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1 INTRODUCTION
The National Building Code of Canada (NBCC) has traditionally been developed and published as
a prescriptive code. The design provisions given in the NBCC have been recognized over the years
deemed-to-satisfy
levels.
Prescriptive codes are written in a manner concerning how the building will be built rather than
how it would actually perform [1], meaning that one may interpret them as being the only way of
compliance and leaving little to no room for innovations and creativity. To date, mainly due to
academic training of design professionals, typical building designs mostly rely on prescriptive
design provisions, especially with respect to fire safety of occupants and property protection. The
main advantage, to some extent, of prescriptive provisions is that it is easier and faster for
designers and authorities having jurisdiction (AHJ) to apply, develop, review and approve a design.
In prescriptive design codes, the goals and objectives are typically implicit and written in
qualitative terms. They describe, in very broad terms, the overall goals that Code requirements
are intended to achieve. They describe undesirable situations and their consequences that the
Code aims to avoid in buildings. An example
to limit the
probability that, as a result of the design, construction or demolition of the building, a person in or
adjacent to the building will be exposed to an unacceptable risk of injury
requirements and criteria are typically implied in prescriptive solutions and not always clearly
stipulated in quantitative terms. The followings are examples of prescriptive requirements that
can be found in Division B of the NBCC:
The building shall be of noncombustible construction.
A building and its structural components shall be designed to have sufficient strength and
stability so that the factored resistance is greater than or equal to the effect of factored
loads.
Building materials, components and assemblies that separate dissimilar environments or
are exposed to the exterior shall have sufficient capacity and integrity to resist or
accommodate all environmental loads, and effects of those loads.
To provide more flexibility to designers, the 2005 edition of the NBCC has been published as an
objective-based code. As clearly mentioned in article 1.2.1.1 of Division A of the NBCC [2],
compliance with the Code can now be achieved by either complying with the prescriptive
p
acceptable solutions
alternative solutions
performance required in Division B in the areas defined by the objectives and functional
statements attributed to the applicable acceptable solution it is replacing. As such, a design
professional wishing to go beyond the current prescriptive limitations imposed in Division B can
develop an alternative solution, which can range from the development of a simple equivalency
to undertaking a full objective- based design (also known as performance-based design).
Alternative solutions also require acceptance from the AHJ.
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Alternative solutions are typically evaluated on a comparison basis to the deemed-to-satisfy
prescriptive solutions. Howev
-based
regulations such as performance-based codes and standards or be used as stand-alone
methodologies in situations where specific needs are required such as increasing the fire safety
plan or the seismic resiliency of a building. In both situations, prescriptive solutions do not
necessarily provide guidance to designers for achieving such objectives, and even less guidance
at to what performance targets should be achieved. It is therefore left to the designers to fix its
own set of criteria based on the objectives that need to be achieved.
This report is divided into six (6) subsections related to different building performance attributes.
It presents a review of current design provisions as well as an investigation and identification of
gaps in current knowledge with respect to performance criteria for wood-based building systems.
Lastly, suggestions related to performance criteria are given with respect to, among others,
structural, sound, vibration, fire, building enclosure, energy efficiency, durability and
environmental performance. The development of such criteria is fundamental for reducing the
burden on early adopters and AHJs in demonstrating regulatory acceptance of innovative building
systems.

2 OBJECTIVES
The objectives of the current project are to:
1) Investigate and identify gaps in current knowledge with respect to performance criteria for
wood- based building systems;
2) Develop performance criteria for wood-based design systems meeting the objectives and
functional requirements set forth in the National Building Code of Canada, and;
3) Facilitate the construction of taller and larger buildings meeting the requirements of the
performance-based design

3 TECHNICAL TEAM
This project is a large multiSystems department, overlooking at various building performance attributes.
Performance-based design is one design methodology where lack of information, technical
provisions and performance levels exist. It is therefore expected that such work will be carried out
on a long-term vision.
Christian Dagenais, Eng, Ph.D.
Lindsay Ranger, M.A.Sc.
Lin Hu, Ph.D.
Marjan Popovski, Ph.D.
Chun Ni, Ph.D.
Jieying Wang, Ph.D.
Patrick Lavoie

Senior Scientist, Serviceability & Fire Group
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4 NATIONAL BUILDING CODE OF CANADA
Compliance with the National
alternative solutions
first introduced in its 2005 edition. Due to the academic training of the large majority of building
designers in Canada, following the requirements of Parts 3 to 9 of Division B is the most common
method, where each part relates to the following:
Part 3: Fire Protection, Occupant Safety and Accessibility;
Part 4: Structural Design;
Part 5: Environmental Separation;
Part 6: Heating, Ventilating and Air-conditioning;
Part 7: Plumbing Services;
Part8: Safety Measures at Construction and Demolition Sites;
Part 9: Housing and Small Buildings.
Parts 3 and 9 are rather prescriptive while others, such as Parts 4 to 6, are rather performancebased. The others are informative and provide guidance to the designers and builders.
While the NBCC still maintained his prescriptive provisions (now grouped into Division B, called
Acceptable Solutions
better understand the rationale and intent of each prescriptive provision found in Division B. Such
supplementary material provides valuable information to designers wishing to develop
alternative solutions and to AHJs for allowing a better understanding of the prescriptive
provisions. This section provides an overview of the NBCC and how it relates to performancebased design.

4.1 Objectives
The objectives describe undesirable situations and their consequences. The NBCC aims to limit
the probability of occurrence of these situations and their consequences in buildings. It is
acknowledged that the provisions of the NBCC cannot entirely prevent all undesirable events from
happening nor eliminate all risks; therefore, the objectives are intended to "limit the probability"
of "unacceptable risk" of injury or damage caused by exposure to various hazards [2]. The level of
probability or risk is however not quantified or given. Such level is deemed acceptable through
consensus-based technical committees and/or through the agreement of a given level of
probability/risk that would be deemed acceptable to most of the public.
The 2010 NBCC establishes design provisions to address four main objectives, which as defined in
NBCC, are as follows. Further to the development of the National Energy Code for Buildings in
2011 [3], a new objective OE was introduced, mainly related to excessive use of energy. Each
objective is further refined through the establishment of sub-objectives, which can be found in
Parts 2 and 3 of Division A of the NBCC.
1)

Limit the probability that, as a result of the design, construction or demolition
of the building, a person in, or adjacent to, the building will be exposed to an unacceptable
risk of injury ;
3

2)

Limit the probability that, as a result of the design or construction of the
building, a person will be exposed to an unacceptable risk of illness
3)
Limit the probability that, as a result of the design or construction of the
building, a person with a physical or sensory limitation will be unacceptably impeded from
accessing or using the building or its facilities
4)
Limit the probability that, as a result of the
design, construction or demolition of the building, the building or adjacent buildings will be
exposed to an unacceptable risk of damage due to fire or structural insufficiency, or the
building or part thereof will be exposed to an unacceptable risk of loss of use, also due to
structural insufficiency
5)
Limit the probability that, as a result of the design or construction of
the building, the environment will be affected in an unacceptable manner

4.2 Functional Statements
A functional statement describes a function of the building, or part of the building, that a
particular requirement helps achieve. They are more detailed than the objectives and, similarly,
are entirely qualitative. Examples of functional statements that can be found in Part 3 of Division
B of the NBCC are:
F01 to minimize the risk of accidental ignition
F02 to limit the severity and effects of fire or explosions
F03 to retard the effects of fire on areas beyond its point of origin
F04 to retard failure or collapse due to the effects of fire
F20 "to support and withstand expected loads and forces
F21 to limit or accommodate dimensional change
F52 to maintain appropriate relative humidity
F56 to limit the transmission of airborne sound into a dwelling unit from spaces elsewhere
in the building
F62 to facilitate the dissipation of water and moisture from the building
F90 to limit the amount of uncontrolled air leakage through the building envelope
Each prescriptive provision found in Division B of the NBCC is linked to one or more objectives,
and to one or more functional statements. Functional statements are more detailed than
objectives, although both are entirely qualitative. Objectives and functional statements are
always paired together; this pairing helps define what needs to be done (function) and why it
should be done (objective). In other words,
The attributions to every prescriptive provision found in Division B can be found in Tables 3.9.1.1,
4.5.1.1, 5.11.1.1, 6.4.1.1, 7.2.1.1, 8.3.1.1 and 9.37.1.1 of Volume 1 of the NBCC. As an example,
the attributions to sentence 3.1.5.1.(1), stipulating that a noncombustible construction shall be
constructed of noncombustible materials, are [F02 OS1.2] and [F02 OP1.2].
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Another example would be sentence 4.1.1.3.(1) requiring that buildings and their structural
members and connections shall be designed to have sufficient structural capacity and structural
integrity to safely and effectively resist all loads, effects of loads and influences that may
reasonably be expected. The attribution of this sentence is [F20 OS2.1].

4.3 Intent Statements
As explained in the NBCC, intent statements are explanatory information aimed at explaining, in
plain language, the basic thinking behind each prescriptive provision contained in Division B [4].
Similarly to the objectives, intent statements are worded towards limiting risk and expected
performance level.
The objectives, functional statements and intent statements are new information in the NBCC
aimed at facilitating the implementation of the Code by clarifying the intent of each prescriptive
requirement and providing greater flexibility to a designer wishing to develop a new method or
product that is not explicitly described or covered in the Code.
From the previous examples, one can find that sentence 3.1.5.1.(1) contains four (4) intent
statements:
1) [F02
to clarify what constitutes noncombustible construction
2) [F02 OS1.2]: to limit the probability that construction materials will contribute to the
growth and spread of fire, which could lead to harm to persons
3) [F02
to clarify what constitutes noncombustible construction
4) [F02 OP1.2]: to limit the probability that construction materials will contribute to the
growth and spread of fire, which could lead to damage to the building
The intent statements for sentence 4.1.1.3.(1) are:
1) [F20
to limit the probability that the loads and influences that may reasonably be
anticipated during construction and during the expected service life of the building will
produce forces that may exceed the capacities of the structure and its components, which
could lead to structural failure, which could lead to harm to persons
2) [F20 OS2.1]: to limit the probability that an accident either during construction or during
the expected service life of the building that results in local failure will, because of the lack
of structural integrity, lead to widespread collapse, which could lead to harm to persons

4.4 Performance Criteria
Developing an objective-based design requires that it needs to achieve at least the minimum level
of performance required by Division B in the areas defined by the objectives and functional
statements attributed to the applicable acceptable solutions.
From the previous subsections 4.1 to 4.3 of this report, one can observe that objectives, functional
statements and intent statements are expressed in broad and generic terms. They are also mostly
qualitative in nature, especially to the performance criteria that the prescriptive provision is
deemed to achieve.
5

As such, performance criteria are typically not explicitly stipulated in building codes. However, a
number of prescriptive provisions found in Division B provide some quantitative performance
levels that a design solution should achieve (e.g. fire-resistance rating of structural elements,
inter-story drift in wind and seismic design, minimum sound transmission class, etc.).
In most performance-based design, it is left to the designer to determine suitable performance
criteria that would allow meeting the objectives and functional statements attributed to the
applicable acceptable solutions. While some performance criteria may be generalized, most of
them are to be determined based on the actual project scope and proposed design strategies,
It is noted that AHJs should be involved from the beginning of the performance-based design (i.e.
alternative solution) as ultimately, they will be responsible for its approval.

4.5 Performance-Based Design Process
The International Code Council (ICC) [5] defines a performancean engineering
approach to design elements of a building based on agreed upon performance goals and
objectives, engineering analysis and quantitative assessment of alternatives against the design
goals and objectives using accepted engineering tools, methodologies and performance criteria
Based on principles of performance-based fire design [6, 7], the following flow chart represents a
general approach applicable to building performance attributes (Erreur ! Source du renvoi
introuvable.). Performance-based Codes identified in a previous report by FPInnovations [8]
provide detailed information and design procedure when contemplating performance-based
design. Among those, the ICC Performance Code for Buildings and Facilities [5], the Building Code
of Australia [9] and the New Zealand Building Code [10] were identified as useful and relevant
sources of information.
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Figure 1. Performance-based design process

Section 2.3 of Division C of the NBCC provides useful information related to the required
documentation in support of alternative solutions. Among others, a Code analysis outlining the
applicable objectives, functional statements and acceptable solutions as well as the analytical
methods and rationales used to demonstrate that the alternative solutions achieve at least the
requisite level of performance should be documented.

5 INVESTIGATION AND IDENTIFICATION OF
KNOWLEDGE GAPS
A review of various performance attributes has been undertaken based on the current technical
and scientific knowledge and state-of-the-art. Some performance attributes are already mostly
performance- based in the NBCC, while some are still regulated through prescriptive solutions.

5.1 Structural Performance
The structural design of wood buildings should provide compliance with NBCC and CSA material
design and manufacturing standards as well as with provincial and territorial codes. If the
structural system used is not codified, using the alternate solutions path is recommended for
demonstrating achievement of the level of performance required under the Codes in the areas
defined by the objectives and functional statements in Parts 2 and 3 of Division A. These
7

requirements should be considered as the minimum acceptable measures required to adequately
achieving the implicit performance levels.
Since design guidelines for wood structures other than light wood-frame and post & beams
structures are not directly implemented in CSA O86 [11], the Canadian Standard for Engineering
Design in Wood, such structures are allowed to be designed according to clause 4.3.2 of the
standard. The clause states that "new or special systems of design or construction of wood
structures or structural elements not already covered by this Standard may be used where such
systems are based on analytical and engineering principles, reliable test data, or both, that
demonstrate the safety and serviceability of the resulting structure for the purpose intended".
NBCC does not specify exact performance levels for the performance-based design of buildings
under various structural loading conditions. Consequently, defining the performance levels in
NBCC that are in-line with the design objectives should be one of the main priorities in the
research work in this area. For example, the seismic design according to NBCC has the intents that
are consistent with the overall Code objectives:
1) To protect the life and safety of building occupants and the general public as the building
responds to strong ground shaking;
2) To limit building damage during low to moderate levels of ground shaking; and
3) To ensure that post-disaster buildings can continue to be occupied and be functional
following strong ground shaking, though minimal damage can be expected in such
buildings.
In other words, NBCC intends to establish the minimum requirements for building performance
to provide adequate level of safety to life and property. To fulfill these requirements the buildings
must be designed to:
1) Resist minor earthquakes without damage;
2) Resist moderate earthquakes without structural damage, but with some non-structural
damage; and
3) Resist major earthquakes with significant structural and non-structural damage, but
without collapse.
At this point, however, as no direct performance based design guidelines exist for any structural
system in NBCC or material standards, these goals are accomplished through specification of
onstruction, identify approved
structural and non-structural systems, specify required minimum levels of strength and stiffness
for elements and connections, and control deflections and detailing of the building.
Some information can be found in the NBCC Commentary J [12] that can be helpful. It states: "The
damage caused to buildings by earthquake ground motions is a direct consequence of the lateral
deflection of the structural system. The ability of a building to withstand such ground motions
arises largely from the capability of the structural system to deform without significant loss of
load-carrying capacity. Article 4.1.8.13 is concerned with both the determination of lateral
deflections and limits on those deflections to ensure satisfactory performance". NBCC then
8

provides explicit guidance for the determination of realistic values of anticipated maximum
deflections, including the effects of torsion.
The NBCC Commentary J also states: "The deflection parameter that best represents the potential
for structural and non-structural damage is inter-storey deflection, also known as inter-storey
drift. Sentence 4.1.8.13(3) in NBCC specifies limits on the largest inter-storey deflection at any
level of the structure. Ordinarily the limit is 0.025 hs (where hs=inter-storey height) except for postdisaster buildings and schools, for which the limits are 0.01hs and 0.02hs respectively. As noted by
DeVall [13], the limit of 0.025hs represents the state of 'near collapse' (equivalent to 'extensive
damage'), but not collapse". The more stringent drift limit of 0.01hs in NBCC for post-disaster
buildings reflects the need for facilities such as hospitals, power generation stations, and fire
stations to remain operational following an earthquake, with very minimal damage. It should be
noted that cyclic and shake table tests on some wood-based systems have shown that the nearcollapse state can occur at much higher storey drifts [14, 15].
Input ground shaking is defined in the 2010 NBCC as having a 2% probability of exceedance in 50
years at a median confidence level. The upcoming 2015 NBCC will refer to the mean confidence
level. This corresponds to a 0.04% annual probability of exceedance. Although stronger shaking
than this could occur, in most situations it is typically economically impractical to design for such
rare ground motions; therefore, the 2% in 50-year level may be termed as the maximum
earthquake ground motion to be considered, or more simply, the Design Ground Motion (DGM).
This ground motion should be taken as an input for the seismic analysis and design of wood
structures. Even though design forces for wind may be greater than seismic design forces (i.e.,
wind "governs" the design), which is mostly in cases of taller wood buildings, the design should
clearly define the Seismic Force Resisting System (SFRS) and detailing that corresponds to the
seismic forces calculated for the building according to capacity-based design.
NBCC Commentary A also provides guidelines that should be used for deriving the strength and
stiffness properties of new materials. Commentary A indicates that wood-based material
resistance of new materials should be defined on the basis of a 5% exclusion limit. It also states
that material stiffness in general should be defined on the basis of a 50% exclusion limit. Where
statistical sampling is used, a 75% confidence level is recommended for the estimate of the
exclusion limit. It is recommended that these criteria be used for determining the design
resistance of new wood products and connections being specified for new wood or wood-hybrid
structural systems.

5.2 Serviceability Performance
5.2.1. Building Vibration
The perceptible building vibration induced by wind could make occupants uncomfortable or
sensitive equipment dis-functional or result in elevator no longer capable to move
upward/downward or in difficulty in opening or closing windows and doors. Therefore, the NBCC
objectives relative to building vibration and deflection are to ensure structural safety of building
elements and ensure occupant health due to high levels of vibration or deflection.
9

To fulfil the design objectives, one needs a feasible performance criteria and the tools to ensure
the designs meet the criteria. The tools can be validated calculation equations or models to
estimate the performance parameters, or test protocols to measure the performance criterion
parameters of the design candidates.
The NBCC specifies that if a building meets one of the following conditions, a design check for
wind vibration serviceability of the building is required:
1)
2)
3)
4)
5)

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, or;
The building has low damping properties.

NBCC introduced two types of performance criteria currently used in North America and
International practices for controlling building wind vibration. Refer to Commentary I of the User's
Guide NBC 2010: Structural Commentaries (Part 4 of Division B) [12] for additional background
information.
In Canada, the NBCC historically required that a preliminary assessment of tall buildings be made
using a 1-to-10-year wind acceleration limit of 1% to 3% of the acceleration due to gravity (g). In
the period covering 1975 to 2000, many of the tall buildings were designed for a peak 1-in-10year acceleration in the range of 1.5% to 2.5% of g. The 1.5% of g was generally applied to
residential buildings while 2.5% of g was applied to office towers. The building performance based
on these criteria appears to have been generally satisfactory.
Using this performance criterion, the peak accelerations have to be calculated using the equations
(1) and (2) below, thus a semi-performance-based design.

(1)

Across-wind direction:

(2)

Along-wind direction:
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 =
B

in N/m³

= average density of the building in kg/m3

W,

= fraction of critical damping in across-wind and along-wind directions,
respectively
D
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fnW, fnD = fundamental natural frequencies in across-wind and along-wind directions,
respectively
= 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
However, for a performance-based design using this performance criterion, one can use any
validated dynamic analysis tools or models to calculate the building peak accelerations due to
wind excitation, but the predicted peak accelerations should be further verified with the peak
accelerations calculated using equations (1) and (2). The performance criterion provided the
freedom for designers to select the peak-acceleration limits from 1.5% g to 2.5% of g for various
occupancies. The NBCC recommended however limits for two types of occupancies only:
residential and office.
Whether this performance criterion is suitable for wood building vibration-controlled design is
unknown. Therefore, after completion of a tall wood building, it is advisable to: (a) measure the
wood building accelerations due to wind excitation, (b) get feedback on wood building vibrations
from occupants, (c) calculate the peak accelerations using equations (1) and (2), and (d) compare
the calculated accelerations to validate the equations for wood building application.

5.2.2. ISO Building Vibration Performance Criteria
On the international level, ISO 10137 [16] provides performance criteria for residential and office
occupancies. The ISO criteria are expressed as a 1-year peak acceleration as a percentage of g and
is limited to 0.61fn for office occupancies and 0.41fn for residential occupancies, where fn is the
lowest natural frequency in Hz. The ISO criteria are applicable to buildings whose frequency is less
than 1 Hz.
Interestingly, according to ISO, if the building lowest natural frequency is 0.2 Hz, the acceleration
limit is 1.3% g, and 1.7% g for the building having the lowest natural frequency of 0.1 Hz. This is
in the range of the 1-in-10-year wind acceleration limits of North America performance criterion.
ISO does not specify an equation to calculate the peak-acceleration for the design check. As such,
one can use any validated dynamic analysis tool or model to estimate the building peak
accelerations due to wind excitation. Due to the complicity of wood buildings, accurately
predicting the peak acceleration is challenging, and such predictive tools have not been developed
yet.
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Therefore, when using the ISO criterion along with a predictive tool to perform the vibrationcontrolled designs of wood buildings, it is advisable to verify the building vibration-controlled
design through the wind-tunnel testing of the building model. For wood buildings, after the
building completion, it is also advisable to measure the building accelerations due to wind
excitation, to know the feedback of the building vibrations from occupants, and to compare the
measured accel
edbacks, and
with the predicted accelerations to verify the predictive tool.

5.2.3. Floor Vibration
The NBCC requires floor systems susceptible to vibration to be designed so that vibrations will
have no significant adverse effects on the intended occupancy of the building. Floor vibration can
sports event, aerobics, and machinery. As such, similarly to building vibration, the NBCC objectives
relative to floor vibration are to ensure structural safety of building elements and ensure occupant
health due to high levels of vibration.
To fulfil the design objectives, one needs a performance criterion and the tools to ensure the
designs meet the criteria. The tools can be validated calculation equations or models to estimate
the performance parameters, or test protocols to measure the performance criterion parameters
of the design candidates.
There are several performance criteria to control floor vibrations. Figure 2 presents the ISO 2631-2
[17] criterion with root-mean-square acceleration (rms-a) limits for human comfort as a function
of natural frequency.
ISO 2631-2 is generic and can be applied to any situation such as floor vibration control, car
vibration control, airplane vibration control, etc., and to any type of vertical vibration responses
due to various excitations such as walking, rhythmic activates, machinery, etc. Therefore, it could
be an ideal performance criterion for floor vibration-controlled design if there is an accurate tool
or model to calculate the rms-a of the floors under any type of excitations.
However, it was found that application of the ISO performance criterion into wood floor vibrationcontrolled design raises the following questions:
Given that any criterion is su
How to adopt the limits for different occupancies?
How to predict the rms-a of a broad range of wood floors accurately to various excitations?
How to measure and determine the rms-a experimentally on wood floors?
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Figure 2. ISO 2631-2 acceleration limits for human comfort under vertical vibration

Without resolving these issues and due to the complexities of wood floor systems, the broad
range of construction details, and their different vibration responses to various excitations,
currently the wood floor vibration-controlled design is most likely semi-performance-based. The
current wood floor vibration-controlled design is using prescriptive calculation methods for
determining performance criterion parameters and the performance criteria that were calibrated
to the calculation equations for certain type of wood floor systems. The wood floor vibrationcontrolled design is also limited to walking vibration control.
For walking vibration-control of heavy floor with fundamental natural frequency below 9 Hz,
NBCC 2010 Structural commentaries (Part 4 of division B)
recommends for steel construction to use the American Institute of Steel Construction (AISC) and
Canadian Institute of Steel Construction (CISC) criterion. The steel-design criterion recommends
a limit on peak acceleration (ap) to control walking vibrations for floors with a fundamental natural
frequency below 9 Hz. A prescriptive formula was proposed by Murray et al. [18] for calculating
peak acceleration. Equation (3) is used to determine the limit for peak acceleration:
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(3)
where:
ap = peak acceleration of a floor, g.
g = acceleration due to gravity.
P0 = a constant force equal to 0.29 kN (65 lb) for floors.
f1 = fundamental natural frequency of the floor structure, Hz.
= modal damping ratio.
W = effective weight of a floor, kN.
For walking vibration-control of lightweight floor with fundamental natural frequency greater
than 9 Hz, such as wood-frame construction, there is a set of criteria depending on the actual
wood floor systems.
For lumber joisted floors (e.g. 2x10 joists), the NBCC recommends using a 1 kN concentrated-load
deflection criterion to control walking vibration. As detailed in Appendix A-9.23.4.2.(2) of the
NBCC, this criterion was included in the span tables found in Tables A-1 to A-2 of Part 9 of division
B of the NBCC. The 1 kN deflection criterion for lumber joisted floors is expressed in Equation (4).
For span < 3 m:

(4)

where:
d1kN = floor deflection under 1 kN load at the floor centre (midspan) in mm.
L = span of the floor joist in mm.
The span tables for lumber joists are prescriptive in nature. The 1 kN deflection criterion did not
properly address the walking vibration in wood-frame floors with a heavy topping, and for
engineered wood floors with longer spans (e.g. prefabricated wood I-joists). This criterion also did
not address the walking vibration in mass timber slab floors such as cross-laminated-timber (CLT)
floors. To bridge the gap, FPInnovations proposed a performance criterion for a broad range of
wood joisted floors, and for solid timber slab floors with floor span limits and expressed with
Equations (5) and (6) for joisted floors and mass timber floors, respectively.
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the maximum allowable span (L) to:
(4)
where:
EIeff = effective composite bending stiffness of a T-beam composing of a joist and the topping and
subfloor panel with the width of the joist spacing (N·m²), see reference [19] for the T-beam
description and its calculation
Fscl = factor related to lateral stiffness contribution from subfloor and topping for reducing the 1
kN static deflection. See reference [19] for its calculation.
mL = mass per unit length of the T-beam (kg/m), see reference [19] for its calculation.
also limits the maximum allowable span (L) to:
(4)
where:
EIeff = effective bending stiffness for 1 m wide panel in major axis direction (see
specifications), N·m².
m = linear mass of CLT for a 1 m wide panel, kg/m.
For multiple-span floors with a non-structural element that is considered to provide enhanced
vibration effect (e.g. internal partition, finishes and ceiling), the calculated vibration-controlled
span may be increased by up to 20%, provided it is not greater than 8 m. The accepted finish
materials include wood-based sheathing and flooring, rigid topping and ceramic tiles.
It is noted that for floors with concrete topping this equation can be used assuming bare floor
construction for calculation purposes (i.e. weight of concrete is ignored
provided the area density of the topping is not greater than twice the bare slab floor area density.
If the area density of the concrete topping is larger than twice the bare slab floor area density, it
is recommended that the calculated vibration-controlled span be reduced by up to 10%.
With respect to controlling floor vibration due to rhythmic activities, the NBCC recommends
specific acceleration limits, as shown in Table 1. The NBCC prescribed the dynamic loading functions
for the various rhythmic activities and the calculation equations to determine the maximum
acceleration to the dynamic loads.
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Table 1. NBCC recommendation for floor acceleration limits due to rhythmic activities

Occupancies Affected by the Vibration

Acceleration Limit, % gravity (g)

Office and residential

0.4 to 0.7

Dining and weightlifting

1.5 to 2.5

Rhythmic activity area:
In an office or residential building
In a stadium or arena

4 to 7
10 to 18

5.3 Fire Performance
Given that the NBCC is an objective-based code, one can decide to comply from using an
alternative solution, as described in Section 4 of this report, which can range from the
development of a simple equivalency to undertaking an objective-based design (i.e. performancebased design). The NBCC also stipulates that it needs to demonstrate that the alternative solution
achieves at least the minimum level of performance required in Division B in the areas defined by
the objectives and functional statements attributed to the applicable acceptable solution it is
replacing. These acceptable solutions may be found in Part 3 of Division B of the NBCC and are
currently divided based on a single material property: combustibility.
The traditional test method to evaluate the noncombustibility of building materials is CAN/ULCS114 [20] a severe pass/fail test method where the majority of materials containing even a small
amount of carbon-based material (such as the cellulose found in wood) do not pass. The test
method requires three small samples that are 38 x 38 x 50 mm in size to be exposed (one at a
time) in a tube furnace to a temperature of 750°C for 15 minutes. Materials evaluated according
to this test method are classified as noncombustible if the mean temperature in the furnace for
the three specimens does not exceed a rise of 36°C during the test duration (15 minutes), there is
no flaming of any of the three (3) specimens during the last 14.5 minutes of the tests, and the
maximum mass loss of any of the three (3) specimens does not exceed 20%.
Since the 2005 edition of the NBCC, an alternative test method may be used to classify building
materials: CAN/ULC-S135 [21]. The test method uses oxygen consumption calorimetry principles
through a cone calorimeter apparatus and where three (3) specimens are exposed to an irradiance
level of 50 kW/m² for 15 minutes. A material is allowed to be used in noncombustible construction
if it meets the performance levels stipulated in Article 3.1.5.1 of Division B of the NBCC. It is noted
however that, given the performance levels required to be met, there are no typical wood
products that would qualify under this code provision. While the cone calorimeter has found only
limited application in NBCC, it is cited in the building regulations of several other counties as a
method of classifying the degree of combustibility (vs. the only 2 classification currently set forth
in the NBCC). Moreover, the cone calorimeter test method allows for assessing a broad range of
combustion properties as opposed to the Steiner tunnel, currently used for evaluating a
dimensionless comparative surface flame spread rating of materials. In Japan, for example,
interior finish is classified as being noncombustible, quasi-noncombustible or fire retardant based
on its performance in a cone calorimeter test when subjected to an irradiance level of 50 kW/m²
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[22]. The Australian building code also provides an alternative test method to classify an interior
finish material using data obtained by cone calorimeter testing at an irradiance of 50 kW/m² [23].
Requiring evaluating building materials through cone calorimeter tests would allow developing a
generating an extensive database of material properties used for advanced computer modeling.
The stated objective behind the requirements for noncombustible materials in the NBCC is to limit
the probability that the materials contribute to the growth and spread of fire. Other aspects of
tural behavior, thermal expansion,
spalling, melting temperature, etc.) are currently not intended to be addressed through the
requirement for noncombustible materials. According to NBCC, a noncombustible construction is
a type of construction in which a certain degree of fire safety is attained by the use of
noncombustible structural materials and by limiting the combustibility of other assemblies and
linings. The rationale behind the requirement of noncombustible structural materials is that they
cannot contribute to spread or contribute to the growth of a fire. Unfortunately, given the 3
limited characteristics that the current test method is evaluating, it completely disregards their
actual performance when exposed to fire conditions. For example, aluminum tested per CAN/ULC
S114 fulfills the current requirements for noncombustible material. However, its melting point is
below 750ºC, which could lead to significant and unexpected behavior when exposed to real fires
where temperatures can exceed 1000ºC.
Given the current prescriptive provisions in the NBCC, one can observe that building materials are
classified upfront into two (2) distinct groups based on the performance of three (3) small samples
and whether they are combustible, or not. Moreover, the classification terminology is also biased
whereby classifying a material as being combustible implies a prejudice as it automatically
suggests a fire hazard associated to it, while being noncombustible does not regardless of their
actual behavior in fire conditions. The level of risk is also not differentiated between the degrees
of combustibility of materials and incorporates all materials into the same category and a similar
fire hazard.
In several sentences in Part 3 of Division B, the use of combustible materials is limited or
prohibited. One of the most critical sentences in Division B is 3.1.5.1.1) stipulating that a building
or part of a building required to be of noncombustible construction shall be constructed with
noncombustible materials. As such, a building that respects all prescriptive provisions for a
noncombustible construction, except that it incorporates a wood structure, would still be
classified as a combustible construction according to the defined terms in the NBCC. It can
however be arguable that the level of fire safety
likely be equal or greater than a traditional noncombustible construction, namely that using lightweight cold-formed steel construction. In fact, the fire performance of such systems has been
demonstrated through real-scale fire testing conducted at the National Research Council of
Canada [24], where a wood-frame construction and a cross-laminated timber construction
exhibited a performance level equal or greater than a cold-formed steel construction (considered
as the noncombustible construction benchmark).
Other examples are those given in subsection 3.2.2 where the type of construction is being
stipulated, based on the building occupancy group, height, area and sprinkler protection. In a
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number of the articles listed in subsection 3.2.2, a combustible construction having a fireresistance rating not less than 45 minutes can be used in lieu of a noncombustible construction
not required to have a fire-resistance rating. As such, fo
therefore requested that a combustible construction exhibit a greater level of performance than
its noncombustible counterpart, regardless of its actual structural behavior in fire conditions. It is
relevant and funda
performance concept aimed at providing a level of performance to structural and/or separating
building elements, regardless of their combustibility nature. If one type of construction is to afford
some level of fire-resistance, then it should be applied throughout to all types of construction as
fire-resistance is a performance attribute. Moreover, current prescriptive provisions typically
require that floor and wall elements provide a minimum fire-resistance rating, based on various
factors, and be constructed as fire separations in most situations. Providing fire-resistance rating
to building elements allow for some amount of compartmentation within a floor level, which is
not explicitly accounted for. As an example, the concept of firen
a floor level is used in the New Zealand Building Code as opposed to the concept of maximum
building area in the NBCC, in which several firecells are inherently provided. A fire cell is defined
as any space including a group of contiguous spaces on the same of different levels within a
building, which is enclosed by any combination of fire separations, external walls, roofs and floors
[10].
Furthermore, according to article 3.2.2.16, roofs constructed from heavy timber construction are
permitted to be used in buildings required to be of noncombustible construction, provided they
are no greater than 2-storeys and fully protected by sprinklers. Heavy timber construction is a
defined type of construction and, according to the User's Guide - NBC 1995, Fire Protection,
Occupant Safety and Accessibility (Part 3) [25], such construction has an inherent fire-resistance
due to the use of structural elements of large dimensions. Also, in the current NBCC, the fireresistance requirements for roof elements can be waived when a sprinkler system is used. Again,
a significant bias is imposed on heavy timber construction when compared to the allowances for
noncombustible construction.
There are several other paragraphs and sentences in division B of the NBCC (e.g. sentence
3.2.3.7.1), which dictates the construction requirements of exposing building face of buildings)
that provide inconsistency and prejudice to combustible construction, and where a rationalization
of fire safety objectives should be revisited.
As such, one can observe that contradictory messages are conveyed in the NBCC. In a study aiming
at identifying the rationales of life safety Code requirements in mid-rise buildings, Kruszelnicki
[26] found that current prescriptive provisions applicable to combustible construction assume
conventional wooder they may be. As such,
should a wood-based system be used but that would significantly be different from wood-frame
construction (i.e. mass timber), the building design would still be limited to current prescriptive
limits applicable to combustible construction. There is a need to define a new type of construction
using mass timber structural elements in attempt to expand potential applications of such new
type of construction.
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Furthermore, when analyzing the objectives and functional requirements for combustible and
noncombustible constructions, the author reported interesting findings where, in some areas, the
combustibility of materials seemed to have a valid reason, but where other areas were not sowell supported (i.e. not supported from a rational approach). It was also identified that the
rationale behind a number of code provisions are driven by external influences such as political
agendas, societal comfort levels as well as circumstantial situations such as the capability of
firefighting services at the time of implementation of a specific code provision.
Lastly, it was reported by Osborne [8] that current prescriptive provisions of the NBCC seem
lacking with respect to addressing fire safety of occupants. The NBCC provides provisions aimed
at reducing the production or level of contaminants, reducing the release of hazardous
substances, providing suitable air for breathing, and maintaining appropriate air and surface
temperatures. However, none of these are referenced in terms of fire and life safety. If
performance- based design is to be introduced into the NBCC, these issues need to be specifically
within the performance criteria. Among others, explicit performance criteria would be to limit
tenability conditions for occupants and fire fighters such as the visibility due to smoke
obscuration, temperature and irradiance emitted to occupants and fire fighters as well as the
concentration of fire effluents (i.e. fractional effective dose).

5.4 Durability and Energy Efficiency of Building Enclosure
Compared with other aspects of building performance (e.g., structural or fire performance), Part
performance- based provisions for the building envelope. It applies to the building materials,
components, and assemblies separating interior space from exterior space or from the ground or
separating environmentally dissimilar interior spaces. It is primarily concerned with the control of
condensation and the transfer of heat, air, moisture, and sound through the building materials,
components, assemblies, and their interfaces. Thermal performance of the building envelope not
only has a large effect on the energy required for space heating and cooling, but also influences
the indoor air quality and occupant comfort. In terms of the durability performance, deterioration
or damage typically results from prolonged exposure to excessive moisture, which can lead to
growth of fungi such as mold or even decay.
When designing for resistance to deterioration, sentence 5.1.4.2.(1) of the NB
materials used in building components and assemblies that separate dissimilar environments, or
in assemblies exposed to the exterior, shall be compatible with adjoining materials, and resistant
to any mechanisms of deterioration that may reasonably be expected, given the nature, function,
and exposure of the materials, and the exposure and climatic conditions in which they will be
installed
nce requirements or criteria for controlling mechanisms of
deterioration, such as mold growth, decay, or corrosion of metals, are not provided.
The same lack of detailed performance requirements applies for thermal resistance of assemblies
where sentence 5
bly shall include
ls and components
shall be such that they control air leakage or permit venting to the exterior
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and components shall be such that they control vapour diffusion or permit venting to the exterior
so
precipitation into the component or assembly and prevent ingress of precipitation into the interior
space
Overall very few quantitative limits are provided in Part 5 of the NBCC. One of the few exceptions
is for air barrier materials where it stipulates that materials intended to provide the principal
resistance to air leakage shall have an air leakage characteristic not greater than 0.02 L/(s·m²)
measured at an air pressure difference of 75 Pa (refer to article 5.4.1.2 of the NBCC). However,
there are no requirements for the interfaces between the air barrier materials, airtightness of the
entire building envelope, or testing of the completed building.
The NBCC does not provide detailed compliance methods either, except for general requirements
provided at a few locations. For example, for calculating environmental load and transfer,
ASHRAE Handbooks
on the manufacturing, testing, and installation of various materials.
Energy-related requirements for the building envelope are separately provided in the National
Energy Code for Buildings (NECB) [3] or, depending on the type of building, Section 9.36 of Division
B of the NBCC entitled
performance-based and treat different materials equally with respect to the required
performance.
The NECB was developed based on the Model National Energy Code of Canada (MNECC)
[27], which was not widely adopted by the provinces and territories. ASHRAE 90.1 (previous to
the 2010 version) was used instead in Ontario and British Columbia as the energy code for large
buildings. After the NECB was published, the Province of British Columbia adopted both of the
NECB and ASHRAE 90.1 as compliance options for large buildings, effective December 2013. The
Province of Ontario now allows four paths, including MNECB [28] with a 25% improvement,
ASHRAE 90.1 with modifications, and the NECB with modifications to comply with the energy
requirements for large buildings. Both ASHRAE 90.1 and the NECB have more stringent energy
efficiency requirements compared to older standards or the older versions of ASHRAE, and the
NECB has slightly more stringent requirements than ASHRAE 90.1. Nevertheless, they both
provide three compliance paths.
However, there are major differences between these two energy codes/standards. For example,
in principle ASHRAE 90.1-2010 is energy cost-based and the NECB is energy consumption-based
within the whole building energy simulation path. The NECB puts more emphasis on true energy
performance. Under the prescriptive building envelope requirements, the NECB and ASHRAE both
provide limitation on the glazing ratio under the prescriptive requirements; however, the limit in
the NECB ranges from 40% to 20%, depending on the local climate (i.e., the heating need), but the
ratio is fixed at 40% in ASHRAE. Regarding building envelope thermal performance, the NECB has
material- neutral thermal transmittance requirements based on the climate zone; but ASHRAE
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90.1 provides two options, the maximum assembly U-value (similar to the NECB), and the
minimum nominal insulation R- value requirements, depending not only on the climate zone, but
also the category of structural material (e.g., mass, metal, steel-framed, or wood-framed).
Continued use of the minimum nominal insulation values in ASHRAE 90.1 allows thermal bridges
in the building envelope to be ignored if the prescriptive path is taken. The material-dependent
thermal requirements typically penalize the materials or systems that have better thermal
performance. Therefore, the NECB is in general more advanced than ASHRAE in the context of a
performance-based energy code. The other major energy code in the United States is the
International Energy Conservation Code (IECC) [29], which is typically used for single-family
houses and small buildings. It is overall less performance-based and has less stringent
requirements compared to ASHRAE 90.1.
Compared to Part 5 of the NBCC, Part 3 of the NECB 3 includes more detailed requirements and
compliance paths for thermal performance of the building envelope. Three compliance paths are
provided: 1) the prescriptive path, 2) the trade-off path, and 3) the whole-building energy
performance path. Under the general clauses of the prescriptive path (Section 3.2 of NECB),
requirements for insulation protection, continuity of insulation, and allowable fenestration and
the
building envelope shall be designed to avoid increasing the overall thermal transmittance due to
air leakage or convection, wetting, or moisture bypassing the plane of thermal resistance
limits the allowable fenestration and door area depending on the heating need (i.e., the heating
degree-days), given the large impact of glazing on building energy performance. Another
advancement of the NECB is that the prescriptive thermal requirements for opaque building
envelope assemblies are solely based on the overall thermal transmittance, expressed in W/(m²·K)
(sometimes called the U-value, which is the inverse of effective thermal resistance expressed in
the metric measurement system (m²·K)/W). The calculation for the thermal transmittance or
effective R-value shall take into account the major thermal bridges in an assembly, such as the
structural members based on the requirements in sentences 3.1.1.7 and 3.2.1.2 of NECB. There
are separate thermal requirements for fenestration and doors.
When the thermal characteristics of one or more components of a proposed building design, such
as the fenestration and door area of the building envelope, exceed the limit under the prescriptive
path, the trade-off path (including simple trade-off path and detailed trade-off path), or the more
complicated whole-building energy performance path, may be taken to prove that the proposed
building design will not consume more energy than it would if all of the building components
complied with the prescriptive requirements. These two paths often offer a higher level of
flexibility for design but typically require thermal modelling, except for the simplest trade-off
methods.
Another energy code/standard for large buildings used in some jurisdictions in Canada is ASHRAE
90.1 [30] applicable to buildings other than low-rise residential buildings. Worth mentioning is
that the ICC Performance Code for Buildings and Facilities [5] also provide performance
requirements related to energy efficiency of the building envelope when use of depletable energy
sources are used. It is one of the few truly performance-based codes in the world. It focuses on
design outcomes in terms of the performance of a designed building. In other words, this code
21

identifies the level of damage that is acceptable during and after a hazard event, such as a fire or
earthquake. Acceptable methods of compliance require use of recognized authoritative
documents or design guides for analysis, quantification of performance, and determination of
criteria used to evaluate compliance of the design with the performance requirements, based on
this Code.
For example, for overall durability performance (Section 402 of the ICC Performance Code), the
to assist in the selection of appropriate materials and construction systems
to ensure that a building will continue to satisfy
the objectives of this code throughout its life
four aspects. For example,
where
damage or deterioration to building or facility elements or systems will impact the objectives of
this code or the design, those elements or systems shall be repaired or replaced in order to
maintain the level of performance intended by this code
in determining the useful life of building elements, products or systems,
an acceptable method for determining durability and service life shall be used
The ICC Performance Code has also specific provisions on moisture control (Chapter 9, including
surface water, external moisture, and internal moisture), interior environment (Chapter 10,
including climate and building functionality, indoor air quality, air-borne and impact sound,
artificial and natural light), and energy efficiency (Chapter 15). As an example related to external
to safeguard people from injury and property from damage
that could result from external moisture entering the building
building shall be constructed to provide adequate resistance to penetration by, and the
accumulation of, moisture from the outside
states performance requirements from four
aspects including water penetration, building elements in contact with the ground, concealed
roofs and exterior walls shall prevent penetration of water that could cause damage to
building elements
excess moisture
present at the completion of construction shall be capable of being dissipated without permanent
damage to building elements
to
facilitate efficient use of energy
building shall
have provisions ensuring efficient use of non-renewable energy
ce requirements
are then provided on energy performance indices and temperature control. The building envelope
is to be designed and constructed within stated parameters, taking into consideration various
factors, such as thermal insulation, window types, and airtightness.

5.5 Environmental Performance
The environmental performance of a building can be quantified in a number of ways. This section
discusses indoor air emissions and, to a lesser extent, building environmental footprints.

5.5.1. Indoor Air Emissions
Only indoor emissions are directly addressed in the 2010 NBCC. As pertains to the NBCC,
environmental issues are essentially addressed via the health (OH) and safety (OS) objectives.
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Health sub-objectives which incorporate environmental notions are safety in use (OS3) and safety

substances (OS 3.4) or risk of injury caused by exposure to hazardous substances and activities
(OS 5.6).
NBCC health objectives seek to limit probability of exposure to unacceptable illness risk. Specific
sub- objectives relevant to environmental issues concentrate on indoor conditions (OH1) and
hazardous substance containment (OH5). Probable causes of illness related to indoor conditions
include poor indoor air quality (OH 1.1) or even contact with moisture (OH 1.3). The challenge
from a performance standpoint lies in defining what constitutes a hazardous substance (or
activity) and measuring / quantifying hazard exposure.
NBCC health and safety objectives speak to occupant building use following from design and
construction as well as worker safety during construction activities (including demolition). The
objectives are qualitative in nature and refer to the notions of probability, risk management and
acceptability. The issue of indoor air quality is complicated by the fact that there are multiple
sources of contaminants including outdoor environmental conditions, occupancy rate, occupant
behavior, building materials off-gassing and degradation over time, furnishings, building HVAC
equipment, building maintenance and cleaning products, to only name a few. Factors affecting
indoor air quality are presented in Figure 3. Concentrations are heavily influenced by ventilation
rates (including air leakage).
OSHA [31] classifies indoor air pollutants into three categories: biological, chemical and nonbiological (particle). Emissions from building materials and furnishings are generally categorized
under the chemical pollutants category which includes volatile organic compounds (VOCs) like
formaldehyde, benzene, methylene chloride, trichloroethylene, and tetrachloroethylene.
Biological pollution can also originate from the degradation of building materials. If this happens,
building materials can support the growth of fungi. The term biological pollution generally refers
to pollen, bacteria, viruses, dust mites, etc.

Figure 3. Factors affecting indoor air quality
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Building materials governed by these provisions of the NBCC include glue-laminated products
such as plywood, OSB, I-joists, glulam and other engineered wood products (EWPs) and nonstructural products used as part of the building. This excludes products that are not attached to
the building, e.g. furniture. Paints, varnish and coatings can also generate VOC emissions in the
short-term especially if they are site-applied. Solid wood products contain naturally occurring
VOCs such as terpenes. The resins commonly used in EWPs, such as phenol resorcinol, typically
contain some level of VOCs which are normally retained in a chemical bond. Non-structural
products made with urea formaldehyde (UF) can release relatively high levels of VOCs if exposed
to wet conditions. Formaldehyde emissions from thermal insulation, including fibrous insulation,
will depend on adhesives used. Sealants, caulkings and adhesives can add to emissions in their
wet phase whereas drywall can act as an emission sink. Semi volatile organic compounds (SVOCs)
can be emitted over the long-term. Finally, interactions between product ingredients, i.e.
secondary emissions, can contribute to indoor air emissions [32].
There are at least five (5) functional statements associated with the four (4) objectives mentioned
above. They are:
F40
F41
F43
F44
F50
F80

To limit the level of contaminants
To minimize the risk of generation of contaminants
To minimize the risk of release of hazardous substances
To limit the spread of hazardous substances beyond their point of release
To provide air suitable for breathing
To resist deterioration resulting from expected service conditions

The preceding objectives and functional statements are brought up in the intent statements in
various NBCC parts. Below are summaries of where these objectives and functional statements
can be found in the NBCC intent statements. Occupant safety, which can be interpreted as safety
during use or occupancy, is addressed in Part 3 of division B of the NBCC. Safety issues on
construction and demolition sites, which can be interpreted as worker safety, are dealt with under
section 8 of division B of the NBCC. The application of these intent statements to wood products
is hereinafter.
Part 3: Fire protection, occupant safety and accessibility
Section 3.3 deals with the potential danger associated with hazardous substances handling
impact on safety within floor areas. Hazardous substances are addressed within sentence
3.3.1.2.(1) from the perspective or storing hazardous substances and unwanted escape of
those substances occurring. Sentence 3.3.1.2.(3) addresses appliance malfunction. Neither
directly relate to wood products.
Article 3.3.6.7 addresses flooring materials used in the design of hazardous areas. It
specifically deals with the absorption of dangerous goods into the floor and potential
reactions with other substances or contaminants. This sentence specifies that flooring
materials used in these areas need to be impermeable. Hence, there is no applicability to
wood products.
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Part 4: Structural design
Not applicable.
Part 5: Environmental separation
erials, components and
resistance to expected environmental loads leading to pollutant ingress. This resistance will
limit the probability of pollutant generation through biological growth and limit related
negative impacts on indoor air quality. Functional objectives cited within this article do not
include F40, 41, 43, 44, 45 nor 50 in relationship with OH 1.1.
Resistance to deterioration of materials used in components and assemblies separating
dissimilar environments is addressed in article 5.1.4.2 from the perspective of material
incompatibility leading to the release of pollutants and a degradation of indoor air quality
(F80), not to mention premature failure of components. Functional objectives cited within
this article do not include F40, 41, 43, 44, 45 nor 50.
The location and installation of insulating materials is addressed in sentence 5.3.1.3.(3). The
intent statement states that the location of insulation should meet expectations and not
result in excessive gaseous emissions or condensation leading to the deterioration of
materials or generation of pollutants affecting air quality in a negative fashion. F41 is
mentioned in the attributional tables specifically in relation to spray applied rigid mediumdensity polyurethane foam conforming to CAN/ULCSprayApplied Rigid Polyurethane Foam, Medium Density
Article 5.4.1.1 highlights the probability of inadequate venting or air leakage resistance
leading to poor air quality. F40, i.e. limiting the level of contaminants is mentioned in
relation to clauses 5.4.1.1.(1)(a), (b), (c) and (e). It states that the properties of materials
should provide acceptable conditions for the b
occupants (clause (a)). This clause,
functional objective and intent statement would likely apply to wood products used in
components and assemblies.
generation of pollutants from biological growth or from materials that become unstable on
standards including all material types is provided and includes most
commonly used wood products such as lumber, OSB, fiberboard, etc.
Part 6: Heating, ventilating and conditioning
Air contaminants are addressed in sentences 6.2.2.5.(1) and (2) stating the HVAC system
should meet the intent to remove harmful contaminants potentially leading to harm to
persons.
Part 7: Plumbing services
Not applicable.
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Part 8: Safety measures at construction and demolition sites
Sentences 8.1.1.3.(1) and 8.1.2.2.(1) states that demolition procedures should limit the
probability of harm to persons. Procedures should be intended to protect workers from
risk.
Part 9: Housing and small buildings
Not applicable.

5.5.2. Building Environmental Footprint
One performance attribute that is currently not addressed in the NBCC is the environmental
footprint of buildings which includes both the embodied emissions (i.e. pollutants) and resource
use associated with materials as well as those resulting from operational energy use.
Embodied emissions are the lifecycle emissions associated with a product from manufacturing to
distribution and/or end of service life. At the moment, the NECB includes an environmental
onment will
be affected in an unacceptable manner
limiting air leakage, thermal transfer, consumption, inefficiencies and rejection of usable waste
energy. NECB does not distinguish the different emissions levels for different energy carriers used
in building operation (e.g. electricity, fuel, wood, etc.). In summary, it treats 1 MJ of
hydroelectricity the same as it treats 1 MJ of electricity generated using coal, yet both electricity
profiles have very different emissions associated with them. Likewise, it does not define what is
an acceptable level of energy consumption (or related emissions). NECB mandates that different
assemblies achieve a certain effective thermal resistance. Embodied emissions from materials are
not currently within the scope of NBCC or NECB. Including them would entail expanding the notion
of safety beyond the physical boundaries of a building or building location (including land). The
rationale to include embodied emissions from materials lies in the fact that the use of products
into buildings supports industrial systems which can negatively affect the health and safety of
building occupants (i.e. people) and ecosystem integrity supporting them. These issues are
currently addressed on a voluntary basis by some regional building codes and voluntary rating
systems through building lifecycle assessments (LCA) and environmental product declarations
(EPD).

5.6 Acoustic Performance
The objective of performance-based design for noise control inside buildings is to limit the
probability that excessively high sound levels are transmitted into a dwelling unit from other parts
of the building, which could lead to occupants being exposed to higher than acceptable sound
levels, which could lead to long-term negative health effects [2].
To fulfil the design objectives, one needs performance criteria and the tools to ensure the designs
meet the criteria. The tools can be validated calculation equations or models to estimate the
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performance parameters, or test protocols to measure the performance criterion parameters of
the design candidates.
Article 5.9.1.2 of the NBCC provides the current performance criteria to protect from airborne
noise. The criteria, reproduced from the NBCC, are as follows:
1) A dwelling unit shall be separated from every other space in a building in which noise may
be generated by construction providing a sound transmission class (STC) rating not less than
50 measured in accordance with standards referenced in Sentence 5.9.1.1.(1).
5.9.1.1. Sound Transmission Class
Sound transmission class ratings shall be determined in accordance with:
a) ASTM E41
ng the results from

b)

rborne sound attenuation between rooms in
buildings.
2) A dwelling unit adjacent to an elevator hoistway or a refuse chute shall have a sound
transmission class rating not less than 55, measured in accordance with the standards
referenced in Sentence 5.9.1.1.(1).
The performance criteria indicated above represent minimum acceptable ratings for airborne
sound transmission. These ratings are based on laboratory tests whereas sound transmission of
building assemblies measured in field is typically less than that measured in the laboratory
primarily due to flanking noise (i.e. indirect sound transmission). To compensate for flanking
noise, the NBCC recommends selecting building assemblies rated at least 5 points higher than the
measured STC in laboratory tests.
The NBCC has no requirement for control of impact noise transmission. However, the NBCC
recommends that bare floors (tested without a carpet) should achieve an impact insulation class
(IIC) of 55 using ASTM E492 or ASTM E1007 standard testing methods.
The NBCC provides STC and IIC ratings for various configurations of walls and floors. These ratings
create a database that can be used by building design community. Moreover, the database is a
good reference tool for designers using any validated predictive tools or models to calculate STC
and IIC of new walls and floors. ASTM test methods are recognized tools used to determine
standard measurements and verify the predicted design rating of walls and floors against NBCC
requirements.
It is noted that the 2015 edition of the NBCC recognizes the fact that flanking transmission reduces
the walls and floors sound insulation performance, and now introduces the concept of apparent
STC (ASTC) rating which takes into account the effect of flanking. The 2015 NBCC provides the
performance criterion for airborne noise control between dwelling units, i.e. with ASTC of 47. This
criterion does not apply to the elevator hoist way or a refuse.
The 2015 NBCC provides a tool to estimate the ASTC of walls and floors from their STC ratings.
Designers may use any validated numerical method, predictive tool or model for noise control
design of buildings considering the ASTC 47 criterion and the recommendation for IIC 55.
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However, due to the unpredictable nature of flanking in buildings, it is advisable to conduct the
field measurement of ASTC and AIIC of walls and floors in buildings after their completion but
before the occupants move in.
Research at FPInnovations showed that an STC 50 or ASTC 47 performance criterion provides the
minimum level noise control, which may not be sufficient for noise isolation at certain
frequencies, because the occupants still can hear the normal activities in the adjacent units
meeting the STC 50 or ASTC 47 criteria for walls and floors.
The International Code Council [33] proposed more stringent performance criteria than the NBCC
for noise control in buildings, namely from two performance levels. Table 2 and Table 3 provide the
performance levels from field and laboratory acoustical testing, respectively.
Table 2. ICC grades of field acoustical performance recommendations

Field Sound Rating
Airborne noise, NNIC (1)
Impact noise, NISR (2)

Acceptable
Performance
(Grade B)

Preferred
Performance
(Grade A)

52

57

52

57

Notes:
(1)
NNIC standards for Normalized Noise Isolation Class. Similarly to ASTC/FSTC,
it is a single number rating of the apparent airborne sound isolation
performance of walls and floors in buildings. NNIC is valid only for rooms of 150
m³ and accounts for direct and flanking airborne sound transmission. As
opposed to ASTC, it depends on the room volume and area of the demising
floor or wall. NNIC is determined according to ASTM E 413 from data measured
according to ASTM E 336.
(2)
NISR standards for Normalized Impact Sound Rating. Similarly to AIIC/FIIC, it
is a single number rating of the impact sound insulation performance of floors
in buildings. Similarly to NNIC, NISR accounts direct and flanking sound
transmission and depends on the room volume. It is determined according to
ASTM E 989 from data measured according to ASTM E 1007.

Table 3. ICC grades of laboratory acoustical performance recommendations

Laboratory Sound Rating

Acceptable
Performance
(Grade B)

Airborne noise, STC

55

Preferred
Performa
nce
(Grade
60 A)

Impact noise, IIC

55

60
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6 DEVELOPMENT OF PERFORMANCE
CRITERIA
6.1 Structural Performance
Below is the summary of the main items that need to be developed for performance-based design
of a wood-based structural system subjected to various types of loadings:
Defining performance criteria along with the design objectives for the structural system for
each of the loading conditions;
Define acceptable damage levels, acceptable risks, and acceptable loses incurred for each
performance level. The damage (loss) levels should be expressed in terms of structural
damage and/or non-structural damage and should also be expressed in the form of
potential casualties (if applicable), direct financial costs or downtime (time out of service),
resulting from the building damage.
Develop procedures for assessment of the performance (damage) of the structural system
under the specified loading condition;
Implement the above-mentioned items in the NBCC or in the material design standard(s).
Due to its complexity of design and the severity of damage after a severe earthquake, the seismic
design has always been on the forefront of developing performance-based design criteria. It is
suggested that the development of the criteria actually starts for this type of loading in Canada as
well.
Available procedures and literature on this topic include: guiding documents such as ASCE/SEI 41Seismic Rehabilitation of Existing Buildings [34], FEMA PSeismic Performance
Assessment of Buildings [35], FEMA PQuantification of Building Seismic Response Factors
[36] and FEMA PSeismic evaluation and retrofit of multi-unit wood-frame buildings with
weak first stories [37].

6.2 Serviceability Performance
6.2.1. Building Vibration
For any performance-based design, we basically need a rational performance criterion and a
validated design tool or model to predict the criterion variables accurately against the design
check, or test protocols to measure the performance criterion parameters of the design
candidates.
The current wood building wind vibration design using the NBCC method is semi-performance
based. In order to move to a performance-based wind vibration design for wood buildings, a
rational performance criterion is needed.
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Due to prescriptive code limitations, tall buildings have traditionally been made of concrete and
steel, which are construction materials much heavier than wood. For the same stiffness, the size
and height, the natural frequencies and wind accelerations of wood buildings are higher than
these of steel and concrete buildings.
Furthermore, the existing wind vibration performance criteria with peak acceleration limits were
developed for steel and concrete buildings based on the research and data of these buildings. The
question is whether these criteria are applicable to wood building wind vibration control. To
answer the question, the further research work is needed including, among others:
a) Monitor wind acceleration and determine the peak wind acceleration at least in one-year
period, then extend it to 5-year, and 10 year of mid- to high-rise wood buildings;
b) Obtain feedback from occupants in mid- to high-rise wood buildings along with the building
monitoring;
c) Conduct correlation study of the measured peak wind-acceleration and
feedbacks to define the performance criterion for wind vibration control of tall wood
buildings.
Moreover, a validated design tool or model to predict the criteria parameters accurately is
needed. If the NBCC or ISO criteria are proved applicable for tall wood buildings, the use of the
criteria along with the NBCC equations to calculate the peak accelerations of tall wood buildings
requires the input of the building natural frequencies and damping ratios that only can be
measured. The database of a broad range of wood building natural frequencies and damping
ratios is currently not available. As such, the following need to be performed:
a) Measure wood building natural frequencies and damping ratios to establish the required
database.
b) Develop dynamic analysis tools or models to predict the peak acceleration responses of
wood buildings due to wind excitation and verify the design tools or models for
performance-based design using the measured building peak acceleration, natural
frequencies, and damping ratios.
Lastly, a test protocol to conduct wind tunnel testing on the models of the wind vibrationcontrolled wood building designs to measure the performance parameters should be developed.

6.2.2. Floor Vibration
For any performance-based design, we basically need a rational performance criterion and a
validated design tool or model to predict the criterion variables accurately for the design check,
or a test protocol to measure the criterion parameters on the floors of the design candidates.
Obviously, the current floor vibration-controlled design is semi-performance-based design.
Moving to a performance-based vibration design for wood floors one needs:
1) Rational performance criteria for various wood floor systems, for various occupancies and
for various activities.
Wood floor systems have a broad range of construction details such as using joists, or wood
slab floors, with heavy floating topping, or with the topping composited with the structural
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wood floors. Wood floors can be used in residential, non-residential, or industrial
occupancies that have difference perception and requirement for floor vibration control.
The dynamic excitations induced the floor vibration can be normal walking, rhythmical or
machinery. They excite floor vibration responses differently.
Can we use one general performance criterion for walking vibration control for a broad
range of wood floor systems? To answer this question or to develop such general criterion
needs a database including the measured potential performance criterion parameters,
ystems in various
occupancies. Field tests and occupants survey needs to conduct to establish such a
database.
Do we need performance criteria for controlling wood floor vibrations due to rhythmic
activities? How about vibration requirements for gyms located in residential wood
buildings, where weight impact with floor or equipment may generate annoying vibrations
for other occupants?
2) Validated design tools or models to predict the criteria parameters accurately.
Ideally, there is a need of design tools or models to calculate the criteria parameters
accounting for the wood floor construction details, the non-structure components, and for
various dynamic loadings of the diverse activities. The tools or models should be thoroughly
verified using field measurements.
3) Test protocols to measure the performance criterion parameters on the floors of the design
candidates, and a subjective evaluation protocol to rate the vibration performance of the
design candidate.

6.3 Fire Performance
A number of countries have already adopted performance-based design codes, which focus more
on using fire engineering methods to demonstrate that a design meets the performance
objectives. With fire performance-based design, a set of performance criteria are given and it is
up to the designer to clearly demonstrate and verify that these safety levels have been met. One
way to demonstrate this is through equivalency (verification) methods, where engineering
approaches are used to show how a design provides equivalent performance to one that adheres
to prescribed specifications, such as an acceptable solution.
In European Nordic countries, a technical specification INSTA TS 950 was prepared by a committee
representing Denmark, Finland, Iceland, Norway and Sweden [38]. It is based on previous Nordic
Eng
uniform performance-based design process, and to give guidance for a comparative approach for
fire safety engineering by providing a basis for performing comparative analysis of the fire safety
in buildings. Information is also given on how to determine fire safety objective from prescriptive
solutions and how to verify design alternatives using qualitative and quantitative fire engineering
assessment methods. The following fire safety objectives are addressed in this Nordic document:
Fire engineering design procedure;
Occupant evacuation (available safe egress time - ASET and required safe egress time RSET);
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Protection against spread of fire and smoke within and beyond acompartment;
Stability of structural elements in case of fire;
Fire spread between buildings, and;
Safety of fire fighters.
A similar performance-based fire design was introduced in France through a collaborative project
from building construction industries, insurance companies, builders and research centers [39].
As with the Nordic technical specification, the French fire engineering approach is based, in most
parts, on the work conducted by ISO TC92/SC4.
ISO standards prepared by ISO TC92/SC4 provide valuable design standards ranging from, among
others, general principles, selection of design fire scenarios, fire risk assessments, performance of
structures in fire as well as life safety and occupant behavior. The objective of the subcommittee
4 is to develop and maintain a coherent set of ISO documents supporting effective and correct
application of fire safety engineering, which includes both performance-based fire safety design
and fire safety management. More specifically, the objectives are to develop documents for
engineering design and evaluation methods to be used for verifying that appropriate fire safety
objectives are achieved, as well as to develop appropriate calculation or other assessment
methods, including determination of their accuracy and limitations, and validation procedures.
The main standard
Fire Safety Engineering General Principles [40], provides a
performance-based methodology for engineers to assess the level of fire safety for new or existing
built environments. Fire safety is evaluated through an engineered approach based on the
quantification of the behavior of fire and based on knowledge of the consequences of such
behavior on life safety, property and the environment. It is supported by several fire safety
engineering ISO standards available on the methods and data needed for the steps in a fire safety
engineering design.
Many documents being drafted, balloted or published by ISO TC92/SC4 should be seriously
considered for Canadian adoption in order to build a framework towards performance-based fire
design in accordance with the objective-based NBCC. It is recommended that ULC S100a Technical
Committee be proactive at identifying potential ISO standards worth adopting and implementing
in the NBCC to support performance-based fire design as an alternative to the prescriptive
provisions found in Part 3 of division B of the NBCC. The following is a list of potential candidates:
1) ISO 23932 [40] - Fire safety engineering - General principles.
2) ISO/TR 13387-1 [6] - Fire Safety Engineering - Part 1: Application of fire performance
concepts to design objectives.
3) ISO 16730 [41] - Fire safety engineering - Assessment, verification and validation of
calculation methods.
4) ISO 16732-1 [42] - Fire safety engineering - Fire risk assessment - Part 1: General.
5) ISO/TS 16733 [43] - Fire safety engineering - Selection of design fire scenarios and design
fires.
6) ISO/TR 16738 [44] - Fire-safety engineering - Technical information on methods for
evaluating behaviour and movement of people.
7) ISO/TS 24679 [45] - Fire safety engineering - Performance of structures in fire.
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Fu
Fire safety engineering
Examples of Fire Safety Objectives,
Functional Requirements and Safety Criteria [46] collects examples of where the existing ISO
standards been implemented in different countries in the course of moving towards performancebased fire safety design. So far, only Japan, France and New Zealand are documented. It can be
observed from that document that the verbatim used in performance-based fire design is not
much different than current verbatim provided in Division A of the NBCC, namely with respect to
the objectives and functional requirements. The main and most important difference is the
performance criteria that are defined, for most of them, in quantitative terms, including those
related to building occupants and fire fighters. Examples of performance criteria are:
a) Structural elements should be capable to maintain their mechanical integrity to limit
structural collapse during the fire exposure.
b) Separating elements should be capable to maintain their integrity to limit fire to spread
beyond its room of origin during the fire exposure.
c) Occupants should not be exposed to an incident heat flux greater than 2 kW/m² (for an
s).
d) Occupants should not be exposed to a fractional effective dose greater than 0.3.
e) Visibility due to smoke obscuration should not be less than 10 m.
f) Etc.
Lastly, it is imperative that the NBCC do not explicitly require that an alternative solution needs
to demonstrate a level of performance at least equivalent to that deemed afforded in the
prescriptive acceptable solutions. Depending on the fire design objectives, an alternative solution
may not necessarily be equivalent to the prescribed solutions, while fulfilling the objectives and
required performance level based on fire engineering principles.

6.4 Durability and Energy Efficiency of Building Enclosure
6.4.1. Durability Performance
The Canadian code regulations on durability and thermal performance of the building envelope
of large buildings can be further improved in the direction of a performance-based code. Part 5
from Division B of the NBCC is relatively performance-based compared to the requirements in
other chapters; however, the NBCC is overall aimed towards objective-based. The objective-based
requirements in other parts of the NBCC may affect performance-based design of the building
envelope. A simple example is that Part 3 of Division B of the NBCC classifies the type of
construction as being either noncombustible or combustible simply based on combustibility of
the structural material, while disregarding to some extent the overall building envelope or the
entire building performance. This restricts the use of any combustible materials or systems in the
building envelope of building required to be of noncombustible construction (e.g., concrete,
steel). Such regulations make it difficult to use innovative systems, such as non-loadbearing woodframed exterior walls in concrete or steel construction, although those wall systems have been
proven to be viable options for the building envelope, namely for improving the thermal
performance [47].
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As discussed in section 6.4 of this report, the performance criteria for moisture performance in
Part 5 of Division of the NBCC are very general. A relatively specific requirement for moisture
content (MC) of lumber is provided in Part 9 of Di
moisture content of lumber
shall be not more than 19% at the time of installation
y practitioners
as the MC limit for closing in building assemblies, or a general durability rule during construction.
This provision is primarily based on the lumber grading rules in North America. The lumber with
monly used commodity of wood in construction, means
its MC is 19% or lower when it is planned or surfaced to the standard lumber dimension. But
different products have different MC specifications at the time of manufacture and there is no
assurance that th
adapts to the environmental conditions, provided
it is kept away from liquid water sources. Products which are drier at manufacture, such as
composite products, may gain moisture from a liquid water source or from the ambient
environment, when the humidity is high. When this 19% rule is generalized to any wood products,
it is overall adequate for specifying a wood material in design, and this limit provides a good
margin of safety for moisture management at a construction site. However, a requirement for the
MC of lumber during installation is not a performance requirement for closed-in assemblies during
construction or long-term building performance. Incidental wetting occurs during the service life
of a building resulting from defects in design and construction. Better defined durability
performance criteria should aim to prevent deterioration of building elements or contamination
of indoor air, and more specifically, to prevent consequences of wetting, particularly mold growth
and decay.
Mold primarily affects appearance and may raise concerns about indoor air quality and occupant
health for sensitive individuals. Research shows that mold needs a minimum surface RH
(i.e., corresponding to a wood MC of 16%). Under such marginal conditions, it would take months
or longer to initiate on non- resistant wood materials. This early stage of mold growth could
probably be detected only by microscopy [48, 49, 50] and has minimal impact on product
appearance or indoor air conditions. However, the fungi will grow faster, within weeks, under
more favorable conditions such as at an RH around 90% and warm conditions (which would
correspond to a wood MC of approximately 20%). Balancing these two extremes, it appears that
a MC of 19% would be a reasonable limit for wood
mold growth.
Decay resulting from the growth of wood-rotting basidiomycetes can cause significant strength
reduction and is the major wetting-related durability concern for wood structures. Wood can be
infected by germination of fungal spores, which are available in the air, or direct infection by
hyphae spread from adjacent infection sources, such as soil or pre-infected wood. The direct
infection path typically causes a much higher risk and should be avoided in construction. With a
fungal source available, the initiation of decay fungi requires a suitable food source, adequate
moisture, a warm condition, some oxygen, and limited competition from other microorganisms.
Among these, the optimal growth temperatures for most decay fungi are in the range of 21 to
32ºC, which are often found under building service conditions. The moisture supply is typically
the most limiting factor for decay to grow in a given wood member. Literature reviews [51, 52]
34

showed that the critical MC for decay to initiate is around 26%, which can be understood as the
low end of the fibre saturation point, when all other conditions are favorable for fungal growth.
Laboratory testing carried out by FPInnovations [53, 54] found that at an RH of 90% or 95%,
hemlock heartwood, OSB, or plywood did not show any decay, or loss in stiffness or strength in a
test period over three years, despite repeated inoculation with decay fungi (both spores and
hyphae). However, the OSB at near 100% RH conditions (with a wood MC of about 27%) started
losing stiffness and strength in 36 weeks. At a MC of around 40%, the OSB and hemlock started to
decay in less than 21 weeks; but the plywood did not decay during the test period of 74 weeks.
The higher decay resistance of plywood in the test was probably partially attributable to its
alkaline nature resulting from sodium hydroxide in the phenol formaldehyde adhesive used. This
performance in lab testing may not be the true performance of plywood in field where severe
wetting occurs and washes out the alkaline chemical. Summarizing all this information, 26%
appears to be a more reasonable and less conservative limit in MC than 19% in order to prevent
decay, if the building code intends to provide a single criterion for wood MC during service life (as
opposed to at the time of installation).
However, time is another critical factor for infection of decay fungi to generate impact on the
structural performance, in addition to MC. It generally takes approximately 6 to 12 months for
wood products (heat pasteurized during manufacture) to get infected by decay fungi spores under
marginal moisture conditions (i.e., at a wood MC around 26%); it may take further 3 to 6 months
for detectable strength loss to occur. But when there is a larger amount of free water available
with the MC exceeding the fibre saturation point, for example with a MC ranging from 40% to
80%, decay can occur rapidly (e.g., in weeks) in susceptible wood species, consequently causing
reduction in the mechanical properties. However, all these times may increase considerably if
other conditions are not favorable for decay fungi, such as low temperature, or low oxygen levels
(e.g., submerged under water), or simply if the wood is decay-resistant (i.e., naturally durable or
preservative-treated).
To comply with the general requirements for durability performance in Part 5 of Division B of the
NBCC, work has been carried out by the National Research Council of Canada (NRCC) to generate
the so- called damage functions for hygrothermal modelling. In the absence of hard data on North
American wood products, an index RHT (a combined index based on relative humidity and
temperature) was developed to capture the duration of co-existence of RH and temperature
conditions above certain threshold levels to predict the consequent fungal and corrosion damage
[55], based on European testing [56]. The index RHT(95) was used to predict potential of decay
-95)·(T-5), with 95% as the RH threshold and
5ºC as the temperature (T) threshold based on 10-day intervals [57]. Calculating this index by
using the conditions under which decay initiated in the OSB in the FPInnovations tests [54], it was
found that the RHT(95) value from the near 100% RH conditions (i.e., decay occurred in 36 weeks)
and the 40% MC conditions (i.e., decay occurred in 21 weeks) were very close. For these two test
conditions loss of strength was associated with an RHT(95) value of 1125 or higher, when the
wood MC ranged between 27% and 45%. This can be roughly generalized to be, if the MC is close
or above the fibre saturation point, the time of wetting should be limited to a maximum of 150
consecutive days, or about 5 months, to avoid structural damage caused by decay. Fluctuating
conditions, for example, cyclic wetting and drying (e.g., incidental wetting followed by drying),
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would greatly slow down decay if the decay has already been initiated, and consequently require
longer time to generate impact on the structural performance [54]. However, more data should
be generated to better define the durability performance criteria that can be used to improve
performance-based codes, given the large variations in both wood and fungal growth.
More recently the NRC attempted to demonstrate compliance with Part 5 of Division B of the
NBCC for a range of wall assemblies assumed for mid-rise wood construction through
hygrothermal modelling [58]. Three compliance methods (i.e., performance criteria) were
ed to c
MC above the 19% threshold for less than 10 consecutive days, and RHT indexes. The first two
options appear to be overly conservative based on the discussions above. For the RHT option, for
some reason
cladding (by referencing an unpublished report) was suggested in the report in addition to
mentioning the RHT(95) limit by referencing the FPInnovations paper. An RH of 92% at 20ºC would
correspond to a wood MC of about 22%, which does not allow decay to initiate in heat pasteurized
wood. The suggested limit for the index, i.e., 13, is also extremely low. For example, based on the
third method a wood member would be deemed to fail if it is exposed to an RH of 95% for about
6 weeks based on this criterion, which is contradictory to the testing results of OSB, plywood,
hemlock and spruce [53, 54]
durability performance
criterion did not appear to be based on hard data and will cause doubts about the durability
performance of wood in service.

6.4.2. Energy Efficiency Performance
The NECB is relatively advanced as a performance-based code. It includes quantitative
performance criteria for building envelope thermal performance when the prescriptive path is
followed. When the trade-off path or the whole-building energy performance path is followed,
design documents need to prove that the proposed building will not consume more energy than
it would when the building design strictly follows the prescriptive path. However, the energy
codes in Canadian jurisdictions may further evolve in the following directions to become better
performance-based codes.
As discussed above, the NECB is more advanced than ASHRAE 90.1-2010 in the context of a
performance-based energy code. Representatives from across the country sat on the committee
during this code development to better take into consideration Canadian climates and building
practice. It is generally expected that most jurisdictions in Canada will adopt the NECB. Provinces
including British Columbia, Ontario, and Alberta have already adopted it as the energy code for
large buildings. ASHRAE 90.1 was developed by a committee with limited Canadian influence. This
standard has played an important role in improving building energy performance in Canada and
has been familiar to many practitioners. However, this energy standard should gradually be
phased out now that a more advanced code, i.e., the NECB, has been developed in Canada.
Furthermore, the Canadian requirements may gradually influence and guide the energy codes in
the United States or other countries towards performance-based codes. For example, a change
could be made so that different materials be treated equally in ASHRAE 90.1, or even in the IECC,
to provide practitioners with more flexibility to improve the building envelope thermal
performance.
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Thermal bridging is one of the major factors reducing thermal performance of the building
envelope and consequently the whole-building energy performance. A good example of a thermal
bridge is concrete slabs, known to be the effective summer heating and winter cooling fins of
modern concrete high-rise buildings. Modelling showed that the impacts of thermal bridging in
exterior wall assemblies are higher in heating-dominated climates, when the exterior walls were
built with different materials (wood, concrete, steel), all meeting the NECB or ASHRAE 90.1 [59].
In a number of European countries (e.g., Austria, Germany), severe thermal bridges, such as a
concrete slab, must be thermally broken in order to improve the thermal performance. Both the
NECB and ASHRAE 90.1 have started requiring accounting for thermal bridges when calculating
the thermal performance of a building envelope assembly. The NECB has requirements based on
overall thermal transmittance and ASHRAE
90.1 has requirements for maximum assembly U-value, as one of the two options (the other
option is based on minimal nominal insulation values). In general the NECB has more stringent
requirements for thermal bridging than ASHRAE 90.1. However, many thermal bridges can be
exempted in design when either code is followed. For example, under the NECB requirements a
severe thermal bridge, such as a concrete slab, can be ignored unless the total sum of the crosssectional areas exceeds 2% of the above-ground building envelope area. Another example of
exceptions is the thermal bridging at various interfaces, such as the interfaces between glazing
and opaque walls. By comparison, ASHRAE 90.1 has less specific provisions for accounting for
total area of a certain assembly (e.g.,
exterior walls) for excluding thermal bridging in calculation of design energy and energy cost
budget. The thermal bridging provision is not a part of the prescriptive requirements in the
ASHRAE standard.
Adequately accounting for thermal bridging takes extra effort and typically requires relatively
advanced thermal design modelling. There are standards as well as other resources available to
improve thermal modelling to better account for thermal bridging [60, 61]. Recent publication of
the Building Envelope Thermal Bridging Guide [62], developed by BC Hydro in partnership with
the Homeowner Protection Office, Branch of BC Housing, the Canadian Wood Council, and
FPInnovations, was based on extensive 3-D thermal modelling conducted by Morrison
Hershfield. This document includes a large catalogue of thermal performance of commonly used
enclosure assemblies and detailing, such as concrete balcony slab edges, shelf angles, parapets,
and window perimeters for designers to use in order to calculate thermal performance more
accurately, without the need for complicated thermal modelling for each specific project.
Regarding wood-based building envelope assemblies, guidelines for further improving thermal
performance and reducing thermal bridging have been made available by FPInnovations [63, 64].
In summary, the current Canadian requirements for building envelope design are overall general
and relatively performance-based compared with requirements for other aspects of building
performance attributes. The overall objective-based requirements in the NBCC may affect
performance-based design of the building envelope. As such, better performance criteria and
compliance methods should be developed for the durability performance based on existing hard
data and through further testing.
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The NECB is overall more advanced than ASHRAE 90.1 in the context of a performance-based
energy code. Thermal performance criteria can be further improved to further improve building
energy efficiency.
It is recommended to conduct a more thorough review on performance-based requirements and
criteria for the building envelope of large buildings. In particular, related regulations in European
countries, Australia, and New Zealand should be studied to identify their advantages in order to
help improve the building codes in North America. Further research should be carried out to
better define criteria for the durability performance of wood components and the realistic
moisture risk in service, such as intermittent wetting resulting from defects in design and
construction, followed by drying. Refinements in the requirements for thermal transmittance of
the building envelope in the NECB, namely with respect to thermal bridging considerations, should
be made. Lastly, the adoption of NECB should be further promoted over ASHRAE 90.1

6.5 Environmental Performance
6.5.1. Indoor Air Emissions
Information on product-related emissions are typically communicated through content-based or
emission-based data (or labels) provided by manufacturers. Content- (or ingredient-) based labels
include material safety data sheets (MSDS) and health product declarations (HPD). Content labels
tell specifiers and designers about product content, but not about the emission rate (ER) of a
specific compound measure in mass unit over time or its emission factor measured in mass unit
per unit (or surface area). Emission based labels (e.g. BIFMA) do factor in emissions rates by
focusing on actual measurement of emissions in predetermined settings. Commonly cited
measurement methods include:
ASTM D 5116, Standard Guide for Small-Scale Environmental Chamber Determinations of
Organic Emissions from Indoor Materials/Products
ASTM D 6670, Standard Practice for Full-Scale Chamber Determination of Volatile Organic
Emissions from Indoor Materials/Products
BIFMA M 7.1 Standard Test method for determining VOC Emissions from Office furniture
Systems, Components and Seating.
Of the many thousand VOCs inventoried, 50 to 150 of them are commonly targeted by
Environment Canada1 under these standard TVOC methods. ASHRAE (2009) highlights two key
issues with TVOC methods. On the one hand, the health impact of individual VOCs is highly
variable meaning that, in some cases, very low concentrations can impact health. Also, individual
manufactured products vary widely in their compositions resulting in significant variations in
emission factor (emission rate per unit). On the other hand, VOC quantification depends on
methods used. Methods differ in their sampling procedure, specimen preparation, environmental
conditions used, data analysis methods, etc. TVOC measurements are thus considered best
estimates and should be treated with caution.
1

http://www.ec.gc.ca/cov-voc/default.asp?lang=En&n=BEE9D2C5-1
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In-situ measurements, individual VOC reporting and environmental modeling can provide useful
supportive information. According to ASHRAE [32]
. For this purpose, NR
-Quest software or NIST ContamLink
tool may be used among other possibilities.
Measurement or emissions is only part of the equation. Once measurement has been performed,
it is essential to compare measurement data with objective data performance criteria. At the
moment, air quality regulations have mainly been addressed from an occupational standpoint by
organizations such as the American Conference of Government Industrial Hygienists (ACGIH), the
National Institute of Occupational Safety and Health (NIOSH) and the Occupational Safety and
Health Administration (OSHA). The threshold limit values (TLV) proposed in these standards do
not cover office and / or commercial environments. The latter are characterized by low-level, longterm exposure to a wide variety of chemicals as opposed to industrial workers which are exposed
to specific chemicals for short periods of time. Hence, the applicability of these TLV is not
appropriate for individuals other than those in occupational settings. Health Canada 93-EHD-166
(1995) has released a guideline setting maximum long-term formaldehyde concentration levels at
50 mg/m³ as an average over 8 hours or less than 0.1 ppm. Health Canada recommends shortterm formaldehyde exposure to be at 10% of the lowest level where symptoms have been
observed. Hence, short-term concentrations are 123 mg/m³ for a 1 hour average based on a 1,230
mg/m³ direct exposure having resulted in irritation or eyes, nose and / or throat. Similar
recommendations are made for benzene and toluene, but not for other VOCs or total VOCs. The
document does not set strict measurement method guidelines (standard or other) thereby
limiting its applicability in a performance-based code setting.
Measurement or emissions is only part of the equation. Once measurement has been performed,
it is essential to compare measurement data with objective data performance criteria. At the
moment, air quality regulations have mainly been addressed from an occupational standpoint by
organizations such as the American Conference of Government Industrial Hygienists (ACGIH), the
National Institute of Occupational Safety and Health (NIOSH) and the Occupational Safety and
Health Administration (OSHA). The threshold limit values (TLV) proposed in these standards does
not cover office and/or commercial environments2. The latter are characterized by low-level, longterm exposure to a wide variety of chemicals as opposed to industrial workers which are exposed
to specific chemicals for short periods of time. Hence, the applicability of these TLV is not
appropriate for individuals other than those in occupational settings. Health Canada 93-EHD-166
[65] has released a guideline setting maximum long-term formaldehyde concentration levels at
50 mg/m³ as an average over 8 hours or less than 0.1 ppm. Health Canada recommends shortterm formaldehyde exposure to be at 10% of the lowest level where symptoms have been
observed. Hence, short-term concentrations are 123 mg/m³ for a 1 hour average based on a 1,230
mg/m³ direct exposure having resulted in irritation or eyes, nose and / or throat. Similar
2

https://www.osha.gov/pls/oshaweb/owastand.display_standard_group?p_toc_level=1&p_part_
number=1910
https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=99
92
https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10
075
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recommendations are made for benzene and toluene, but not for other VOCs or total VOCs. The
document does not set strict measurement method guidelines (standard or other) thereby
limiting its applicability in a performance-based code environment.

6.5.2. Building Environmental Footprint
Embodied emissions can be measured through lifecycle assessment (LCA). Standard LCA methods
to conduct building level exist and include the following:
ISO 14040, Environmental Management
Life Cycle Assessment
Principles and
Framework.
ISO 14044, Environmental Management
Life Cycle Assessment
Requirements and
Guidelines.
EN 15978, Sustainability of construction works. Assessment of environmental performance
of buildings. Calculation method.
ILCD (2010), General Guide for Life Cycle Assessment Detailed Guidance.
ASTM E2921-13, Standard Practice for Minimum Criteria for Comparing Whole Building Life
Cycle.
Assessments for Use with Building Codes and Rating Systems.
These standards define the minimum criteria to ensure data quality when performing building
LCA. ASTM E2921 sets the minimum requirements for the purpose of comparing individual
buildings. To date, performance criteria for buildings have not been defined based on existing
building LCA literature.
There is a need to define building emission benchmarks based on appropriate sampling
procedures for different building types.

6.6 Acoustic Performance
A performance-based design for noise control in wood buildings would entail, rational
performance criteria, validated design models to predict sound insulation, and feasible test
protocols to confirm acoustic performance in the field. More work needs to be done in all of these
areas for moving from the current prescriptive-based approach for noise control to a
performance-based approach.
The following 3 recommendations would allow for a much better approach towards a
performance - based design for noise control.

6.6.1. Rational Criteria for Noise control
The ASTC 47 criterion in the 2015 NBCC for airborne sound transmission is a minimum acceptable
rating which may not provide adequate sound transmission levels for all occupants.
The 2015 NBCC does not specify the minimum requirements for impact sound insulation, so there
is a need to develop performance criteria for impact sound insulation for implementation in future
editions of the NBCC.
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Similar performance criteria will have to be developed for other types of buildings, such as
educational, health, office buildings, etc. Single ASTC and AIIC criteria may not work in all cases.
For example, residential buildings in inner city areas may require less stringent sound transmission
levels than those in suburban areas. Perhaps, introduction of separate performance levels, e.g.
acceptable and preferred, similar to ICC criteria, for different residential areas and building types
may be more appropriate.

6.6.2. Predictive Tools or Models for Estimating Sound
Insulation
The current acoustic models for estimating airborne or impact sound insulation of wall or floor
wood assemblies are not as accurate. The acoustic models are even less accurate when it comes
to modeling sound insulation of wood buildings because of the unpredictable nature of flanking
paths. The challenge comes from the difficulty in predicting the field sound ratings because it is
almost impossible to model all flanking paths existent in a real building. Besides, the flanking paths
are unknown before the building is completed, so they cannot be prescribed and predicted until
the building is completed.
More effort is needed to model wood building sound insulation including estimating all potential
flanking paths and to verify the models.
Quantifying flanking effects on STC and IIC is needed so that designers can use the STC and IIC
values given for walls and floors in NBCC to estimate the ASTC values and check against the 2015
NBCC requirements.
It has been found that insulation materials in wood walls and floors play a significant role in sound
insulation. A better understanding is needed of what properties of insulation materials affect the
wood building sound insulation, how do they affect the sound insulation, how do insulation
materials interact with other components of walls and floors, and how to measure these
properties. Without such understanding, accurately predicting the sound insulation performance
of walls and floors is questionable.

6.6.3. Protocols to Measure STC, IIC, ASTC, AIIC, NNIC, NISR
Values
ASTM standard methods to measure STC/ASTC and IIC/AIIC of walls and floors can be used in a
performance-based design for checking the measured airborne and impact sound insulation of
candidate wall and floor designs against the performance criteria.
Less cumbersome test methods that would allow for a quick assessment of airborne or impact
sound insulation of walls and floors would be practical for use in the field. Such simpler methods
will need to be developed.
Also, test protocols to measure ASTC, AIIC, NNIC, NISR of walls and floors in laboratory to verify
the sound insulation ratings estimated in designs against the standard criteria based on field
sound insulation ratings will need to be developed. Such test protocols are needed to measure
41

these field sound insulation ratings in a mock-up similar to real building condition in terms of the
presence of flanking paths.

7 CONCLUSION AND RECOMMENDATIONS
The National Building Code of Canada (NBCC) has traditionally been developed and published as
a prescriptive code. The design provisions given in the NBCC have been recognized over the years
-tolevels. In 2005, the NBCC has been published as an objective-based code, which means that
compliance with can now be achieved by either complying with the prescriptive provisions given
acceptable solutions
alternative solutions
red in
Division B in the areas defined by the objectives and functional statements attributed to the
applicable acceptable solution it is replacing.
Alternative solutions are typically evaluated on a comparison basis to the deemed-to-satisfy
prescriptive s
-based
regulations such as performance-based codes and standards or be used as stand-alone
methodologies in situations where specific needs are required such as increasing the fire safety
plan or the seismic resiliency of a building. In both situations, prescriptive solutions do not
necessarily provide guidance to designers for achieving such objectives, and even less guidance
at to what performance targets should be achieved. It is therefore left to the designers to fix its
own set of criteria based on the objectives that need to be achieved.
This report presented a review of current design provisions as well as an investigation and
identification of gaps in current knowledge with respect to performance criteria for wood-based
building systems. Six (6) different building performance attributes were overlooked: structural,
serviceability, fire, durability and energy efficiency, environmental and acoustical performance.
It was highlighted that Parts 3 and 9 from Division B of the NBCC are rather prescriptive while
others, such as Parts 4 to 6, are rather performance-based. Moreover, performance criteria are
not explicitly stipulated in the NBCC. However, a number of prescriptive provisions found in
Division B provide some quantitative performance levels that a design solution should achieve
(e.g. fire-resistance rating of structural elements, inter-story drift in wind and seismic design,
minimum sound transmission class, etc.). In most performance-based design, it is typically left to
the designer to determine suitable performance criteria that would allow meeting the objectives
and functional statements attributed to the applicable acceptable solutions. While some
performance criteria may be generalized, most of them are to be determined based on the actual
-specific
.
Several suggestions are given in this study in attempt to improve performance-based design in
Canada. Among others, many international standards (e.g. ISO, ASTM, ASCE, etc.) should be either
referenced in the NBCC or adapted into a Canadian context to facilitate recognition by AHJs.
Recognition of these performance-based design standards would enhance the level of comfort
from designers as well as that of AHJs as ultimately, they will be responsible for approving the
design.
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