornadoes.
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4.7 Comparison to Dunrobin Houses
The EF3 wind pressure deflection will be compared to the results seen in the Dunrobin houses.
ABAQUS results showed that the displacements for the EF3 tornado occurred in the edges of the
sheathing and rafters for the beam rafters and on the edge of the sheathing and the middle of the
rafters for truss rafters. During the site investigation in Dunrobin, sheathing damage was the most
common damage. Sheathing damage similar to the ABAQUS results can be seen in Figure 4.20
and 4.21. Both beam and truss rafters from the ABAQUS sheathing deflection results are compared
since it is uncertain the types of rafters used in the construction of the homes in Dunrobin.

(a)

(b)

Figure 4.20. Comparison real life damage to the damage results from ABAQUS: (a) real life
damage (Image by Aikaterini S. Genikomsou); (b) ABAQUS results for EF3 beam roof.

(a)

(b)

Figure 4.21. Comparison real life damage to the damage results from ABAQUS: (a) real life
damage (Image by Aikaterini S. Genikomsou); (b) ABAQUS results for EF3 truss roof.
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Some images from the site investigation indicated more severe damages. This was not portrayed in
the ABAQUS model as tie connections were used allowing the surfaces to have no relative motion
between them. This is not the case in real world construction where different types of nails and
clips for construction are used and therefore allow the surfaces to have relative motion between
them. Overall, the ABAQUS models and the site investigation showed similar results on the
damages done to residential roofs during an EF3 tornado.

4.8 Conclusion
Two different gable roofs were modelled using finite element analysis in ABAQUS and compared
to observed damage caused by an EF 3 tornado that hit Dunrobin, ON. on September 21, 2018. The
ABAQUS models identified the structural behaviours such as excessive stress and deflection from
the wind pressures exerted on the roof. The two wind pressures used was the EF3 and EF4
pressures. Half of a full roof was modelled, and a detailed finite element analysis was performed
with pressure data on the roof as a whole. The following conclusions can be drawn:
1) The methodology enabled reasonably predicted the wind induced damage to a Douglas Fir
beam and truss rafter roof under the influence of an EF3 and EF4 tornadic loading.
2) Using tie connections could have given inaccurate results. The pressures exerted on the
roof could have potentially been higher if the two separate surfaces together allowed
relative motion between them.
3) The ABAQUS simulation predicted the failure of the structural components of a gableroof. The highest pressures and displacements where found to be at the edge of the
sheathing and rafters in both the EF3 and EF4 scenarios, matching the observed damages
from Dunrobin.
4) The study provided a better understanding of dynamically varying exterior pressures and
deflections on the building performance.
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The presented methodology will enable accurate predication of tornadic wind induced pressure on
residential roofs. The findings were similar to the field observations collected in Dunrobin. With
more specified connections, material properties and loading type in the ABAQUS model, finite
element analysis can be used to aid in the analysis of future construction practices surrounding
tornadic pressures on residential roofs.

Presently, there are no ready-made time dependent wood models in ABAQUS software, however
in future research, own material models can be created using a program called FORTRAN.
FORTRAN is a computer programming language to allow the user to define their own material
model (Mirianon et al 2008). In future research, developed subroutines, more accurate material
properties and multiple types of loading can be used to analyze more specific wood samples in
ABAQUS.
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Chapter 5
Conclusion and Future Recommendations
5.1 Conclusions
Tornadoes are one of the most devastating natural disasters that impact Canada and occur on a local
scale. A ground survey of an EF2 and an EF3 tornado that hit Ottawa in September 2018 was
investigated as described in Chapter 2. Most residential homes are not built to withstand extreme
wind conditions such as a tornadic episode with a magnitude of a high EF2 or greater. Canadian
houses are extremely structurally vulnerable to damages from natural disasters such as tornadoes.
Mitigation efforts are dependent on potential future changes to the residential building code.
Multiple different failure modes were observed both in the field and using ABAQUS.
Discontinuities in the vertical path including the roof sheathing and roof-to wall connections were
the major failure modes. Strengthening the structural performance of residential roofs by
reinforcing the connections and supporting vertical load paths has proven to mitigate damages from
high wind speeds as proven in Chapter 3 by using fragility analysis. Damages during lower EF
intensities can be mitigated if improvements are made to the construction of residential structures.
With no change to residential building codes in Canada, the damage produced from tornadic
episodes can be expected to be the norm especially nowadays with the climate change.
Inadequate performance of roof sheathing is commonly observed in field inspections after a
tornadic episode. This could be because of poor construction such as improperly attaching the
fasteners. Internal pressure creating from a tornado can also breach the building envelop causing
sheathing failures. In Chapter 3, four different roof sheathing scenarios were analyzed and
compared to determine which scenario would be able to withstand the largest amount of wind. It
was determined that a 1.22 m x 1.22-meter sheathing panel with 8d nails would provide the greatest
stability and a 1.22 m x 2.44-meter sheathing panel with 6d nails would provide the least stability
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during high winds. Assuring that the construction and installation of the sheathing panels is done
with care is important. Having the nails hit the roof framing and not missing the underlying truss
can reduce panel uplift capacity.
Roof-to-wall connections was also proven to be a common peak point along the vertical load path.
Toenails are the most common connection used in roof-to-wall connections. Toenails do perform
well under gravity loads, however, have been observed to be inadequate to perform under wind
uplift. In Chapter 3, it is proven that the use of H2.5 hurricane clips improve the roof-to-wall
connection as they performed significantly better than a toenail connection. Similar to roof
sheathing, the roof-to-wall connection must be properly placed uniformly across the structure. If
this is not done properly per manufacture instruction, failure will be initiated at the weakest point
of the structure. When the roof-to-wall connection fails, the roof is removed as well as the exterior
walls of the home are susceptible to fail and collapse.
Maps were created to analyze tornadic events that occurred in Canada between 1980 and 2019.
These maps highlighted the provinces in Canada with the highest risk of annual tornado occurrence
and included an estimate of the occurrence of the EF intensity. It was expected that the prairies area
would be at the highest risk due to the large fields and serve storms that occur during particular
months in the year. After a field investigation (Chapter 2) of an EF2 and an EF3 tornado that hit
Ottawa, the capital of Canada, a fragility analysis of the effect of high wind on roof sheathing and
roof-to-wall connections was conducted. This thesis the fragility analysis focused on 8 different
scenarios in which different sheathing, nails and roof-to-wall connections were used to determine
the best construction practices for residential roofs in high wind regions (Chapter 3). Fragility
analysis was used as it estimates the performance under a given demand and accounts for
undertraining in both the demand and capacity of the structure. In addition to estimating the
structural performance using fragility analysis, the results were then compared to an ABAQUS
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model to assure the model provided the same failure locations as the field investigation (Chapter
4).
It should be noted that structural performance based on fragility analysis is only contingent upon
the actual hazard occurring, therefore the fragility analysis used in this thesis is only determined
performance if a residential roof was subjected to a tornado. Results from this thesis prove that
stricter building codes around residential construction may be beneficial to areas with high annual
tornado risk.
Tornado provisions are not currently considered in residential design code due to their low
probability of site-specific occurrence even though tornadoes have the potential for catastrophic
damages as seen in Ottawa, Canada. Tornadoes will likely continue to be a part of the severe
weather climatology in Canada and therefore it is likely that there will be increased damages,
injuries, and fatalities from tornadoes. To mitigate this damage, building codes must be improved
to account for extreme winds.
In summary, the following conclusions are reached as a direct work presented in this thesis:
1) A site investigation was conducted in Ottawa, Canada to visually analyze the damages
caused to Dunrobin and Arlington Woods. A damage state definition and description was
developed based on the available data. It was noted that wooden gable roofs were the most
vulnerable during high wind events.
2) Fragility curves were created using 8 different scenarios to compare construction materials
to wind speeds caused by tornadoes to predict the analyze which sheathing sizes and roofto-wall connections should be used in high wind regions. These results indicated which
combinations of roof sheathing and roof to wall connections performed better in high wind
regions.
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3) ABAQUS was used to model standard roofs in standard construction to confirm the
weakest spots in the roof aligned with sheathing panels and roof-to-wall connections as
observed in the field investigation.

5.2 Recommendations for Future Work
The work presented in this thesis provided a framework for assessing wood-framed residential roof
construction performance under tornadic winds. This area does require continual research efforts
to understand the appropriate methods to mitigate damages from tornadoes. Based on the
methodology and the conclusions of this thesis, the following recommendations for future work
have been created:
1) Post-disaster strategies and surveys should be investigated to better understand the
damages that tornadoes can cause.
2) Further comparisons should be created using fragility analysis to illustrate failures in post
disaster surveys. Limitations used such as sheathing sizes and nail sizes can be altered to
improve and create more models.
3) Social, economic and property loss should be estimated for tornadoes both current and
historic to compare past strengthened building codes.
4) The ABAQUS models should be further examinedwith proper calibration to consider
different types of roofs and more accurate boundary conditions.
5) Continued research on the applicability and magnitude of tornado amplification of wind
loads due to the uncertainty associated with the tornado wind field.
6) Future fragility analysis on structural performance should include the age of the home due
to changes in the residential design code.
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Appendix A: Damaged Houses in Ottawa, 2018 Tornadoes in Chapter 2
Table A1. Damaged homes in Dunrobin, Ottawa.
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Item Damaged

Location

Details

Dunrobin

The damage seen in the picture is categorized
as demolished. The house has had its roof
completely ripped off. The framing as well as
the shingles are no longer intact causing danger
to the public. The roof currently has no
structural integrity.

Coordinates:
45.4242639,-76.0232083

Dunrobin
Coordinates:
45.4254944,-76.0256667

Dunrobin
Coordinates:
45.4238361,-76.0226444

Dunrobin
Coordinates:
45.4236917,-76.0224389

Dunrobin

The damage seen in the picture is categorized
as light. The frame of the roof and the house is
visibly undisturbed; however, the garage has
been damaged. This damage can be easily
repaired and there is no structural component
that causes any danger to the public.

The damage seen in the picture is categorized
as demolished. The frame of the roof has been
torn apart as well as roof shingles have fallen
off. There are large parts of the roof that have
fallen off and the roof has lost all structural
integrity and is a danger to the public.

The damage seen in the picture is categorized
as demolished. The entire roof has been
relocated to the ground. It appears that the
displaced roof is still somewhat intact;
however, the house has lost structural integrity
as it is missing the entirety of the roof.

The damage seen in the picture is categorized
as demolished. The house has lost the framing
of the roof as well as the house. The roof is
visibly absent, and the walls of the house have
massive gaps and is missing structural
integrity. This house is a danger to society and
must be reconstructed.

Coordinates:
45.423,-76.0213694
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Dunrobin
Coordinates:
45.4232361,-76.0185861

Dunrobin
Coordinates:
45.4229278,-76.0196694

Dunrobin
Coordinates:
45.422925,-76.0201194

Dunrobin
Coordinates:
45.4230944,-76.0211417

Dunrobin
Coordinates:
45.4239778,-76.0229333
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The damage seen in the picture is categorized
as demolished. The damage was mostly caused
by a large tree collapsing on the house. This
caused structural damage to both the roof and
the frame of the house. The house is a danger
to the public as it is unstable and could collapse
further.

The damage seen in the picture is categorized
as demolished. This house is the entirety of the
roof and has damage to the structure of the
house. There is also broken glass and part of
the door is missing. This house is unstable and
is a danger to society.

The damage seen in the picture is categorized
as demolished. Although the structure of the
strip plaza seems to be visibly stable, the front
windows of stores have been broken and are
boarded up with wood and the frame of the
roof is exposed. There are sections of the roof
that are missing and some of the roof shingles
have also fallen off.
The damage seen in the picture is categorized
as demolished. There are sections of the wall
that are visibly missing as well as the roof is
detached from the structure. Due to the
difference of pressure inside and outside of the
house during the storm, windows have also
broken.

The damage seen in the picture is categorized
as demolished. Sections of the roof are visibly
missing, and others are severally damaged
where the frame can be seen. Shingles have
also been removed and there is no longer
structural integrity for the roof of the house.

Dunrobin
Coordinates:
45.4239778,-76.0229333

Dunrobin
Coordinates:
45.4241,-76.0230944

Dunrobin

The damage seen in the picture is categorized
as demolished. The roof is missing on the right
side of the house and the right side has been
severely damages as the frame of the roof is
collapsing in. Windows have been broken and
there is no longer structural integrity for the
structure causing a danger to the public.

The damage seen in the picture is categorized
as demolished. The roof of this house has been
stripped of shingles and has the frame exposed.
Although there are no large sections of the roof
missing, there are large sections where the roof
is collapsing in on itself causing a loss in
structural integrity and danger to the public.

The damage seen in the picture is categorized
as demolished. The roof of the house is missing
and there is sever damage to the vinyl on the
right and center right side of the house. There
are broken windows and the lose of so much
material reduced the structural integrity of the
house.

Coordinates:
45.424175,-76.0232

Dunrobin
Coordinates:
45.4253278,-76.0259778

Dunrobin
Coordinates:
45.4246611,-76.0270778
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The damage seen in the picture is categorized
as heavy. The roof on top of the driveway is
missing. The framework to the right of the
garage is exposed; however, the structure of the
house is visibly intact. There are small sections
of the roof where shingles have been damaged
or removed.

The damage seen in the picture is categorized
as demolished. The vinyl on the top right side
of the garage has been removed and there are
visible holes on the top right side of the garage
and the left side of the house. This causes
concern and decreases the structural integrity
of the house.

Dunrobin
Coordinates:
45.4243278,-76.0275583

Dunrobin
Coordinates:
45.4237833,-76.0282667

Dunrobin
Coordinates:
45.4235806,-76.0283139
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The damage seen in the picture is categorized
as demolished. Sections of roof have been
stripped to visibly show the frame and outer
material of the front of the house has been
removed. This questions the structural integrity
of the house and could be a danger to the
public.

The damage seen in the picture is categorized
as demolished. The brick on the left side has
broken off and the entirety of the roof has been
stripped down to the frame. The left side of the
frame has collapsed in and is missing. This
decreases the structural integrity and is a
danger to the public.

The damage seen in the picture is categorized
as demolished. The roof has collapsed on the
right side of the house and there are shingles
missing on the left side of the house. There are
sections of the roof that are missing decreasing
the structural integrity and causing a danger to
the public.

Table A2. Damages homes in Arlington Woods, Ottawa.
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Item Damaged

Location

Details

Arlington Woods

The damage seen in the picture is categorized
as heavy. The vinyl siding of the house has
been torn off as well as the outside layer of
the house. The roof shingles have also been
disturbed however the roof frame is still
intact.

Coordinates:
45.3238944,-75.7870639

Arlington Woods
Coordinates:
45.3240278,-75.7870028

Arlington Woods
Coordinates:
45.3250361,-75.7877361

Arlington Woods
Coordinates:
45.3249444,-75.7882528

Arlington Woods
Coordinates:
45.3250583,-75.7872556
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The damage seen in the picture is categorized
as heavy. The vinyl siding has been torn off
to the point where you can visibly see a hole
in the house. The roof has also had shingles
disturbed and misplaced, however the roof
frame is still intact.

The damage seen in the picture is categorized
as light. There has been so significant
structural change to the house other then the
side of the house near the roof being
misshaped. It appears that there is disturbance
to the roof shingles however the roof frame is
intact.

The damage seen in the picture is categorized
as demolished. The frame of house is intact,
however the frame off the roof has large
sections missing. The roof also has shingles
that have fallen off and is not longer
structurally sound.

The damage seen in the picture is categorized
as light. It is visible that the window has been
broken and is now covered with wood as well
as shingles on the roof have been removed.
The vinyl siding has been minorly disturbed.
The frame of the house and roof is still
structurally intact.

Arlington Woods
Coordinates:
45.3247861,-75.7871333

Arlington Woods
Coordinates:
45.3234972,-75.787575

Arlington Woods
Coordinates:
45.3234417,-75.7876972

Arlington Woods
Coordinates:
45.3256556,-75.7853917
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The damage seen in the picture is categorized
as medium. The deformation of the roof
caused concern to the frame of the house. The
roof has shingles that have been removed as
well has deflections near the front and at the
side of the garage.

The damage seen in the picture is categorized
as medium. The house has a canapé roof
which has been deformed which could
eventually lead to a collapse on the front
porch. The chimney on the right side of the
house has brick missing and has caused a
slight deformation to the right side of the
roof.
The damage seen in the picture is categorized
as medium. The damage caused to this house
included the lose of shingles on the roof as
well has damages to the vinyl siding where
the frame of the house can be seen. The
structural integrity of the building is observed
to be intact as none of the frames were
destroyed.

The damage seen in the picture is categorized
as medium. This church has had shingles
removed from the roof; however, the frame of
the roof is still structurally intact but could be
damaged, therefore there is no immediate
danger to the public.

Appendix B: Individual Fragility Curves for 8 Scenarios in Chapter 3

Figure B1. Scenario 1 fragility curve.

Figure B2. Scenario 2 fragility curve.
110

Figure B3. Scenario 3 fragility curve.

Figure B4. Scenario 4 fragility curve.
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Figure B5. Scenario 5 fragility curve.

Figure B6. Scenario 6 fragility curve.
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Figure B7. Scenario 7 fragility curve.

Figure B8. Scenario 8 fragility curve.
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