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Exposure to hurricanes Exposure to tornado

Lateral load sensitive

structures

Why do we need wind studies?
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Economics

Economics (Source: RWDI Inc.)



Wind Research@ Western
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• Home of critical mass of highly experienced wind engineers, 
technicians and researchers; four modern wind test 
facilities; and dedicated High performance computing 
center. 

• Boundary Layer Wind Tunnel Laboratory 

• The Insurance Research Lab for Better Homes

• The Advanced Facility for Avian Research

• WindEEE Dome

• SHARCNET, SOSCIP and WindEEE cluster

High performance computing



Prof. A.G. Davenport (1932–2009)

Alan G. Davenport “Wind Loading Chain”
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Climate models

Surface roughness from Lidar measurement

Wind 

induced 

dynamic 

excitation

Interaction of the built environment with wind

Wind loading chain explained
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Roughness model

Airport data

Wind loading, top floor acceleration, 

deflection, thermal performance of 

façade, pedestrian level wind, etc.
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Tornado, downburst and large scale modeling

Numerical Tornado simulation

WindEEE Dome

Testing chamber



Tall mass timber buildings
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• Canada make up nearly 9% of the world's total forest area
• Canada is the third-most forested country in the world by area
• Timber is a sustainable and renewable construction material
• Embodied Energy of timber is 2 MJ/kg (5 times less than concrete)



Tall mass timber buildings
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Glulam (Source: solidclt.com)

• With encapsulation, the fire performance of CLT is far more than the two-hour rating that building codes require.

• Buildings whose primary load resisting system is made of engineered wood products such as cross-laminated timber (CLT) and glue-

laminated timber (Glulam) are termed as mass-timber buildings.
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Height: 9-story building 
Location: London, UK

Use: Residential

Name: Forte
Height: 10 story 

Location: Melborne, Australia

Name: Life Cycle Tower One 
Height: 8 story

Location: Austria

Existing tall-mass timber buildings 
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Name: T3, 
Minneapolis building

Height: 7 story

Name: Origine
Height: 13 story

Location: Quebec, Canada

Name: UBC Brook’s common
Height: 18 story 

Use: Student residence
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Name: Mjøstårnet
Height: 18 story (85 meter tall)

Location: Norway 
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Structural design challenges of tall-mass timber buildings

• Lower lateral stiffness 

• Light weight nature of timber 

• Higher mode effects (torsion)

• Drift under service level wind loads

• Habitability risk due to along and across 

wind accelerations

• Localized fatigue issues on the 

connections 

• Lateral instability due to uplift and second 

order effects during extreme wind events 

such as tornadoes and downbursts 

Research questions

• How tall can a mass-timber 

building go without wind-induced 

vibration problems?

• What is the wind serviceability-

performance of tall mass-timber 

buildings?

• How does a tall-mass timber 

building respond to unusual 

extreme wind events such as 

tornadoes?

(Source: PLP Architecture)

Oakwood Tower 



Overview of UWO, UBC, FPInnovation research on tall wood buildings 

Phase 1: SOM Timber-Tower Project

SOM (2013)

10-story 15-story 20-story 30-story 40-story
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Phase 2: UBC Brook’s common building
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Phase 3: Structural performance of mass-timber structures under tornadic wind loads 

LLRS of studied building Test setups Tornado wind field

Pressure distribution over 

the surface of the building 



Structural 

form is adopted from SOM (2013)

Dynamic response of mass-timber buildings to wind excitations 

Study mass-timber building cases 

10-story 15-story 20-story 30-story 40-story



Gravity and lateral load resisting system

Typical floor plan and structural system 

layout

Frame and wall systems of the 

studied building 18
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Structural design of case study mass-timber buildings



20

Mode shapes and 

frequencies of the 40 

story building

Mode shapes and 

frequencies of the 10 

story building



Velocity profile and force notations
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a) 

 

b) 
 



Comparison of mean wind speed, turbulence intensity profiles and wind spectra of 

BLWTL with ESDU (1974)

Open country Suburban Urban
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Aerodynamic Wind tunnel tests

Aerodynamic models of the 

five studied buildings 



24

Oncoming turbulence

Shear layer 
turbulence

Wake
turbulence

Along-wind
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40-story mass-timber building 30-story mass-timber building

10-story mass-timber building20-story mass-timber building

Spectra of the generalized force
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Resultant peak floor acceleration

10-story 15-story 20-story 30-story 40-story
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Aeroelastic test setup

Electro magnetic damper, springs for stiffness 

Free 

vibration 

decay 

traces

Aeroelastic model study of a 136 meters tall mass-timber building
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Acceleration spectra under 1-in-10-year wind speed for various wind angles of attack

Y

X

0oAOA

Time scale 1:75 



29

Comparison of the acceleration responses based on HFPI and aeroelastic wind tunnel tests

• As expected, the accelerations from the aeroelastic tests are slightly smaller than those calculated from HFPI 
tests.

• The reduction is the highest (up to 10%) when the wind AOAs are 0o and 90o (across-wind responses). This could 
be due to the positive aerodynamic damping. 



Monitoring (Buildings) – Origine 

• Completed in 2018 in Quebec city, Québec

• 13-storey building of 40 m

• 1 level for concrete podium and 12 levels of mass timber

• At the time of its completion, it was the tallest modern “all-wood” 
building in the world



Monitoring (Buildings) – Origine 

Accelerometer



Monitoring – preliminary results

• Statistical analysis of the data from the monitoring of Origine is currently on 
going. 

• Preliminary damping ratio of about 2.5% have been extracted 
from a lognormal distribution.



• Bezabeh, M. A., Bitsuamlak, G.T., Popovski, M., & Tesfamariam, S. (2018). 
Probabilistic serviceability-performance assessment of tall mass-timber buildings 
subjected to stochastic wind loads: Part I-structural design and wind tunnel testing. 
Journal of Wind Engineering and Industrial Aerodynamics, 181, 85-103.

• Bezabeh, M. A., Bitsuamlak, G. T., Popovski, M., & Tesfamariam, S. (2020). Dynamic 
response of tall mass-timber buildings to wind excitation. Journal of Structural 
Engineering, 146(10), 04020199.
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Design of tall buildings
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Currently, tall buildings are being designed to

meet an acceptable level of public safety and

serviceability criteria set by building codes and

standards.

The prescriptive criteria in building codes have the following limitations: 

o The first significant yielding point is considered an ultimate limit state (linear-elastic design). 

o Uncertainties are usually accounted through safety coefficients, which do not account new construction materials

such as timber.



Performance-based wind design

• Buildings can be designed for multiple

performance-objectives to exploit their

nonlinear inelastic capacity.

• Uncertainties can be directly modeled and

propagated.

• Consequences of failure including repair cost,

cost of business interruption, and damages

to structural and nonstructural components

can be predicted during the design phase.
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Davenport (1975)



First-generation PBWD framework
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Next-generation PBWD framework
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Probabilistic performance evaluation
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Using the PBWD framework, a probabilistic serviceability performance assessment is carried 

out for the 30-story building.  



Uncertainty propagation using 
structural reliability analysis
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• Two limit states based on 
Habitability Criteria  (HC) and 
Deflection Criteria (DC) are 
considered. 
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Fragility curves for habitability limit state (Open country exposure) 

Fragility curves for deflection limit state (Open country exposure) 



40

Bezabeh, M. A., Bitsuamlak, G. T. & Tesfamariam, S. (2020). Performance-based wind design 
of tall buildings: Concepts, frameworks, and opportunities. Wind and Structures, 31(2), 103-
142.

Bezabeh, M. A., Bitsuamlak, G.T., Popovski, M., & Tesfamariam, S. (2018). Probabilistic 
serviceability-performance assessment of tall mass-timber buildings subjected to stochastic 
wind loads: Part II-structural reliability analysis. Journal of Wind Engineering and Industrial 
Aerodynamics, 181, 112-125.

Bezabeh, M. A., Bitsuamlak G. T., Popovski, M., 
& Tesfamariam, S. (2018). Probabilistic 
serviceability-performance assessment of tall 
mass-timber buildings subjected to stochastic 
wind loads. In Proc., World Conference on 
Timber Engineering, Seoul, South Korea.
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T1 = 1.98 sec T2 = 1.7sec T3 = 1.43 sec

T1 = 2.95 sec 
(Coupled torsion & translation )

T2 = 2.302 sec

• Fast+Epps and 
Connolly et al. 
(2018),  (T1 = 2 sec, 
T2 = 1.7sec, T3 = 1.4 
sec)

• Total weight of 
building = 208 
kg/m3

FEM of study building with RC core wall

With CLT core wall

T3 = 2.25 sec

• CLT core walls thickness 
= 315 mm (CrossLam® 
CLT Series)

• CLT walls are checked 
for their axial load and 
in-plane shear capacity

• Density = 177 kg/m3

Hybridization of mass-timber with concrete 



Meteorological data for Vancouver 
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(Variation of the recorded wind speeds by wind speed band and direction)

• Wind statistics data recorded at 
Vancouver International Airport over 
the period 1965-2005 is used

• Data processed in 30o-wide sectors 
• All wind speed values of 0 m/s (calms) 

were removed
• Data is recorded at 10 m height in an 

open country exposure condition (no 
correction made to account for the 
development around the site over the 
years).  



Peak acceleration for CLT core and RC core mass timber buildings
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North = 0o

Some insights into the 
acceleration results

Effect of the nearby surrounding 



40-story SOM building- CLT core and shear walls (Density = 200 kg/m3)

RC core and shear walls  (Density = 247 kg/m3)

T1 = 3.53 sec (0.28 Hz) T2 = 2.69 sec (0.37 Hz) T3 = 2.465 sec (0.4 Hz) T4 = 0.91 sec (1.09 Hz) T5 = 0.809 sec (1.23 Hz)

T1 = 4.38 sec (0.22 Hz) T2 = 3.57 sec (0.28 Hz) T3 = 3.03 sec (0.33 Hz) T4 = 1.28 sec (0.78 Hz) T5 = 1.02 sec (0.98 Hz)
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AOA

a   c

a  
cL

L
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Aerodynamic optimization 

V1=a/L
V2=c/LLocal change

Global change

Turning Torso

2005



Flow structure (original and modified cross-
section): total pressure gradient
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Square planform; side width = 1 Double setback:  step size= 2x1/16

(Tibebu Birhane et al.)
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2021 Edition of Technical Guide for the Design 
and Construction of Tall Wood Buildings in 

Canada 

35-story PMX-35 Sidewalk lab, Toronto

Practical applications



Other extreme wind loads:  Tornado 
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Wind field idealization of a typical tornado-like vortex
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Test setups at the WindEEE Dome
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Varied variables for parametric study
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Parameter Values

Maximum mean tangential 

velocity

(3-sec gust)

EF0 (36.1 m/s)

EF1 (48.6 m/s)

EF2 (61.1m/s)

EF3 (73.6 m/s)

EF4 (86.1 m/s)

EF5 (112 m/s)

Nature of tornado-like vortex
Stationary and Translating

Critical damping ratio 1%, 2%, 3%, 5%

Building orientation with respect 

to the tornado axis
0o, 30o, 60o, 90o



Stationary and translating tornadic pressure coefficients

(a) 0 ° (b) 30 °

(c) 60 ° (d) 90 °

Mean pressure coefficients for stationary tornado test

Time histories of pressure 

coefficients for translation 
tornadoes
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Time histories of top 

floor displacement
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a) Building orientation = 0o , 
b) Building orientation = 30o, 
c) Building orientation = 60o, 
d) Building orientation = 90o
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Building orientation = 0o

a) X-direction, 
b) Y-direction; 
Building orientation = 30o

c) X-direction, 
d) Y-direction; 
Building orientation = 60o

e) X-direction, 
f) Y-direction; 
Building orientation = 90o : 
g) X-direction, 
h) Y-direction

MaxISDR responses under 

translating tornadoes
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Building orientation = 0o

a) X-direction, 
b) Y-direction; 
Building orientation = 30o

c) X-direction, 
d) Y-direction; 
Building orientation = 60o

e) X-direction, 
f) Y-direction; 
Building orientation = 90o : 
g) X-direction, 
h) Y-direction

NormSF responses under 

translating tornado-like 

vortex



• Bezabeh, M. A., Gairola, A., Bitsuamlak, G.T., Popovski, M., Tesfamariam, S. (2018). 
Structural performance of multi-story mass-timber buildings under tornado-like 
wind field. Engineering Structures, 177, 519-539.

• Elshaer, A., Bitsuamlak, G.T. and El Damatty, A. (2017). Enhancing the wind 
performance of tall buildings using corner aerodynamic optimization. Engineering 
Structures, 136, 133-148.

• Elshaer, A., and Bitsuamlak, G.T. (2018). Multi-objective aerodynamic optimization 
through openings to reduce wind loads on of tall buildings. Journal of Structural 
Engineering, 140 (10) 
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Future research direction

• Understanding the inherent mass timber building damping
• Full-scale instrumentation and monitoring
• Innovative structural systems
• Aerodynamic and dynamic optimization
• Damping enhancements (economical external damping, distributed 

damping systems)
• Digital Twin
• Computational wind/building science at neighborhood scale
• AI assisted design 
• Tall wood is becoming a norm
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