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Abstract—Recently, on September 21st, 2018, an outbreak of 

six tornadoes with the strongest one being a high-end EF-3, 

devastated the Ottawa-Gatineau area in Canada causing 

damages that might approach US$100 million. A set of 

experiments was performed in the WindEEE Dome tornado 

simulator at Western University to experimentally investigate 

the resilience of a Canadian community to tornado damages. A 

neighborhood in Dunrobin, Ontario that was ripped apart by an 

EF-3 tornado during the Ottawa-Gatineau tornado outbreak is 

chosen as a testbed for the study. The first goal is to 

experimentally replicate the conditions in the wind simulator 

that is as close as possible to the real event and provide an 

estimate of damages using the experimental data. The second 

goal is to perform a simple parametric study in the wind 

simulator and estimate the potential damage that would have 

been inflicted on the Dunrobin community by the same tornado 

(i.e., EF3) that traversed the community following a different 

path. Lastly, the potential influence of the different strengths of 

tornadoes on the Dunrobin community given the same footprint 

trajectory as the observed one will also be investigated. These 

experimentally determined damages will afterwards be 

compared against the losses reported by the insurance 

industries. This paper only focuses on the experimental 

technique behind this comprehensive study.  

Tornado; extreme winds, sustainable & resilient communities, 

experimental simulation, damage assessment, loss estimate, property 

insurance. 

I.  INTRODUCTION 

Tornadoes are the most disastrous, violent and lethal wind 
events in the world. North America sees more tornadoes than 
any other place on the earth. In the United States (US) only, an 
average of 63 people dies every year and the damage in property 
averages US$ 1123 billion [1]. Canada experiences on average 
100 tornadoes every year.  

Due to the increased variability of tornado events in recent 
years [2], it is expected that the insurance industries and 
homeowners will be more interested in tornado risk mitigation 
especially in regions that are particularly prone to tornadoes and 
extreme winds. 

On September 21st, 2018, a tornado outbreak ripped through 
the Ottawa (Ontario) - Gatineau (Quebec) area. A total of six 
tornadoes, with the strongest one being a high-end EF-3 (wind 
speed up to 265 km/h), has been confirmed by Environment 
Canada (Figure 1). The outbreak left a path of destruction in its 
trail. 200 buildings were damaged of which more than 30 
buildings were completely flattened in Dunrobin, Ontario [3,4]. 
30 people were injured with no known fatalities. 150,000 homes 
and businesses were left without power and the power outage 
affected about 300,000 customers in and around the path of the 
tornadoes [5]. According to the Weekly Cat Report prepared by 
Aon Benfield, the total economic loss would approach US$100 
million.  

 

Figure 1: Location of the confirmed tornadoes (Source: 

Weather Network) 

 
The EF-3 tornado that devastated Dunrobin, Ontario is the 

most powerful tornado seen in eastern Ontario since 1902. 
Damages were extensive with many buildings beyond repair 
(Figure 2).  

 



   

 

Figure 2: Damages from the EF-3 tornado in Dunrobin, Ontario 

(The Canadian Press/ Sean Kilpatrick) 

 
This research proposes a set of experimental simulations of 

tornadoes affecting a neighborhood block shown in Figure 2. 
The experiments were carried out in the Wind Engineering, 
Energy and Environment (WindEEE) Dome simulator at 
Western University. The justifications for selecting this 
neighborhood in Dunrobin are mainly twofold: (1) the layout of 
the block is simple and can be treated as a typical residential 
layout in Canada; and (2) this community block has a small 
amount of tall trees and other obstacles that could serve as debris 
in tornadoes, thus making it simpler to directly relate the 
building damages with tornadic wind, rather than the damage 
being caused by flying debris. Wind loads on the selected 
buildings were measured for a model that was properly scaled to 
the scale of the tornado that passed through Dunrobin, Ontario.  

Tornadic wind loads on isolated buildings in laboratory 
environments have been studied by several researchers. One of 
the earliest studies in this regard was performed by Jischke and 
Light [6] where tornadic wind loads on a rectangular model 
building were measured in a modified Ward’s tornado simulator 
[7]. When compared with the atmospheric boundary layer 
(ABL) wind loads, significant changes in the forces and 
moments were reported for tornadic wind loads. Sengupta et al. 
[8] measured wind loads on a 1:100 scale model of a cubic 
building and a 1:500 scale model of a tall building in translating 
tornadoes in the Tornado/Microburst Laboratory Simulator at 
Iowa State University using force balance. The loads on the 
isolated buildings were found to be higher by a factor of 1.5 or 
greater in tornadoes (EF-2 or stronger) compared to the ASCE7-
05 building standard [9]. Since the models were not 
instrumented with pressure taps, localized distributions of wind 
loads were missing. A 1:3500 scaled cubical model was tested 
in the Vortex Simulator II at Texas Tech University by Mishra 
et al. [10]. The F-4 rated tornado that hit Manchester, South 
Dakota on June 24, 2003, was replicated in the simulator at the 
model scale. The building model was equipped with 64 external 
surface pressure taps. Similar distributions of surface pressures 
as in ABL were observed for tornadic flow when the building 
was placed at a distance equal to the vortex core radius from the 
center. Haan et al. [11] also tested a 1:100 scale model of an 
isolated gable roof building with surface pressure taps in the 
tornado simulator at Iowa State University. Each pressure tap on 
the roof and the walls had a higher peak pressure coefficient 
compared to ASCE 7-05 [9]. In a recent study, Razavi and 
Sarkar [12] investigated the effect of different factors, such as 

translation speed and swirl ratio of a tornado, relative position, 
and orientation of the building concerning the direction of the 
tornado translation, on the wind loads on a low-rise building. A 
couple of the key observations was: (1) larger peak loads for 
lower swirl ratio; and (2) smaller peak loads with faster 
translation speeds. The literature review reveals that there is a 
clear gap in knowledge regarding tornadic wind loads on 
buildings at the community level, especially the effect of 
neighboring buildings on the tornadic wind loads on a building 
of interest.  

Relating wind loads to damages is carried out through 
structural analysis. Ibrahim et al. [13] investigated the responses 
of pre-stressed concrete transmission line poles under tornado 
and downburst loads. Using an in-house developed finite 
element model the authors assessed damages and failure 
conditions of the transmission lines. They concluded that the 
pole can withstand an F2-rated tornado without collapsing. 
Savory et al. [14] carried out a dynamic structural analysis on a 
steel lattice tower to predict the failure conditions under tornado 
loads. They reported that the modes of failure in their study were 
similar to a limited number of field observations. Similar 
structural analysis based on experimentally obtained tornadic 
loads from the WindEEE Dome can be carried out to relate the 
wind-induced pressures to damage.  

Losses caused by tornadoes—as well as any other natural 
peril—can be represented through a framework depicted in 
Figure 3. According to Romanic et al. [15], the factors that 
govern the loss are the climatology of tornadoes over the given 
area in terms of their frequency of occurrence, the strength of 
tornadoes and the geometry of their trajectories, the exposure 
map, and vulnerability that links the damage inflicted to a 
structure and wind speed. Vulnerability is an essential 
component in estimating losses because it directly links the 
natural hazard (i.e. tornado) and the economic loss inflicted on 
the building. This paper outlines the possibility of using a large-
scale tornado simulator—i.e., the WindEEE Dome—to 
quantitatively investigate the wind engineering aspects of the 
tornado loss framework portrayed in Figure 3. 

 

Figure 3: Tornado loss assessment framework (modified after 

[15]). 

 
Firstly, the building losses will be estimated for the 

neighborhood in Dunrobin, Ontario through the experiments 
performed at the WindEEE Dome and the tornado loss 
assessment framework shown in Figure 3. Secondly, the 
experimentally determined losses will be compared to the losses 
reported by the insurance companies. This experimental model 
could then be implemented for other communities in the 
tornado-prone regions to get an estimate of losses for different 
tornado scenarios. The results of the proposed study will also be 
the source material for future work that will focus on the 
construct of fragility and vulnerability curves for tornado 
damages using a tornado simulator. 



   

II. METHODOLOGY 

A. The WindEEE Dome 

The physical experiments carried out within the scope of this 
work were conducted at the Wind Engineering Energy and 
Environment (WindEEE) Dome [16,17] at Western University 
in London, Ontario. The WindEEE Dome is a three-dimensional 
wind testing facility designed to physically simulate non-
stationary winds such as downbursts (micro- and macro-bursts), 
gusts, separated flows, and tornadoes. The facility is also fully 
capable of producing the stationary ABL winds at different 
scales [16,17]. The WindEEE Dome is a hexagonal chamber of 
25 m in diameter surrounded by an outer return chamber of 40 
m in diameter of the same hexagonal shape. A photograph of the 
WindEEE Dome testing chamber is shown in Figure 4. A total 
of 100 fans are positioned along the peripheral walls of the 
testing chamber, out of which 60 fans are installed in a matrix of 
15 fans per row times 4 rows. This 60-fan wall is used to produce 
different ABL winds. Additional systems, including an active 
boundary layer floor and moving bell-mouth allow for further 
manipulation of the flow. All these components are integrated 
via a sophisticated control system that allows manipulation of 
the flow with multiple degrees of freedom. 

Tornado-like vortices in the WindEEE Dome are produced 
using 6 fans at the top chamber to provide updraft and periphery 
fans and/or vanes at a given intensity/angle at the lower chamber 
to generate rotation [18,19]. The tornado mode of the WindEEE 
Dome is schematically depicted in Figure 5. The bell-mouth 
connects the lower chamber to the upper one. The interplay 
between the suction caused by the upper fans and the swirl at the 
surface level produces tornado-like vortices of various sizes, 
intensities, and structures. A guillotine system suspended on two 
large beams (Figure 4) is used to translate the bell-mouth and 
consequently the tornadoes at a velocity of up to 2 m/s over a 
5 m distance. Flow visualization of a tornado is shown in Figure 
6. 

 

Figure 4: The WindEEE Dome testing chamber 

 
In summary, the WindEEE Dome tornadic flow capabilities 

include: 

• Replication of EF0–EF3 rated tornados. 

• Properly scaled tornado flows [19,20]. 

• Geometric scale from approximately 1/50 to about 
1/200 

• Velocity scale of 1/3 to 1/6 

• Variable swirl ratio 

• Adjustable vortex diameter up to 4.5 m 

• 2 m/s maximum tornado translation speed 

• Floor roughness control 

 

Figure 5: The WindEEE Dome tornado mode [19] 

 

 
Figure 6: Flow visualization of a tornado in the WindEEE 

Dome. 

B. Measurement system 

The measurements of tornadic wind actions on the Dunrobin 
community were performed using a state-of-the-art pressure 
measurements system in the WindEEE Dome. The pressure 
scanners (developed by Pressure Systems Inc.) are differential 
pressure measurement units with an array of silicon 
piezoresistive pressure sensors, one for each pressure port. The 
maximum sampling rate of the system is 625 Hz per channel for 
a 32-channel pressure scanner. The surface pressures shall be 
expressed in terms of non-dimensional pressure coefficients (𝐶𝑝) 

as: 

𝐶𝑝,𝑖(𝑡) =
(𝑝𝑖(𝑡) − 𝑝𝑟𝑒𝑓)

1
2

𝜌𝑉𝑟𝑒𝑓
2

 (1) 
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where 𝑖 is the 𝑖th tap on the building model, 𝑡 is the time, 𝑝𝑖  is 
the measured pressure at the 𝑖th tap (in inches of H2O), 𝑝𝑟𝑒𝑓  is 

the reference pressure, ρ is the air density, and 𝑉𝑟𝑒𝑓  is the 

reference velocity used to estimate the dynamic pressures. The 
proper choice of both 𝑝𝑟𝑒𝑓  and 𝑉𝑟𝑒𝑓  in experimentally produced 

tornadic flows is still an open question in the scientific 
community. This study shall use the undisturbed atmospheric 
pressure as 𝑝𝑟𝑒𝑓  and the mean value of the maximum tangential 

velocity 𝑉𝑡𝑎𝑛.𝑚𝑎𝑥. Therefore,  𝑉𝑟𝑒𝑓
2 = 𝑉𝑡𝑎𝑛,𝑚𝑎𝑥

2 . This velocity is 

measured at (𝑟𝑡𝑎𝑛,𝑚𝑎𝑥 , 𝑧𝑡𝑎𝑛,𝑚𝑎𝑥), where the former is the radius 

from the center of a tornado at which 𝑉𝑡𝑎𝑛.𝑚𝑎𝑥 is measured, and 
the latter is the height from the ground at which 𝑉𝑡𝑎𝑛.𝑚𝑎𝑥  is 
measured, respectively. These values are also used for the proper 
scaling of tornado-like vortices in the WindEEE Dome [20]. The 
velocity measurements will be carried out using a 3-hole Cobra 
Probe measuring probes that measure all three components of 
velocity. 

Using the above approach, this study will document the time 
histories of 𝐶𝑝𝑠  for each of the buildings in the Dunrobin 

community. These time histories will consequently be used to 
estimate the transient forces associated with the tornado passage 
over the community. The damage rates on each of the buildings 
will be estimated using the calculated forces from 𝐶𝑝𝑠 and their 

tributary areas on the model.  

C. Test 

For the test, a scaled model of the Dunrobin community was 
constructed. The length scale of the tested model was 1:100. The 
eight buildings inside the block shown in Figure 2 were 3D 
printed with pressure taps on their surface. In addition to the 
pressure taps located in the building houses, pressure taps were 
also installed on the chamber floor to obtain ground pressures. 
In total, 1152 pressure taps were used. A picture of the model is 
shown in Figure 7.  

 

Figure 7: Image of the model 

 
The buildings surrounding the analyzed block were built 

using polystyrene foam and included in the model as a proxy. 
The pressure measurements were recorded at a frequency of 500 
Hz synchronized with the cobra probes. The pressure tubes that 
run from the surface of the buildings to the pressure scanners 
were all cut to the same length taking into consideration their 
frequency response. 

Three different tornado categories were simulated: EF-1, EF-
2, and EF-3. Besides, three different tornado paths were 
considered. Firstly, we analyzed a case of a stationary tornado 
that is hovering over the block. Secondly, the actual path of the 
observed EF-3 tornado with the path direction 80° from North, 
nearly WSW-ENE was simulated to replicate the observed 
conditions in the laboratory. Lastly, a path from SW-NE or 45° 

from North was included as the typical path of tornadoes in these 
latitudes. These are depicted in Figure 8. The last direction is 
selected based on the knowledge that this is the most common 
path direction for tornadoes originated in North America [15]. 
For translating tornadoes, the measurement time was 20 s and 
for stationary 120 s. The selected translation velocity for this test 
was 1.3 m/s. Every test was repeated 10 or 5 times to obtain more 
statistically significant data, according to the table below.  

 

 

Figure 8: Tornado paths 

 
 

The table below, shows all combinations tested. 

Tornado  Offset 
(cm) 

Model Angle  Movement Runs  

EF3 -55 80 Translation 10 

EF3 -55 45 Translation 5 

EF2 -70 45 Translation 5 

EF2 -70 80 Translation 5 

EF1  -60 80 Translation 5 

EF1  -60 45 Translation 5 

EF1   -15 45 Translation 5 

EF1  -15 80 Translation 5 

EF2 -10 80 Translation 5 

EF2 -10 45 Translation 5 

EF3 +14 45 Translation 5 

EF3 +14 80 Translation 5 

EF3 0 80 Stationary 1 

EF2 0 80 Stationary 1 

EF1 0 80 Stationary 1 

EF3 +83 80 Translation 5 

EF3 +83 45 Translation 5 
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