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Abstract
It is not surprising to see a rapid growth in the demand for mid- to high-rise buildings. Traditionally,
these types of buildings have been dominated by steel and concrete. This trend creates a great
opportunity for wood to expand its traditional single and low-rise multi-family building market to the
growing mid- to high-rise building market. The significance and importance of wood construction to
environmental conservation and the Canadian economy has been recognized by governments, the
building industry, architects, design engineers, builders, and clients. It is expected that more and more
tall wood frame buildings of 6- to 8-storeys (or taller) will be constructed in Canada. Before we can push
for use of wood in such applications, however, several barriers to wood success in its traditional and
potential market places have to be removed. Lack of knowledge of the dynamic properties of mid- to
high-rise wood and hybrid wood buildings and their responses to wind, and absence of current guidelines
for wind vibration design of mid- to high-rise wood and hybrid wood buildings are examples of such
barriers.
This report summarises results from the first year study of this project and from other two one-year
related projects. The main objective of the study was to build a framework for the development of design
guide for controlling wind-induced vibration of mid- to high-rise wood and hybrid wood frame buildings,
to ensure satisfactory vibration performance during high winds.
A literature review of the existing database of the dynamic properties of 1- to 3-storey wood platform
buildings was conducted. The test system and protocols of ambient vibration tests (AVT) was developed.
Collaboration with McGill University was also established to verify the AVT system and the test
protocols. AVT tests were conducted on two 2-storey non-residential hybrid heavy timber platform
buildings, three new heavy timber (glulam) non-residential buildings of 4-6 storeys and on two crosslaminated timber (CLT) condominium buildings of 3 and 4 storeys. The monitoring system to determine
the vibration response in wind of mid-to high-rise wood frame building was developed. The database
consisting of the data in the literature and our measured fundamental natural frequencies of the wood
frame building were used to verify the NBCC equations to estimate building fundamental natural
frequencies. Collaboration with Tongji University was established to explore the potential use of the
finite element commercial software Ansys, for simulation of vibration performance of wood frame
buildings.
It is concluded that the project was on the right track towards the development of a design guide for
controlling wind-induced vibrations of mid- to high-rise wood frame buildings. The results from this
study and other two relevant projects confirmed that AVT and computer simulation are useful, and
appropriate tools for the development of solutions and a design guide for controlling wood frame building
vibrations in wind.
It is recommended that current NBCC equations using building height as a variable to estimate the
building fundamental natural frequency can be used to predict the fundamental natural frequencies of
wood frame buildings, until a better calculation methodology is developed. More field data of the
fundamental natural frequencies measured on mid- to high-rise wood frame or hybrid wood buildings are
needed to further verify the NBCC equations, or to develop more suitable equations for wood buildings.
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1

Objectives

This study was conducted to establish a framework for the development of design guide and construction
solutions for controlling wind-induced vibrations of mid- to high-rise wood and hybrid wood frame
buildings to ensure satisfactory vibration performance during high winds.

2

Introduction

It is not surprising to see a rapid growth in the demand for mid- to high-rise buildings, due to the
exponential explosion of global population and reduction in available land, and aging of the population in
developed countries. This type of building is traditionally dominated by steel and concrete. The
significance and importance of wood construction to environmental sustainability and the Canadian
economy has been recognized by governments, the building industry, architects, design engineers,
builders, and clients. It is expected that more and more tall wood frame buildings of six- to eight-storeys
(or taller) will be constructed in Canada, following the European experience. In Québec City and British
Columbia, several six-storey buildings have been constructed recently using wood products and systems.
It is expected that in the near future, more six-storey or higher wood and hybrid wood buildings will be
constructed.
This trend creates a great opportunity for wood to expand its traditional single and low-rise multi-family
building market to the growing mid- to high-rise building market. Several barriers, however, to wood
success in its traditional and potential market places have to be removed to enable such expansion. Lack
of knowledge of the dynamic properties of mid- to high-rise wood and hybrid wood buildings and their
responses to wind, and the lack of guidelines for wind vibration design of mid- to high-rise wood and
hybrid wood buildings are examples of such barriers.
Wind-induced vibrations affect the occupant’s comfort and satisfaction, and building functionality. Wood
buildings are lightweight: the weight of wood buildings is less than half the weight of buildings built with
steel-concrete, which means that for the same height, wood and hybrid wood buildings are more prone to
wind-induced vibrations than steel and concrete buildings. NBCC provides design methods for
controlling the maximum vibration amplitude of buildings, and equations to determine the amplitude of
the wind-induced vibrations of buildings. The calculations require design values of building damping as
input. Without the data on damping ratios of wood and hybrid wood buildings, it is not possible to
properly use the NBCC design guidelines. This reduces the confidence of design engineers when
designing mid- to high-rise wood buildings. On the other hand, they can assume a conservative value to
complete the design, but using a conservative assumption for the damping values results in wood being
placed at an unfair disadvantage when competing with other building materials in mid- to high-rise
building projects. Besides, the NBCC method for wind vibration design was originally developed for
steel and concrete buildings. Its validation for wood buildings is unknown. In other words, there is
currently no knowledge of the vibration performance of wood and hybrid wood, mid- to high-rise
buildings. This lack of experience and knowledge prevents us from providing the design engineers with
the proper information and confidence they need to use wood in their mid- to high-rise building projects.
During the design of the first six-storey wood post-beam building in Québec, the design engineer came to
us for assistance in wind vibration design, but we did not have the necessary expertise and knowledge at
the time to answer his questions and respond to his needs. The engineer said that he was comfortable in
designing all aspects of the building by following NBCC, except for the wind-induced vibration design.
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Therefore, this project was initiated to establish a framework for the development of design and
construction solutions for controlling wind-induced vibration of mid- to high-rise wood and hybrid wood
frame buildings, to ensure satisfactory vibration performance during high winds.
This report describes the framework, including the building vibration testing and monitoring systems, the
numerical simulation tools, the field wood building vibration tests, and a database of the dynamic
characteristics of wood and hybrid wood buildings.

3

Review of NBCC Provisions and Issues in Application
of NBCC Provisions to Wood Buildings

The National Building Code of Canada (NBCC 2005) provides provisions for controlling wind-induced
vibration in buildings. The following is a brief summary of those provisions.

3.1

NBCC’s Provisions for Wind-Induced Vibration Controlled Design

(Commentary I: Building Vibrations: Clauses No. 74-79 in User’s Guide-NBC 2005 Structural
Commentaries (Part 4 of Division B))

3.1.1

Type of Buildings Requiring Wind-Vibration Controlled Design Check

According to NBCC, if a building meets one of the following conditions, design check for vibration
serviceability of the building is required:
1.
2.
3.
4.
5.

3.1.2

the building height is greater than 4 times its minimum effective width ;
the building height is greater than 120 m ;
the building is lightweight ;
the building has low frequencies ;
the building has low damping properties.

Design Criteria

NBCC 2005 does not provide design criteria for controlling wind-induced vibration of buildings, rather
the code provides a review of the criteria used in North America and an ISO criterion. Below are the
findings listed in NBCC 2005:


In North America in the period covering 1975-2000, many of the tall buildings were
designed for a peak one-in-ten-year acceleration in the range of 1.5% to 2.5% of g
(acceleration due to gravity – 9.81m/s2 ). The lower end of this range was generally
applied to residential buildings and the upper end to office towers; their performance
based on these criteria appears to have been generally satisfactory ;



The ISO criterion can be expressed as a peak acceleration not exceeding 0.928f-0.412 once
every 5 years, where f is the lowest natural frequency in Hz.
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3.1.3

Equations Recommended in NBCC 2005 for Determining Fundamental Periods (T) of
Buildings

NBCC 2005 recommends the following empirical formula to determine the fundamental periods of
buildings, therefore, the fundamental natural frequencies (f), as f equals 1/T.
T = 0.085h3/4
T = 0.075h3/4
T = 0.1N
T = 0.025h
T = 0.05h3/4

for steel moment frames
for reinforced concrete moment frames
for other moment frames
for braced frames
for shear walls and other structures

(1)
(2)
(3)
(4)
(5)

where T, h, and N represent the fundamental period (in seconds), the building height (in meters) and the
number of storeys, respectively.

3.1.4

Equations Recommended in NBCC 2005 for Determining Peak Accelerations of Building
Vibrations Induced by Wind

Equations 6 and 7 are the NBCC formulae to determine the peak accelerations of building vibration
induced by wind.
Across-wind direction

2
aW  f nW
g p Wd (

Along-wind direction

2
aD  4 2 f nD
gp

ar
)
 B g W

KsF 
CeH  D Cg

(6)

(7)

where:
W, d = across-wind direction effective width and along-wind direction effective depth, respectively, in m
aW, aD = peak acceleration in across-wind and along-wind directions, respectively, in m/s2

 

ar = 78.5 x 10-3 V H / f nW Wd



3.3

in N/m3

B = average density of the building in kg/m3
W, D = fraction of critical damping in across-wind and along-wind directions, respectively

fnW, fnD = fundamental natural frequencies in across-wind and along-wind directions, respectively
Δ = maximum wind-induced lateral deflection at the top of the building in along-wind direction, in m
g = acceleration due to gravity = 9.81 m/s2
gp = statistical peak factor for the loading effect
K = a factor related to the surface roughness coefficient of the terrain
s = size reduction factor
F = gust energy ratio at the natural frequency of the structure
CeH = exposure factor at the top of the building
Cg = gust effect factor
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3.2

Application of NBCC 2005 Provisions to Mid- to High-Rise Wood and Hybrid
Wood Buildings

3.2.1

Need for a Design Check

Wood buildings are lightweight. The weight of mid-rise wood buildings is less than half the weight of
buildings built with steel or concrete. Therefore, we need to check the peak accelerations of mid- to highrise wood and hybrid wood buildings with the available criteria to ensure occupants’ satisfaction.

3.2.2

Design Issues

Application of the NBCC provisions to wood and hybrid wood buildings raises some issues when
designers attempt to apply current NBCC 2005 equations to determine the fundamental natural
frequencies and peak accelerations of mid-rise wood buildings.




Issue-1: what formula should be used to determine the fundamental natural frequencies of midrise wood buildings? ;
Issue-2: what proper design values for damping ratios should be used to determine the peak
accelerations of mid- to high-rise wood and hybrid wood buildings? ;
Issue-3: are current NBCC 2005’s acceleration equations applicable to mid-rise wood buildings?.

This project was conducted to address those issues. The next sections describe the approaches and
results.
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5

Approaches

To achieve the objectives of this project, and to answer the questions described under Section 3.2.2, we
need to establish a database of natural frequencies and damping ratios of wood frame buildings and
acquire knowledge on acceleration of wood frame buildings in wind. To accomplish this, test systems
and computer simulation tools were developed. The approaches used are described in the following
sections.

5.1

Literature Review of Available Data on Fundamental Natural Frequencies and
Damping Ratios of Wood Buildings

A literature review was conducted to collect data on fundamental natural frequencies and damping ratios
of wood frame buildings. The Consortium of Universities for Research in Earthquake Engineering
(CUREE) has conducted extensive vibration testing on one- to three-storey wood frame buildings to
determine their natural frequencies (periods) and damping ratios (Camelo, Beck and Hall 2002). More
than 20 buildings were tested.
We found that in 2009, Canada built a school in China consisting of a one- and two-storey wood building
for the cafeteria, a two-storey wood building for classrooms, and a three-storey building for student
dormitories. Tongji University conducted tests on the buildings to measure their natural frequencies and
damping ratios (Kang 2009).
It was also found that the NEESWood full-scale six-storey light-frame wood test building was subjected
to a series of earthquakes at a shake table in Miki, Japan, and that the natural period of the building was
measured (Van de Lindt et al. 2010). Meanwhile, In Italy, the SOFIE project tested a 7-story full-scale
laboratory building using cross laminated timber (CLT) on shack table. Dr. Ario Ceccotti provided us the
measured natural frequencies and damping ratios of the CLT building.

5.2

Conducting Ambient Vibration Tests (AVT) to Determine the Natural
Frequencies and Damping Ratios of Wood Buildings

5.2.1

Description of AVT Method

Ambient vibration testing (AVT) uses natural excitations such as wind, heavy traffic, etc. to induce
vibrations in the structure. From the vibration signals, the natural frequencies and damping ratios of the
structure are extracted. This test is simple, easy to conduct and reliable. Therefore, AV tests have been
widely used to determine the natural frequencies and damping ratios of heavy steel and concrete
structures such as steel-concrete buildings, towers, bridges, etc., for wind and seismic designs. Figures 1
and 2 show examples.
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Figure 1 Ambient vibration tests on bridge and tower (R.Cantieni 2004)

Figure 2 Ambient vibration tests on 52- and 54-storey buildings in Vancouver (C.E. Ventura,
et al 2003)

 FPInnovations. All rights reserved.
FPInnovations, its marks and logos are registered trademarks of
FPInnovations.

6 of 22

Guide for Wind-Vibration Design of Wood Frame Buildings
Project no 201004697

AV tests were also used successfully in the CUREE projects (Camelo, Beck and Hall 2002) and by Van
de Lindt et al (2010), and Kang (2009), to determine the natural frequencies and damping ratios of wood
frame buildings. Figures 3 and 4 show the buildings and the tests. For these reasons, AVT was selected
for this project.

Figure 3 Ambient vibration test on a six-storey platform wood frame building using a shake
table as the excitation source (Van de Lindt et al. 2010)

Two-storey wood frame building

AVT, sensor and data acquisition system

Figure 4 Ambient vibration tests on a two-storey Canadian wood frame building built in
China (Kang 2009)
5.2.2

Establishing FPInnovations’ Ambient Vibration Test (AVT) System

Great efforts were devoted to develop FPInnovations’ AVT system. The accuracy of the determined
natural frequencies and damping ratios through AVT relies significantly on a sensitive hardware to
acquire vibration signals with very low amplitude, and reliable software to extract the natural frequencies
and damping ratios from the recorded vibration signals.
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We conducted an evaluation of the data acquisition systems made by three producers, and of post data
analysis (operational modal analysis) software developed by three software companies, and found the
most appropriate system and software. It is rugged, reliable, and user-friendly.

5.2.3

Establishing a Collaboration with McGill University

We found that Professor Ghyslaine McClure, of McGill University and her students had extensive
experience in conducting AVT measurements on tall steel-concrete buildings for seismic design (Gilles
and McClure 2008), and thus, had the test system and the necessary expertise we were looking for. She
was also interested in testing the vibration performance of wood buildings and in collaborating with us.
5.2.3.1 Pilot AV Testing on Wood Buildings and Verification of FPInnovations’ Test System and Protocol
A pilot AV testing was conducted side by side with McGill University on a six-storey new wood building
under construction using two different data acquisition systems and data analysis software, to verify the
AVT results and our approaches. Figure 5 shows the building under construction. Figures 6 and 7 show
the AVT setups in the building, using McGill and FPInnovations’ test systems, respectively.
FPInnovations’ test system consisted of an eight-channel LMS data acquisition device, eight
accelerometers, and a LMS operational modal analysis software. The accelerometers had an operating
range of 0.2-1000 Hz. Two accelerometers were fixed horizontally in the corner of the fifth floor through
a fixture as shown in Figure 7. The axis of one accelerometer was oriented along the long axis (Y-axis)
of the building, while the axis of the other accelerometer was placed along the direction perpendicular to
the long axis of the building (X-axis). This arrangement allows the measurement of the signals for the
horizontal vibrations of the building about the X- and Y-axes. The other six accelerometers were roved
from the second floor to the sixth floor. They were placed along the symmetric axis of the building plane
in the X-direction at three different locations on each floor. Two locations were close to the two edges of
the floor, the other was the floor center. At each location, two accelerometers were placed in the same
way as the two reference accelerometers (Figure 7). Such a setup allows the identification of the two
translations and the torsion modes in the building plane, and the second cantilever mode of the building
along its height. The length of the data acquisition time window was 2 minutes. LMS operational modal
analysis software was used to extract the vibration modes, and the associated natural frequencies and
damping ratios from the signals measured for the building.
The McGill test system consisted of two Lennartz tri-axial LE-3D/5s velocity transducers and an LEAS
CityShakerII data acquisition system (DAS). The transducers had an operation range of 0.2-40 Hz. Each
transducer measures velocity in three orthogonal directions and relays the information to the
corresponding DAS (Gilles and McClure 2008). One transducer was placed on the sixth floor as
reference, and the other was roved from the second floor to the sixth floor (Figure 6). The measurement
setup was the same as that used by FPInnovations, described above. The length of the data acquisition
time window was 5 minutes. ARTeMIS operational modal analysis software was used to extract the
vibration modes, and the associated natural frequencies and damping ratios from the measured vibration
signals.
We also conducted AVT on FPInnovations’ Québec laboratory building and Université Laval’s Kruger
building, using our new test system and approaches. Both are two-storey hybrid heavy timber and wood
platform buildings. Figure 8 shows the Kruger building and the AVT on the building.
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Figure 5 Six-storey wood frame building under construction, on which the ambient vibration
test (AVT) was conducted

Figure 6 Ambient vibration testing (AVT) on the six-storey wood frame building using
McGill’s test system and approach
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FPInnovations’ test system

Accelerometers

Figure 7 Ambient vibration testing on the six-storey wood frame building using
FPInnovations’ test system and approach

Kruger building

AVT on Kruger building by FPInnovations

Figure 8 Ambient vibration testing (AVT) on Kruger building at Université Laval by
FPInnovations

5.2.4

AVT on 4-to6-Story Heavy Timber Buildings and 3- to 4-Storey CLT Buildings

The field AV tests were conducted on the 6-story heavy timber building after its completion, on a 4-storey
heavy glulam building, a 5-storey hybrid glulam frame with steel-concrete frame building, a 3-storey and
a 4-storey CLT condominium during their constructions.
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Figures 9 to 12 illustrate the buildings and the tests. The details of the building and the tests were
described in the following two reports under TT program (TT project no. TT1.1.12 (201005105)):


Serviceability of next generation wood buildings: Case study of three innovative mid-rise wood
buildings. Final report of project no. 201005105, 2012 ;



Serviceability of next generation wood buildings: Case study of two CLT mid-rise wood
buildings. Final report of project no. 201005105, 2012.

(a) View of the 5-storey hybrid heavy timber and
steel-concrete building

(b) AVT test on the building

Figure 9 AVT on the 5-storey hybrid heavy timber and steel-concrete buildings

(a) View of the 4-storey glulam post-beam building

(b) AVT on the building

Figure 10 AVT on the 4-storey glulam post-beam building
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(a) View of the 3-storey CLT building

(b) AVT on the building

Figure 11 AVT on the 3-storey CLT building

(a) View of the 4-storey CLT building

(b) AVT on the building

Figure 12 AVT on the 4-stoery CLT building
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5.3

Development of a Monitoring System to Determine Accelerations of Mid-toHigh Rise Wood Buildings

The monitoring system was built to measure the accelerations of building vibrations in wind. The system
consisted of a data acquisition system, a controller, two accelerometers and an anemometer. The
anemometer for measuring wind speed and direction was installed on the top of our Quebec laboratory
building (see Figure 13) to test the system. The two accelerometers were installed in the roof level along
the long axis direction of the building, and perpendicular to the long axis direction of the building, as
shown in Figure 13. It will take at least 5 to10 years of monitoring to determine the maximum peak
acceleration of the building due to wind. The maximum peak acceleration will then be used to verify the
wind vibration criteria in NBCC (2005). Meanwhile, the time history of the acceleration response of the
building in wind in the next 5-10 years will provide useful information which would allow us to
understand the dynamic behavior of the six-storey wood frame building. At this time, we do not have any
knowledge of the dynamic performance of mid- to high-rise wood frame buildings. Figure 14 shows the
data acquisition system and the signals; the signals displayed in red are the accelerations of the building in
wind conditions; the signals in blue are the wind speed and direction. Next step is to get the permission to
install this system into a mid-rise wood building. This is underway.

(a) Anemometer for measuring wind speed
and direction on the top of the building

(b) Accelerometers on the roof of the building

Figure 13 Monitoring the vibration response of a wood frame building
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Figure 14 Data acquisition system for monitoring the building vibrations in wind, and the
measured signals (on the computer display)

5.4

Computer Simulation

Testing real wood frame buildings provides accurate information on building vibration properties and
behavior, especially damping ratios, but such testing could be costly. Therefore, numerical simulation of
wood building vibrations to predict their natural frequencies is necessary to complement the field tests
and to extrapolate beyond what is tested.
Various commercial finite element packages have been used by designers of civil structures. Ansys
software was purchased to simulate the vibration performance of wood frame buildings. Training has
been completed, however, we are still on the learning curve.

6

Results and Discussions

6.1

Verification of AVT Results of the Six-Storey Wood Building

Table 1 summarizes the measured natural frequencies and damping ratios of the six-storey wood building
obtained by McGill and by FPInnovations. Figures 15 and 16 illustrate a typical time history of
acceleration and the cross-power spectrum measured on the six-storey wood building in our ambient
vibration tests.
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Table 1

Measured natural frequencies and damping ratios of the modes in the building
plane, with the first cantilever mode along the building height, for the six-storey
wood building

Mode
Translation in Y
Translation in X
Torsion

McGill Results
Natural Frequency
Modal Damping
(Hz)
Ratio (%)
2.73
2.1
3.91
2.0
6.92
2.3

FPInnovations Results
Natural Frequency Modal Damping
(Hz)
Ratio (%)
2.72
1.2
3.92
3.4
7.06
5.3

Table 1 reveals that the natural frequencies measured using the two different test systems, approaches,
and software for post data analysis to obtain the natural frequencies were well-matched. This indicates
that the AVT technique including the test system, the setup and the post data analysis software are reliable
in terms of determination of the natural frequencies. However, the measured modal damping ratios by
these two approaches were slightly different. It is well known that modal damping ratios are not simple
to determine, and will often be the parameters measured with the greatest degree of uncertainty (Dossing
1988). However, the measured damping values can still be used for design purposes. For example, for
design applications, assigning a value of 2% for the damping of the building should be acceptable and
rational based on the test results using the two approaches.

Figure 15 A typical time history of the acceleration measured by FPInnovations on the fifth
floor along the direction perpendicular to the long symmetric axis of the building
plane, for the six-storey wood building
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Figure 16 The cross-power measured on the six-storey wood building by FPInnovations

6.2

Database of Natural Frequencies and Damping Ratios of Wood Frame
Buildings

Table 2 gives a database of measured fundamental natural frequencies (f) and damping ratios (d) for
various wood frame buildings. The database was compiled from the literature and from our test results.

Table 2

Measured fundamental natural frequencies and damping ratios of various wood
frame buildings

Building name

Source

Number
of stories
6

Height (m)

f (Hz)

d (%)

22.1

2.8

1.2

QC Fondaction

FPInnovations’ test

Student dorm.

Kang

3

10.8

5.2

2.3

Cafeteria

Kang

1 and 2

11.0

5.7

0.5

Classrooms

Kang

2

7.2

6.6

3.2

FPInnovations’ QC Lab.

FPInnovations’ test

1 and 2

10.6

4.6

3.8

Kruger of Laval U.

FPInnovations’ test

2

9.3

3.9

4.5

NEESWood

Van de Lindt et al

6

17.0

2.2

N.A.

5-story hybrid building

Ario Ceccotti
FPInnovations’ test

7
5

N.A.
21.8

2.3
2.1

N.A.
1.5

4-story glulam building

FPInnovations’ test

4

18.3

2.8

1.4

3-story CLT building

FPInnovations’ test

3

9.14

3.9

5.4

4-story CLT building

FPInnovations’ test

4

12.6

3.2
1.3
Continuing…

SOFIF CLT building in Italy
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…Continued
Building name
Parkfield

Camelo et al

Number
of stories
1

Bishop

Camelo et al

1

5.2

8.7

5.6

Idio

Camelo et al

1

4.2

7.9

7.1

Eureka

Camelo et al

2

7.9

5.8

4.9

South Pasadenda-1

Camelo et al

1

3.7

10.9

N.A.

Los Angeles -1

Camelo et al

1

3.0

12.8

N.A.

Los Angeles -2

Camelo et al

1

3.0

13.1

N.A.

Los Angeles -3

Camelo et al

1

3.0

12.7

N.A.

South Pasadena-2

Camelo et al

2

6.1

9.1

N.A.

Pasadena-1

Camelo et al

2

6.1

6.5

N.A.

Pasadena-2

Camelo et al

2

6.1

5.3

2.8

Pasadena-3

Camelo et al

2

6.1

6.7

6.6

San Bernardino

Camelo et al

3

9.1

4.7

5.3

Pasadena-4

Camelo et al

3

9.1

5.1

N.A.

Pasadena-5

Camelo et al

3

9.1

4.5

N.A.

Pasadena-6

Camelo et al

3

9.1

4.3

4.8

6.3

Source

Height (m)

f (Hz)

d (%)

4.0

7.0

8.4

Application of NBCC Equations to Determine the Fundamental Natural
Frequencies of Wood Frame Buildings

The database of the measured fundamental natural frequencies of wood frame buildings was further used
to verify the estimated natural frequencies of the buildings calculated using the NBCC equations listed in
Section 3.1.3. The NBCC equations for frames made with materials other than steel or reinforced
concrete were used to estimate the fundamental natural frequencies of the wood frame buildings.
Buildings with the same height and the same number of storeys were grouped into one type of building;
the fundamental natural frequency for this type of building was the average of the values of the measured
fundamental natural frequencies of the individual buildings. Table 3 provides the estimated natural
frequencies. This exercise gives some indication of the applicability of the NBCC equations to determine
the fundamental natural frequencies of wood frame buildings, and indicates the direction in which further
calibration of the NBCC equations for wood frame buildings is needed.
Table 3 lists the estimated fundamental natural frequencies of the wood frame buildings in our database
using three different equations from NBCC 2005. Figures 17 to 19 show comparisons of predicted
fundamental natural frequencies with measured values. As shown in these comparison figures, it was
found that using only the number of storeys of the buildings did not give acceptable estimations of the
fundamental natural frequencies, but good correlations were observed between the fundamental natural
frequencies and the height of the wood frame buildings. This is very encouraging, and indicates that a
simple equation can be derived to estimate the fundamental natural frequencies of wood frame buildings.
However, it was noticed that the current database contains only a very small number of four-six storeys
buildings. More field data on the fundamental natural frequencies measured on mid- to high-rise wood
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frame buildings is needed to further verify the NBCC equations, or to develop more appropriate equations
for wood frame buildings.

Table 3 Estimated fundamental natural frequencies of wood frame buildings using NBCC
equations (NBCC 2005)
Building name

QC Fondaction
Student dorm.
Cafeteria
Classrooms
FPInnovations’
QC Lab.
Kruger of Laval U.
NEESWood
SOFIF CLT
building in Italy
5-story hybrid
building
4-story glulam
building
3-story CLT
building
4-story CLT
building
Parkfield
Bishop
Idio
Eureka
South Pasadenda-1
Average of the
one-storey and
3.0-m high
buildings
Average of the
two-storey and
6.1-m high
buildings
Average of the
three- storey and
9.1-m high
buildings

NBCC equation
for other
moment frame:
f=1/(0.1*N)

NBCC equation
for braced
frames:
f=1/(0.025h)

NBCC equation
for shear wall
and other
structures:
f=1/(0.05h3/4)

FPInnovations’ test
Kang
Kang
Kang
FPInnovations’ test

Estimated f (Hz)
1.7
3.3
5.0
5.0
5.0

Estimated f (Hz)
1.8
3.7
3.6
5.6
3.8

Estimated f (Hz)
2.0
3.4
3.3
4.6
3.4

FPInnovations’ test
Van de Lindt et al
Ario Ceccotti

5.0
1.7
1.4

4.3
2.4
N.A

3.8
2.4
N.A

FPInnovations’ test

2.0

1.8

2.0

FPInnovations’ test

2.5

2.2

2.3

FPInnovations’ test

3.3

4.4

3.8

FPInnovations’ test

2.5

3.2

3.0

Camelo et al
Camelo et al
Camelo et al
Camelo et al
Camelo et al
Camelo et al

10.0
10.0
10.0
5.0
10.0
10.0

9.9
7.7
9.6
5.0
10.9
13.1

7.0
5.8
6.8
4.2
7.6
8.7

Camelo et al

5.0

6.6

5.2

Camelo et al

3.3

4.4

3.8

Source
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Figure 17 Estimated fundamental natural frequencies using NBCC equation taking into
account only the number of storeys of the wood frame building vs. measured values

Figure 18 Estimated fundamental natural frequencies using NBCC equation taking into
account the building height (f=1/0.025h) of the wood frame building vs. measured
values
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Figure 19 Estimated fundamental natural frequencies using NBCC equation taking into
account the building height (f=1/0.05h3/4) of the wood frame building vs. measured
values

6.4

Example of the Use of the Commercial Finite Element Software, Ansys, to
Simulate the Dynamic Behavior of the One- and Two-Storey Wood Buildings in
China

We have not started simulations using Ansys due to the limited budget for this project this year. The
computer simulation was planned as a task for the next phase of the project. To demonstrate the potential
of computer simulations using Ansys, we have included the simulation results of the dynamic behavior of
the one- and two-storey wood buildings in China tested and modeled by Dr. Kang of Tongji University
(Kang 2009). Dr. Kang did not show the modeling results in his report, but shared them with us. Figure
16 shows the simulation results using Ansys.
Figure 20 demonstrates that the predicted fundamental natural frequency was well-matched with the
measured value. This is very encouraging.
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Predicted fundamental natural frequency f = 5.5Hz; measured f = 5.7Hz

Figure 20 Example of finite element analysis of vibration modes of the one- and two-storey
wood frame building in China (provided by Dr. Kang of Tongji University)

7

Conclusions

It is concluded that the project was on the right track towards the development of a design guide for
controlling wind-induced vibrations of mid- to high-rise wood frame buildings. The results from this
study and other two relevant projects confirmed that AVT and computer simulation are useful, and
appropriate tools for the development of solutions and a design guide for controlling wood frame building
vibrations in wind.

8

Recommendations

Until a better calculation methodology is developed, the NBCC equations can be used to predict the
fundamental natural frequencies of wood frame buildings, by using the building height as a variable to
estimate the building fundamental natural frequency.
More field data on the fundamental natural frequencies measured on mid- to high-rise wood frame or
hybrid wood buildings are needed to further verify the NBCC equations, or to develop more suitable
equations for wood buildings.
Considering the significance and the vastness of this research area, more efforts will be needed to develop
a proper design guide for controlling vibrations of mid- and high-rise wood buildings due to wind.

 FPInnovations. All rights reserved.
FPInnovations, its marks and logos are registered trademarks of
FPInnovations.

21 of 22

Guide for Wind-Vibration Design of Wood Frame Buildings
Project no 201004697

9

References

Camelo, V., Beck, J. and Hall, J. 2002. Dynamic characteristics of wood frame structures. CUREE
Publication No. W-11. Consortium of Universities for Research in Earthquake Engineering,
Richmond, CA.
Cantieni, R. 2004. Experimental method used in system identification of civil engineering structures.
Proceedings of 2nd Workshop of Problemi di vibrazioni nelle structure civili e nelle construzioni
meccaniche. Perugia, 10-11 Giugno 2004.
Dossing, O. 1988. Structural testing, Part II: Modal analysis and simulation. Bruel & Kjaer, Denmark.
Gilles, D. and McClure, G. 2008. Development of a period database for building in Montreal using
ambient vibrations. Proceedings of the 14th World Conference on Earthquake Engineering, October
12-17, 2008, Beijing, China.
Kang, J. 2009. Vibration tests and analysis of a new wood school building (In Chinese). Report of the
research institute for structural engineering and natural disaster prevention of Tongji University,
China.
NBCC. 2005. National Building Code of Canada. National Research Council of Canada, Ottawa, Ontario.
Van de Lindt, J. W., Pei, S., Pryor, S. E., Shimizu, H. and Isoda, H. 2010. Experimental seismic response
of a full-scale six-story light-frame wood building.
Journal of Structural Engineering.
ASTM/October 2010. p. 1262-1272.
Ventura, C. E., Laverick, B. Brincker, R. and Andersen, P. 2003. Comparison of dynamic characteristics
of two instrumented tall buildings. Proceedings of IMAC-21 : A Conference on Structural Dynamics,
February 3-6, 2003, The Hyatt Orlando, Kissimmee, Florida. The International Modal Analysis
Conference, 2003. s. 236-242.

 FPInnovations. All rights reserved.
FPInnovations, its marks and logos are registered trademarks of
FPInnovations.

22 of 22

