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FOREWORD 

Wood-frame construction is the dominant building construction in low-rise buildings. The growth 
in the urban population and the need to meet sustainability objectives will mean having to allow 
taller buildings in areas that were traditionally low-rise construction. While the need for higher 
and environmentally sustainable building solutions increases, the Canadian codes responsible 
for the health and safety of buildings continued to limit wood building solutions to four storeys. 

Mid-rise (5- and 6-storey) wood-frame construction is a natural extension of low-rise wood-frame 
construction. In 2009, the BC Building Code (BCBC) was amended by the BC Building and 
Safety Standards Branch (formerly Policy Branch) to allow mid-rise wood-frame construction. 
The amendment brought the BC Building Code more closely in line with the U.S. states of 
California, Washington, and Oregon, where mid-rise wood construction is permitted. More than 
100 mid-rise wood-frame construction projects in BC followed the BCBC amendment. Later, the 
provinces of Québec, Ontario, and Alberta took steps to permit mid-rise wood-frame 
construction, and finally the Canadian Commission on Building and Fire Codes (CCBFC) 
accepted code change proposals to allow 5- and 6-storey wood-frame construction in the 2015 
edition of the National Building Code Canada (NBCC). NRC, CWC, and FPInnovations worked 
collaboratively on a project, funded by Natural Resources Canada and several provinces to 
provide additional technical information to support mid-rise wood-frame construction.   

This Handbook consists of ten multi-disciplinary chapters, which have been prepared to 
facilitate the design and construction of mid-rise wood-frame construction in Canada. Building 
on the information that formed the basis of Association of Professional Engineers and 
Geoscientists of British Columbia (APEGBC) Bulletin and the Régie du bâtiment du Québec 
(RBQ) guide, this Handbook covers broad design and construction topics and provides practical 
solutions by making use of the most recently developed technical and research information.   

The Handbook has been prepared to assist architects, engineers, code consultants, developers, 
building owners, and Authorities Having Jurisdiction (AHJ). It is designed to be used in 
conjunction with the upcoming 2015 edition of the NBCC and the 2014 Edition of the CSA 
Standard on Engineering Design in Wood. It also complements existing design aids such as the 
CWC Wood Design Manual.  
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1.1 WOOD-FRAME CONSTRUCTION 
1.1.1 Originating from the 19th Century 
While heavy timber frame structures were becoming unfashionable in Europe, a special form of 
wood-frame construction and architecture enjoyed a breakthrough in the U.S. around the mid-
19th Century: the balloon-frame. This was in response to a huge demand for quickly constructed 
housing in the rapidly developing United States. Some of the reasons for its success were the 
industrial steam-powered mass production of nails (Kolb, 2008) and availability of framing 
lumber (although at the time, lumber was neither planed nor dried to minimize shrinkage). 

Platform-frame, the system used for new construction, originated from balloon-frame. In the 
balloon-frame system, the vertical load-carrying wall studs continue over two or more storeys. 
The joists for suspended floors are supported on horizontal ledgers let into notches cut in the 
studs. Platform-frame, on the other hand, is assembled one-storey at a time, with each storey 
providing a working platform for upper storeys. A very important benefit of this form of 
construction is that each storey may be at different stages of completion, thus allowing several 
trades to be on site at the same time. The large volume of construction provided the incentives 
for standardization in not only building components, but also in construction practices and 
workers training. This standardization subsequently led to prefabrication and automation in 
manufacturing to improve efficiencies, quality and competitiveness. In addition to the rapid and 
easy erection and affordability, a vital characteristic of light framing is that it allows easy 
alterations supporting the resale of homes and renovations as needs change. 

1.1.2 Becoming the Main Stream Housing Construction in the 
20th Century 

Just after the turn of the 20th Century, two of the largest manufacturers in the U.S. were Aladdin 
Homes and Sears Roebuck; both manufactured a variety of house styles with platform framing 
(Monteyne, 2004). In Canada, Eaton’s and Canadian Aladdin provided a variety of prefabricated 
mail-order houses. Many houses were also stick-built on site. Figure 1 shows a relatively large 
house in Vancouver, British Columbia that was built in 1912. This house is still serving its owners. 

 

Figure 1 Wood-frame house (1912), Vancouver, BC 
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In North America, wood-frame construction was (and still is) the dominant building construction 
in housing and low-rise buildings in the 20th Century. It evolved and kept its competitiveness 
with the introduction of panel products, structural composite lumber (SCL), glued-laminated 
timber (glulam), wood-I joists, and fire suppression systems. For external sheathing and sub-
floor applications, plywood, waferboard, and then oriented strand board replaced the use of 
sawn boards (usually ¾ in. or 19-mm thick). For internal sheathing, gypsum wall board (dry wall) 
replaced lath and plaster. SCL and glulam started to be used in place of large load-carrying 
beams or columns built up by face-nailing lumber in the field to form longer and thicker 
members. Although fire continued to be a concern, the affordability of wood-frame construction, 
its ability to be easily altered, and its good seismic performance allowed this form of 
construction to become the dominant system for residential low-rise buildings. As fire sprinkler 
systems became more affordable, code changes mandating the use of fire sprinklers enabled 
wood-frame construction to be used for higher and larger wood buildings. 

In the area of energy efficiency, wood construction evolved to meet the higher performance 
requirements ranging from the addition of insulation between studs and rafter, to the use of 
deeper and wider rafter and truss members to accommodate more insulation, to a split 
insulation configuration which has an exterior insulating layer that covers both the cavity 
insulation and the studs. Similarly, the high level of economic activity around wood-frame 
housing led to innovative building solutions to mitigate sound transmission in multi-family 
dwellings, and details in multi-storey construction to address shrinkage were developed and 
implemented. Pneumatic nail guns and a variety of steel connectors made assembly of these 
buildings easier, and prefabricated trusses, wall and floor panels provided builders with 
significant time savings at the job site. Figure 2 shows a 4-storey large residential building 
complex that was constructed on a concrete garage, one of the first to be built when the codes 
were revised to permit 4-storey wood-frame construction. 

 

Figure 2 Four-storey wood-frame apartment building (1990s), Richmond, BC  
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1.1.3 Mid-rise Wood-Frame Buildings at the Beginning of the 
21st Century  

The growth in the urban population and the need to meet sustainability objectives were forcing 
urban planners to allow higher buildings in areas that were traditionally low-rise residential 
construction. While needs were changing, the Canadian codes responsible for the health and 
safety of occupants continued to limit wood building solutions to four storeys. Mid-rise (five- and 
six-storey) wood-frame construction is a natural extension of low-rise wood-frame construction. 
In April 2009, the British Columbia Building Code (BCBC) was amended by the BC Building and 
Safety Standards Branch (formally Policy Branch) to allow mid-rise wood-frame construction 
(http://www.housing.gov.bc.ca/building/wood_frame/index.htm). Later that same year, the Wood 
First Act in BC received Royal Assent on October 29, 2009 and was intended to facilitate a 
culture of wood for construction in BC. As part of the Wood First Initiative, FPInnovations and 
the Canadian Wood Council (CWC) created a number of fact sheets (these have been 
integrated in this Handbook) for mid-rise wood-frame construction. The BC code amendment 
was a result of a consultative process and technical studies. These changes were the result of a 
“rethink” as to how wood-frame construction performs or can be adapted to meet higher 
performance requirements. 

In one of those studies that supported the BC code amendment, Calder and Senez (2008) 
concluded that “The basis for the height and area limitations in the 2006 BCBC were developed 
nearly 100 years ago when city conflagration or large life loss were prominent considerations. 
The means for dealing with these risks, in part, was to limit the height and area of buildings to 
what the fire department of the time could reasonably handle. The statistical fire record has 
shown that the number of fires is decreasing, loss of life in fires has decreased, and the 
relationship of city-wide conflagrations to interior building design is not correlated in a 
reasonable way to building height and area”. The BC code amendment brought the BC Building 
Code more closely in line with the US states of California, Washington and Oregon, which have 
permitted developers to construct mid-rise wood-frame buildings. 

Around this time, a full-scale mid-rise wood-frame building was tested on the shake table in Miki 
City, Japan, under seismic loading, and the performance exceeded expectations (Pei et al., 
2010). This is in line with the field observations that were documented for the behaviour of 
wood-frame buildings in seven earthquakes (Rainer and Karacabeyli, 1999). In support of the 
British Columbia code change, the Association of Professional Engineers and Geoscientists of 
British Columbia (APEGBC) released a technical practice bulletin on five- and six-storey timber 
structures. This bulletin covers aspects of structural and seismic design, fire safety, and building 
envelope (APEGBC, 2009). More than 100 mid-rise wood-frame construction projects in BC 
followed. Figure 3 shows two of the six-storey buildings that were built after the BCBC was 
amended. Following the BC initiative, several other Canadian jurisdictions and the national code 
followed with changes. 

http://www.housing.gov.bc.ca/building/wood_frame/index.htm
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Figure 3 Six-storey wood-frame apartment buildings (2011), Richmond, BC  
(courtesy of Stephanie Whiting, Photography West) 

A similar proposal for mid-rise wood-frame construction by the Ministry of Municipal Affairs and 
Housing (MMAH) in Ontario was developed and went out for public review in 2011. In 2014, the 
Province of Ontario announced that the mid-rise wood-frame construction will be allowed in 
Ontario as of January 2015. Jeske and Esposito (2015) give details about the provisions related 
to five- and six-storey wood construction in Ontario. 

In 2009, the Régie du bâtiment du Québec (RBQ) allowed a six-storey glued laminated timber 
structure to be constructed in Québec City using the “Alternate Solutions” path in the Quebec 
Building Code. In 2013, an exercise similar to that in BC was carried out in the province of 
Québec, when the Wood Charter was announced. Created to promote growth in the wood 
construction industry in Québec, the Charter supports the use of wood in publicly financed 
projects and allows for the construction of five- and six-storey wood-frame residential buildings 
that meet the requirements of the Régie du bâtiment du Québec (RBQ, 2013), using design 
guidelines developed in cooperation with FPInnovations.  

Also in 2014, the City of Calgary allowed mid-rise wood-frame construction (http://www.calgary.ca 
/PDA/pd/Pages/Permits/Building-permits/six-storey-wood-frame.aspx). Subsequently, the Province 
of Alberta followed and recognized mid-rise wood-frame construction in 2015. 

Building on the experience gained from the BC and Ontario code change submissions, CWC 
has submitted, in March 2011, a set of code change proposals to the Canadian Commission on 
Building and Fire Codes (CCBFC) to allow five- and six-storey wood-frame construction in the 
2015 edition of the National Building Code Canada (NBCC) in categories beyond those 
permitted in BC. For example, CWC’s proposals cover both residential and some non-
residential buildings. These changes focused primarily on relaxing the height and area 
limitations that the code uses to achieve its fire safety requirements. A collaborative project 
between NRC, CWC, and FPInnovations that is funded by Natural Resources Canada and 
several provinces was launched to provide additional technical information for mid-rise wood-
frame construction. The CWC proposal has been considered by the task groups and standing 
committees of the CCBFC. The proposed provisions have gone through the public review 
process and are anticipated to be included in the 2015 NBCC.      



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Introduction - Chapter 1 

5 

Most wood-frame construction applications comply with the code in the U.S. This is one of the 
reasons behind the high wood share in mid-rise construction. In fact, in certain states, there are 
mix-use buildings where a wood-frame residential structure is placed on a non-wood podium. 
Figure 4 shows a mixed-use building: five-storey wood-frame construction on a two-storey 
reinforced concrete podium. Further details related to code compliance can be found in the 
document produced by American Wood Council (AWC, 2013). 

 

Figure 4 5-storey wood-frame apartment building on 2-storey concrete podium (2008), 
Seattle, Washington (courtesy: Sukh Johal c/o WoodWORKS!BC) 

1.2 PURPOSE OF THE HANDBOOK 
The Handbook has been prepared to assist architects, engineers, code consultants, developers, 
building owners, and Authorities Having Jurisdiction (AHJ) in understanding the design and 
construction of mid-rise wood-frame buildings in Canada. It is designed to be used in conjunction 
with those provisions in the 2015 edition of the NBCC, provincial codes, CSA Standard on 
engineering design in wood (CSA O86, 2014), and it complements the existing design aids such 
as the Wood Design Manual (CWC, 2010)1 . When using this Handbook, it is important to 
understand the various paths for code compliance. With this understanding, one should have the 
flexibility to innovate and develop cost competitive mid-rise wood building solutions. 

Finally, it should be noted that the recent research and technical information used to support the 
development of the 2015 NBCC provisions and the 2014 CSA O86 are included in this 
Handbook. Where applicable, earlier information used to support the APEGBC Bulletin and the 
RBQ Guide are also referenced. 

                                                
1  This Handbook reflects the best publicly available information on the referenced documents. At the time of 
publication of this Handbook, the 2015 NBCC provisions have been accepted; however, the final language has not 
yet been translated and finalized. Because this Handbook is being made available in advance of the publication of the 
2015 NBCC, the user is advised to always consult the latest editions of the referenced documents. 
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1.3 CODE COMPLIANCE  

1.3.1 National Building Code of Canada 
The National Building Code of Canada (NBCC) is a model building code that sets the standard 
for building construction in Canada. When adopted by a province or territory, it becomes a 
regulation in effect in that jurisdiction. The NBCC is intended to represent a consensus reached 
by the public regarding the minimum level of safety required in buildings, amongst other 
objectives. Provinces generally adopt the majority of the contents of NBCC in provincial codes. 

In 2005, the Canadian Commission on Building and Fire Codes (CCBFC) published the National 
Building Code of Canada as an objective-based Code (NRCC; 2010). The benefit of the 
objective-based Code is that specific code objectives and functional requirements are given, 
allowing practitioners, builders and code regulators alike to understand the intent of the NBCC 
and its application as well as to develop alternatives to the limited solutions provided. 

The objective-based Code allows for compliance with the NBCC through "acceptable solutions", 
which are the prescriptive provisions found in Division B of the NBCC, or through "Alternative 
Solutions" that demonstrate an equivalent level of performance to the Acceptable Solution in the 
areas identified by the objectives.  

1.3.1.1 Acceptable Solutions 
This Handbook is in line with the accepted provisions for mid-rise wood-frame construction as 
an “Acceptable Solution” in the upcoming 2015 edition of NBCC. 

The main advantage, to some extent, of complying with the prescriptive provisions for the 
Acceptable Solutions is that it is easier and faster for designers and authorities having 
jurisdiction to develop, apply, review and approve a design. These provisions for wood-frame 
construction are mainly given in Parts 3, 4, and 5 of the NBCC.  

As mid-rise wood-frame construction is being introduced in Canada, there may be variances 
between the provincial codes and the NBCC. These differences have been documented by a 
study undertaken by Jeske and Esposito (2015). The users are advised to consult with the 
provincial codes and Authority Having Jurisdiction (AHJ) for the specific requirements of the 
location of the building to be constructed. 
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1.3.1.2 Alternative Solutions  
Unlike performance-based codes, the objective-based code does not provide specific 
performance levels. Instead, it provides objectives that explain the intent behind the prescriptive 
provisions. The objective and functional requirements from Division A of the NBCC provide the 
framework for identifying the areas of performance from an acceptable solution that must be 
demonstrated by an alternative solution.  

An alternative solution requires agreement by the authority that the solution provides the 
requisite level of performance, although the process for review varies by jurisdiction. A detailed 
discussion on alternate solutions that may be of interest to Authorities Having Jurisdiction who 
are faced with permitting a project with one or more Alternative Solutions can be found in the 
Technical Guide for the Design and Construction of Tall Wood Buildings in Canada (Karacabeyli 
and Lum, 2014).   

1.4 ORGANIZATION OF THE HANDBOOK 
This Handbook consists of multi-disciplinary chapters related to the design and construction of 
mid-rise wood-frame buildings. As a provincial code may differ from NBCC and not permit a 
specific application of wood as an acceptable solution (e.g., wood-based elevator shaft), the 
technical information in this Handbook may be instrumental for the design team in the 
development of an alternative solution. 

This Handbook is organized in ten chapters. The following is a summary of each chapter. 

Chapter 1, Introduction, gives the context for the Handbook by giving a brief history of wood-
frame construction, and code compliance. 

Chapter 2, Structural Products, Components and Assemblies, provides a brief description of the 
structural wood products, components, and assemblies used in wood-frame construction. These 
include conventional wood products such as solid sawn lumber and also newer products such 
as structural composite lumber. Traditional and newer floor, wall, and roof assemblies are 
presented. 

Chapter 3, Structural Design, provides more up-to-date information than that found in the 
APEGBC bulletin and RBQ Technical Guide for the analysis and design of 5- and 6-storey 
wood-frame buildings. In this Chapter, the additional provisions for 5- and 6-storey wood-frame 
construction in the 2015 edition of NBCC and 2014 edition of CSA O86 are summarized and 
pathways for analysis and design of mid-rise wood-frame construction are provided. The 
Chapter gives details in specific topics such as the design of podium structures.  

Chapter 4, Floor Vibration Control, presents the reasons why vibrations can be annoying, and 
design considerations for mitigating the excessive vibration response. Design methods with 
examples to determine vibration controlled spans of wood-frame joisted floors (proposed 
previously) are provided, along with a discussion of the mechanisms available in wood 
construction to meet the response demands.   
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Chapter 5, Design for Vertical Differential Movement, provides guidance on predicting vertical 
movement in wood-frame construction. Case studies compare predictions with measurement 
results from a 4- and a 5-storey wood-frame building to assess the effects of materials, loads, 
and construction weather conditions. Design solutions are illustrated and elaborated to address 
the potential differential movement at critical locations such as wood-frame interfacing with 
masonry cladding. 

Chapter 6, Fire Safety Design (including construction fire safety), provides guidelines for 
designing and detailing wood-frame construction buildings in compliance with the fire provisions 
incorporated in the 2015 NBCC. Namely, it addresses the fundamentals of fire safety in 
buildings, fire-resistance of structural elements, fire separations and service penetrations, flame 
spread of interior finish materials and safety between floor areas and exits. In addition, guidance 
on implementing podium structures at the ground floor, using wood/wood-based vertical shafts 
and preventing construction fires is given, and performance-based fire design and available 
tools are discussed. 

Chapter 7, Noise Control, provides an overview of noise control with general guidance to the 
designer on methods that might be employed to reduce or eliminate noise that is annoying to 
the occupants. The requirements and recommendations for building sound insulation in the 
2010 National Building Code of Canada (NBCC) and the accepted changes in the 2015 NBCC 
are provided, along with a discussion of the principals and solutions available for wood-frame 
construction to meet these requirements. This Chapter provides for mid-rise buildings examples 
of systems (including walls) with good sound performance that complies with fire safety 
requirements and construction considerations that might compromise their performance. 

Chapter 8, Durable and Efficient Building Enclosure, starts with the fact that the building 
enclosure of mid-rise wood-frame construction must be designed to resist increased climate 
loads resulting from the increase in building height. These are specifically higher wind pressure, 
wind-driven rain, stack effect, greater rain run-off at lower exterior walls, greater differential 
movement, and potentially heavier cladding. The Chapter provides guidance to assist 
practitioners in designing building enclosures of mid-rise wood-frame construction for these 
increased environmental loads in Canadian climates. For design solutions and detailing, the 
Chapter primarily references existing guides. However, it elaborates design considerations 
unique to the building enclosure of mid-rise wood-frame buildings. For example, exterior 
insulation is recommended, whenever possible, to keep the inside wood members warm and 
dry; for exterior walls, ventilated rain-screen assemblies should be built to provide capillary 
break, rain drainage, and improved drying performance. Guidance on construction moisture 
management and the use of wood under exposed exterior conditions is also provided at the end 
of this Chapter.  
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Chapter 9, Wood Elevator Shafts and Stairwells, documents the relevant code requirements for 
elevator shafts and stairwells, and identifies the various aspects that affect the choice of 
material for the construction of shafts and stairwells. The design and performance of elevator 
shafts and stairwells with different material are studied with the following considerations: 
a) building shrinkage; b) seismic load effects in strength calculations and their associated 
deflections; c) elevator connections to shafts; d) fire protection; and e) sound transmission and 
vibration. 

Chapter 10, Prefabrication, argues that with the upcoming adoption of mid-rise wood-frame 
construction in Canada and the need for higher quality requirements, the prefabricated/ 
panelization building system approach that takes advantage of computerized design, precision 
machining tools and automated fabrication, coupled with certification and in-plant quality control, 
can best meet the challenge. It is now an accepted fact in Europe that high quality energy 
efficient wood buildings can be consistently achieved through factory-built construction 
especially with sophisticated automation technologies in manufacturing. 
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2.1 INTRODUCTION 
Low-rise timber structures were built in the last century using light-frame construction, with walls 
and floors built of wood boards or smaller dimension lumber. Today, light framing, built with 
wood-based panels and dimension lumber, is still the most economical solution for low-rise and 
mid-rise buildings. 

In this Chapter, structural wood products, components and assemblies used in mid-rise wood-
frame construction are briefly introduced. 

2.2 STRUCTURAL WOOD PRODUCTS AND COMPONENTS 

2.2.1 Dimension Lumber 
Dimension lumber is the primary product used in wood-frame construction. Softwood species 
are extensively used for wood-frame construction in North America. Dimension lumber is 
commercially available in standard sizes and may be used as-is or as raw material for 
fabrication of structural components and assemblies. The production of dimension lumber in 
Canada follows the requirements of product standard CSA O141 – Softwood Lumber (CSA, 
2014). This product standard includes standard sizes for dimension lumber, grading rules 
requirements, and inspection procedures. In Canada, softwood lumber is marketed under 
several wood species combinations.  

The most common species combinations are: 

 Spruce-Pine-Fir 

 Douglas Fir-Larch (N) 

 Hem-Fir (N), and 

 Northern Species 

The Spruce-Pine-Fir species combination is by far the most common in Canada. Grading of 
dimension lumber in North America follows standard grading rules written by rule-writing 
agencies that are approved by the American Lumber Standard Committee Incorporated (ALSC). 
The standard grading rules specify provisions for assigning grades to species combinations or 
single species based on the wood growth characteristics and lumber manufacturing 
characteristics permitted for the intended end use of the dimension lumber. The product 
standards and standard grading rules mentioned above provide the basis for the acceptance of 
dimension lumber by wood design standards and recognition of lumber design values by the 
building codes.  
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Ongoing programs for monitoring the quality of dimension lumber are implemented in North 
America. These monitoring programs meet the requirements of ASTM D1990 - Standard 
Practice for Establishing Allowable Properties for Visually-Graded Dimension Lumber from In-
Grade Tests of Full-Size Specimens (ASTM, 2014), and are overseen by ALSC.  

Dimension lumber may be either visually graded or machine stress rated. Visually graded 
lumber is graded by certified graders (or approved artificial vision grading machines) in the 
lumber mill according to the requirements in the standard grading rules. Machine Stress-Rated 
(MSR) lumber is graded based on E-rating in accordance to NLGA SPS 2, Special Products 
Standard for Machine Graded Lumber (NLGA, 2013). Visual grades for softwood lumber used in 
wood-frame construction are No. 3/Stud, No. 2/No. 1 and Select Structural. While more than a 
dozen MSR grades are specified in the Canadian Standard for Engineering Design in Wood, 
CSA O86 (CSA, 2014), the most common MSR grades available are 1650Fb-1.5E, 2100Fb-1.8E 
and 2400Fb-2.0E. 

In conventional wood-frame construction complying with Part 9 of the 2015 National Building 
Code of Canada, i.e., buildings of three storeys or less, all framing lumber must be marked with 
a grade stamp and be dried to a moisture content of 19% or less prior to installation. For 5- and 
6-storey mid-rise construction, stricter moisture content requirements for lumber may be 
required (see Chapter 5, Design for Vertical Differential Movement). 

Figure 1 illustrates softwood dimension lumber used in wall and floor/ceiling assemblies. 

   

Figure 1 Softwood dimension lumber 
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2.2.2 Finger-joined Lumber 
Finger-jointing is simply a wood processing technique that consists of cutting finger profiles into 
the ends of wood pieces and joining them with an adhesive to form longer pieces (Figure 2). In 
sawing logs into standard lumber lengths and sizes, sawmills produce significant amounts of 
short-length lumber and finger-jointing provides an opportunity to more effectively utilize these 
short pieces. Finger-joined lumber may be produced under the NLGA SPS 1 Special Products 
Standard for Finger-joined Structural Lumber (NLGA, 2014a), NLGA SPS 3 Special Products 
Standard for Vertical Stud Use Only (NLGA, 2014b), or under proprietary standards.  

A wealth of engineered wood products was developed in recent years by using smaller section 
wood pieces in various shapes. Finger-joining is typically used to produce longer wood pieces for 
these applications. Structural finger-joined lumber is used mainly in structural applications as-is or 
as components in products like CLT (Cross-laminated Timber), glued-laminated beams (glulam), 
wood I-joists (I-beams), open web joists, and parallel chord wood trusses. Structural fingers are 
generally longer than those machined for vertical stud use only, between 22 mm (7/8 in) and 
28 mm (1-1/8 in), and have sharper tips. Finger-joined lumber manufacturers are required to 
specify whether adhesives used in their products are either Heat-Resistant Adhesives (HRA) or 
Non-Heat-Resistant Adhesives (Non-HRA). The HRA or Non-HRA designation is stamped on the 
product. An HRA has to meet the heat requirements in the ASTM D7374 - Standard Practice for 
Evaluating Elevated Temperature Performance of Adhesives Used in End-Jointed Lumber 
(ASTM, 2008). HRA adhesives are required for finger-joined lumber manufactured in accordance 
with NLGA SPS 1 and SPS 3. 

Two types of finger joints are currently used in finger-jointing operations: horizontal and vertical 
(Figure 2). In horizontal finger joints, fingers are cut on the narrow face of the blocks, whereas in 
vertical finger-joints, fingers are cut on the wide face of the blocks. Horizontal finger joints are 
traditionally used for joining lumber with finger-jointing machines manufactured in North 
America. Some exceptions are finger-jointed timber for glulam applications, where laminates are 
sometimes finger-jointed with vertical profiles (more frequent in Europe). Vertical profiles are 
commonly used with European and Japanese finger-jointing machines. 

   

Figure 2 (a) Finger-joined lumber; and (b) horizontal and vertical joints 

(a) (b) 
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2.2.3 Prefabricated Wood I-Joists and Open Web Joists 
Wood I-joists and open web joists are structural components that provide direct support for 
floors and roofs. These engineered wood products are by far the most common wood 
components used in floor and roof assemblies in mid-rise wood-frame construction in Canada. 

Wood I-joists are structural components manufactured in a factory environment under controlled 
conditions. They are made of two parallel flanges connected through a continuous web in an “I” 
cross-sectional profile. The flange may either be lumber or Structural Composite Lumber (SCL) 
(e.g., laminated veneer lumber) while the web is typically OSB or plywood. The web is glued to 
the flanges with a structural adhesive.  

Wood I-joists are proprietary products and as such their design values are derived, maintained, 
and published by the manufacturers following the specifications in ASTM D5055 – Establishing 
and Monitoring Structural Capacities of Prefabricated Wood I-joists (ASTM, 2013). These 
proprietary wood products are evaluated by an accredited testing laboratory. The Canadian 
Construction Materials Centre (CCMC) maintains a registry of such product evaluations. 

These products are available in several standard sizes and different grades. Holes or other 
types of alterations needed for plumbing and mechanical conduits must be made following the 
manufacturer’s recommendations. Figure 3 illustrates a typical I-joist made of lumber flanges 
and OSB web. 

   

Figure 3 (a) Wood I-joist (lumber flanges and OSB web); and (b) Application of wood I-joists 

Open web joists are structural components that consist of two parallel chords connected 
through a triangular web system (Figure 4). They are prefabricated proprietary products and 
designed for specific spans, live and dead loads, joist spacing, etc. Design values for open web 
joists are provided by the manufacturers. The web system may be made of glued lumber 
(i.e., open web joists with glued lumber webs), metal-plated lumber (i.e., open web joists with 
metal-plated lumber webs), or just metal elements (i.e., open web joists with metal web trusses). 
Product evaluations for these proprietary wood products (or metal plate connectors) are 
obtained from CCMC. 

(a) (b) 
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Figure 4 Open web joists with (a) glued lumber webs and trimmable end;  
(b) metal web elements; and (c) metal-plated lumber webs 

2.2.4 Light Frame Roof Trusses 
Trusses are prefabricated structural components that provide direct support to roofs. The majority 
of roof trusses used in wood-frame construction are metal plate connected wood trusses in a 
pitched or flat shape. Trusses are proprietary products that contain chords and webs that are 
manufactured from dimension or finger-joined lumber (either visually graded or machine stress 
rated) and connected with galvanized toothed steel plates in a manufacturing facility. 

In Canada, the design of metal plate connected trusses has to follow the design procedures 
given in TPIC – Truss Design Procedures and Specifications for Light Metal Plate Connected 
Wood Trusses written by the Truss Plate Institute of Canada (TPIC, 2011). The TPIC standard 
is referenced in the 2015 National Building Code of Canada. The trusses are designed by the 
truss manufacturer using computer software. Common spans for light frame wood trusses 
normally range from about 5-20 metres, and even larger in particular cases (Figure 5). More 
details about light frame wood trusses may be found in CWC’s Wood Reference Handbook 
(CWC, 2000). 

   

Figure 5 Examples of light frame roof trusses 

(a) (b) (c) 
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2.2.5 Glued-laminated Timber 
Glued-laminated timber, or glulam, is an engineered wood product that was first introduced in 
the 1930s in North America and is manufactured by gluing together smaller finger-joined 
laminates to form a larger and ultimately more efficient structural element. Glulam is made of 
face-glued, visually-graded and E-rated laminations of certain species combinations. In glulam 
laminations, the wood grain direction runs in a parallel direction with the length of the member. 
In Canada, glulam may be manufactured in accordance to the CSA O122 standard for 
Structural Glued-Laminated Timber (CSA, 2006), which includes qualification and quality control 
requirements for glulam.  

Proprietary glulam products are also available in Canada and are evaluated for conformance by 
the CCMC. In principle, the proprietary glulam concept of deriving the target strength and 
stiffness is based on the substitution of the conventional CSA-O122 laminating grades by 
proprietary softwood lumber lamination stock.  

Glulam is available in several standard sizes and grades. Complete specification will include the 
following: wood species, appearance and stress grades. In wood-frame construction, glulam is 
mainly used for posts, beams, and headers. Design values for standard glulam are specified in 
CSA O86 for engineering design in wood. Sizes and design values for proprietary products are 
published by the product manufacturer. However, design principles specified in CSA O86 must 
be followed for both types of glulam. Figure 6 illustrates the two types of glulam products 
available in Canada. More details about glulam may be found in CWC’s Wood Reference 
Handbook (2000). 

   

Figure 6 Glued-laminated timber (glulam) – CSA O122 (left); and Proprietary (right) 
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2.2.6 Structural Composite Lumber 
Structural composite lumber (SCL) is a family of wood-based products that includes laminated 
veneer-lumber (LVL), parallel strand lumber (PSL), oriented strand lumber (OSL), and laminated 
strand lumber (LSL). These products are lumber-like products that contain wood elements in the 
form of veneers or strands. Modulus of elasticity (MOE) will vary depending on the type of SCL 
from 9000 MPa for OSL and LSL products up to 14500 MPa for LVL and PSL products. SCL are 
proprietary products and as such they need to be evaluated in accordance with ASTM D5456 - 
Standard Specification for Evaluation of Structural Composite Lumber Product (ASTM, 2014b). 
For full compliance, SCL products are evaluated for conformance by the CCMC. These 
products are available in standard sizes. Design values for such proprietary products are 
published by the product manufacturer. Design principles specified in CSA O86 must be 
followed for all types of SCL products. 

2.2.6.1 Laminated Veneer Lumber 
First introduced by the Truss Joist company in the early 1970s, LVL is a class of SCL that 
consists of several layers of wood veneers glued together, in a similar manner to plywood (Figure 
7). Unlike plywood, the grain of the veneers is aligned in the same direction, rather than 
alternating directions. With the grain running in the long direction, LVL is strong when edge, face 
and top loaded, making it ideal for lintels and beams and for tall wall applications. LVL is initially 
manufactured into large billets and then cut into members. Alternatively, crosswise LVL is also 
available (X-LVL). Unlike typical LVL, X-LVL is manufactured with some veneers placed 
crosswise to improve the structural behaviour and stability in two directions. This product may be 
used as large panels for tilt-up construction or as large panels for cladding, flooring and roofing. 

 

Figure 7 Laminated veneer lumber (LVL) 
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2.2.6.2 Parallel Strand Lumber 

Parallel strand lumber (PSL) is a structural composite lumber product made of longer wood 
strands glued together with a structural adhesive. It was first introduced on the market at 
Expo 86, a World's Fair held in Vancouver, British Columbia, Canada in 1986. It is used for 
beams, headers, columns, and posts, among others uses. According to the terminology in 
ASTM D9 (ASTM, 2012), the least dimension of wood strands in PSL is less than 6.4 mm 
(0.25 in.) and the average length of the strands is a minimum 300 times the least dimension. 
The manufacturing process allows for orientation of the wood strands with their length parallel to 
the length of the member. PSL is marketed under the trade name Parallam® (Figure 8). 

 

Figure 8 Parallel strand lumber (PSL) 

2.2.6.3 Laminated Strand Lumber and Oriented Strand Lumber 
Laminated strand lumber (LSL) and oriented strand lumber (OSL) are structural composite lumber 
products made of shorter wood strands glued together with a structural adhesive. The first LSL 
plant started production in 1991. The least dimension of the wood strands in LSL is less than 2.54 
mm (0.10 in) and the average length is at least 150 times the least dimension (ASTM D9). The 
aspect ratio of the wood strands in LSL is higher than that in OSL. Similarly to PSL, the 
manufacturing process allows for orientation of the wood strands with their length parallel to the 
length of the member. LSL is marketed under the trade names TimberStrand® or LP SolidStart® 
LSL (Figure 9). LSL and OSL are usually used for beams, headers, posts and rimboard. 
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Figure 9 Laminated strand lumber (LSL - top) and Oriented Strand Lumber (OSL - bottom) 

2.2.7 Cross-laminated Timber 
Cross-laminated timber (CLT) is a massive wood panel manufactured with orthogonally 
alternating layers of solid or finger-joined sawn lumber that are face-bonded with a structural 
wood adhesive. CLT may be used as a whole system, in which case the entire structure is built 
with CLT panels (i.e., floors, walls, and roofs), or as part of a system where CLT panels are 
used as floors or walls in a post-and-beam construction system (Figure 10).  

In Canada and the U.S., CLT is manufactured in accordance with ANSI/APA PRG 320 – 
Standard for Performance-Rated Cross-Laminated Timber (ANSI/APA, 2012). In addition to 
qualification requirements for CLT components and quality control for CLT panels, the standard 
specifies design properties for specific CLT layups with E-rated (MSR lumber) or visually-graded 
laminations in the parallel layers. Technical information on CLT manufacturing, design, and 
construction is available in FPInnovations’ CLT Handbooks – Canadian Edition (Gagnon and 
Pirvu, 2011) and U.S. Edition (Douglas and Karacabeyli, 2013).  
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The standard thicknesses covered by the ANSI/APA PRG 320 standard are: 105 mm (4.1 in.) 
for a 3-ply, 175 mm (6.9 in.) for a 5-ply and 245 mm (9.6 in.) for a 7-ply. However, other depths 
are available and are published by the product manufacturers. 

   

Figure 10 Applications of cross-laminated timber (CLT) 

2.2.8 Structural Wood-based Panels 
Structural wood-based panels are composite products used as sheathing to create structural 
assemblies, i.e., wall sheathing, floor sheathing and underlayment as well as roof sheathing. 
They may also be used to build structural components, such as webs in I-joists. The two main 
structural wood-based panels used in construction are structural softwood plywood and oriented 
strand board (OSB). In Canada, performance ratings for construction sheathing are specified in 
CSA O325 – Construction Sheathing (CSA, 2012). Design values for structural plywood and 
oriented strand board are provided in CSA O86. 

2.2.8.1 Structural Plywood 
Structural plywood is a wood-based panel made of thin veneers with wood grain in adjacent 
plies oriented in perpendicular directions. Veneers in structural plywood are glued with structural 
adhesives for exterior applications and are essentially used as structural sheathing for roof, floor 
and wall applications (Figure 11). Structural plywood is manufactured in keeping with the 
requirements stipulated in CSA O151 – Canadian softwood plywood (CSA, 2014a) or in 
CSA O121 – Douglas fir plywood (CSA, 2013) in Canada. Specifications in these product 
standards include material requirements, grades, dimensions, qualification testing, and 
performance criteria. Common sizes of plywood are 1220 mm x 2440 mm (or 4 ft x 8 ft). 
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Figure 11 Structural plywood in a loadbearing wall (left) and open web joist floor (right) 

2.2.8.2 Oriented Strand Board 
Oriented strand board (OSB) (Figure12) is a structural wood-based panel made of short wood 
strands glued together with a structural adhesive. In Canada, OSB is manufactured in 
accordance with CSA O437 – Waferboard and Strandboard (CSA, 2011a). Specifications in this 
product standard include material requirements, classification, qualification testing, and 
performance criteria. OSB panels are mostly used as structural sheathings for roof, floor and 
wall applications. Common sizes of OSB are 1220 mm x 2440 mm (or 4 ft x 8 ft). 

   

Figure 12 Oriented strand board (OSB) 
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2.3 STRUCTURAL ASSEMBLIES 
Structural assemblies include floor and wall assemblies that act as load-resisting systems in a 
building. These structural assemblies are either built on-site or prefabricated by using structural 
wood products and components. Undesired premature failure may occur when a structural 
assembly is made of a combination of dimension lumber and structural composite lumber because 
of differential shrinkage/swelling effects between the components. More information about building 
movement is provided in Chapter 5, Design for Vertical Differential Movement; therefore, structural 
assemblies must be carefully designed and analysed. Wood design standards in Canada specify 
design values for conventional floor, wall, and roof assemblies. Structural assemblies are briefly 
described in this Chapter. More details about structural assemblies, including design examples, are 
presented in Chapter 3, Structural Design. 

2.3.1 Floor and Roof Assemblies 
Conventional North American wood joisted floors are built with wood joists spaced at 300, 400, 
or 600 mm (12, 16 or 24 in). The joists are connected to 15-mm (0.6-in) or 18-mm (0.7-in) thick 
wood composite panels, using nails or screws alone or with glue. They are light weight and the 
mass of the base floor ranges from 15 to 20 kg/m2 (3.1 to 4.1 lb/ft2). Various types of toppings 
and ceilings are used in wood joisted floors for improved sound insulation. Figure 13 illustrates 
details of a typical light frame wood joisted floor for multi-family construction. 

Such floor (and roof) assemblies are also called diaphragms. The role of diaphragms in a 
structural system is two-fold, to carry vertical forces induced from live and dead loads and to 
transmit horizontal forces to the wall assemblies. 

   

Figure 13 Typical light frame wood joisted floor systems (I-joists, left); and  
open web joists (right) (courtesy of Barrette Structural inc.) 
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2.3.2 Wall Assemblies 
Structural wall assemblies provide vertical resistance to gravity load and lateral resistance to 
seismic and wind loads. Such structural wall assemblies (Figure 14) are also called shear walls 
because of their main role to provide lateral resistance. 

A standard shearwall consists of a wood frame built with studs and plates and structural sheathing 
panels fastened with a predetermined pattern on the wood frame. Studs are generally made of 
38 x 89 mm or 38 x 140 mm lumber (nominal 2 in. x 4 in. or 2 in. x 6 in.) and are spaced at 600 
mm or less on centre. At the bottom of the wall, studs are supported on a horizontal bottom plate 
or foundation sill plate, while at the top of the wall, the studs support the horizontal double plate. 
Structural sheathing is fastened to the narrow faces of the framing members. 

   

Figure 14 Conventional loadbearing stud wall (Sources: WoodWorks, left, 
and Barrette Structural, right) 

The MIDPLY™ wall system (Varoglu et al., 2006) consists of standard shearwall components 
used in conventional shearwalls but re-arranged in such a way that the lateral resistance and 
the dissipated energy of the system significantly exceed those in standard wall arrangements. 
Figure 15 illustrates a cross-section of standard shearwall and that of a MIDPLY™ wall system 
that are built with similar lumber studs and sheathing. 
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Figure 15 Cross-section of a standard shearwall (top) and a MIDPLY™ wall (bottom) 
with two exterior panels 

 

Figure 16 Example of a MIDPLYTM wall 

MIDPLYTM wall systems were thoroughly tested at FPInnovations, UBC, and in Japan, where a 
6-storey, wood-frame building using MIDPLYTM walls was successfully tested on a shake table. 
Design provisions for the MIDPLYTM wall system has been implemented in the 2014 edition of 
CSA O86. MIDPLYTM walls were used in several residential buildings in Canada (Figure 16) and 
will be used in a 5-storey, elderly care facility in Tokyo, Japan. 
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3.1 INTRODUCTION 
Wood-frame structures are box-type structures in which plate-type structural elements, such as 
floors and roofs, as well as walls provide resistance to gravity load and lateral loads, such as 
dead loads and earthquakes. Information on the design of structural members and assemblies 
to resist gravity and lateral load may be found in CWC’s Wood Design Manual (CWC, 2010) and 
other technical literature, such as Design of Wood Structures – ASD/LRFD (Breyer et al., 2007), 
Wood Engineering and Construction Handbook (Faherty and Williamson, 1997), to name a few.  

The Association of Professional Engineers and Geoscientists of BC (APEGBC) and the Régie 
du bâtiment du Québec (RBQ) have developed design guidance to support the design and 
construction of 5-and 6-storey wood-frame construction in BC and Québec (APEGBC, 2013; 
RBQ, 2013). This Chapter provides design information that can be used along with the 
information already available in the CWC Design Manual, the APEGBC bulletin and the RBQ 
Technical Guide for 5- and 6-storey wood-frame buildings. Specific topics that will be discussed 
in this Chapter include: 

1. Building period; 

2. Deflection of stacked, multi-storey shear walls; 

3. Linear dynamic analysis of wood-frame structures; 

4. Diaphragm flexibility; 

5. Capacity-based design of wood-frame structures; 

6. High-capacity shear walls and diaphragms; 

7. Force transfer around openings; and 

8. Design of podium structures. 

3.2 SEISMIC DESIGN PROVISIONS FOR MID-RISE WOOD-FRAME 
BUILDINGS IN 2015 NBCC AND CSA O86-14 

In general, the code requirements in NBCC and CSA O86 apply to wood-frame construction 
regardless of the number of storeys. To ensure that the same level of safety as existing 4-storey 
wood-frame buildings is achieved, additional provisions are provided for 5 and 6 storeys of wood-
frame construction in the 2015 edition of NBCC and the 2014 edition of CSA O86 (CSA, 2014). 
Recent changes to the Ontario Building Code have adopted the same structural/seismic 
provisions as in 2015 NBCC. These new provisions are to ensure a well-defined lateral-load 
resisting system, to reduce the risk of soft-storey behaviour (leading to building collapse), and to 
impose clear limitations on shear walls using gypsum wallboard in these buildings. The additional 
provisions are reproduced as follows:  
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NBCC: 

4.1.8.10.(4) For building constructed with more than 4 storeys of continuous wood construction 
and where IEFvSa(0.2) is equal to or greater than 0.35, timber SFRS of shear walls 
with wood-based panels, or braced or moment-resisting frames as defined in 
Table 4.1.8.9 within the continuous wood construction shall not have irregularities 
of Type 4 or 5 as described in Table 4.1.8.6.  

4.1.8.11.(11) Where the fundamental lateral period, Ta, is determined by 4.1.8.11.(3)(d) and the 
building is constructed with more than 4 storeys of continuous wood construction 
and having a timber SFRS of shear walls with wood-based panels, or braced or 
moment-resisting frames as defined in Table 4.1.8.9, the lateral earthquake force, 
V, as determined in Sentence 4.1.8.11.(2) shall be multiplied by 1.2, but need not 
exceed that determined by Clause (2)(c).  

4.1.8.12.(12) Building with more than 4 storeys of continuous wood construction and having a 
timber SFRS of shear walls with wood-based panels, or braced or moment-
resisting frames as defined in Table 4.1.8.9, having a fundamental lateral period, 
Ta, as determined by 4.1.8.11.(3)(d), shall have the base shear Vd taken as the 
larger of the base shear obtained in Sentence (7) and 100% of the lateral 
earthquake design force, V, as determined by Article 4.1.8.11.  

CSA O86: 

11.8.8 Seismic design requirements for shear walls using gypsum wallboard 

For seismic design, gypsum wallboard shall be used in combination with wood-based 
structural panels. The shear force resisted by gypsum wallboard shall be equal to or 
less than the percentage of storey shear forces specified in Table 11.8.8. 

If the maximum percentages are exceeded, Rd shall be equal to 1.0 and Ro shall 
be equal to 1.0. 

Gypsum wallboard shall not be considered to provide lateral resistance when the 
inter-storey drift ratio exceeds 1%. 

For buildings higher than 4 storeys, the contribution of the gypsum wallboard shall 
not be accounted for in seismic resistance. 

Table 11.8.8 Maximum percentage of total seismic shear forces resisted by 
gypsum wallboard in a storey. 

 Percentage of shear forces 
Storey 4-storey building 3-storey building 2-storey building 1-storey building 

4th 80 — — — 
3rd 60 80 — — 
2nd 40 60 80 — 
1st 40 40 60 80 
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11.8.9 Load bearing walls constructed with gypsum wallboard only 

When the inter-storey drift due to seismic loading exceeds 1% on any floor, all load 
bearing stud walls within the storey which rely on the gypsum wallboard sheathing 
to prevent weak axis buckling shall be capable of resisting the factored axial load 
combination for seismic design (see load combination No. 5 in Table 5.2.4.1) and 
assuming the gypsum wallboard is providing no lateral support. Alternatively a 
secondary blocking system shall be used to provide lateral support to the studs. 

3.3 DESIGN AND ANALYSIS OF MID-RISE WOOD-FRAME 
BUILDINGS 

The general approach for the analysis and design of mid-rise wood-frame construction is the 
same as the approach for low-rise (up to 4 storeys) wood-frame construction. Figure 1 
summarizes pathways for the analysis and design of mid-rise wood-frame construction. The 
term “podium structures” usually applies to several storeys of wood-frame construction built over 
one or more storeys of elevated concrete, steel or masonry podium. 

 

Figure 1        Main pathways of analysis and design of mid-rise wood-frame construction 
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The structural members resisting gravity loads may be designed in accordance with NBCC 
Part 4 and CSA O86. Design tables for members under various load conditions, such as 
bending and compression, are provided in CWC’s Wood Design Manual.  

Most wood-frame buildings under seismic loads may be designed with the equivalent static 
force procedure. With the previous height limit for combustible construction up to four storeys in 
the National Building Code of Canada, it was not common for designers to perform deflection 
calculations or to check floor drifts, as they were generally assumed to be acceptable. With the 
recent changes to national and provincial building codes that allow combustible construction of 
up to six storeys under an amendment to the 2006 BC Building Code, the new 2015 NBCC and 
the Ontario Building Code, it has become important that designers consider more sophisticated 
methods, such as linear dynamic analysis, for the analysis and design of wood-based shear 
walls. The use of linear dynamic analysis provides simulation of force distribution, higher mode 
effects and any torsional effects better than those obtained through equivalent static force 
procedure. It also provides a tool for analysing hybrid systems, such as podium structures in 
which vertical variation of RdRo exists between the upper wood-frame structure and the podium.  

The procedure in Structural Commentary I of NBCC may be used for carrying out static analysis 
of building under wind loading. Deflection under wind load needs to be checked to meet the drift 
limits specified in the NBCC. Where the building height is greater than 4 times its minimum 
effective width, the dynamic effect of wind on the building should also be checked. Empirical 
formulas for estimating peak acceleration and information on acceleration limits used to control 
wind inducted vibrations are provided in Structural Commentary I of NBCC. 

3.4 DETERMINATION OF BUILDING PERIOD 
The fundamental period of a building is very important parameter that plays a significant role in 
calculation of the design base shear force in case of earthquake loads. It is preferable that the 
fundamental period be determined based on principles of structural mechanics. This will allow 
engineers to estimate the design base shear more accurately, which is particularly important for 
design of taller wood-frame buildings.  

Building codes provide empirical equations to estimate the fundamental period for selected 
structural systems and material types. This enables engineers to carry out the preliminary 
design of the structure. For wood-frame buildings in which shear walls are used as Seismic 
Force Resisting System (SFRS), the NBCC states that the fundamental period can be 
determined as follows: 

4/305.0 na hT   [1] 

where hn is the total building height, m. 
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Once the construction detailing of the shear walls is determined from the preliminary design, the 
fundamental period of the structure can be recalculated according to established methods of 
mechanics, while not exceeding the upper limit of 2 times of the empirical period determined in 
accordance with Equation [1]. The imposed upper limit for the period is to guard against 
computation of excessively long periods out of the concerns that there are uncertainties 
associated with: a) the participation of non-structural elements whose effect may not have been 
considered in period determination; b) possible inaccuracies in structural modeling; and 
c) potential difference between the design and as-built conditions (Saatcioglu and Humar, 2003).  

One method of calculating the period is the use of the following equation based on Rayleigh’s 
method (BSSC, 2003): 
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where: 

Fi = the seismic lateral force at Level i 

wi = the seismic weight assigned to Level i 

δi = the static lateral displacement at Level i due to the forces Fi computed on a linear 
elastic basis 

g = the acceleration due to gravity. 

Wood-frame construction can be designed with only wood-based shear walls resisting the 
earthquake effects, or with both wood-based shear walls and gypsum wallboard considered as 
part of the SFRS. According to NBCC (Clause 4.1.8.3.6), stiff elements that are not considered 
part of the SFRS shall be separated from all structural elements of the building so that no 
interaction takes place as the building undergoes deflections due to earthquake effects. Clause 
4.1.8.3.7 further states that stiffness imparted to the structure from elements that are not part of 
the SFRS shall be accounted for in calculating the period of the structure for determining the 
lateral forces if the added stiffness decreases the fundamental lateral period by more than 15%.  

Gypsum wallboard and stucco walls are not separated from wood-based shear walls in wood-
frame buildings. A number of experimental studies were conducted to determine the building 
periods of wood-frame buildings (Soltis et al., 1981; Dowding et al., 1981; Sugiyama, 1984; Ellis 
and Bougard, 1998; Kharrazi and Ventura, 2006; Camelo, 2003; Pei and van de Lindt, 2009; 
Fischer et al., 2001; Mosalam et al., 2002). The studies have shown that gypsum wallboard and 
stucco have a significant influence on the initial period of wood-frame buildings. Therefore, for 
wood-frame construction, even if wood-based shear walls are only considered as SFRS, the 
stiffness of gypsum wallboard and stucco shall be accounted for in determining building period in 
accordance with NBCC Clause 4.1.8.3.7. The stiffness used to calculate the building period shall 
be the initial stiffness in the elastic region. An appropriate estimate of this stiffness is calculating 
the slope between the points of zero and 40% of capacity as described in ASTM E2126 (2010). 
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Clause 4.1.8.3.7 also states that elements that are not part of the SFRS should not be used to 
resist earthquake deflections. As the capacity and stiffness of gypsum wallboard and stucco 
degrade more rapidly than walls with wood panels in a seismic event, they should not be 
accounted for in the calculation of the lateral drift of the building. 

3.5 DEFLECTION OF STACKED MULTI-STOREY SHEAR WALLS 
Given the assumption of a continuous cantilever beam, the deflection of a single-storey shear 
wall based on CSA O86 can be determined as follows: 

an
v

d
L
HHe

B
vH

EAL
vH

 0025.0
3
2 3

 [3] 

In this equation, the first term is derived from the flexural deflection of a vertical cantilever beam 
with point load applied at the top of the beam (Figure 2):  
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  [4] 

where: 

V = point load at the top of shear wall, N 

v = shear due to the point load at the top of the shear wall, N/mm 

H = height of the shear wall, mm 

E = elastic modulus of boundary member, N/mm2 

I = moment of inertia, mm4 

A = cross-sectional area of the boundary member (assuming wood members), mm2 

L = length of shear wall, mm. 

 

Figure 2        Shear and moment diagram of a single-storey shear wall 
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For a stacked, multi-storey shear wall, the effect of moment at the top of the wall and the 
cumulative effect due to rotation at the bottom of the wall need to be taken into consideration 
(Newfield et al., 2013a). Figure 3 shows the shear force and moment distribution in a multi-
storey shear wall. Unlike single-storey shear walls where moment is zero at the top of the wall, 
there are also moments at the top of the walls in the multi-storey shear wall transferred from 
storeys above. Using engineering mechanics, the flexural deflection for a shear wall at the i-th 
storey, b,i, can be obtained as follows:  

   i
ii

i

ii
ib EI

HM
EI
HV

23

23

,   [5] 

where: 

Vi = shear force of i-th storey, N 

 =  


n

ij
jF  

Mi = overturning moment at top of i-th storey, N·mm 

 = 


n

ij
jjHV

1
 

Hi = height of shear wall of i-th storey, mm 

(EI)i = bending stiffness of shear wall of i-th storey, N·mm2  

n = total number of storeys in the building. 

 
Figure 3        Shear and moment diagram of a stacked, multi-storey shear wall 
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Therefore, the inter-storey deflection of the i-th storey, ∆𝑖, for a stacked, multi-storey shear wall, 
can be determined as follows: 

iiia
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23
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where: 

Li = length of shear wall of i-th storey, mm 

Bv,i = shear-through-thickness rigidity of sheathing of i-th storey, N/mm 

en,i = nail deformation of i-th storey, mm 

da,i = total vertical elongation of wall anchorage system of i-th storey, mm 

i = rotation at bottom of shear wall at i-th storey, rad. 

In platform wood-frame construction, the stacked shear walls are separated by a diaphragm at 
each storey. This discontinuity has a direct impact on the rotation of a stacked shear wall at the 
bottom of the i-th storey. If the diaphragm is flexible in the out-of-plane direction, the diaphragm 
will likely rotate the same amount as the shear wall below. This means that rotations between 
the adjacent storeys are continuous. In this case, it may be assumed that the shear wall at the 
bottom of i-th storey will have the same rotation as that at the top of (i-1)-th storey. On the other 
hand, if the diaphragm is rigid in the out-of-plane direction, it is unlikely that the diaphragm will 
rotate the same amount as the shear wall below. In this case, the rotation of the shear wall due 
to storeys below may be ignored. More information on the effect of diaphragm out-of-plane 
stiffness on shear wall inter-storey drift is provided in Newfield and Wang (2014). In design, it is 
the judgment of design engineers to decide how much the rotation from the lower storeys 
should be taken into consideration.  

Shear wall rotation at the i-th storey consists of rotation due to bending, , and rotation due to 
wall anchorage system elongation, . Figure 4 shows the effect of the cumulative rotation due 
to bending and the effect of the cumulative rotation due to wall anchorage system elongation. If 
rotations between the adjacent storeys are assumed to be continuous, the inter-storey 
deflection due to the rotation at the bottom of the i-th storey may be written as: 
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a) Cumulative rotation due to bending b) Cumulative rotation due to wall anchorage 
system elongation 

Figure 4        Deflection due to rotation at the bottom of the wall 

3.6 DYNAMIC ANALYSIS 
Using Linear Dynamic Analysis (LDA) for designing steel and concrete structures under seismic 
load has been common practice over the last 25 years. Once preliminary member sizes have 
been determined for either steel or concrete, building a model for LDA is generally easy as 
member sizes and appropriate stiffness can be easily input into any analysis program. However, 
performing an LDA for a conventional wood-frame structure has, until recently, been essentially 
non-existent in practice. The biggest challenge is that the stiffness properties required to 
perform an LDA for a wood-based system are not as easily determined as they are for concrete 
or steel structure. This is mostly due to the complexities associated with determining the initial 
input parameters required to perform the analysis. 

With the change in allowable building heights for combustible buildings from 4 to 6 storeys in 
provincial codes and the 2015 edition of the National Building Code of Canada, it has become 
important that designers consider more sophisticated methods for the analysis and design of 
wood-based shear walls to ensure that a building is properly detailed to meet the code 
objectives. The use of LDA could provide helpful information as well as streamline the design of 
wood-frame structures. Some of the benefits in using LDA are listed below: 

 Consider the effect of higher mode participation. 

 Better determine building deflections and storey drifts. 

 Allow for three-dimensional modelling. 

 Reduce the minimum Code torsional effect required under the equivalent static force 
procedure. 
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 Better consider the effect of podium structures (vertical changes in RdRo) and lateral force 
transfer from lower parts of the buildings. 

 Allow the stiffness analysis of various shear wall systems where mixed systems are used. 

3.6.1 Proposed Method for Linear Dynamic Analysis 
Although there may be different methods available to designers, the following steps could be 
used as a rational approach for performing LDA for wood structures, similar to common practice 
for both steel and concrete structures: 

 The first step requires performing an initial analysis and design such that the properties of 
each wall forming part of the lateral system can be determined. This will allow design 
engineers to obtain the necessary information required to determine a shear wall’s stiffness, 
and deflection characteristics. 

 The second step uses the information obtained from the preliminary analysis performed in 
Step 1 to generate input data for use in an LDA for a multi-level structure. In accordance 
with 2015 NBCC, the design base shear must be the larger of the dynamic design force and 
100% of static design force when dynamic analysis is performed. 

3.6.2 Initial Design for LDA Analysis 
The initial design needs to be completed in order to determine the necessary information 
required to obtain the properties of each shear wall forming part of the lateral system. This step 
is similar to carrying out a detailed design and checking the deflections. Below is a 
recommended method for the initial design:  

1. Determine the building seismic forces using the equivalent static force procedure in 
accordance with the National Building Code of Canada and provincial building codes. 

2. The seismic forces can be determined by using either the building period Ta (based on 
the empirical formula in the Code) or period T determined by established methods of 
mechanics, with an upper limit of 2Ta. If the empirical code period is not used, the base 
shear V needs to be multiplied by a factor of 1.2 in accordance with the 2015 NBCC, but 
does not need to exceed the short period cut-off for an SFRS having a value of Rd ≥ 1.5 
on soil site class A to E. If a building period other than Ta is assumed in determining the 
base shear, the assumed building period must be verified by mechanics-based methods. 

3. Determine the initial distribution of forces to each wall based on an assumed distribution, 
such that each wall may be designed to the required force level. Initial assumptions 
could include assuming the diaphragm to be flexible or rigid, with the stiffness of each 
wall assumed to be proportional to the wall length, or a combination of the two methods 
(envelope approach). Regardless, the minimum design forces at this stage will need to 
be readjusted if the forces are found to be higher once the LDA has been performed. 
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3.6.3 Mechanical Properties of Shear Walls for LDA Analysis 
Figure 5 shows a generic cross-section of a wood-frame shear wall. The basic wood shear wall 
section includes the following components: 

 Chord members (in this case, wood posts in compression and steel rods in tension); 

 Sheathing (generally plywood or oriented strand board) on one or two sides; and  

 Nailing (perimeter nail spacing / interior nailing). 

 
Figure 5        Shear wall section 

For the purpose of the LDA, the method for determining the physical properties of a shear wall 
may be represented as a standard beam element in most commercial software (Newfield et al., 
2013b). Determination of the equivalent beam properties in terms of teq, L, E, and G, are 
provided below.  

Flexural Deformation 

As indicated in Equation [6], the terms 
i

ii

i

ii

EI
HM

EI
HV

)(2)(3

23

  are simply related to a shear wall’s 

bending stiffness at each storey. This may be represented in commercial software by bending 
stiffness EI. Based on Figure 5, the basic input values for a shear wall can be determined as 
follows: 

Lb   [8] 

3
12
L
Iteq   [9] 

cEE   [10] 
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For shear walls with discrete hold-downs (as shown in Figure 6), wood end studs at both ends 
of the wall provide resistance to the overturning moment; therefore, the moment of inertia may 
be obtained as follows: 

2

2
tAII   [11] 

where A is the cross-section of end studs and Lc is the distance between the centres of the end 
studs. 

 

Figure 6        Discrete hold-downs in a shear wall 

Where a continuous rod in lieu of a discrete hold-down is used in a shear wall, the tension and 
compression forces due to the overturning moment will be resisted by the continuous steel rod 
and wood end studs (as shown in Figure 5), respectively. As a result, the transformed bending 
stiffness of the shear wall, (EI)tr, should be used. It may be obtained as follows: 
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The above input parameters need to be further adjusted to take into consideration the term 

ia
i

i d
L
H

, , which is caused by two components: 1) the bearing deformation due to wood plate in 

compression, and 2) anchorage slip in tension. This may be done by adjusting the modulus of 
elasticity of shear wall boundary members in compression and tension. For boundary members 
in compression, the total deformation of the boundary members may be obtained as follows: 
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,  [16] 

where:  

dc =  deformation of the boundary member in compression, mm 

da,c = bearing deformation of wall plate in compression, mm 

Tc = compression load, N 

Ec// = modulus of elasticity parallel to grain, N/mm2 

Ec = modulus of elasticity perpendicular to grain, N/mm2 

H// = length of boundary member with grain parallel to the applied load (end studs), mm 

H = length of boundary member with grain parallel to the applied load (top and bottom 
plates), mm 

Ac = cross-section of boundary member in compression, mm2. 

Expressing ∆compression as a function of Ec,eq, Equation [16] may be rewritten as:  
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Therefore, Ec,eq may be written as: 
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Similarly for boundary members in tension, the total deformation of the boundary members 
consists of elongation of the tension chord, and elongation of the anchorage system including 
fastener slip, device elongation, anchor rod or rod elongation and plate crushing. In order to 
take into consideration the additional elongation of the anchorage system, Et may be replaced 
by Et,eq. Assuming the additional elongation is proportional to the applied load, the total 
elongation of the chord member in tension may be expressed as follows: 
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  [19] 

where:   

dt = elongation of chord member in tension over its length, mm 

da,t   = additional elongation of anchorage system, mm 

dmax = maximum anchorage slip (for discrete hold-downs) or maximum plate crushing (for 
continuous steel rod) at anchorage capacity, mm. Where shrinkage compensator is used, 
deformation from shrinkage compensator needs to be considered. The value of dmax is 
generally available from test data and is often published within product catalogues. 

Et = modulus of elasticity, N/mm2, which is the modulus of elasticity of end studs for 
discrete hold-downs or the modulus of elasticity of steel rod for continuous steel rod 

At = cross-section of boundary member in tension, mm2 

Tf = factored tension load, N 

Tr = anchorage factored resistance capacity, N. 

Expressing ∆tension as a function of Et,eq, Equation [19] may be rewritten as:  
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Therefore, Et,eq may be written as: 
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By using Ec,eq and Et,eq instead of Ec and Et in Equation [12], the effects of elongation due to bearing 
and the anchorage system are now accounted for and can represent the flexural stiffness required 
for an LDA. Each of these equations can easily be incorporated into a spreadsheet as part of the 
preliminary design, such that the required input values for an LDA can quickly be determined. 

Shear deformation  

The shear deformation of a wood shear wall, as shown in Figure 7, is related to two terms, 

ivi

ii

BL
HV

,

 and 0.0025𝐻𝑖𝑒𝑛,𝑖 . The first term accounts for the linear shear deformation of the 

sheathing, and the second term accounts for the shear deformation due to nail slip. As the nail 
slip is not linear and is often a large contributor to the overall deformations, iteration is required 
until the shear force on the nail converges.  

 

Figure 7        Shear deformation 

Based on established beam theory, the shear deformation for a beam may be calculated as 
follows: 
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where: 

Gp = shear modulus used in LDA, N/mm2 

tp = sheathing panel thickness, mm. 

Equating Equation [22] to the two terms of shear deformation in Equation [6] results in the 
following: 
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The corresponding shear per nail, Vn may be calculated as follows: 

s
L
VVn   [24] 

where: 

s = nail spacing at sheathing panel edges, mm. 

Equation [24] may be rewritten as follows:  

s
LVV n   [25] 

Substituting Equation [25] into Equation [23], Gp may be obtained as follows: 








 




n

pn

v

p
p

V
tse

B
t

G
0025.0

2.1  [26] 

The value of Gp used in LDA may be further adjusted to the input thickness, teq, by multiplying 
Equation [26] with tp / teq. Therefore, it becomes:  
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Transformed properties 

To summarize, once a preliminary design has been carried out to establish the properties of a 
shear wall, including hold-downs, nailing, and panel thickness for each storey (Figure 5), the 
following equations may be applied to determine both the flexural and shear stiffness for use in 
a linear dynamic analysis.  
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A design example of stacked multi-storey shear walls using the mechanics-based approach is 
provided in Section 3.12.1. 

3.6.4 Deformation Due to Shrinkage 
Wood shrinkage due to change of moisture content may cause gaps in the anchorage system, 
which may lead to further shear wall deflections. If shrinkage compensators are not used, the 
gap created in the anchorage system as a result of shrinkage will cause the shear wall to rotate 
before the shear wall is engaged to resist the loads. In this case, the total building drift should 
be the deflection caused by the lateral load plus the additional deflections due to the shrinkage. 
Shear wall deflection due to shrinkage may be represented as follows: 

iishish
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L
H

 1,,,   [38] 

where:  

∆sh,i = total deflection due to wood shrinkage at level i, mm 

Hi = height of shear wall segment at level i, mm 

Li = length of shear wall segment at level i, mm 

dsh,i = gap created in anchorage system due to shrinkage at level i, mm 

sh,i = rotation of shear wall at level i due to the summation of rotation of storeys below 
caused by shrinkage. 



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 3 – Structural Design 
18 

As shrinkage may have a significant effect on overall building deformations, it is recommended 
that shrinkage compensators be used for mid-rise (5- and 6-storey) wood-frame buildings, so that 
deflection due to shrinkage can be neglected. As typical discreet hold-downs as shown in Figure 6 
do not have the ability to deal with wood shrinkage, a continuous steel rod hold-down system 
which has a built-in shrinkage compensator would be more suitable for mid-rise wood-frame 
construction. To ensure that shear walls behave as intended, the recommended maximum 
deformation (including rod elongation and shrinkage compensator deformation) for continuous 
steel rod hold-down anchorage system shall not be more than 5 mm per storey (ICC, 2013). 

3.7 DIAPHRAGM FLEXIBILITY 
Floor diaphragms in buildings have two distinct functions: they are designed to carry the vertical 
dead and live floor loads and also to transfer the lateral loads imposed by wind and seismic 
action to the components of Lateral Load Resisting System (LLRS) below. When transferring 
lateral loads, diaphragms rely on their in-plane strength and stiffness to transfer the imposed 
loads; consequently, their strength and stiffness properties have an impact on how the lateral 
forces will be transmitted to the structure below. Also, in-plane stiffness of the diaphragms affects 
the overall characteristics of the building and its response to both wind and seismic forces.  

Whether a diaphragm can be treated as flexible, rigid, or somewhere in between (semi-rigid), 
depends on the in-plane stiffness of the diaphragm relative to the stiffness of the vertical LLRS 
that carries the lateral loads (transferred by the diaphragm) to the foundation. Classification of 
the diaphragm into one of the three categories is important in selecting a method for its design.  

In buildings, where the diaphragms are comprised of reinforced concrete slabs or steel decks with 
structural concrete topping, the in-plane stiffness of the diaphragm is generally large so that the 
diaphragm acts as a rigid body. In wood-frame structures, the situation is often different as the in-
plane stiffness of the diaphragm is much lower and, in some cases, diaphragms act as flexible 
ones. In the case of flexible diaphragms, the lateral loads are distributed to LLRS based on the 
tributary area. In the case of rigid diaphragms, the lateral loads must be assigned to the 
components of the LLRS in proportion to their stiffness. In this case, torsional response (including 
accidental torsion) must be taken into account. It should be noted that NBCC suggests that even 
in the case of flexible diaphragms, accidental torsion should be taken into account. 

3.7.1 Criteria for Diaphragm Flexibility 
At the present time, there are no criteria for classifying the diaphragms as rigid or flexible, neither in 
the 2015 NBCC nor in 2014 CSA O86. However, there are some guidelines on diaphragm flexibility 
included in ASCE 7-10 (ASCE, 2010), ASCE 41-06 (ASCE 2006) and its successor ASCE 41-13 
(ASCE, 2013). In these documents, it is recommended that a diaphragm may be classified as 
flexible when the maximum horizontal deflection of the diaphragm at the mid-span is more than 
twice the average inter-storey drift of the vertical lateral-force-resisting elements of the storey 
immediately below the diaphragm (Figure 8). On the other hand, the diaphragm may be considered 
to be rigid if the maximum diaphragm deflection is less than half the average inter-storey drift in the 
storey below. Diaphragms that are neither flexible nor rigid are classified as being semi-rigid (stiff) 
and the response of the structure in such a case should be based on an analysis that takes into 
account both the in-plane stiffness of the diaphragm and the stiffness of the vertical LLRS.  
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The Design Load Standard of the American Society of Civil Engineering ASCE 7-10 (ASCE. 
2010) provides both prescriptive and calculation-based methods for classifying the diaphragms. 
According to these specifications, diaphragms constructed of untopped steel decking or wood 
structural panels (plywood or OSB) may be idealized as being flexible when (i) the vertical 
lateral load-resisting elements are steel or composite steel and concrete braced frames, or 
(ii) concrete, masonry, steel or composite shear walls, or (iii) in light wood-frame construction 
where the non-structural concrete topping is no greater than 38 mm. 

 

Figure 8        Flexible diaphragm criterion according to ASCE 7-10 

In the case of wood-frame buildings, it is proposed that the initial distribution of lateral forces to 
the shear walls be on the basis of an assumed flexible diaphragm. Next, it is suggested that 
lateral forces be distributed on the basis of a rigid diaphragm, including the effects of torsion. 
For mid-rise wood-frame construction, it is recommended that all walls be designed for the 
envelope forces of the flexible and rigid diaphragm assumptions. 

3.8 CAPACITY-BASED DESIGN METHOD 
The concept of capacity design is of major importance in seismic design. Capacity design is 
widely used for the seismic design of concrete, steel and masonry structures throughout North 
America and around the world and it is only recently that it has made some inroads into the 
standards related to wood buildings. The objective of this Section is to provide designers with 
some of the main aspects of capacity-based seismic design procedures, promote further 
implementation of such procedures in wood buildings, and provide information on existing 
provisions for wood-frame structures. 

3.8.1 Concept 
The capacity design approach is based on the simple understanding of the way a structure 
sustains large deformations under severe earthquakes. By choosing desirable deformation 
modes of the Seismic Force Resisting System (SFRS), certain parts of it are chosen (and 
suitably designed and detailed) for yielding and energy dissipation under the imposed 
deformations (Park and Paulay, 1975). These critical regions of the SFRS, often called “plastic 
hinges” or “dissipative zones”, act as dampers to control the force levels in the structure. All 
other structural elements are designed not to yield and are protected against actions that could 
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cause failure, by providing them with strength (capacity) greater than that corresponding to the 
development of probable strength in the potential plastic hinge regions. In other words, non-
ductile elements resisting actions originating from dissipative zones must be designed for 
strength based on overstrength rather than code-specified factored strength (resistance), which 
is used for determining required strengths of hinge regions (Paulay and Priestley, 1992). This 
“capacity” design procedure also ensures that the chosen means of energy dissipation can be 
maintained. 

 

Figure 9        Potential choices for plastic hinges: (a) hinges in columns can lead to a soft storey 
mechanism; and (b) hinges in beams can lead to desirable weak beam - strong column design 

3.8.2 Capacity-based Design of Timber Buildings 
When capacity based design is used in steel structures, the members are often designed to 
yield before the connections (Bruneau et al., 2011). Also, beam failure mechanisms are 
preferred, since they provide sufficient structural ductility without creating an undesirable 
mechanism of collapse (Figure 9). In timber structures, however, the failure of wood members in 
tension or bending is not favourable because of brittle characteristics. Consequently, all non-
linear deformations and energy dissipation in case of wood structures should occur in the 
connections, which is completely the opposite of that in steel structures. The main procedural 
steps for capacity based design of wood structures are as follows: 

1. Based on the SFRS, a kinematically acceptable plastic mechanism is to be selected for 
the structure. The connections, elements, or assemblies that will act as plastic 
(dissipative) regions (hinges) within the structure are to be clearly defined. The chosen 
yielding mechanism should be such that the necessary displacement ductility can be 
developed with the inelastic behaviour in these regions. 

2. The dissipative (plastic) regions within the structure are then designed to have their 
factored resistance as close as practical to the required demand (design force). 
Subsequently, these parts are carefully detailed to yield in a ductile manner and to 
ensure that the estimated ductility demands can be reliably accommodated. 
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3. Undesirable failure modes within the plastic regions are inhibited by ensuring that the 
strengths of these modes will exceed the demand required to develop the plastic hinge 
at its overstrength. 

4. Components of the structure not suited for energy dissipation are protected by ensuring 
that their strength exceeds the demands originating from the overstrength of the plastic 
hinges. Therefore, these regions are designed to remain elastic irrespective of the 
intensity of any ground shaking or the magnitudes of inelastic deformations that may 
occur in the plastic hinges.  

3.8.3 CSA O86 Provisions Related to Capacity Design of Wood-
Frame Buildings 

Clause 9.8 “Seismic design considerations for shear walls and diaphragms” was added to the 
2009 edition of the CSA O86 as a first step towards introducing capacity-based design for 
wood-frame structures. The design requirements were developed by taking into account the 
current practices adopted by the design community, lessons learned from the seismic 
performance of wood-frame structures from past earthquakes and observations from full-scale 
shake table tests. Wood-frame shear walls and diaphragms resist lateral forces through the 
ductile yielding of nails that connect panel sheathing to framing members, as demonstrated 
during numerous cyclic tests or shake table tests. The findings of a review of the past seismic 
performance of platform wood-frame structures across North America (Rainer and Karacabeyli, 
1999) showed that the objectives (i.e., prevention of structural collapse to ensure life safety) of 
the seismic design have been achieved and that the very few observed failures were mainly 
related to a soft and weak storey mechanism that developed at the first storey of multi-storey 
buildings due to large openings, such as garages.  

To ensure adequate performance of the structural system during an earthquake following 
capacity design principles, the design loads on critical system components and force transfer 
elements were increased. Based on test data from quasi-static tests on shear walls, as well as 
from the numerous shaking table tests around the world, the current design practice for anchor 
bolts and hold-downs has provided satisfactory wall performance. To further reduce the 
likelihood of failures in critical force transfer elements, it is required that anchor bolts, inter-storey 
connections resisting seismic shear forces and hold-downs resisting seismic uplift forces be 
designed for seismic loads that are at least 20% greater than the force that is being transferred. 
The intent is to ensure that the desired ductile nail yielding is achieved throughout the structure 
without any failure in the hold-downs and shear transfer connections (Popovski et al., 2009).  

Furthermore this Clause identifies over-capacity requirements for the vertical SFRS in structures 
with three or more storeys, in order to address the concern of a soft-storey mechanism 
developing at the bottom storey. The over-capacity coefficient Ci of the second storey of the 
vertical SFRS is required to be between 0.9 and 1.2 times the over-capacity coefficient of the 
first storey of the vertical SFRS. This is to ensure that non-linear deformation begins to develop 
in the second storey soon after it begins in the first storey, and that the response and mode of 
vibration are consistent with design assumptions. The concern regarding significant over-
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capacity in the second storey was that it might not yield under an earthquake load, causing a 
soft-storey effect at the first storey. On the other hand, if the second storey was significantly 
weaker, it could start to yield without transferring the forces to the first storey, creating a soft-
storey effect at the second storey. Findings from dynamic analyses on 4-storey, platform-frame 
buildings suggest that the first two storeys contribute the most to the seismic response and 
energy dissipation of the building (Ni et al., 2012). It is recommended, however, that the C3/C2, 
C4/C3 and C5/C4 ratios also be checked if there are up to six storeys in the building. 

For diaphragms located in moderate and high seismic zones (places where lEFaSa(0.2) 
according to NBCC is 0.35 or higher), loads on diaphragms are required to respond to the over-
capacity of the supporting SFRS. The over-capacity requirements for the wood diaphragm 
design depend on the type of vertical SFRS that the diaphragm is on (Figure 10).  

3.8.3.1 Wood Diaphragm on Wood Shear Walls 

Where a wood diaphragm is supported on wood shear walls, the seismic design force in the 
diaphragm at each storey “i” is obtained by multiplying the factored seismic force at storey “i” by 
an over-capacity coefficient CDi that is equal to the lesser of 1.2 or Ci. It should be noted that a 
wood shear wall may consist of a wood stud system sheathed with wood-based panels, either 
alone or in combination with GWB panels.  

3.8.3.2 Wood Diaphragm on SFRS Other Than Wood Shear Walls 

In the case where a wood diaphragm is supported on an SFRS other than a wood-based 
system, the vertical SFRS should be designed in accordance with the appropriate CSA material 
standards. Wood diaphragms that are designed and detailed according to CSA O86 to exhibit 
ductile behaviour and yield before the supporting SFRS, should be designed for seismic loads 
determined using the RdRo factors for the vertical SFRS. The seismic design load for the 
diaphragm, however, should not be less than the load determined using RdRo = 2.0.  

Where a wood diaphragm is designed not to yield and is supported on a wood-based SFRS 
other than wood shear walls, the seismic design force for the diaphragm should be determined 
by multiplying the seismic force corresponding to RdRo of the SFRS by a factor equal to 1.2 
times the over-capacity coefficient CDi for the applicable storey.  

Where a wood diaphragm is designed not to yield and is supported on a non-wood-SFRS, the 
seismic design force in the diaphragm is multiplied by the over-strength coefficient for the 
SFRS, determined on the basis of capacity design in accordance with the applicable material 
design standard. 

For diaphragms that are designed not to yield, it is not required for design forces on the 
diaphragm to exceed the value of the factored seismic force at the storey determined using 
RdRo = 1.3. 
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Figure 10        Diaphragm design for wood-frame structures located in moderate  
and high seismic zones (CWC, 2010) 

The requirements are slightly modified for structures in low seismic zones. In this case, 
diaphragm force increases are calculated using an over-capacity coefficient (ratio of the 
factored resistance of the SFRS to the factored seismic shear load) equal to 1.0. For wood 
diaphragms supported on wood shear walls, this results in no increase in the diaphragm force. 
Diaphragm chords, drag struts, connections and other load transfer elements in structures in 
low seismic zones are required to be designed using a force that is 20% higher than the seismic 
design load on the diaphragm. Similarly, connections and drag struts that transfer shear forces 
between the segments of the vertical SFRS and the diaphragm are to be designed for seismic 
loads that are at least 20% greater than the shear force that is being transferred. Parts of the 
diaphragm around wall offsets are to be designed for seismic loads that are at least 20% greater 
than the seismic design load of the offset SFRS. Forces used for the design of force transfer 
elements need not exceed the forces determined using RdRo = 1.3. 
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3.8.4 Main Steps of the Design Process 
The suggested process of determining the seismic design forces on shear walls and 
diaphragms for a wood-frame structure with three or more storeys may be summarized as 
follows: 
 Determine the seismic storey shear forces Fi according to Articles 4.1.8.11 and 4.1.8.15 of 

the NBCC. Note that NBCC-specified minimum diaphragm forces may govern the design at 
a certain level (e.g., V/n, where V is the total base shear and n is the number of storeys). 

 Obtain the cumulative factored seismic shear forces Vfi at each storey “i” as a sum of the 
factored seismic forces at that storey and above. 

 Design the shear walls at each storey of the structure, using the cumulative factored seismic 
loads, and calculate the actual factored shear resistance of each storey, Vri. 

 Calculate the over-capacity coefficient for each storey Ci as a ratio of Vri and the factored 
load for that storey Vfi. 

 Determine the over-capacity coefficients CDi for diaphragms at each storey i, as the lesser of 
Ci and 1.2. 

 Determine the seismic design loads for the diaphragms at each storey by multiplying the 
factored seismic shear load of each storey Fi by the seismic coefficient CDi. 

 Check the ratio of C2/C1 to be within the limits of: 0.9 < C2/C1 ≤ 1.2. If the ratio is not within 
the specified limits, either reduce or increase the actual resistance in one of the storeys 
(i.e., Vr1 or Vr2). 

 Do the same check as above for the C3/C2, C4/C3, and C5/C4 ratios if the building has 
6 storeys. The ratio of C6/C5 in the case of a 6-storey building and the ratio C5/C4 in the case 
of a 5-storey building need not be checked, as the soft storey mechanism occurring at the 
top floor is highly unlikely. 

3.8.5 Concluding Remarks 
Capacity design is a concept of seismic design, whereby plastic regions or “fuses” are selected 
to dissipate energy in particular locations in the structure, while all other elements are capacity 
protected to ensure that the fuses can actually dissipate the seismic energy. This design 
method enables the designer to “tell the structure what to do” during an earthquake and assure 
predictable and satisfactory inelastic response. Subsequent judicious detailing of all potential 
plastic regions is intended to enable the structure to fulfill the designer’s intentions. When 
combined with appropriate detailing for ductility, the capacity design will ensure optimum energy 
dissipation from the building. Moreover, the structure will be tolerant to various magnitudes of 
ductility demands that future large earthquakes might impose. 
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3.9 HIGH-CAPACITY SHEAR WALLS AND DIAPHRAGMS 
In 5- and 6-storey wood-frame construction and some large commercial buildings in which large 
openings in the exterior walls, large floor spans, concrete topping on floors and heavy tiles on 
roofs are used, this may create additional demand on the lateral load resistant system, and 
consequently necessitates innovation in new designs and construction methods that increase 
the lateral resistance of wood-frame shear walls and diaphragms. 

Research has been carried out to investigate alternative shear walls and diaphragms that have 
higher lateral load-carrying capacities than standard shear walls and diaphragms. This Section 
will introduce some of these high-capacity shear walls and diaphragms that have been 
extensively studied. These high-capacity shear walls and diaphragms may be designed with the 
mechanics-based approach for shear walls and diaphragms in the 2014 edition of CSA O86. 

3.9.1 Midply Shear Wall 
In the late 1990s, the Midply shear wall system was developed at Forintek by redesigning the 
joints between sheathing and framing members. Figure 11 illustrates a cross-section of a 
standard shear wall and that of a Midply shear wall system that uses the same 38  89 mm 
lumber studs. 

 

Figure 11        Cross-section of a standard shear wall (top) and a Midply wall (bottom) 
with two exterior panels 
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The superior performance of Midply shear wall under lateral loading is attained through the 
following means:  

1. A wood-based panel is used at the centre of the wall to provide lateral resistance of the 
wall without increasing the nominal thickness of the wall. Nails connecting this panel to 
the framing work in double shear, as illustrated in Figure 12 (or in triple shear if 
additional exterior wood-based sheathing is used), provide increased lateral load-
carrying capacity. 

2. Studs in the Midply wall system are placed at a 90-degree rotated position relative to 
those in standard shear walls. Sheathing material is fastened to the wide face of the 
studs instead of the narrow face of the studs in the case of standard walls. This 
increases the lateral load capacity of the Midply wall by providing more edge distance for 
fasteners on the perimeter of the sheathing panels placed in the mid plane and at the 
exterior face of the wall. Increased edge distance reduces the possibility of nail tear out 
failures and makes it easier for framers to nail the sheathing to the studs. 

3. The heads of nails are kept away from the surface of the mid-panel; consequently, nail 
pull through failure at the mid-panel is physically prevented. Also, poor construction 
practices, such as over-driven sheathing nails (SEAOSC, 1997; Jones and Fonseca, 
2002) and nails going through the panels missing the studs are minimized. 

 

Figure 12        Nailed joints working in single shear in a standard shear wall  
and in double shear in a Midply wall 

A Midply test program was carried out to establish proof-of-concept for the Midply shear wall 
system design and construction method. The test program consisted of monotonic and cyclic 
displacement controlled tests as well as shake table tests of 2.44 m  2.44 m Midply shear 
walls. Details of the test program and test results can be found in Varoglu et al. (2006; 2007). 
The test results indicate that Midply shear walls have at least twice the lateral load capacities of 
typical standard shear walls under monotonic and cyclic loading. The initial stiffness of Midply 
shear walls is approximately twice that of typical standard shear walls. Midply shear walls have 
far superior energy dissipation capacities in comparison to standard shear walls. 
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3.9.1.1 Design and Detailing of Midply Shear Walls 

The design of Midply shear walls was implemented in the 2014 edition of the Canadian 
Standard for Engineering Design in Wood – CSA O86. For Midply shear walls, the shear 
strength can be derived from the lateral strength resistance of a nail joint in double shear. The 
shear strength should not be greater than the panel buckling strength. The factored shear 
strengths of Midply walls, determined in accordance with the 2014 edition of CSA O86, are 
provided in Table 1. The shear strengths of Midply walls can also be found in the 2015 CWC 
Wood Design Manual.  

The deflection of a Midply shear wall can be determined using the same deflection formula as 
for a standard shear wall. As the slip formula for a joint in double shear is not available, it is 
recommended that when calculating nail deformation, en, the nail deformation of the joint in 
double shear be represented by two joints in single shear, with each joint taking half of the load 
on the joint in double shear.  

To ensure that the Midply shear walls are able to reach their shear capacities, the following 
construction and detailing requirements are recommended: 

1. According to Clause 12.9.2.2 of CSA O86, the minimum thickness of the centre member 
should be at least eight times the nail diameter. However, test results showed that 
Midply walls with a 12.7-mm thick panel had equal or better performance than a double-
sided shear wall (Varoglu et al., 2006). As a result, it is recommended that wood-based 
panels in the centre of the wall have a minimum thickness of 12.7 mm. There should be 
3-mm gap between adjacent panels. 

2. Framing members and mid-panels should be nailed together using nails with adequate 
penetration. According to Clause 12.9.2.2 of CSA O86, the minimum penetration length 
into the third member should be at least five times the nail diameter. 

3. Framing members and mid-panels should be nailed together with the same nail spacing 
in all locations. Two rows of fasteners around panel perimeters may be used. 

4. The vertical framing members of Midply shear walls should be checked for buckling. 
Additional studs may be necessary to resist high compression forces and prevent 
buckling in the end studs, as shown in Figure 13. 

Buckling Stud

Simple end stud End stud with an
added buckling stud

 

Figure 13        A detail of an end stud in a Midply wall that includes the added buckling stud 
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5. Where the dead loads are not sufficient to prevent overturning moment, hold-down 
connections at the end of the Midply shear wall should be designed to resist uplift forces. 
To prevent premature end stud failure, it is suggested that continuous steel rods, in lieu 
of hold-downs, be used to restrain the end studs against uplift. This idea proved effective 
during the cyclic testing of Midply walls where two steel rods 16 mm in diameter were 
used to connect the top and bottom plates at each end of the test wall. Test results 
showed that these walls exhibited good ductility and premature end stud tension failure 
was eliminated. 

6. To prevent detachment of the studs at the panel joints during reversible earthquake 
loading, additional fasteners not subjected to double shear should be installed to 
connect the pair of the studs (Figure 14). This can be accomplished by fasteners with 
adequate penetration equally spaced along the length of the studs. 

 

Figure 14        Detail of studs in a Midply shear wall where the two panels meet 
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Table 1         Factored shear resistance of Midply shear walls for wind and seismic load 

Framing 
member 

Nail 
diameter 

(mm) 
Nail length 

(mm) 
Panel 

thickness 
(mm) 

Panel sandwiched by 33-mm thick framing member 

Fastener spacing at panel edges (mm) 

150 100 75 50 

D.Fir 3.66 

76 

12.5 10.1 15.0 19.1 22.9 

15.5 12.5 18.6 23.7 30.7 

18.5 12.8 18.9 24.1 31.3 

83 

12.5 10.1 15.0 19.1 22.9 

15.5 12.5 18.6 23.7 30.7 

18.5 14.5 21.5 27.4 35.6 

H.Fir 3.66 

76 

12.5 10.1 15.0 19.1 22.9 

15.5 12.5 18.6 23.7 30.7 

18.5 12.3 18.3 23.3 30.2 

83 

12.5 10.1 15.0 19.1 22.9 

15.5 12.5 18.6 23.7 30.7 

18.5 14.0 20.7 26.4 34.2 

SPF 3.66 

76 
12.5 10.1 15.0 19.1 22.9 

15.5 12.4 18.4 23.5 30.5 

83 

12.5 10.1 15.0 19.1 22.9 

15.5 12.5 18.6 23.7 30.7 

18.5 13.2 19.6 25.0 32.4 

Notes: 

1. The shear resistances in shaded cells are applicable to wind load only. 
2. Commonly used Canadian Softwood Plywood (with an asterisk in CSA O86) is used. 
3. For an 83-mm long nail, although the nail joint failure mode is C based on calculation, the ductile behaviour 

is observed based on Midply wall test results (Varoglu et al., 2006; 2007); consequently, they can be used 
for seismic load.  

3.9.2 Diaphragm with multiple rows of fasteners 
One way to increase the capacity of diaphragms is to increase the number of fasteners per 
linear length. This can be achieved through the use of multiple rows of fasteners to prevent 
lumber from splitting. APA – The Engineered Wood Association has carried out a test program 
to study the performance of diaphragms with multiple rows of fasteners. The test results in the 
APA Research Report 138 (Tissell and Elliott, 2004) show that the lateral load capacity of the 
diaphragm can be increased if multiple rows of fasteners are used along the sheathing 
perimeter. Based on the test results, design values of diaphragms with multiple rows of 
fasteners have been included in Table 2306.3.2 of IBC since 2003.  
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3.9.2.1 Design of diaphragms with multiple rows of fasteners 

The shear strengths of diaphragms with multiple rows of fasteners can be derived from lateral 
strength resistance of a nail joint in single shear. The shear strength should not be greater than 
the panel buckling strength. The factored shear strengths of diaphragms with multiple rows of 
fasteners, determined in accordance with the 2014 edition of CSA O86, are provided in 
Tables 2, 3 and 4 for D.Fir-L, Hem-Fir and SPF framing members, respectively.  

The deflection equation for diaphragms may be used to calculate the deflections of diaphragms 
with multiple rows of fasteners. In this case, the nail deformation, en, should be based on the 
calculated load per nail on the perimeter of interior panels. If the nailing is not the same in both 
directions, use the greater spacing for calculations. 

With multiple rows of fasteners, a minimum of 64- or 89-mm-wide framing members needs to be 
used at adjoining panel edges and boundaries. Alternatively, built-up framing members 
consisting of two or three 38-mm-wide framing members connected to transfer the factored 
shear force could be used.  

To ensure the performance of diaphragms with multiple rows of fasteners, the number of 
fastener lines and the spacing between fasteners in each line and at edge margins should not 
be less than the specifications provided in Figure 15. A gap of no less than 2 mm should be left 
between adjoining panel edges. Reduce spacing between lines of nails as necessary to 
maintain minimum 9-mm fastener edge margins; minimum spacing between lines is 9 mm. 

 

Figure 15        Nailing requirements for diaphragms with multiple rows of fasteners 
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Table 2         Factored shear resistance of diaphragms with multiple rows of fasteners for wind and 
seismic load (framing member – D.Fir) 

Nail 
diameter 

(mm) 

Minimum 
panel 

thickness 
(mm) 

Minimum 
width of 
framing 
member 

(mm) 

Lines of 
fasteners 

Blocked diaphragm 

Fastener spacing per line at panel edges (mm) 

150 100 75 

3.66 

12.5 

64 2 10.9 16.1 20.6 

89 2 12.2 18.1 22.9 

89 3 16.3 22.9 22.9 

15.5 

64 2 11.7 17.4 22.2 

89 2 13.2 19.6 24.9 

89 3 17.6 26.1 33.3 

18.5 

64 2 12.6 18.7 23.8 

89 2 14.2 21.0 26.8 

89 3 18.9 28.1 35.7 

22.5 

64 2 13.8 20.4 26.0 

89 2 15.4 22.9 29.2 

89 3 20.6 30.6 39.0 

Notes:  

1. In the shaded cells, the shear resistance is governed by panel buckling strength. 
2. Commonly used Canadian Softwood Plywood (with an asterisk in CSA O86) is used. 
3. The panels are assumed to be 1220  2440 mm in plane dimensions. 
4. Fasteners along intermediate framing members must not be greater than 300 mm on centre.   
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Table 3         Factored shear resistance of diaphragms with multiple rows of fasteners for wind and 
seismic load (framing member – H.Fir) 

Nail 
diameter, 

mm 

Minimum 
panel 

thickness, 
mm 

Minimum 
width of 
framing 
member, 

mm 

Lines of 
fasteners 

Blocked diaphragm 

Fastener spacing per line at panel edges, mm 

150 100 75 

3.66 

12.5 

64 2 10.7 15.8 20.2 

89 2 12.0 17.8 22.7 

89 3 16.0 22.9 22.9 

15.5 

64 2 11.5 17.1 21.8 

89 2 13.0 19.2 24.5 

89 3 17.3 25.7 32.7 

18.5 

64 2 12.4 18.4 23.4 

89 2 13.9 20.7 26.3 

89 3 18.6 27.6 35.2 

22.5 

64 2 13.5 20.1 25.6 

89 2 15.2 22.6 28.8 

89 3 20.3 30.2 38.4 

See notes in Table 2. 
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Table 4         Factored shear resistance of diaphragms with multiple rows of fasteners for wind and 
seismic load (framing member – SPF) 

Nail 
diameter, 

mm 

Minimum 
panel 

thickness, 
mm 

Minimum 
width of 
framing 
member, 

mm 

Lines of 
fasteners 

Blocked diaphragm 

Fastener spacing per line at panel edges, mm 

150 100 75 

3.66 

12.5 

64 2 10.4 15.4 19.6 

89 2 11.6 17.3 22.0 

89 3 15.6 22.9 22.9 

15.5 

64 2 11.2 16.7 21.2 

89 2 12.6 18.7 23.9 

89 3 16.8 25.0 31.9 

18.5 

64 2 12.1 18.0 22.9 

89 2 13.6 20.2 25.7 

89 3 18.1 26.9 34.3 

22.5 

64 2 13.2 19.7 25.0 

89 2 14.9 22.1 28.1 

89 3 19.9 29.5 37.6 

See notes in Table 2. 

3.10 FORCE TRANSFER AROUND OPENINGS 

3.10.1 Overview of Design Methods 
Most diaphragms have openings due to shafts, stairwells, skylights, elevators, pipes and ducts. 
As the openings get larger in proportion to the overall size of the diaphragm, more demand is 
imposed on the diaphragm due to openings. The “weakening” effect of the opening in the 
diaphragm can be compensated by designing for increased shear around the opening, the 
compression and tension forces at the boundary of the opening and the resultant chord force in 
the diaphragm.  

There are three simplified design methods for analysing the force transfer around openings: 
drag strut analogy, cantilever beam analogy and Vierendeel truss analogy. Martin (2005) 
provided a detailed review of drag struts method and cantilever beam analogy for shear walls. 
The drag strut analogy treats the segments above and below the openings as drag struts and 
assumes the shear forces in the full-height segments are collected and concentrated into the 
areas above and below openings. The force transfer on either side of the opening is a function 
of the opening width and the widths of the full-height shear wall segments. The cantilever beam 
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analogy treats the forces above and below the openings as moment couples, and the force 
transfer on either side of the opening is a function of height above and below opening and 
widths of the full-height shear wall segments as well.  

The Vierendeel truss analogy has been well documented in ATC 7 Guidelines for the Design of 
Horizontal Wood Diaphragms (ATC, 1981), APA Research Report 138 (Tissel and Elliott, 2004), 
Diekmann (1999), and the ICC Guide to the Design of Diaphragms, Chords and Collectors (ICC, 
2009).  

The force transfer around openings and the simplified design methods were examined in a joint 
research project by APA, the University of British Columbia, and the USDA Forest Products 
Laboratory (Yeh et al., 2011). Based on the full-scale shear wall tests, it was found that the drag 
strut method was consistently unconservative, while the cantilever beam analogy was by far the 
most conservative method. The Vierendeel Truss analogy provided reasonable agreement with 
measured force transfer around the opening. 

The Vierendeel truss analogy assumes that a diaphragm with openings behaves similarly to a 
Vierendeel Truss. In the Vierendeel truss, it is assumed that the points of contraflexure occur at 
mid-length of the opening. The procedure for designing a diaphragm with openings is as follows: 

1. The diaphragm is first analysed without consideration of openings. 

2. The diaphragm segments before and after the openings in the direction of loading are 
analyzed for the local effect of the lateral force on the elements, based on the Vierendeel 
truss assumption.  

3. Net changes to chord force due to openings are determined by superimposing the 
results from Steps 1 and 2.  

4. Net shears in the portions of diaphragm beyond the openings are determined in order to 
distribute the net changes in the chord force into the diaphragm.  

5. Resultant shears in the diaphragm are determined by superimposing the net shears from 
Step 4 on those obtained from Step 1.   

6. The force in the framing members bordering the openings is determined.  

An example using the Vierendeel truss analogy is provided in the Design Example in 
Subsection 3.12.2. 

3.10.2 Analysis of Diaphragms with Openings 
Currently, there is no design guidance available regarding design of a diaphragm with openings 
in the Canadian code and standards. Although the Vierendeel truss analogy provides a rational 
method, it is cumbersome to carry out. For design engineers, it will be useful to know when it is 
necessary to conduct a full analysis or when simplified measures may be used to address the 
increased forces in the diaphragm due to openings.  
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A study was conducted by the authors to look at the effects of opening size and opening 
location on chord forces, diaphragm shear and forces in members around the opening for 
diaphragms with different aspect ratios, and compare them with the corresponding forces in the 
diaphragm without openings. In this analysis, two cases were studied using the Vierendeel truss 
analogy. In Case I, the effect of the size of the opening was investigated, while the location of 
the opening remained the same. The maximum shear in the diaphragm, the forces in chord 
members and the forces in framing members bordering the opening were studied when the 
depth and length of the opening were changed. They were further investigated for diaphragms 
with different aspect ratios, where the aspect ratio was calculated as the ratio of diaphragm 
depth to diaphragm length. In Case II, the impact of the location of the opening was 
investigated, while the size of the opening remained the same. The effect on the forces of 
interest was also studied for diaphragms with different aspect ratios. In both cases, a single 
opening was assumed and accidental torsional effects were ignored. 

The study showed that the maximum shear in a diaphragm with an opening is greater than that in a 
diaphragm without an opening. Increasing the distance between the edge of the opening and the 
edge of the diaphragm can significantly reduce the increase in maximum shear. When the 
dimension of the opening is less than 15% of the corresponding dimension of the diaphragm in both 
directions, the distance of the opening edge from the diaphragm edge is no less than 3 times the 
larger dimension of the opening (Figure16), and the portion of the diaphragm along the opening 
meets the maximum diaphragm aspect ratio requirement, then the increase in maximum shear 
compared with nominal maximum shear is less than 10%. The nominal maximum shear is defined 
as follows: 

vnom = max(v1, v2, v4) 

v1 =
wL

2LD
 

v2 =
V2

(LD − DOPN)
 

v4 =
V4

(LD − DOPN)
 

where V2 and V4 are the original shear at Gridlines 2 and 4, that define the opening, in the 
diaphragm without consideration of opening (Gridlines 2 and 4 define the opening, as shown in 
Figure 16), L and LD are the dimensions of the diaphragm perpendicular and parallel to load 
respectively, and DOPN is the dimension of the opening parallel to load. 
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To find out whether the chords designed for the maximum chord force in the diaphragm without 
an opening were still sufficient, the new chord forces introduced by the opening were compared 
with the maximum chord force at mid-span of the diaphragm without an opening. The results 
showed that when the dimension of the opening is no greater than 15% of the corresponding 
dimension of the diaphragm in both directions, the maximum chord forces at Gridlines 2 and 4 are 
less than, or close to, the maximum chord force at mid-span of the diaphragm without an opening. 
This indicates that the maximum chord force in the diaphragm without an opening is still sufficient. 

The maximum forces of framing members bordering the opening (opening reinforcing) were also 
studied and compared with the maximum chord force in the diaphragm without openings. It was 
found that tension forces were developed at the corner of the openings. Therefore, tension 
connections are required at the corners of the opening to prevent it from pulling apart. Based on 
the findings of the analysis, when the dimension of the opening is no greater than 15% of the 
corresponding dimension of the diaphragm in both directions, the maximum force in the framing 
members is less than 50% of the maximum chord force at mid-span of the diaphragm without an 
opening, provided that the distance of the opening edge from the diaphragm edge is no less 
than three times the larger dimension of the opening. A more detailed analysis and how these 
forces of interest vary with the size and location of the opening may be found in the design fact 
sheet (Neylon et al., 2013a). 

Based on the findings of the analysis, the recommendations are summarized below: 

1. Maximum diaphragm shear increases with the introduction of openings. This increase 
can be significantly reduced by increasing the distance between the edge of the opening 
and the edge of the diaphragm. 

2. Tension forces develop at the corners of openings and ties/straps are necessary to 
distribute this force into the diaphragm where members are discontinuous. 

3. It is strongly recommended that an analysis be carried out for a diaphragm with 
openings, except if the diaphragm has one opening that meets all the following 
conditions: 

a. Opening depth no greater than 15% of diaphragm depth; 

b. Opening length no greater than 15% of diaphragm length; 

c. Distance from diaphragm edge to the nearest opening edge is a minimum of three 
times the larger opening dimension; 

d. The diaphragm portion between opening and diaphragm edge (full-depth or full-
length diaphragm segments) meets the maximum aspect ratio requirement; and 

e. The opening is reinforced at the corners for a load equivalent to 50% of the 
maximum diaphragm chord force 
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These criteria are demonstrated in the drawing below: 

 

Figure 16        Diaphragm with opening 

Notes: 

1. 𝑎 is the larger dimension of the opening. 

2. There is no specific requirement for maximum diaphragm aspect ratio in CSA O86-09. In AWC 
SDPWS-2008, it is specified that for blocked wood-based structural panel diaphragms, the 
maximum aspect ratio is 4:1, while for unblocked diaphragms, the maximum aspect ratio is 3:1. 

For a diaphragm that meets the above conditions, an analysis of the diaphragm with an opening 
is not required; however, the maximum design shear of the diaphragm should be 1.1 times the 
nominal maximum shear and the corners of the opening should be reinforced for 50% of the 
maximum chord force. 
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3.11 DESIGN OF PODIUM STRUCTURES 

3.11.1 Introduction 
The term “podium structures” usually applies to several storeys of wood-frame construction built 
over one or more storeys of elevated concrete podium. In North America, podium buildings have 
become especially prevalent during the last two decades. With ever-increasing land costs and 
the rising cost of steel and concrete as structural materials, developers are turning to hybrid 
wood designs that offer greater density and cost-effectiveness, both in terms of material and 
labour. The other benefits of wood, such as speed of construction, design flexibility, and reduced 
environmental impact, just add more to the value proposition for these types of structures. Ever-
changing parking requirements in cities over the years have increased the demand for the 
number of storeys of the concrete podium. Three levels of concrete floors, including two levels of 
parking floors below grade and one level above ground, with three or four levels of wood framing 
have become a common solution in Western U.S. and Canada (Figure 17). 

 

Figure 17        Typical podium building during construction: A wood-frame superstructure 
supported on a concrete substructure with parking levels below grade 

3.11.2 Design Approach 
At the present time, neither the 2015 NBCC nor the 2014 CSA O86 explicitly provides any design 
guidelines for podium buildings. Designers can choose between two methods that implicitly cover 
podium buildings in NBCC. First, as Linear Dynamic Analysis (LDA) is the default approach in 
NBCC, designers may always use this approach. The analytical model of the building should 
include both the concrete and the wood portions of the building, with their own strength and 
stiffness properties. After the distribution of the linear shear forces along the height of the building 
is obtained using the Response Spectrum Analysis (RSA), the corresponding RdRo factors for 
each storey of the building may be used to determine the design shear forces.  
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Secondly, the NBCC's equivalent static procedure may be used. In this common design practice 
for podium buildings, the seismic interaction of the concrete and wood-frame building is virtually 
ignored. The wood portion of the building is treated as a separate building supported on the 
ground. The seismic shear forces and overturning moments associated with the wood-frame 
building are then applied to the concrete slab below in a manner similar to that of gravity loads, 
using the specified minimum torsional effects given in the code. The rationale behind this 
approach is the large difference between the stiffness of the wood shear walls and diaphragms 
in the upper portion versus that of the concrete walls/slabs in the lower portion. Also, this 
rationale has generally been in line with the assumption that the smaller point or line loads from 
the superstructure will have no significant effect on the strong and stiff concrete podium below 
(e.g., 200-300 mm thick concrete shear walls).  

Some provisions along these lines referred to as the Two-stage Analysis Procedure have been 
included in the 2010 edition of ASCE-7 in the U.S. (Figure 18). ASCE-7 Clause 12.2.3.2 states 
that a two-stage equivalent lateral force procedure may be used for structures having a flexible 
upper portion above a rigid lower portion, provided that the design of the structure complies with 
all of the following: 

a. The stiffness of the lower portion must be at least 10 times the stiffness of the upper 
portion; 

b. The period of the entire structure must not be greater than 1.1 times the period of the 
upper portion considered as a separate structure supported at the transition from the 
upper to the lower portion; 

c. The upper portion must be designed as a separate structure using the appropriate values 
of R and ρ; 

d. The lower portion must be designed as a separate structure using the appropriate values 
of R and ρ. The reactions from the upper portion must be those determined from the 
analysis of the upper portion amplified by the ratio of the R/ρ of the upper portion over the 
R/ρ of the lower portion. This ratio must not be less than 1.0; 

e. The upper portion is analysed with the equivalent lateral force or modal response 
spectrum procedure, and the lower portion is analysed with the equivalent lateral force 
procedure. 

In the clauses above, R is the response modification coefficient for the structural system 
specified in ASCE7, while ρ is a redundancy factor for the structural system based on the extent 
of structural redundancy present in a building. The redundancy factor is a value that ranges 
from 1.0 to 1.3. For a podium building that has wood-frame shear walls at the top and concrete 
shear walls in the podium, a value of ρ = 1.0 can be justified for both parts of the building, as 
long as there is adequate length of shear walls to take the seismic loads, and the building is not 
irregular. More details about the overstrength factor are provided in Section 12.3.4 of 
ASCE7-10. For Canadian purposes, the value of R may be substituted with the product of RdRo 
for each respective SFRS, e.g., 5.1 in the case of the wood-frame portion of the building. 
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Figure 18        Two-stage analysis procedure according to ASCE 7-10 

3.12 DESIGN EXAMPLES 
Since the 2015 NBCC seismic hazard values were still not accepted by the Commission at the 
time of the printing of this Handbook, the design example uses the 2010 NBCC seismic hazard 
values. The same methodology can be used with the 2015 NBCC hazard values. 

3.12.1 Design of Stacked Multi-Storey Shear Walls Using 
Mechanics-based Approach (Newfield et al., 2013c) 

Figure 19 shows a floor plan and elevation along with the preliminary shear wall locations for a 
6-storey wood-frame building. It is assumed that some preliminary calculations have been provided 
to determine the approximate length of the wall required to resist the lateral seismic loads. 

 

Figure 19        Plan and elevation view of the design building 



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Structural Design - Chapter 3 

41 

Design parameters: 

Building area A  =  12.2 m x 18.3 m 

Seismic mass W =  300 kN (roof) (Included dead load and 25% snow) 

W = 350 kN (per floor) 

∑W = 300 + 350x5 = 2050 kN 

Floor to floor h = 2.75 m 

Building is regular – according to the 2012 BC Building Code 

Building is located in Vancouver  

Sa(0.2) = 0.94 
Sa(0.5) = 0.64 
Sa(1.0) = 0.33 
Sa(2.0) = 0.17 

Site Class C soils 

Importance factor = 1.0 

Step 1: 

Based on the 2010 NBCC, the seismic loads can be determined using the equivalent static 
procedure as follows: 

Building height mhn 5.1675.26   

Building period shT na 409.05.1605.005.0 75.075.0
  

731.064.0)5.0409.0(
5.02.0
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Step 2: 

Based on experience, it is likely that the building period T is higher than the code-based formula Ta. 
Therefore, the seismic forces may be recalculated assuming T = 2 × Ta, which is the Code cut-off for 
determining base shears.  Using T = 2 × Ta = 0.819, the forces may be recalculated as follows: 

443.033.0)0.1819.0(
1.05.0
33.064.0)819.0( 




S  

Code formulas for base shear are as follows: 

WW
RR

WIMSV
od

Ev 017.0
0.37.1

0.10.1085.0)0.4(
min 
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Ev 087.0
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0.10.1443.0)(





               Governs design 
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WIMSV
od

Ev 123.0
0.37.1

0.10.194.03/2)2.0(3/2
max 







  

However, as a result of recent Code changes in the 2012 BC Building Code, the minimum base 
shear for wood-based shear walls needs to be increased by 20% to reduce the risk of soft 
storeys behaviour when the building period is calculated by methods other than the Code-
specified period. Therefore: 

WWV 104.02.1087.0   

Which corresponds to T = 0.675 s on the design response spectrum. 

Therefore:   

kNWV 2132050104.0104.0   

NS: mLw 8.17 ,           0.12/  wLVv  kN/m  

EW: mLw 9.15 ,          4.13/  wLVv  kN/m  

The initial distribution of shear forces over the height of the building can be determined in 
accordance with 4.1.8.11.6) of 2010 NBCC and is shown in Figure 20. 
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Figure 20        Initial vertical distribution of seismic forces 

Step 3: 

The initial distribution of forces to the various walls can be determined as follows.   

Case 1 (flexible diaphragm): 

083.0
)21.6205.3(

2/05.3
1 


 VVw V 

250.0
)21.6205.3(
)2/1.62/05.3(

2 



 VVw V 

333.0
)21.6205.3(

)2/1.62/1.6(
3 




 VVw V 

As suggested by the Code commentary, for structures with flexible diaphragms, accidental 
torsion should be taken into account by moving the mass centre by 5% of the plan building 
dimension perpendicular to the seismic load, as shown in Figure 21. The largest of the seismic 
loads should be used for the design of each vertical element. 
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Figure 21        Force distribution of accidental torsion 

Therefore, the resulting maximum wall forces are as follows: 

106.0
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2
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Case 2 (rigid diaphragm): 

Assuming the wall stiffness is proportional to the wall length: 

181.0
)5.424.322.3(

2.3
1 


 VVw V 

192.0
)5.424.322.3(

4.3
2 


 VVw V 

254.0
)5.424.322.3(

5.4
3 


 VVw V 

Furthermore, the additional shear as a result of torsional moment due to the offset between the 
centre of rigidity and the centre of mass (0.0 m in this example), in addition to the minimum 
prescribed Code eccentricity of 10% of the building dimension, can be determined as follows 
and is shown in Figure 22: 

83.1)3.181.00.0(  VM tor V 
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Figure 22        Torsional moment due to eccentricity and accidental torsion 

For a rigid diaphragm, the lateral force distributed to supporting shear wall i can be determined 
as follows: 

J
dkM

k
kFV iitori

i








 

where: 

k = wall stiffness, N/mm 

d = distance from the wall to the centre of rigidity (CoR), mm 

Mtor = torsional moment 

F = total lateral load on the supporting shear walls 

 
22
yx kdkdJ  

068.0181.0
21.64.3215.92.3

15.92.383.1181.0 221 



wV V 

048.0192.0
21.64.3215.92.3

1.64.383.1192.0 222 



wV V 

254.03 wV V 

Case 3 (envelope approach based on Cases 1 and 2): 

In the APEGBC Technical and Practice Bulletin (APEGBC, 2013), it is recommended that all 
walls be designed for the envelope forces of the two diaphragm assumptions if the force in any 
wall is different by more than 15% due to the change in flexible and rigid diaphragm 
assumptions. Table 5 summarizes Cases 1 and 2 as well as the initial design force selected for 
Case 3. 
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Table 5         Distribution of seismic force to walls – (xV) 

Wall Case 1 Case 2 Case 3 

W1 0.106 0.249 0.25 

W2 0.294 0.240 0.29 

W3 0.333 0.254 0.33 

W41 - 0.307 0.30 

W51 - 0.386 0.40 

Note 1: Case 1 is not applicable as the walls align and carry 100% of the total load in the x direction. 

Step 4: 

Based on Case 3, determine the initial design force for each wall and carry out an initial design for 
each wall in accordance with the design provisions of CSA O86-14. 

To illustrate this, Wall 1 will be used. 

If we multiply the inter-storey force V by 25%, based on Case 3, the seismic forces on Wall 1 
are shown in Figure 23: 

 

Figure 23        Initial design forces for Wall 1 

The shear design and flexural design are provided in Tables 6 and 7. For Wall 1, a continuous 
anchor rod system is used as a hold-down. 
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Table 6         Design of shear resistance of Wall 1 

Level F 2 
(kN) 

F 
(kN) 

ve
 3 

(kN/m) 

Shear wall1 
vr 

4 
kN/m 

vr/ve Panel 
thickness 

(mm) 

Nail 
diameter 

(mm) 

Nail 
spacing 

(mm) 

Roof  13.6 13.6 4.25 12.5 3.25 150 9.14 2.15 

5th 13.2 26.8 8.38 12.5 3.25 150 9.14 1.09 

4th 10.6 37.4 11.69 12.5 3.25 100 13.27 1.14 

3rd 7.9 45.3 14.16 12.5 3.66 100 16.10 1.14 

2nd 5.3 50.6 15.81 12.5 3.66 100 16.10 1.02 

1st 2.6 53.2 16.63 12.5 3.66 100 16.10 0.97 

Note:  

1. Wall 1 consists of SPF framing and OSB panels sheathed on both sides of the framing.  
2. F is the seismic force applied to each level, determined in accordance with Clause 4.1.8.11.6) of the 

National Building Code of Canada.  
3. ve is the factored seismic force applied on the shear walls.   
4. vr is the factored shear resistance of the selected shear walls in accordance with CSA O86. 

 

Check the ratio of second storey to first storey over-capacity coefficients: 

2.105.1
97.0
02.19.0

1

2 
C
C , okay 

Calculate Mv and J per Clause 4.1.8.11.5) of NBCC 2010:  

0.1)675.0( vM  

953.0
5.1

175.0)16.0(1)5.0675.0(
)5.00.2(

)5.0()0.2()5.0()675.0( 








JJJJ  
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Table 7         Design of boundary members of Wall 1 

Level 
wd wl F wdxLw wlxLw F 

Jx 
Mf 1.2 Tf 1.2 Cf Steel 

rod 
Tr 

Stud 
Cr 

kN/m kN/m kN kN kN kN kN.m kN kN kN kN 

Roof 1.12 2.44 13.6 3.6 7.8 13.6 1.00 37.5 15.1 21.8 SR9 142.0 6-2x6 179.0 

5th 3 3 13.2 13.2 17.4 26.9 1.00 111.3 43.5 64.5 SR9 142.0 6-2x6 179.0 

4th 3 3 10.6 22.8 27.0 37.5 1.00 214.3 85.3 120.7 SR9 142.0 6-2x6 179.0 

3rd 3 3 7.9 32.4 36.6 45.4 0.99 336.6 135.9 185.8 SR9 142.0 10-2x6 298.3 

2nd 3 3 5.3 42.0 46.2 50.7 0.98 468.7 191.1 255.4 HSR9 303.7 12-2x6 358.0 

1st 3 3 2.6 51.6 55.8 53.4 0.97 604.3 247.9 326.6 HSR9 303.7 14-2x6 417.6 

Note:  

1. wd and wl are the specified dead and live load on the wall, respectively.  
2. Mf is the bending moment at the bottom of the shear wall.   
3. Ls is the length of the shear wall, which is 3.2 m.  
4. Lc is the distance between the centres of steel rods, which is 2.6 m.  
5. Tf = Mf / Lc - ∑(wd  Lw) / 2 
6. Cf = Mf / Lc + ∑((wd + 0.5wl)  Lw) / 2 
7. Tr is the tensile capacity of the steel rod. 
8. Cr is the compression perpendicular capacity of the wood plates.  

 
The properties of the steel rods are provided in Table 8. 

Table 8         Properties of steel rods 

ATS 
Size 

 
(in) 

Ag 
 

(in2) 

Ae 
 

(in2) 

(0.4Ag + 
0.6Ae) 
(in2) 

(0.4Ag + 
0.6Ae) 
(mm2) 

Tr 
 

(kN) 

MOE 
 

(MPa) 

SR9 1 1/8 0.994 0.763 0.855 551.9 142.0 200 

HSR9 1 1/8 0.994 0.763 0.855 551.9 303.7 200 

Note: 

For the purpose of calculating steel rod elongation, a modified area is used to take into account the threaded and 
non-threaded portion of the steel rod. Assuming that 40% of the steel rod is not threaded and 60% of the steel rod is, 
the modified area At = 0.4 Ag + 0.6 Ae 

 
Wall 2, Wall 3, Wall 4, and Wall 5 can be determined following the same method.   
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Step 5: 

Determine the deflection and the period T of each stacked shear wall, based on the wall 
properties determined in Step 4.   

According to Clause 4.1.8.11(3)(d)(v) of the National Building Code of Canada, the deflection 
can be calculated based on the base shear, with the period determined in accordance with a 
mechanics-based approach without the 2 × Ta upper limit. Using the seismic forces determined 
in Step 4 as initial input data, the deflection is calculated in accordance with Annex A.11.7.1 of 
CSA O86-14. The inter-storey deflection of stacked multi-storey shear walls can be determined 
as follows (Newfield et al. 2013a): 
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where: 

Vi = shear force at level i 

 =   

n

ij jF  

Mi = moment at level i 

 =  

n

ij jjHV1  , Mn = 0 

Hi = height of the shear wall at level i 

Li = length of the shear wall at level i 

(EI)i = bending stiffness of the shear wall at level i 

en,i = nail deformation at level i 

da,i = sum of vertical deformation due to the bearing of wood plates in compression and 
elongation of the wall anchorage system in tension at level i  






1

1

i

j j  = cumulative rotation due to bending from the levels below  






1

1

i

j j  = cumulative rotation due to wall anchorage system elongation from the levels below. 
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For shear walls using continuous steel rods as hold-downs, the transformed moment of inertia 
should be used (Newfield et al. 2013). This can be determined as follows (as shown in 
Figure 24): 

cEE    

c

t

E
En    

nAA ttrt ,   

ctrt

cc
tr AA

LAy





,
  

 22
, trcctrtrttr yLAyAI    

Where Itr is the transformed moment of inertia of the shear wall in terms of Ec for compression, 
where the tension chord area is transformed by ct EEn / .  

 

Figure 24        Shear wall section 

The transformed moment of inertia and neutral axis are provided in Table 9. 
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Table 9         Moment of inertia and neutral axis of Wall 1 

Level 
Ec Et Ac At At,tr ytr Itr 

N/mm2 N/mm2 mm2 mm2 mm2 mm mm4 

Roof 9500 200000 31920 552 11618 1906 5.76E+10 

5th 9500 200000 31920 552 11618 1906 5.76E+10 

4th 9500 200000 31920 552 11618 1906 5.76E+10 

3rd 9500 200000 53200 552 11618 2134 6.45E+10 

2nd 9500 200000 63840 552 11618 2200 6.64E+10 

1st 9500 200000 74480 552 11618 2249 6.79E+10 

 
The deflection for each storey is summarized in Table 10. 

Table 10         Deflection of Wall 1 

Level 
V M E Itr Bv ve en da 

 da/Ls   
s 

N N.mm N/mm2 mm4 N/mm N mm mm mm 

Roof 13621 0.00E+00 9500 5.76E+10 22000 319 0.165 0.2 2.34E-03 9.42E-05 6.52E-03 26.40 

5th 26864 3.75E+07 9500 5.76E+10 22000 630 0.490 0.7 2.14E-03 3.74E-04 6.14E-03 28.35 

4th 37459 1.11E+08 9500 5.76E+10 22000 585 0.422 1.3 1.74E-03 8.19E-04 5.32E-03 26.13 

3rd 45405 2.14E+08 9500 6.45E+10 22000 709 0.443 1.5 1.28E-03 1.24E-03 4.08E-03 22.67 

2nd 50702 3.37E+08 9500 6.64E+10 22000 792 0.559 1.8 6.99E-04 1.77E-03 2.31E-03 18.26 

1st 53351 4.69E+08 9500 6.79E+10 22000 834 0.627 2.2 0.00E+00 2.31E-03 0.00E+00 11.64 

Note: 
 
s is the inter-storey drift. 
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 , in which the first term is the crushing of the steel plate of the steel rod into wood 

plates on the tension side, and the second term is the bearing deformation of the top and bottom wood plates of the 
wall on the compression side. 
 
Where: 
Tf,i = Tension load at level i 
Tr,i = Steel rod capacity at level i 
dmax,i = Steel plate crushing deformation at steel rod capacity at level i, which can be found in the product 

catalogues. In this design example, dmax is assumed as 1.0 mm for SR9 and 2.0 mm for HSR9.  
Cf,i = Compression load at level i 
Ec,i = Modulus of elasticity perpendicular to grain of wood plates at level i. In this study, it is taken as 

1/20 modulus of elasticity parallel to grain. 
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Ac,i = Bearing area of the wood plates at level I. In this study, it is equal to the cross-section of end studs 
in compression.  

L,i = Total bearing thickness of the wood plates at level i. A total of three wood plates (two top plate and one 
bottom plate) was assumed in this study.  

 
According to FEMA 450 commentary (BSSC 2003), the period can be determined as follow: 
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where: 
Fi = the seismic lateral force at level i 
wi = the seismic weight assigned to level i 
i = the static lateral displacement at level i due to the force Fi computed on a linear 

elastic basis, and 
g = the acceleration due to gravity. 
 
The period of Wall 1 is determined in Table 11. 

Table 11         Fundamental period of Wall 1 (iteration #1) 

Level 
wi Fi i wii

2 Fii 

kN kN mm kN.mm2 kN.mm 

Roof 75 13.6 133.45 1335600 1818 

5th 87.5 13.2 107.05 1002729 1418 

4th 87.5 10.6 78.70 541918 834 

3rd 87.5 7.9 52.57 241836 418 

2nd 87.5 5.3 29.90 78214 158 

1st 87.5 2.6 11.64 11850 31 

    3212147 4676 

sT 66.1
46769800

32121472 
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As the nail deformation, en, is a nonlinear term that is dependent on the lateral force of the nail 
joint, the deflections need to be recalculated until the force on the nail joints converges.  

Iteration round #1: 

Using T = 1.66 s, the Mv and J factors are obtained as follows:   

1.1)66.1( vM  

690.0
5.1

16.1)16.0(1)5.066.1(
)5.00.2(

)5.0()0.2()5.0()66.1( 








JJJJ  

The new base shear is obtained as follows: 
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The seismic forces, deflection and period are provided in Figure 25 and Tables 12 and 13. 

 

Figure 25        Vertical distribution of seismic forces (iteration #1) 

  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 3 – Structural Design 
54 

Table 12         Deflection of Wall 1 (iteration #1) 

Level 

V M E Itr Bv ve en da 

 da/Ls  

s

N N.mm N/mm2 mm4 N/mm N mm mm mm 

Roof 8472 0.00E+00 9500 5.76E+10 22000 199 0.099 0.1 1.07E-03 5.86E-05 3.14E-03 12.83 

5th 13905 2.33E+07 9500 5.76E+10 22000 326 0.171 0.4 9.51E-04 2.13E-04 2.93E-03 13.06 

4th 18251 6.15E+07 9500 5.76E+10 22000 285 0.143 0.7 7.38E-04 4.36E-04 2.49E-03 11.83 

3rd 21511 1.12E+08 9500 6.45E+10 22000 336 0.142 0.7 5.13E-04 6.35E-04 1.86E-03 9.89 

2nd 23685 1.62E+08 9500 6.64E+10 22000 370 0.162 0.8 2.65E-04 8.48E-04 1.01E-03 7.46 

1st 24771 2.03E+08 9500 6.79E+10 22000 387 0.172 0.8 0.00E+00 1.01E-03 0.00E+00 4.34 

 

Table 13         Fundamental period of Wall 1 (iteration #1) 

Level 
wi Fi i wii

2 Fii 

kN kN mm kN.mm2 kN.mm 

Roof 75 8.5 59.41 264738 503 

5th 87.5 5.4 46.58 189837 253 

4th 87.5 4.3 33.52 98334 146 

3rd 87.5 3.3 21.70 41191 71 

2nd 87.5 2.2 11.80 12191 26 

1st 87.5 1.1 4.34 1647 5 

    607939 1003 

sT 56.1
10039800

6079392 


   

Iteration round #2: 

Using T = 1.56 s, the Mv and J factors are obtained as follows:   

08.1)56.1( vM  

717.0
5.1

06.1)16.0(1)5.056.1(
)5.00.2(

)5.0()0.2()5.0()56.1( 
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Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Structural Design - Chapter 3 

55 

The new base shear is obtained as follows: 

240.033.0)33.017.0(
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0.156.1)56.1( 
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The seismic forces, deflection and period are provided in Figure 26 and Tables 14 and 15: 

 

Figure 26        Vertical distribution of seismic forces (iteration #2) 

Table 14         Deflection of Wall 1 (iteration #2) 

Level 

V M E Itr Bv ve en da 

 da/Ls  

s

N N.mm N/mm2 mm4 N/mm N mm mm mm 

Roof 8772 0.00E+00 9500 5.76E+10 22000 206 0.103 0.2 1.13E-03 6.06E-05 3.31E-03 13.49 

5th 14531 2.41E+07 9500 5.76E+10 22000 341 0.182 0.4 1.01E-03 2.22E-04 3.08E-03 13.76 

4th 19139 6.41E+07 9500 5.76E+10 22000 299 0.150 0.7 7.87E-04 4.54E-04 2.63E-03 12.46 

3rd 22595 1.17E+08 9500 6.45E+10 22000 353 0.152 0.8 5.50E-04 6.64E-04 1.97E-03 10.47 

2nd 24898 1.70E+08 9500 6.64E+10 22000 389 0.173 0.8 2.86E-04 8.92E-04 1.07E-03 7.92 

1st 26050 2.16E+08 9500 6.79E+10 22000 407 0.185 0.9 0.00E+00 1.07E-03 0.00E+00 4.62 
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Table 15         Fundamental period of Wall 1 (iteration #2) 

Level 
wi Fi i wii

2 Fii 

kN kN mm kN.mm2 kN.mm 

Roof 75 8.8 62.74 295199 550 

5th 87.5 5.8 49.25 212201 284 

4th 87.5 4.6 35.48 110153 163 

3rd 87.5 3.5 23.02 46355 80 

2nd 87.5 2.3 12.55 13773 29 

1st 87.5 1.2 4.62 1869 5 

    679550 1111 

sT 57.1
11119800

6795502 


   

This is close enough to converge. In accordance with Clause 4.1.8.13.2) of the National Building 
Code of Canada 2010, lateral deflections must be multiplied by 𝑅𝑑𝑅𝑜 𝐼𝐸⁄  to give realistic values of 
anticipated deflections. Therefore, the deflections of the stacked, multi-storey shear walls are as 
shown in Table 16: 

Table 16         Inter-storey drift 

Level elastic 

(mm) 
× 𝑹𝒅𝑹𝑶

(mm) % 

Roof 13.45 68.6 2.5 

5th 13.71 69.9 2.5 

4th 12.42 63.3 2.3 

3rd 10.43 53.2 1.9 

2nd 7.89 40.2 1.5 

1st 4.60 23.5 0.9 

 

All the inter-storey drift ratios fall within the 2.5% limit specified in the National Building Code of 
Canada for normal type occupancy. It also suggests that using 2x the Code period is a 
reasonable assumption for the initial design. If the preliminary design could not meet the drift 
limit requirement using the base shear obtained based on the actual period, the shear walls 
should be re-designed until the drift limit requirement is satisfied. 
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3.12.2 Design for Openings in Wood Diaphragms  
(Neylon et al., 2013a) 

This building is a school gymnasium located in Surrey, British Columbia. The plan dimensions 
are 20 m x 30 m, with a total building height of 7 m. The walls are 190 mm reinforced CMU, and 
the roof diaphragm consists of plywood sheathing and SPF framing members. The roof plan is 
shown in Figure 27.  

The site is Seismic Class 'C'. Wind, snow and seismic data specific to the project location are 
taken from the 2010 edition of the National Building Code.  

Roof dead load is assumed to be 0.9 kPa and the wall weight is 2.89 kPa. The weight of non-
structural items including mechanical equipment has not been included in this example for 
simplicity. The introduction of openings into a diaphragm changes the forces from those for a 
diaphragm without openings. The design example below follows a design method developed by 
the Applied Technology Council (ATC) in the U.S. on how to determine forces around openings. 
The method assumes that a diaphragm with openings behaves similarly to a Vierendeel truss.   

The procedure for designing a diaphragm with openings is as follows: 

1. The diaphragm is first analysed without consideration of openings. 

2. The diaphragm segments above and below the openings, as shown in Figure 28, are 
analysed for the local effect of the lateral force on the elements, based on Vierendeel 
truss assumption. 

3. Net changes to chord force due to openings are determined by superimposing the 
results from Steps 1 and 2. 

4. Net shears in the portions of diaphragm beyond the openings are determined to 
distribute the net changes in the chord force into the diaphragm. 

5. Resultant shears in the diaphragm are determined by superimposing the net shears from 
Step 4 on those obtained from Step 1. 

6. The force in the framing members bordering the openings is determined. 

 

Figure 27        Plan view of diaphragm with openings 
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Figure 28        Diaphragm segments above and below opening 

In the analysis, the clockwise shear and moment are considered positive, tension is considered 
negative and compression is considered positive. 

This design example addresses only the force in the N-S direction. Designers may follow the 
same procedure for the E-W direction. Forces derived from design example: Wood diaphragm 
on reinforced CMU shear walls (Neylon et al., 2013b) are used; however, the 5% offset for 
accidental torsion is ignored, i.e., a total lateral load of 22.1 kN/m, which is assumed to be 
equally applied on both edges of the diaphragm (11.05 kN/m). Note that for wind load cases, the 
load would be distributed based on pressure/suction. 

1. Determine forces at locations of interest without consideration of openings 

Shear forces:  

V1 = 22.1  30  1/2 = 332 kN or 332/20 = 16.6 kN/m 

V2 = 22.1  (30/2 - 6) = 199 kN or 199/20 = 9.95 kN/m 

V3 = 22.1  (30/2 - 7.5) = 166 kN or 166/20 = 8.29 kN/m 

V4 = 22.1  (30/2 - 9) = 133 kN or 133/20 = 6.63 kN/m 

V5 = 22.1  (30/2 - 15) = 0 kN or  0 kN/m  
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Moment: 

M1 = 0 kN∙m 

M2 = 22.1  1/2 x 6 (30 - 6) =1591 kN∙m 

M3 = 22.1  1/2 x 7.5 (30 - 7.5) = 1865 kN∙m 

M4 = 22.1  1/2 x 9.0 (30 - 9.0) = 2088 kN∙m 

M5 = 22.1  1/2 x 15 (30 - 15) = 2486 kN∙m 

Chord forces: 

T1 = C1 = 0 kN 

T2 = -M2 / 20 = -79.6 kN, C2 = M2 / 20 = 79.6 kN 

T3 = -M3 / 20 = -93.2 kN, C3 = M3 / 20 = 93.2 kN 

T4 = -M4 / 20 = -104 kN, C4 = M4 / 20 = 104 kN 

T5 = -M5 / 20 = -124 kN, C5 = M5 / 20 = 124 kN 

2. Determine forces around openings based on Vierendeel truss assumption 

In using the Vierendeel truss analogy, it is assumed that the points of contraflexure occur at 
mid-length of the opening; therefore, the force in the chords at mid-length of the opening 
(gridline 3) is zero. The shear and chord forces in the diaphragm segments on each side of the 
opening are shown in the free-body diagrams, as in Figure 29. 

To make portions of the diaphragms above and below the openings (segments I, II, III and IV) 
statically determinate, a further assumption is made that the diaphragm segment stiffnesses are 
proportional to their depth in the direction of load; consequently, the shear is distributed to the 
segments based on their relative depth. 

Segment I: 

F3,a = C3 = 93.2 kN 

F3,b = 0 kN 

V4,a-b = V4  La-b / (La-b + Lc-d)  →  V4,a-b = 133 kN  6 / (6 +4) = 79.6 kN, or 79.6/6 = 13.3 kN/m 

V3,a-b = V4,a-b + w x L3-4  →  V3,a-b = 79.6 kN + 11.05 kN/m x 1.5 m = 96.1 kN, or 96.1/6 = 16.0 kN/m 

∑M3,b = 0: 93.2  6  +  11.05  1.52 / 2  +  79.6  1.5  -  F4,a  6 = 0  → F4,a = 115 kN  

∑Fchord = 0: 115  -  93.2 +  F4,b = 0  → F4,b = -22.0 kN  
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Segment II: 

F3,a = C3 = 93.2 kN 

F3,b = 0 kN 

V3,a-b = 96.1 kN, from Segment I 

V2,a-b = V3,a-b + w x L2-3  →  V2,a-b = 96.1 kN + 11.05 kN/m  1.5 m = 113 kN, or 113/6 = 18.8 kN/m 

∑M3,b = 0: 113  1.5  -  11.05  1.52 / 2  -  93.2  6  +  F2,a  6 = 0  → F2,a = 67.1 kN 

∑Fchord = 0: 67.1  -  93.2 +  F2,b = 0  → F2,b = 26.1 kN 

Segment III: 

F3,d = T3 = -93.2 kN 

F3,c = 0 kN 

V4,c-d = V4 - V4,a-b  →V4,c-d = 133 kN - 79.6 kN = 53.0 kN, or 53.0/4 = 13.3 kN/m 

V3,c-d = V4,c-d + w x L3-4 → V3,c-d = 53.0 kN + 11.05 kN/m x 1.5 m = 69.6 kN, or 69.6/4 = 17.4 kN/m 

∑M3,c = 0: 93.2  4  +  11.05  1.52 / 2  +  53.0  1.5  +  F4,d  4 = 0  → F4,d = - 116 kN 

∑Fchord = 0: - 116  +  93.2 +  F4,c = 0 → F4,c = 23.0 kN 

Segment IV: 

F3,d = T3 = -93.2 kN 

F3,c = 0 kN 

V3,c-d = 69.6 kN, from Segment III 

V2,c-d = 69.6 kN + 11.05 kN/m x 1.5 m = 86.2 kN, or 86.2/4 = 21.5 kN/m  

∑M3,c = 0: 86.2  1.5  -  11.05  1.52 / 2  -  93.2  4  -  F2,d  4 = 0  → F2,d = -64.0 kN  

∑Fchord = 0: -64.0  +  93.2 +  F2,c = 0  → F2,c = -29.2 kN  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Structural Design - Chapter 3 

61 

 

Figure 29        Shear and chord forces of diaphragm segments based on  
Vierendeel truss assumption 

3. Determine net changes to the chord forces due to the openings in the diaphragm 
(difference between Steps 1 and 2 at each location) 

Calculate the net changes to chord forces due to openings in the diaphragm. 

On Gridline 2: 

C2 → F2,a: 79.6 kN → 67.1 kN = -12.4 kN 

0 → F2,b: 0 →  26.1 kN = 26.1 kN 

0 → F2,c: 0 →  -29.2 kN = -29.2 kN 

T2 → F2,d: -79.6 kN →  -64.0 kN = 15.5 kN 
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On Gridline 4: 

C4 → F4,a: 104 kN → 115 kN = 10.8 kN 

0 → F4,b: 0 kN  → -22.0 kN = -22.0 kN 

0 → F4,c: 0 kN  →  23.0 kN = 23.0 kN 

T4  → F4,d: -104 kN →  -116 kN = -11.8 kN 

Tension straps at the corners of the opening should be provided to prevent it from pulling apart. 

4. Distribute the net shear into the available diaphragm sheathing 

The net changes in the chord forces due to the opening must be distributed into the diaphragm 
sheathing beyond the opening. The minimum distance beyond the opening should be greater 
than the diaphragm depth divided by the maximum aspect ratio of the diaphragm. In this 
example, the distance beyond the opening on each side is 6 m, and thus 20/4 = 5 <6 m.  

On Gridline 2: 

The diaphragm dimension to the wall is 6 m.   

@ 1, a-b  &  @ 2, a-b  -12.4 / 6 = -2.07 kN/m 

@ 1, b-c  &  @ 2, b-c  -12.4 + 26.1 / 6 = 2.28 kN/m 

@ 1, c-d  &  @ 2, c-d  -12.4 + 26.1 -29.2 / 6 = -2.59 kN/m 

On Gridline 4: 

The dimension to Gridline 5 is 6.0 m. Assume the shear can be distributed across this width. 

@ 4, a-b  &  @ 5, a-b  -10.8 / 6 = -1.80 kN/m 

@ 4, b-c  &  @ 5, b-c  -(10.8-22.0) / 6 = 1.86 kN/m 

@ 4, c-d  &  @ 5, c-d  -(10.8-22.0+23.0) / 6 = -1.97 kN/m 

The net shear distributed into the diaphragm due to the net changes in the chord forces on 
Gridlines 2 and 4 is depicted in Figures 30a and b respectively. The mechanism is explained in 
Figure 30c and d. 
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(a) 

 

(b) 
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(c) 

 

 

(d) 

Figure 30        Net shear forces in diaphragm around opening 

Figure 30c shows the free-body diagram of the diaphragm portion between Gridlines a-b and 
1-2. The net change in chord force due to opening generated a force of 12.4 kN in tension. 

∑ M2−b = 0 

R1b =
−12.4 × 6

6
= −12.4 kN 
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Change in diaphragm shear is: 

∆v =
−12.4

6
= −2.07 kN/m 

Figure 30d shows the free-body diagram of the diaphragm portion between Gridlines b-c and 
1-2. The net change in chord force due to opening generated a force of 26.1 kN in compression. 

∑ M2−c = 0 

R1c =
(26.1 − 12.4) × 10

6
= 22.8 kN 

Change in diaphragm shear is: 

∆v =
(26.1 − 12.4)

6
=

22.8

10
= 2.28 kN/m 

5. Determine the resultant shear in the diaphragm 

The changes in shears due to openings, from Step 4, are combined with the shear for the 
diaphragm without openings (from Step 1) to determine the resultant shear in the diaphragm. 

 Without openings With openings 

@1, a-b 16.6 kN/m +  -2.07 kN/m = 14.5 kN/m 

@1, b-c 16.6 kN/m +  2.28 kN/m = 18.8 kN/m 

@1, c-d 16.6 kN/m +  -2.59 kN/m = 14.0 kN/m 

@2, a-b  9.95 kN/m +  -2.07 kN/m = 7.87 kN/m 

@2, b-c  9.95 kN/m +  2.28 kN/m = 12.2 kN/m 

@2, c-d  9.95 kN/m +  -2.59 kN/m = 7.36 kN/m 

@4, a-b  6.63 kN/m +  -1.80 kN/m = 4.83 kN/m 

@4, b-c  6.63 kN/m +  1.86 kN/m = 8.49 kN/m 

@4, c-d  6.63 kN/m +  -1.97 kN/m = 4.66 kN/m 

@5, a-b  0 kN/m  +  -1.80 kN/m = -1.80 kN/m 

@5, b-c  0 kN/m  +  1.86 kN/m = 1.86 kN/m 

@5, c-d  0 kN/m  +  -1.97 kN/m = -1.97 kN/m 
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6. Determine the forces in the framing members bordering the opening 

Combine the unit shears along each side of the member to determine the force to be "collected" 
in the framing members along the opening edges parallel to the lateral load. The axial forces in 
the framing members bordering the opening are shown in Figure 31. The joists should be 
spliced across glulam beams using strap ties to provide continuous framing members between 
Gridlines 1 and 2, and 4 and 5 to distribute the net shear forces into the diaphragm sheathing.  

Gridline 2: 

@2, a-b 18.8 kN/m - 7.87 kN/m = 10.9 kN/m  6.0 m = 65.5 kN 

@2, c-d -21.5 kN/m + 7.36 kN/m = -14.1 kN/m  4.0 m = -56.8 kN 

Gridline 4: 

@4, a-b -13.3 kN/m + 4.83 kN/m = -8.47 kN/m   6.0 m = -50.6 kN 

@4, c-d 13.3 kN/m - 4.66 kN/m = 8.64 kN/m  4.0 m = 34.4 kN 

 

(a) 
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(b) 

Figure 31        Resultant shear forces in diaphragm around opening 

Note that if the analysis starts with Gridline 2, instead of Gridline 4 as shown in this example, 
different results will be expected. There is a 7% decrease in maximum shear in the diaphragm 
and no obvious difference in the maximum chord forces at Gridline 2 and 4. However, the 
maximum axial forces are higher in the framing members bordering the opening if the analysis 
starts with Gridline 2. In this example, a difference of 13% occurs in the force in the members 
parallel to the load. It is recommended that the more conservative values be used. 

Design members to carry forces and shears in diaphragm. 

In this example, the forces due to the opening have been derived. Members should now be 
designed to carry these forces. The maximum factored unit shear in the diaphragm is 
21.5 kN/m; the maximum factored chord force is 22.1  302/(8  20) = 124 kN, located at mid-
span; and the maximum factored axial force is 65.5 kN and 29.2 kN in the framing members 
bordering the opening parallel and perpendicular to load respectively.   

Reviewing the diaphragm shear forces, the maximum factored unit shear is 21.5 kN/m. Different 
from design example: Wood diaphragm on reinforced CMU shear walls (Neylon et al., 2013), 
DF-L framing members are chosen. Use 18.5-mm plywood with 3” (3.66-mm diameter) nails 
spaced @ 64 mm o.c. at the blocked diaphragm boundaries and at continuous panel edges and 
100-mm o.c. at other panel edges, and the minimum width of the framing member is 89 mm. 
Two lines of fasteners are required. The factored shear resistance is:  

vr = 23.5 kN/m > 21.5 kN/m 
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Although the opening causes an increase in the tension and compression forces in the chords at 
the boundary of the diaphragm at Gridline 4, the maximum force is still located at mid-span (equal 
to 22.1  302/(8  20) = 124 kN). By inspection, the CMU wall bond beam capacity is adequate.  

It is logical to place primary roof members on either side of the opening, to carry joists, frame 
the opening edges and carry drag forces. In this example, the primary roof members are glulam 
members of 175mm x 1102mm, sized for gravity loads. By inspection, these will have adequate 
capacity to carry the tension/compression force that develops along Gridline 2 and 4 (maximum 
65.5 kN, from Step 6 above). It should be noted that these glulam beams should be checked for 
the combined bending/tension or bending/compression load combinations. 

There is also an increase in force in the framing members bordering the opening in the direction 
perpendicular to load, D.Fir-L No.1 89x235 joists frame the opening and have sufficient tensile 
resistance to resist the tendency at the corners of the opening to pull apart under lateral load. 
From the analysis above, the maximum tensile force, at F2,c, is 29.2 kN, so a Simpson CMST14 
steel strap is acceptable (capacity = 37.5 kN). The strap is 75 mm wide, using 10d nails; 
therefore, a minimum edge distance of 19 mm is required – an 89x235 joist is acceptable, 
providing an edge distance of 25 mm for this strap. The connection detailing is shown in 
Figure 32. The D.Fir-L joists framing the opening should be continuous between Gridline 1 and 
2, and Gridline 4 and 5, and therefore tension straps are also required to transfer these forces 
over the glulam beams. When the framing members are in compression, the joists bear against 
the glulam beam and the connections do not need to be designed to transfer this compression. 

As shown in design example: Wood diaphragm on reinforced CMU shear walls (Neylon et al., 
2013), a check should be completed to ensure that the anchorage forces due to wall 
components can be carried, i.e., subdiaphragms and/or cross-ties. 

 

Figure 32        Schematic of connection details around opening 
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4.1 FUNDAMENTALS 
To control wood-frame floor vibration induced by normal walking, there is a need to know what 
causes annoying vibrations. How does a floor respond to normal walking? What are the special 
features of wood-frame floors that affect the response? What are the critical relevant design 
parameters affecting wood-frame floor vibrations induced by normal walking? What are the 
critical construction parameters affecting the vibration of wood-frame floors? How do humans 
perceive floor vibration? What should be the strategy for controlling the vibration of wood-frame 
floors induced by normal walking? This Chapter provides the answers to these questions that 
will give designers and builders the background knowledge to understand appropriate solutions 
to control wood-frame floor vibration induced by normal walking. A new proposed design 
method has been developed that can be used to determine the vibration-controlled spans for 
wood-frame floors built with joists and subfloors as basic components. 

4.1.1 Cause of Floor Vibrations Induced by Normal Walking – 
Characteristics of Footstep Force Generated by Normal Walking 

When a person is walking on a floor, the heel drop of each footstep makes an impact on the 
floor. The impulse of the heel drop impact force vibrates the floor. The time history of a heel 
impact force measured by Lenzen and Murray (1969) was shown in Figure 1. 

 

Figure 1 A force function based on an average of five heel drop forces on a concrete 
surface measured by Lenzen and Murray (1969) 

Considerable research has been conducted on measuring the dynamic forces produced by a 
series of footsteps, as a person or a group of people walk on a floor (Rainer and Pernica, 1986; 
Ohlsson, 1991; Ebrahimpour et al., 1994; Kerr and Bishop, 2001). They found that the dynamic 
forces generated were composed of wave trains of harmonics of the walking rate about 2 Hz. 
The significant low frequency contributions were generally contained within the first three to four 
harmonics (Figure 2).  
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Ohlsson (1991) summarized the findings described previously as follows: 1) the footstep force 
generated by walking comprises two components, 2) one component is a short duration impact 
force induced by the heel of each footstep on the floor surface, as illustrated in Figure 1; the 
duration of the heel impact varies from about 30 ms to 100 ms, depending on the conditions and 
materials of the two contact surfaces (the floor and the shoes worn by the person walking) and on 
the weight and gait of the person, and 3) the other component is the walking rate, a continuous 
series of footsteps consisting of a wave train of harmonics, at multiples of about 2 Hz. 

 

Figure 2 Fourier transform spectrum of the loading time history of a person's normal 
walking action measured by Rainer and Pernica (1986) 

4.1.2 Conventional North American Wood-Frame Floors 
As shown in Figure 3, the conventional North American wood-frame floors are composed of wood 
joists spaced at 305 mm (12 in.), 406 mm (16 in.) or 610 mm (24 in.) on centre and a subfloor. The 
wood joists are either solid sawn lumber or engineered wood members, such as wood I-joists, 
parallel chord wood trusses, and other innovative products. The framing is then sheathed with 
wood-based panels such as plywood and OSB, also referred to as subfloor. The thickness of the 
subfloor varies with the joist spacing. The minimum required thickness of subfloor is 16 mm for joist 
spacing between 400-500 mm, and 18 mm for joist spacing of 600 mm. The subfloor is fastened to 
the joists using mechanical fasteners, such as nails or screws alone, or in combination with an 
adhesive. Such a floor system is highly orthotropic. The stiffness and strength of the floors along 
the joist direction is much higher than in perpendicular-to-joist direction. Lateral reinforcement 
elements, such as bridging, blocking, strapping and strongbacks, are commonly used to improve 
the load-sharing capacity of the wood-frame floors and to enhance the floor stiffness and strength 
in the perpendicular-to-joist direction (Figure 4). The base wood-frame floors are lightweight, have 
a mass density of about 15-25 kg/m2 and high stiffness-to-mass ratios that are reflected in the high 
fundamental natural frequencies of the wood-frame floors (typically > 14 Hz).  
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For fire resistance, gypsum wallboard is typically attached to the bottom of the joists. For noise 
control, gypsum boards are attached to the bottom of the joists using resilient channels or 
acoustic hangers, and the floor cavity between joists may be filled with a sound absorption 
material. A heavy topping can be added on the subfloor through a resilient underlayment (not 
shown in Figure 3), as another means of enhancing sound insulation. Moreover, a finished floor 
is added to the top of the subfloor or topping. 

 

Figure 3 A typical North American wood-frame floor system 
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(a) Cross-bridging  (b) Blocking 

 

 

 
(c) Lumber strapping  (d) Strongback 

  

Figure 4 Conventional lateral reinforcements commonly used in wood-frame floors 

4.1.3 Response of Wood-Frame Floors to the Footstep Force 
Generated by Normal Walking 

The way a floor responds to the footstep excitation described above depends on the floor’s 
inherent properties, such as mass, stiffness, and capacity to dissipate the excitation energy 
(i.e., damping of the floor system.) Understanding the nature of the footstep force leads to the 
conclusion that the two components in the walking excitation can initiate two types of vibrations, 
depending on the inherent properties of the floor. The two types of vibrations are transient 
vibration and resonance.  

If the fundamental natural frequency of a floor is above 8-10 Hz and is far above the footstep 
frequency and its predominate harmonics, then the vibration induced by the footstep forces is 
most likely dominated by a transient response caused by the individual heel impact force from 
each footstep. The transient vibration decays quickly, and takes place at multiples of the 
footstep frequency. The peak values of a transient vibration are mainly governed by the stiffness 
and mass of the system.  
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On the other hand, if the floor fundamental natural frequency is below 8-10 Hz, and is in the 
range of the footstep frequency and its predominate harmonics, then the floor most likely will 
resonate with one of the harmonics, and the resonance will be constantly maintained by the 
action of the walking excitation. The magnitude of the resonance is significantly affected by the 
damping ratio of the floor system. Furthermore, if the floor fundamental natural frequency is 
around 2 Hz, which is close to the footstep frequency, the magnitude of the resonance will be 
high because, as shown in Figure 2, most of the energy in the walking excitation is concentrated 
at the walking frequency.  

The fundamental natural frequency of a floor is further governed by the stiffness and mass of 
the system. The fundamental natural frequency of a floor built with a heavy material, such as 
concrete slabs, can be below 10 Hz, while the fundamental natural frequency of a floor built with 
a material having a high ratio of stiffness to mass, such as wood, is most likely above 10 Hz. 
The field and laboratory studies (Onysko, 1985; Hu, 2000) found that all wood-frame floors 
tested had a fundamental natural frequency above 10 Hz, including floors exhibiting excessive 
vibrations and floors with a 38 mm thick, normal weight concrete topping. It was also found that 
these field wood-frame floors had an average first mode damping ratio of 3.6%. Figure 5 shows 
a typical measured acceleration response to the footstep force of a person walking on a field 
wood-frame floor having a fundamental natural frequency of 11.9 Hz. The figure shows that the 
floor response was a train of transient vibrations with the typical features of transient vibration 
described above. Figure 6 shows a measured acceleration response due to walking excitation 
on a steel-concrete office floor having a fundamental natural frequency of 5.1 Hz that is near the 
second harmonic of the walking force (Murray et al., 1997). 

 

Figure 5 Vibration response of a field wood-frame floor to footstep forces 
from a person walking 
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Figure 6 Walking acceleration response to walking excitation of an office floor 
having a fundamental natural frequency of 5.1 Hz published by Murray et al. (1997) 

As can be noted, in comparison with the response from the wood-frame floor shown in Figure 5, 
the vibration response from the heavy floor system does not have high initial peak acceleration 
relative to the other parts of the signal; in addition, the vibration persists for a longer time and is 
dominated by the resonance frequency. 

4.1.4 Critical Design Parameters for Wood-Frame Floor Vibration 
Control 

Floor spans may be limited by floor vibration control. The job of the designers is to select the 
type of joist and subfloor, based on engineering calculations. The span, floor joist and subfloor 
properties provide the information on the floor mass and stiffness. As discussed in 
Subsection 4.1.3, the walking-induced vibration of wood-frame floors is dominated by transient 
vibration, which is determined by the floor mass and stiffness. The critical design parameters for 
wood-frame floor vibration control are therefore the floor mass and stiffness. 

4.1.5 Construction Parameters Significantly Affecting Wood-Frame 
Floor Vibration 

Besides the base floor design properties (e.g., the span, the stiffness and mass), the floor 
construction details affect floor vibration performance as well. The construction details of wood-
frame floors include the use of glue for joist-subfloor connection along with the mechanical 
fasteners, the lateral reinforcements, continuous joists over multi-spans, cementitious topping, 
finishes, partitions and the ceiling. A report by Hu (2000) describes the effects of various floor 
construction details on floor vibration performance. A brief summary of the effects is provided below. 

4.1.5.1 Effect of Use of Glue along with Mechanical Fasteners at Joist-Subfloor 
Connections 

Use of glue along with mechanical fasteners, such as nails or screws at joist-subfloor 
connections, significantly increases floor stiffness. 
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4.1.5.2 Effect of Cementitious Topping 
The use of a cementitious topping on wood-frame floors increases floor stiffness, as measured 
by a significantly reduced static deflection. However, the topping also adds a significant mass to 
the wood-frame floor. For example, the area density of a base wood-frame floor is typically 
about 15-25 kg/m2 and that of a 38 mm thick normal weight concrete topping is about 76 kg/m2. 
To achieve good sound insulation, the topping should be floated on the subfloor through a 
resilient layer. Such a floating mass of topping significantly reduces the floor fundamental 
natural frequency, which can be a major concern for vibration performance. 

4.1.5.3 Effect of Floor Finishing 
Similar to topping, the floor finishing, such as wood flooring and tiles, slightly reduces the 
measured floor static deflection, but also adds mass to the floors even if the additional mass is 
not as significant as the cementitious topping. 

4.1.5.4 Effect of the Continuity of the Joists over Intermediate Support 
Engineered wood products are available in long lengths, which provide designers and architects 
with the flexibility to build floors with large clear open spaces or multiple spans. Continuous 
multi-span floor systems are simple and easy to install and can therefore save time and 
installation cost. Tests were conducted on two double-span floors. It was found that the 
continuity of the joists over an intermediate support increased the floor stiffness, as indicated by 
the reduced static deflection, which is 10-20% less than the deflection of the single-span floor 
that had the same span length; however, the continuity did not change the fundamental natural 
frequency of the floor. 

4.1.5.5 Effect of Lateral Reinforcements 
Studies have shown that after the installation of lateral reinforcements, the static deflections at 
the floor centre were reduced by 12% to 53.4%, depending on the lateral reinforcement type, 
spacing and attachment to the joists, as well as other floor construction details. In general, it 
was found that cross-bridging alone was not as effective as blocking (CWC et al., 1997). The 
combination of cross-bridging and strapping was found to be much more effective than cross-
bridging alone. Strongbacks could be quite effective, depending on their size relative to the 
joists. However, no noticeable increases in the fundamental natural frequency were observed in 
these test floors, after the addition of lateral reinforcement. This can be explained by the fact 
that lateral reinforcements stiffen the floors in the vicinity of the reinforcements and in the 
across-joist direction, but do not significantly increase floor stiffness along the joist direction—
the stiffness that governs the fundamental natural frequency. Point load static deflection is 
significantly affected by the local stiffness at the point where the deflection is measured. 
Because floor vibration performance depends on floor’s overall properties, the significant 
reduction in point load static deflection that results from the installation of lateral reinforcement 
does not necessarily result in a significant improvement in floor vibration serviceability.  

An FPInnovations’ study also found that the use of lateral reinforcements was less effective in a 
floor with a thick deck, such as concrete topping, than in a floor with a thin deck. This is because 
the lateral reinforcements mainly increase the stiffness perpendicular to the floor joist direction. 
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If the floor already has a thick deck, the lateral stiffness of the floor is higher than that of the 
floor having a thinner deck, so the additional increase in the lateral stiffness due to the 
installation of the lateral reinforcements in the floor with a thick deck is less noticeable than that 
in the floor with a thinner deck. 

4.1.5.6 Effect of Partition Walls 
An FPInnovations’ study found that partition walls on a floor perpendicular to floor joists 
contribute to the transverse stiffness of a floor and also add a line mass that is distributed 
across the joist direction. This improves the vibration performance of the floor. The degree of 
improvement depends on the length of the partition wall, the type of attachment of the partition 
wall to the floor, and the location of the partition wall on the floor. Installation of a partition wall 
on a floor parallel-to-joist direction reinforces the joist while also adding a line mass to it. 
However, it does not noticeably improve the performance of the entire floor. Only the 
performance in the vicinity of the partition wall is significantly improved. This explained the 
observations on field floors. Engineers observed that the same span floors in an open living 
room and in bedrooms that have four partition walls exhibited different vibration behaviours. The 
open living room floor was bouncy, but the bedroom floor was acceptable to the occupants. It is 
expected that the partition walls under a floor will enhance the floor vibration performance 
similarly to, or better than, the partition walls on the floor, because while the partition walls under 
the floor enhance the stiffness of the floor above, they do not add additional mass to the floor. 

4.1.5.7 Effect of Gypsum Wallboard Ceiling 
An FPInnovations’ study found that the installation of one or two layers of gypsum wallboards 
under the joists through resilient channels reduced the floor static deflection by 10-15%. The 
gypsum boards also added a mass to the floor, therefore reducing the fundamental natural 
frequencies of the floors by 20-25%. However, it was noticed that the ceiling system using the 
resilient channels increases floor damping (Hu, 1998). The positive and negative effects of the 
gypsum board ceiling on floor vibration consequently cancelled out one other, and the floor 
vibration performance was not noticeably changed. 

4.1.5.8 Summary of Construction Parameters Significantly Affecting Wood-Frame 
Floor Vibration 

Based on the studies described above, it can be summarized that the important construction 
parameters that significantly affect vibrations in wood-frame floor systems are: use of glue, 
lateral reinforcements and heavy weight topping. These parameters, if present, should be 
considered in a design method for floor vibration control.  

Partition walls affect wood-frame floor vibration, but they may not be permanent structural 
components and can be removed or added at any time; therefore, the positive contribution of 
internal partitions on floor vibration cannot be relied upon. This is also true for the floor finishes 
because typically, they change every 5 years, and so it is better not to include the finished 
flooring and partitions in a floor vibration-controlled design method. Joist continuity over 
intermediate supports and gypsum board ceiling does not significantly enhance floor vibration, 
therefore it could be ignored without much impact, and yet maintain the relative simplicity of any 
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design method. These variables could be an asset to ensure the vibration performance of the 
finished floors slightly better than that of the base floors. 

4.1.6 Human Perception to Floor Vibrations 
Numerous efforts have been made to identify factors affecting the human perception of 
vibrations through the subjective evaluation of laboratory and field floors, along with the 
measurement of response parameters (Wright and Green, 1959; Ohlsson, 1980; Onysko, 1985; 
Hu, 2000). 

In general, it was found that humans are more tolerant to short duration vibration (e.g., transient 
vibration) than the long-lasting resonance. Vibration performance parameters, such as floor 
static deflection, natural frequency, peak velocity, peak and root-mean-square (rms) 
acceleration was correlated with human perception of floor vibration. The combination of 
fundamental natural frequency and static point load deflection correlated well with human 
perception of vibrations for a broad range of wood-frame floors (Hu, 2000). Other combinations 
of fundamental natural frequency with vibration magnitude indicators, such as peak velocity, 
peak acceleration, and root-mean-square (rms) acceleration also yielded good correlations with 
human acceptability (Hu, 2000). 

4.1.7 Strategy of Controlling Floor Vibrations 
The above discussion clearly shows that vibration performance parameters, such as 
fundamental natural frequency, static deflection, velocity and acceleration, are potential 
predictors of human perception. These response parameters can in turn be predicted from 
inherent properties (e.g., stiffness, mass, and damping of the floors). As noticed before, the 
fundamental natural frequency is a function of floor stiffness and mass, the static deflection 
depends on floor stiffness, and velocity and acceleration response is dependent upon stiffness, 
mass, the dynamic excitation, and damping. As the response of wood-frame floors to walking 
excitation is most likely transient vibration which is mainly determined by floor stiffness and 
mass, therefore the strategy for controlling transient vibration of wood-frame floors is to control 
the proper combination of floor stiffness and mass. 

4.2 REVIEW OF THE DESIGN METHOD IN CURRENT CODES, 
STANDARDS AND LITERATURE 

4.2.1 Criteria for a Reliable Design Method 
What the designers and wood joist producers need is a simple method to determine the 
vibration-controlled spans for a given joist, or the joist size for a given floor span. The design 
method should be calibrated to human perception, reasonably reliable and robust. Robustness 
is required so that every user will arrive at the same solution, using the method, without the 
need to apply any artificial judgment. 
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4.2.2 Scope and Limitations of the Current Design Methods in 
Codes, Standards and Literature 

For decades, tremendous efforts have been made to develop design methods to check floor 
vibration performance. If these methods were calibrated to the subjective rating of the floor 
vibration performance through occupant surveys and used the same scales of the subjective 
evaluation, then in principle, it is expected that all the methods should arrive at similar vibration-
controlled spans. Unfortunately this is not the case. Table 1 provides a summary of such 
available design methods and their scope. 

Table 1         Current design methods in codes, standards and literature for controlling vibrations 
of wood-frame floors in the literature 

Design parameters Design criteria Reference 

dUDL 
where dUDL = deflection under 
uniformly distributed load 

dUDL < span/factor 
 

factor can be 360, 480, etc. 

UDL method: 
Specifications of engineered 
wood products, U.S. Building 
Code 

d1kN 
where d1kN = deflection under 
a 1 kN load in mm 

for span < 3 m: 
d1kN  ≤ 2 mm, 

 
for span ≥ 3 m: 
d1kN ≤ 8/span1.3  

NBC method:  
National Building Code of 
Canada (NBC) (NRCC, 2010)  

d1kN 
where d1kN = deflection under 
a 1 kN load in mm 

for span < 3 m: 
d1kN ≤ 2 mm, 

 
for 5.5 m ≥span ≥ 3 m: 

d1kN ≤ 8/span1.3, 
 

for 9.9 m ≥span ≥ 5.5 m: 
d1kN ≤ 2.55/span0.63, 

 
for span ≥ 9.9 m: 

d1kN ≤ 0.6mm 

CCMC method:  
Canadian Wood Council et al. 
(1997) 

f1 
where f1 = fundamental natural 
frequency 

f1 >14 Hz Dolan et al. (1999) 

f1, d1kN and Vpeak 
where Vpeak=peak velocity due 
to unit impulse 

d1kN <1.5 mm 
 

f1> 8 Hz 
 

Vpeak < 100(f
1
 ξ -1) 

 

ξ is damping ratio 

Eurocode 5 method: 
Ohlsson (1988) 

f1, arms 
where arms = root-mean-square 
acceleration 

f1 > 8 Hz 
 

arms ≤ 0.45 m/s2 

Smith and Chui (1988) 
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The method using deflection under a uniformly distributed load (UDL) attempts to control floor 
vibration by limiting the static deflection of a floor under a uniform design load. For example, 
some engineered wood product (EWP) manufacturers have recommended limiting the total UDL 
deflection to Span/360. This approach assumes that the allowable deflection for controlling 
vibration is linearly proportional to the span of a floor. It means that the longer the span, the 
more deflection is allowed. This may explain why it was found in previous studies of wood-frame 
floors that the UDL deflection method did not eliminate vibration issues in the long span 
category.  

The NBCC method to establish vibration-controlled spans is limited to sawn lumber joist floors 
having spans from 3.0 to 6.0 m and with bridging/strapping/blocking (NRCC, 2010). Because 
the method allows an increase in the floor span if a normal weight concrete topping is placed 
over a wood-frame floor, caution should be exercised in applying the method to floors with 
concrete topping. FPInnovations’ research on the effect of concrete topping on wood-frame 
floors found, on the contrary, that the floor spans should be reduced when concrete topping is 
added, which is in line with what Taylor and Hua (2000) found. 

The Canadian Construction Materials Centre (CCMC) method addresses floor span in the range 
of 3-10 m (CWC et al., 1997). The method was an extension of the above NBCC method 
(NRCC, 2010). The CCMC method differs from the original method in the sense that the CCMC 
method allows engineered wood floors without the use of bridging/strapping/blocking, and with 
the use of continuous double-span joists. However, CCMC issued a cautionary note to 
manufactures and designers that for concrete-topped floors and floors with bridging and/or 
blocking, this method may lead to an overestimation of spans (NRCC, 2002). The same 
conclusion applies to double-span floor systems, whereby this method also overestimates the 
spans of double-span floors. In this method, the stiffness property of a double-span floor is 
assumed to increase by 40%, compared with a single-span floor having the same single-span 
length. This grossly over-estimated the contribution of the joist continuity on stiffness of floor 
systems, which was not true, and was discussed in Subsection 4.1.5.4. 

The UDL and 1kN static deflection methods use only stiffness to control the vibration of wood-
frame floors. This seems to work well for floors without heavy (concrete) topping, but not for 
floors with a concrete topping. In floors with a concrete topping, the mass plays a significant role 
in the floor vibration performance, as has been discussed in Subsection 4.1.5.2.  

In contrast to the stiffness based design methods, the 14 Hz method of Dolan et al. (1999) 
attempts to control floor vibration through controlling fundamental natural frequency of a floor 
that accounts for floor stiffness and mass. However, this method is too simplistic to differentiate 
the vibration behaviour of a broad range of wood-frame floors with various construction details, 
especially the floors with and without concrete topping, and therefore to control vibration in a 
broad range of wood-frame floors. For example, a long span wood-frame floor with a concrete 
topping can have frequency below 14 Hz, but the vibration performance can be very good. The 
Swedish design guide (Ohlsson, 1988) as well as the Smith and Chui (1988) method also 
attempt to control floor vibration through controlling floor stiffness, mass, and damping, but they 
had limited validation and calibration to human perception. Moreover, these methods have not 
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been validated against floors having concrete toppings, which was not a common construction 
practice in Europe, where these methods were developed. Selecting a proper damping ratio for 
wood-frame floors also presents a challenge, since it depends on a wide range of construction 
parameters and can be obtained only from experimental work. Consequently, no database 
exists on damping ratios of various configurations of wood floors. 

Overall, design methods that have been developed to date are not robust enough for the broad 
range of wood-frame floors encountered in service, especially for mid-rise buildings. For mid-
rise buildings, construction techniques that lead to problematic floor vibration and acoustic 
performance may be inadvertently used. One example is the use of concrete topping floating on 
a resilient layer as a popular solution to improve the poor sound insulation of the wood-frame 
floors; therefore, a more robust design method is required and one such method is described 
below in Subsection 4.3. 

4.3 A NEW DESIGN METHOD 

4.3.1 Scope of the New Design Method 
This method was developed to determine the vibration-controlled spans for wood-frame floors 
built with joists and subfloor as basic components. The method is capable of accounting for 
other construction features, including ceiling, topping and lateral reinforcements such as strong 
backs, straps, bridging or blocking (Figure 3), if present. The joists can be solid sawn lumber, 
wood I-joists, wood and steel web open-joist trusses. The method accounts for different types of 
joist-to-subfloor connections including nails, screws, or nails/screws in combination with 
adhesives. The effects of the ceiling and joist continuity are not taken into account since they 
were found to be insignificant, as discussed in Section 4.2. This means that when the vibration-
controlled spans for double-span floor systems are determined, each span is treated as a single 
span joisted floor. 

This method is applicable only to wood-frame floors that have fundamental natural frequencies 
greater than 9 Hz and have span ranges from 3 to 14 m. 

The floor should be well-supported and built without construction defects, as specified in the 
building code or the producers’ specifications. 

4.3.2 Special Features of the New Design Method 
The method directly determines the vibration-controlled floor spans from floor stiffness and 
mass; therefore, it is simple, reliable and robust, and above all, addresses the root of floor 
vibration problems. 
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4.3.3 Formula of the New Design Method 
4.3.3.1 Principle – General Equation to Determine Vibration-Controlled Spans for 

Wood-Frame Floors 
Based on an understanding of the fundamentals and the strategy of controlling vibrations 
induced by normal walking in wood-frame floors, it can be concluded that the vibration-
controlled floor span, l, can be calculated through the proper combination of floor stiffness and 
mass, as per Equation [1]: 

 [1] 

where: 

EIeff  = effective composite bending stiffness of a T-beam comprising a joist and the topping and 
subfloor panel with the width of the joist spacing (N•m2). See Figure 7 for the T-beam 
description, and Section 4A.1 of Appendix 4A for its calculation:  

mL  = mass per unit length of the T-beam (kg/m). See Section 4A.2 of Appendix 4A for its 
calculation. 

Fscl  = adjustment factor related to lateral stiffness contribution from subfloor and topping. See 
Section 4A.3 of Appendix 4A for its calculation. The value of Fscl shall be lower than or 
equal to 1.0 but not zero. 

a, b, c and d = constants that are derived by calibrating the equation to subjective ratings. See 
next sections for the derivation. 

 

Figure 7 Nomenclature for a composite I- or T-beam 
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4.3.3.2 Derivation of the Constants a, b, c, d in the General Equation to Determine 
Vibration-Controlled Spans for Wood-Frame Floors 

To derive the constants a, b, c, and d in Equation [1], a criterion is needed to determine the floor 
vibration limit, or control. The criterion is the correlation between human perception and floor 
vibration performance parameters such as static deflection, frequency, velocity and 
acceleration.  

ISO (1989) established several criteria setting the limits on floor vibration velocity or 
acceleration at various frequencies for human comfort. Such a criterion is shown in Figure 8. 
Application of the ISO criteria for floor vibration-controlled design needs calculation methods to 
predict floor velocity or acceleration when the floor is subjected to walking load. This is almost 
an impossible mission. Many efforts were invested in this task in floor vibration research history, 
but there has been no success to date. 

 

Figure 8 ISO acceleration limits for human comfort under vertical vibration (1989) 

Instead of using ISO criterion, Onysko (1985) developed an alternative approach which 
correlates the occupants’ ratings of the floor vibration performance with the 1kN static 
deflection. The approach resulted in the development of the 1kN static deflection-based method 
to determine the vibration-controlled spans for a lumber joisted floor. The method has been 
implemented in the NBC since 1990 (NRCC, 2010). 
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Adopting Onysko’s approach, FPInnovations conducted a Canada-wide consumer survey 
focusing on more than 100 engineered wood-joisted floors in 1990s. Some of these floors had 
concrete topping. The occupants’ rating of the floors were correlated with the 1kN static 
deflections, d1kN (mm), calculated using Equation [2] of the simple T-beam model, and the 
fundamental natural frequencies, f (Hz), calculated using Equation [3] of the simple T-beam 
model. 

 [2] 

where: 

P  =  Point load applied at floor centre, 1000 N 

 [3] 

where:  

EIeff  =  effective composite bending stiffness in N.m2. See Appendix 4A for its calculation. 

mL  =  linear density in kg/m. See Appendix 4A for its calculation. 

Through discrimination analysis, using the calculated 1kN static deflections (i.e., P = 1000 N), 
the fundamental natural frequencies of the tested floors in the field and in laboratories, and the 
occupants’ subjective ratings of these same floors, the design criterion was developed as 
indicated in Equation [4] below: 

 [4] 

Substituting Equations [2] and [3] into Equation [4], the vibration-controlled spans for a broad 
range of wood-frame floors, including floors with heavy topping, was obtained as Equation [5]:

  
 [5] 

Using Equation [5], one can determine the maximum vibration-controlled spans, l for wood-
frame floors directly from the effective composite bending stiffness (EIeff), the linear density (mL) 
of the T-beam (Figure 7), and the factor (Fscl) related to stiffness contribution from lateral 
elements. Appendix 4A provides the calculation procedures for the three properties of the 
T-Beam, i.e., EIeff, mL, and Fscl. Worked examples are also provided in Subsection 4.3.6. 
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4.3.4 Verification 
The design method was verified using the same database of the 102 light frame wood joist 
floors with or without concrete topping, including field floors and full-scale floors tested in 
various laboratories as that used to derive the design criterion, Equation [4]. 

The verification is shown in Figure 9, and each symbol represents a floor that was rated by the 
evaluators in a laboratory floor or by occupants in a field floor. The 1kN static deflection and 
fundamental natural frequency of each floor were calculated using Equations [2] and [3]. The curve 
represents the design criterion defined by Equation [4] above. If the symbols are located below the 
curve, it means that the floor vibration performance is satisfactory, according to the criterion 
defined by Equation [4]. Alternatively, if the symbols are located above the curve, the vibration 
performance is not satisfactory. The plot clearly demonstrates the reliability of the proposed design 
method for the light frame joisted floors, based on the field and laboratory studies. 

 

Figure 9 Predicted vibration performance of wood-frame floors using proposed design 
method vs. subjective rating by the evaluators 

4.3.5 Preliminary Impact Study 
A preliminary impact study showed that the predicted vibration-controlled spans for solid sawn 
lumber joisted floors without concrete topping were similar to vibration-controlled spans 
published in NBC (2010). For engineered wood joisted floors without bridging, blocking or heavy 
topping, the spans calculated from Equation [5] were close to the spans calculated from the 
CCMC method (1997). For the wood joisted floors with a heavy concrete topping, the vibration-
controlled spans calculated with the proposed method agreed well with industry experience 
(Taylor and Hua, 2000), e.g., more conservative than the CCMC procedure (1997). A more 
extensive impact study will be conducted by engineered wood producers to provide more 
confidence in the proposed method for those types of floor systems. 
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4.3.6 Design Examples 
This Section provides calculation examples for two types of applications. One is for lumber joists 
or I-joists producers to develop their span tables of vibration-controlled floors. The other is for 
designers who know the floor span and want to select the floor joist size for the vibration-
controlled floors. Examples 1 to 3 provide the calculation procedure to determine the vibration-
controlled spans for three types of I joisted wood floors, using the new design method 
expressed by Equation [5]. It is not difficult to use Equation [5] to determine the vibration-
controlled spans with the aid of any spreadsheet software such as Microsoft Excel. An Excel file 
is available from the author upon request.  

If the designers know the floor span and decide to use I-joists or solid lumber joists, and the joist 
spacing, topping, subfloor thickness, and lateral reinforcement are known, then it is not difficult 
for them to consult the producers’ span tables to select the joist size. 

However, to design a truss floor with a required span, the designer has to follow these steps:  

1. decide on the truss spacing, subfloor material and thickness, the material and thickness 
of topping (if any) and the type of lateral reinforcement used (if any) 

2. work closely with truss producer to design the first version of the truss, based on the 
experience of the truss provider and its software 

3. calculate the EI of the first version of the truss design using the method described in 
subsection 4A.1.2.4 

4. use Equation [5] along with the Excel file as well as truss EI and other details, to check if 
the vibration-controlled span calculated using the equation is larger than, or equal to, the 
required span 

5. if the calculated vibration-controlled span is larger than, or equal to, the requested span, 
then the truss design can be accepted; otherwise, the truss has to be redesigned by 
increasing the EI, or the other details of the floor design should be modified, so that the 
calculated vibration-controlled spans should be larger than, or equal to, the required span. 

4.3.6.1 EXAMPLE 1 – Vibration-controlled Span for a 241 mm (9.5 in.) Wood I-Joist 
Floor 

In this example, the vibration-controlled span of a floor built with 241 mm (9.5 in.) deep wood 
I-joists spaced at 406 mm (16 in.) o.c. and 15.5 mm (5/8 in.) thick OSB sheathing is calculated 
using Equation [5] along with the equations to determine EIeff, ML and Fscl in Appendix 4A. 
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4.3.6.1.1 Joist Properties 

- 241 mm (9.5 in.) deep wood I-joist with 38 x 63 mm 2100f MSR lumber flanges and a 
9.5 mm OSB web 

- EItrue = 6.3 x 105 N•m2 (published EI by producer) 
- K = 2.33 x 107 N (published shear factor by producer) 
- mJ = 3.265 kg/m (published joist weight by producer) 
- Joist spacing, b1 = 406 mm (16 in.) 

4.3.6.1.2 Subfloor Properties 

- 15.5 mm (5/8 in.) thick sheathing grade OSB 
- Nail/screw only, S1 = 5.0 x 105 N/m/m (Table 4A.4 in Appendix 4A) 
- ts = 15.0 mm 
- EA s = 3.6 x 107 N/m (Table 4A.2 in Appendix 4A) 
- EAs// = 5.6 x 107 N/m (Table 4A.2 in Appendix 4A) 
- EI s = 300 N•m (Table 4A.2 in Appendix 4A) 
- EIs// = 1,400 N•m (Table 4A.2 in Appendix 4A) 
- Density, s = 600 kg/m3 (Table 4A.2 in Appendix 4A) 
- Gap spacing = 1.2 m (the width of the subfloor panel) 

4.3.6.1.3 Calculation 

It should be noted that the calculation of the vibration-controlled span using Equation [5] is an 
iterative process that can easily be executed in a spreadsheet. 

To start the iteration, a trial span is needed. It can then be adjusted to meet the span limit, i.e. 

 

In the worked example shown below, a span value of 4.41 m is used as the first trial span based 
on our experience. Using Equation [4A.3] in Appendix 4A and the trial span of 4.41m to 
calculate EIjoist, e.g., the apparent bending stiffness of the joist (same as EIapp) from EItrue and K, 
leads to: 

EIjoist = 5.69 x 105 N•m2 

Axial stiffness of joist is the product of the total flange cross-sectional area and flange modulus, 
thus: 

EAjoist = 5.94 x 107 N 
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The sheathing gap spacing is assumed to be the width of a panel, hence L1 = 1.22 metres. Using 
the dimensions and properties of the flange and web, and considering that S1 = 5 x 106 N/m/m for 
nailed/screwed subfloor to joist joint (Table 4A.4), values for the following parameters are 
obtained: 

h1 = 0.128 m 

EA1 = EAs = 3.6 x 107 N (since EAc = 0) 

6.86 x 105 N 

A = EAjoist + EA1 = 6.01 x 107 N 

y = 0.00146 m 

Substituting above properties into Equations [4A.1], [4A.6] and [4A.8] in Appendix 4A, we 
obtain:  

EIu = 5.69 x 105 N•m2 

EIeff = 5.80 x 105 N•m2 

ML = 6.92 kg/m 

Kjoist = 6.77 x 103 N/m 

KL = 5.40 x 104 N/m (from subfloor) 

K1 = 0.111 

Fscl = 0.452 

Using the values of EIeff, ML, and Fscl based on the trial span of 4.41 m, the calculated span limit, 

i.e.,  is also 4.41 m.  

If the trial span is larger than the calculated span limit, a second trial span with a reduced value 
will be used and the calculation repeated. This process is repeated until the trial span is equal to 
the span limit. In this example, the trial span of 4.41 m turned out to be the vibration-controlled 
span. The calculation should keep all the numbers to three significant figures so that the 
vibration-controlled span calculated will have at least two significant figures. 
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4.3.6.2 EXAMPLE 2 – Vibration-controlled Span for a 241 mm (9.5 in.) Wood I-Joist 
Floor - Floor as EXAMPLE 1 with a 38 mm (1.5 in.) Thick Normal Weight 
Concrete Topping 

4.3.6.2.1 Joist Properties 

- 241 mm (9.5 in.) deep wood I-joist with 38 x 63 mm 2100fMSR lumber flanges and  
- a 9.5 mm OSB web 
- EItrue = 6.3 x 105 N•m2 (published EI by producer) 
- K = 2.33 x 107 N (published shear factor by producer) 
- mJ = 3.265 kg/m (published joist weight by producer) 
- Joist spacing, b1 = 406 mm (16 in.) 

4.3.6.2.2 Subfloor Properties 

- 15.5 mm (5/8 in.) thick sheathing grade OSB 
- Nail only, S1 = 5.0 x 105 N/m/m (Table 4A.4 in Appendix 4A) 
- ts = 15.0 mm 
- EAs = 3.6 x 107 N/m (Table 4A.2 in Appendix 4A) 
- EAs// = 5.6 x 107 N/m (Table 4A.2 in Appendix 4A) 
- EIs = 300 N•m (Table 4A.2 in Appendix 4A) 
- EIs// = 1,400 N•m (Table 4A.2 in Appendix 4A) 
- Density, s = 600 kg/m3 (Table 4A.2 in Appendix 4A) 

- Gap spacing = span, starting with the assumed trial span, 4.22 m 

4.3.6.2.3 Topping Properties 

- Tc = 38.0 mm  
- Ec = 22,000 MPa (Table 4A.3 in Appendix 4A) 
- Density, c = 2,300 kg/m3 (Table 4A.3 in Appendix 4A) 

4.3.6.2.4 Calculation 

As for Example 1, the trial span value is needed. It can then be adjusted to meet the span limit, 
i.e. 

 

In the worked example shown below, a trial span of 4.22 m based on our experience is 
assumed.  

  

15.014.0

284.01 )(
22.8
1

Lscl

m
eff

mF
EI

l 



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Floor Vibration Control - Chapter 4 

21 

Using Equation [4A.3] in Appendix 4A and a trial span of 4.22 m to calculate EIjoist, e.g., the 
apparent bending stiffness of the joist (same as EIapp) from EItrue and K, leads to: 

EIjoist = 5.64 x 105 Nm2 

Axial stiffness of joist is the product of the total flange cross-sectional area and flange modulus, 
thus 

EAjoist = 5.94 x 107 N. 

In the case of the floor with a topping, the sheathing gap spacing is assumed to be the floor span, 
because the concrete topping will fill the gaps and eliminate the softening effects associated with 
them. Using the dimensions and properties of the flange and web, and S1 = 5 x 106 N/m/m for 
subflooring to joist joint (Table 4A.3 in Appendix 4A), values for the following parameters are 
obtained: 

h1 = 0.153m 

EA1 = EAs + EAc = 8.72 x 108 N  

8.69 x 106 N 

A = EAjoist + EA1 = 6.81 x 107 N 

y = 0.0196 m 

Inputting the above properties into Equations [4A.1], [4A.6], and [4A.8] in Appendix 4A, we 
obtain:  

EIu = 6.05 x 105 Nm2 

EIeff = 7.84 x 105 Nm2 

ML = 42.40 kg/m 

Kjoist = 1.04 x 104 N/m 

KL = 5.12 x 106 N/m (from subfloor and topping) 

K1 = 0.00203 

Fscl = 0.163  

Using the values of EIeff, ML, and Fscl calculated using the trial span of 4.22 m, the span limit of 

 = 4.22 m is obtained, which is the same as the trial span; therefore, the 

vibration-controlled span for this floor is 4.22 m. 
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4.3.6.3 EXAMPLE 3 - Vibration-controlled Span for a 241 mm (9.5 in.) Wood I-Joist 
Floor - Floor as EXAMPLE 1 with Cross-bridging and 19 x 89 mm (1x4 in.) 
Lumber Strap 

This example uses the same construction details as EXAMPLE 1, except for the presence of the 
cross-bridging and lumber strapping attached to the underside of the joists. For the floor without 
the bridging and strapping, the vibration-controlled span is 4.41 m (See EXAMPLE 1). The 
number of rows of the bridging/strapping to meet the requirement of the bridging spacing limits 
of 2 m needs to be determined. For this floor, if one row of cross-bridging and strapping is used, 
the lateral reinforcement spacing would be 2.2 m; therefore, two rows of bridging and strapping 
are required in order to meet the maximum spacing of 2 m recommended by Onysko (1988).  

According to the proposed percentage increase in the vibration controlled span for the floor with 
cross-bridging and strapping (Table 4A.1 in Appendix 4A), the floor span can be increased by 
8%, and therefore the final vibration-controlled span for this floor is:  

l = 4.41*1.08 = 4.76 m 

4.4 FIELD FLOOR VIBRATION CONTROL – BEST PRACTICES 
The design method will not ensure a satisfactory floor if the best practices are not followed, 
especially the condition of adequate support. The design method is based on simple support 
conditions and assumes that the floor joist supports sit on a rigid foundation. 

4.4.1 Rigid Floor Supports 
Support conditions for floor joists, beams and plates influence the stiffness properties of floor 
systems, and consequently their response to dynamic excitation. The support conditions also 
determine whether the floor vibration will be transmitted to other areas of the building. The 
bending action of floor beams can be the primary mechanism for transmitting annoying 
vibration. In wood-frame construction where the joists or plates rest on a supporting wall below, 
the support condition is close to simple support, which is the underlying assumption for all 
vibration-controlled design methods. When floor components are supported on non-rigid 
supports, such as joist hangers, secondary floor beams or steel angle brackets, the floor joists 
or plates may be resting on an elastic foundation, in which case the actual natural frequencies 
will be significantly lower and actual deflection under an applied load will be higher than the 
respective model predictions. This could lead to falsely accepting an unsatisfactory floor. When 
this is suspected, a more in-depth analysis of the influence of the support condition is 
necessary. The AISC design guide (Murray et al., 1997) provides an approach to calculate 
fundamental natural frequency of a floor system, fsystem, with one end supported on a secondary 
beam (Equation [6]). 
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where: 

ffloor = fundamental natural frequency of the well-supported floor (Equation [3] or any more 
sophisticated model can be used) 

fbeam = fundamental natural frequency of the supporting beam, which can be determined using 
Equation [7] assuming the beam is simply supported at both ends. 

where: 

𝑙𝑏𝑒𝑎𝑚 =  the span of the supporting beam, in m 

𝐸𝐼𝑏𝑒𝑎𝑚 =  the apparent bending stiffness of the supporting beam, in Nm² 

𝑚𝑏𝑒𝑎𝑚 =  the mass of the supporting beam per unit length, in kg/m 

Currently, there is no design guidance on the minimum supporting beam stiffness, which 
ensures that the beam is rigid enough and does not affect the natural frequency of the floor 
system. As can be proven with Equation [6], for typical wood-frame floors, if the ratio of the floor 
natural frequency to the beam natural frequency is less than 0.15, the calculated system natural 
frequency is almost equal to the floor natural frequency. 

In contrast, when floor joists span over an intermediate support or the ends of floor joists are 
"clamped" between upper and lower storeys, it creates an end fixity condition. In that situation, 
the assumption of simple support leads to a conservative prediction of floor performance, which 
should be acceptable.  

4.4.2 Subjective Evaluation on Floors by Architects, Designers, 
Builders and Contractors 

For systems where the vibration performance is questionable, it is recommended that a 
subjective evaluation be conducted by builders, developers, architects, designers, contractors 
and/or product manufacturers before the building is occupied. Where this is not feasible, an 
evaluation may be performed on mock-ups and on the floor system as construction progresses 
so that possible adjustments to details can be made.  

𝑓𝑠𝑦𝑠𝑡𝑒𝑚 =
√

𝑓𝑓𝑙𝑜𝑜𝑟
2

(
𝑓𝑓𝑙𝑜𝑜𝑟

𝑓𝑏𝑒𝑎𝑚
)

2

+ 1

 [6] 

𝑓𝑏𝑒𝑎𝑚 =
𝜋

2𝑙𝑏𝑒𝑎𝑚
2 √

𝐸𝐼𝑏𝑒𝑎𝑚

𝑚𝑏𝑒𝑎𝑚
 [7] 
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Nevertheless, valuable data may be obtained from existing structures through subjective 
evaluation carried out by builders, developers, architects, designers, contractors and/or product 
manufacturers. 

Designers and builders are encouraged to record their observations through the subjective 
evaluation protocols and evaluation questionnaire developed by FPInnovations, as described by 
Hu (2014). Subsection 4.4.3.2.2 provides a simple summary of the informal subjective 
evaluation procedure. 

4.4.3 Trouble-shooting List 
FPInnovations’ experience in field investigation of unsatisfactory floors found that most 
occupant complaints are reasonable. So when a complaint is made, it is better to consider it 
seriously and not blame it on the fact that the occupant is demanding. Otherwise, the 
opportunity to learn and find out the real causes could be missed. Although each poorly 
performing floor is normally quite unique, generally perceptible vibrations are simply the result of 
improper construction and/or design. So systematically verifying floor construction details and 
design is essential to identifying the causes of the poor vibration performance. 

4.4.3.1 Verification of Construction Details in the Field 

4.4.3.1.1 Verifying Support Conditions 

It is well known that inadequate support conditions can cause poor floor vibration performance. 
Some researchers have indicated that the majority of poor field floor performances are caused 
by poor support conditions. However, many of the complaints about perceptible vibrations in 
wood-framed floors that FPInnovations investigated did not support this statement. However, 
this statement signifies the important role support conditions play in ensuring satisfactory floor 
performance. The first step in troubleshooting is therefore to verify the support conditions.  

Visible defects in support systems, such as large deformations in supporting beams and large 
settlement or buckling of supporting columns, are visible signs of inadequate supports. Verifying 
the support beam span and size against the code requirements is often very useful in identifying 
the problem. 

Vibration transfer between the units through the loadbearing walls is an indication of poor 
support conditions.  

The soundness of the support conditions may be verified by performing a simple heel drop test 
on a floor support. When dropping his/her heel, a person can feel whether the support is sound 
or flexible. Another person may also be asked to stand in the centre of the floor to feel the floor 
movement when the first person drops his/her heels. If the person standing in the centre of the 
floor does not feel any floor movement or feels only some slight but acceptable movement, this 
is an indication that the support condition is sound. 
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4.4.3.1.2 Checking Floor Construction with Design Specifications 

The next step is to check if the floor was built according to the design specifications, such as 
size and grade of joists, joist span subfloor panel thickness, lateral reinforcements, and spacing 
for joists and for lateral reinforcement. Several cases of unsatisfactory floors investigated by 
FPInnovations were found to be due to the use of undersized joists or over-spanned floor joists. 
See FPInnovations’ report (Hu, 2007) for such cases. 

4.4.3.1.3 Checking Floor Installation with Installation Guide 

The third step is to check the floor installation details against NBC prescriptive requirements and 
the installation guide provided by manufacturers for engineered wood products. Poor connections 
between the subfloor and the joists degrade floor vibration performance. An insufficient amount of 
glue at the subfloor and joist connections significantly degrades the floor vibration performance, 
especially if the floor span was designed based on the use of glue and nails. Squeaking floors are 
the sign of missing glue. Fasteners popped out from the subfloor, which can be seen under the 
floor, are the sign of poor connections between the subfloor and joists.  

Poorly installed lateral reinforcement elements, such as cross-bridging, blocking, strapping, and 
strongbacks, reduce floor vibration performance, if the floor span was designed based on the 
use of such lateral reinforcements. 

4.4.3.1.4 Checking for Localized Deflections 

Localized deflections are most likely responsible for annoying rattles. FPInnovations 
investigated some complaints about floor vibrations that were evidenced by the annoying rattling 
of contents in cabinets or articles on tables that occurred when a person was walking by the 
furniture. Further investigation of these floors showed that the floors were designed and built 
properly, and that such rattling was mainly caused by localized large deflections occurring near 
the area where the furniture was located. The rattling was perceived by the occupants as floor 
vibration.   

There are two common, localized, large deflections that were mainly responsible for complaints 
about annoying rattling. Large deformation occurs around partition walls parallel to the joists 
where the partition walls seated on single joists. The concentrated mass of the partition walls 
causes significant deflection of the joists underneath these walls. Steel Design Guide (Murray 
et al., 1997) recommends the addition of an extra joist under the parallel partition wall.  

The other type of deformation often occurs in the subfloor panels between joists where subfloor 
is covered with carpet or vinyl only, and without a second stiff layer such as wood flooring, 
topping, ceramic tiles, etc. Studies conducted at FPInnovations confirmed that the maximum 
static deflections of floors under a point load occurred in subfloors between joists, even for 
floors with 18 mm (3/4 in.) thick wood panels and 410 mm (16 in.) joist spacing. However, these 
large deflections in wood panel subfloor were more localized. Reducing joist spacing or 
increasing subfloor panel thickness, adding a second stiff layer, etc., can significantly reduce the 
localized deflections in subfloor, thereby reducing complaints about floor vibrations. 
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4.4.3.1.5 Improper Construction of Engineered Wood Floor Systems 

Improper construction of engineered wood floor systems reduces their stiffness and strength, 
resulting in excessive vibration. The most common cases are excessive or inappropriate 
locations of web openings in wood I-joists, failure to follow producer’s installation guide, and 
removal of webs of wood trusses.  

If such defects occur only in a few joist members, it may create some localized "soft spots" in a 
floor. The soft spots can be identified by heel drop test. The test can be performed in various 
locations, and a difference will be felt between the sound and soft spots. However, if most of the 
members have been compromised, especially if the improper details are located in close 
proximity, then the stiffness of the entire floor is reduced and perceptible vibrations can occur.  

It was also found that the fasteners connecting subfloor to joist and lateral reinforcement to joist 
often cause splitting of lumber or flange of engineered wood members. However, the effects of 
this on vibration performance have not been investigated. 

4.4.3.1.6 Next Step 

If no problems have been found in the floor construction details and the occupant’s complaint 
about the perceptible floor vibration is found to be valid, then the floor design needs to be 
examined to ensure that it provides adequate stiffness.  

Most of the complaints investigated by FPInnovations to date were related to a lack of adequate 
stiffness. The next sections provide some information to help identify floors with inadequate 
stiffness and some methods to estimate the stiffness of properly built floors that still exhibit 
perceptible vibrations. 

4.4.3.2 Verification of Floor Design 
It is important to keep in mind that the methods provided in this Section are applicable only to 
properly built floors that still exhibit floor vibration problems. 

4.4.3.2.1 Visible Creep is a Visible Sign of Inadequate Stiffness 

The visible permanent deformations or creep found in certain floors are signs of inadequate 
floor stiffness in the joist direction. In FPInnovations’ investigations of some problem floors, the 
occupant first pointed to visible creep spots, some of which were around 25 mm (1.0 in.). As 
expected, these floors exhibited perceptible vibrations. Such a floor was also built in 
FPInnovations’ laboratory according to the joist producer’s specifications. A 38 mm thick 
concrete topping was added and in just one month, the creep had reached about 25 mm. Floor 
assemblies with or without the concrete topping were very springy.  
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Some producers are aware of this creep problem and camber the floor joists. However, this 
approach does not solve the vibration problem at all, but only makes the creep invisible. With 
cambered joists, it was found to be difficult to have a good contact between joist ends and the 
supports, and this may contribute to poor support conditions. 

4.4.3.2.2 Indications of Inadequate Overall Stiffness 

After conducting field and laboratory studies on more than 300 wood-frame floors in the past 
10 years, and investigating more than 50 complaints about excessive floor vibrations, 
FPInnovations has developed a simple procedure to verify overall floor stiffness. The procedure 
is outlined below.  

First, a person walks over the floor. If floor movement is felt by the person while walking, this 
indicates that the overall floor stiffness, which is controlled by the stiffness in the joist direction, 
is inadequate. However, this is not a very common situation and usually occurs only in 
extremely over-spanned floors.  

If no movement was felt by the person, the next step is to ask the person to sit or stand on the 
floor, while a second person walks on the floor. If annoying floor movement or vibrations are felt 
by the person sitting or standing, this is a good indication of a lack of overall floor stiffness, 
which was a common case found in the unsatisfactory floors that were investigated.  

In one case investigated by FPInnovations, an occupant reported that when he was sitting on 
the sofa watching television and someone was walking on the floor, the sofa was shaking, his 
head was bumping against the sofa and he felt like he was sitting on a boat moving with the 
waves. In reviewing the floor design, it was found that the floor had under-sized joists, or was 
over-spanned. 

4.4.3.2.3 Indications of Inadequate Localized Stiffness 

Walking over the floor is not very helpful in finding localized areas of inadequate stiffness. The 
heel drop test is the preferred method for this application. Details of this method were described 
in Subsection 4.4.3.1.4. 

4.4.3.2.4 Verification of Bending and Shear Properties of Floor Joists 

After the floor design has been checked and it has been confirmed to be proper, the properties 
of the joists used in the unsatisfactory floor should be checked to determine whether they are 
lower than the design values on which the floor design was based. This can be done by asking 
the producer to provide the same type of joists and measure the properties of these joists. If the 
actual properties of the floor joists are lower than the design values, then even a good design 
method will not prevent the problem.  

FPInnovations investigated an unsatisfactory floor that was built using parallel chord metal-
plate-connected trusses. The comparison of the measured bending stiffness with the predicted 
bending stiffness of the trusses used in the unsatisfactory floor showed that the measured value 
was lower than the predicted value.  
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4.4.3.2.5 Performing a Design Verification Using the New Design Method Described in this 
Document 

If the joist and subfloor panel design properties and the floor construction details are known, 
then the floor span can be checked by using Equation [5]. If the span is longer than the 
vibration-controlled span, then the floor vibration performance is most likely not satisfactory. 

4.4.4 Remedy 
In general, there are three approaches to enhance overall floor stiffness on-site to reduce floor 
vibrations. One approach is to stiffen floor joists, as demonstrated in Table 2. Besides the 
methods demonstrated in Table 2, Guertin and Grandpré (2007) recommended the use of 
continuous steel straps to stiffen joists by wrapping the joists from the top of one end, around 
the bottom at midpoint, and back to the top of the opposite end. Figure 10 illustrates the 
method. McCombe (2006) recommended the use of Joist JackTM to stiffen joists. Figure 11 
shows Joist JackTM and the method of using it. 

Table 2         Remedial measures to increase stiffness of 286 mm (11 ¼ in.) deep floor joists 

Joist 
ID Method of reinforcement 

Measured apparent  
EI (kN-m2) 

Increase 
in EI 
after 
reinf. 
(%) 

Before 
reinf. After reinf. 

1 25 mm (1.0 in.) OSB on both sides of the joist 715 1684 136 

2 15.5 mm (5/8 in.) OSB on both sides of the joist 793 1389 75 

3 18.5 mm (¾ in.) plywood on both sides of the joist 861 1217 41 

4 2 @ 38x70 mm (2x3 in.) SPF No. 1&2 at bottom of joist 754 1348 79 

Note: Nail and glue connections were used for the reinforcement. 
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Figure 10 Use of steel straps to stiffen joists recommended by Guertin and Grandpré (2007) 

 

 

Figure 11 Joist JackTM and floor joist stiffened by Joist JackTM  
(Source: www.didgwaystructuralsystems.com) 

A second approach is to reduce current joist spacing by adding joists between the existing 
joists, if applicable. A third approach is to add lateral reinforcement in the across-joist direction 
between joists.  

However, inadequate overall floor stiffness is usually caused by an over-span or by the use of 
undersized joists. In this case, the reinforcement of the joists is straightforward and more 
effective than adding lateral reinforcement. Adding lateral reinforcement contributes to floor 
stiffness mainly in the across-joist direction. Installation cost and buildability are also factors in 
the selection of the approach to effectively and economically control the vibrations. 

http://www.didgwaystructuralsystems.com/
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4.5 CLOSING REMARK - SYSTEM APPROACH FOR FLOOR 
VIBRATION CONTROL 

Floor vibration control is not the only attribute to consider during design. Other performance 
attributes, including safety (strength and fire resistance), serviceability, sound insulation, and 
buildability (i.e., the ease of installation and cost), should also be considered. A system 
approach should therefore be used for floor design, while developing the solutions for controlling 
wood-frame floor vibration without negatively impacting on other performance attributes. 
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APPENDIX 4A 
 

Commentary - Calculations of EIeff, mL and Fscl Involved in the  
New Design Method 

 
(e.g., Equation of Vibration-controlled Spans of Wood-Frame Floors) 
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4A.1 Calculation of EIeff 
4A.1.1 EIeff Equation 

 

Figure 4A.1        Cross-section for a composite I- or T-beam 

Effective composite bending stiffness, EIeff of the T-beam, may be calculated using the CCMC 
procedure, based on the T-beam model for joisted floors, as shown in Figure 12 (CWC et al., 1997). 

; in N•m2 [4A.1] 

where: 

 ; in N•m2 

EIjoist = Bare joist apparent EI (N•m2) 

EIs = EI of one-meter-wide subfloor panel in span direction (i.e., perpendicular to panel axis) in 
case the panel is installed with its axis perpendicular to the span, as used in CCMC 
procedure (CWC et al., 1997) (N•m) and presented in Table 4A.2. 

EIc = Ec tc3 / 12, EI (N•m) of one-metre-wide topping panel. Table 4A.3 presents topping 
properties 

 ; in N 

EA1 = EAs + EAc 

22
11 yAhEAEIEI ueff 

)(1 csjoistu EIEIbEIEI  

2
11

11

11
1

101
LS
EAb

EAbEA






Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Floor Vibration Control - Chapter 4 

35 

where: 

EAs  = Axial stiffness of one-metre-wide subfloor panel in span direction (i.e., perpendicular 
to major panel axis), in case the panel is installed with its axis perpendicular to the 
span, as used in CCMC procedure (CWC et al., 1997) (N/m) and presented in 
Table 4A.2. 

EAc  = Axial stiffness if one-metre-wide topping panel (N/m) = Topping MOE x thickness  

S1  = Load-slip modulus per unit spacing for subfloor-to-joist connections (N/m/m) 
(Table 4A.4) 

L1  = Distance between subfloor panel gaps perpendicular to joist (span) direction, 
assumed to be equal to the width of the panel (m) for floors without topping 

L1  = the floor span for floors with topping 

A = EAjoist + EA1 ; in N 

EAjoist  = Axial stiffness of joists (N) 

 For I-joist, or truss, = total flange area x flange MOE 

 For lumber joist, = lumber MOE x lumber width x lumber depth 

           in m 

 ; in m 

4A.1.2 Apparent Bending Stiffness of Bare Joists, EIjoist 

4A.1.2.1 General Equation for Calculation of Apparent Bending Stiffness of a Beam 

It was noticed that all wood I-joist manufacturers provide a Timoshenko beam equation to 
calculate mid-span deflection of a beam under service design load, using their published EI and 
shear factor K. Following this convention, we propose to use the Timoshenko UDL deflection 
equation to determine the required apparent EI from a given true EI and shear factor, as 
explained below. 
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From the original deflection equation of a Timoshenko beam under UDL, the relationship 
between apparent EI and true EI can be expressed as follows (Timoshenko and Gere, 1972): 

 [4A.2] 

where: 

 =  shear form factor, 1.2 for rectangular section, ratio of total section area to web area 
for I-section 

G  =  shear modulus (N/m2) 

A  =  cross-sectional area of a beam (m2) 

l  =  beam span (m) 

4A.1.2.2 Apparent Bending Stiffness of Wood I-Joist 

Most wood I-joist manufacturers provide design value for shear factor K, where K=8GA/ . 
Replacing GA/ in Equation [4A.2] by K/8, we obtain a formula to determine apparent EI of 
wood I-joists, based on EI and shear factor that are published by the manufacturers as follows:  

 
[4A.3] 

4A.1.2.3 Apparent Bending Stiffness of Sawn Lumber 

For solid sawn lumber with depth d, if we assume E/G =16 and = 1.2 for a rectangular cross-
section recommended by Timoshenko and Gere (1972) in Equation [4A.2], then it becomes: 

 
[4A.4] 

For lumber, EItrue is the product of Etrue and second moment of area I. Etrue is the design value of 
MOE provided in design codes such as CSA O86 (CWC et al., 1997).  

4A.1.2.4 Apparent Bending Stiffness for Trusses 

4A.1.2.4.1 General Approach for Determining Apparent EI for Wood Trusses 

In general, determining apparent EI for wood trusses is not as simple as for wood I-joists and 
solid sawn lumber joists, because there are no design values for true EI or shear factors 
available in publications of the truss producers. Typically, trusses are treated as a system and 
analysed using a numerical procedure in the design process. For trusses, it is proposed that 
true EI and shear factor can be estimated by either testing or analysis, as discussed below. 
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If a testing approach is preferred, then the procedure specified in ASTM D198-14 (ASTM, 2014) 
for determining true bending modulus and shear modulus for solid wood may be adopted. The 
test procedure involves testing a truss in bending at a number of progressively reduced test 
spans (minimum number of spans recommended is 4). At each test span, the apparent EI is 
calculated from load and deflection measurements. It should be kept in mind that 
Equation [4A.3] may be rewritten to express apparent EI in terms of span such that if (1/ EIapp) is 
plotted against (1/l2), a straight line with the linear form y = mx + b is obtained, where 
y = (1/ EIapp), x = (1/l2), m = 384/(5K) and b = (1/ EItrue).  

The slope and the y-intercept of the straight line therefore provide the shear factor and true EI, 
respectively. Note that the constant for “m”, as specified, is applicable only to a uniform load. 
For other load conditions, the constant will have a different value.  

The test procedure described above is tedious, because the UDL bending tests have to be 
conducted for at least four spans of a given type and size of truss. However, by using a 
validated truss analysis program, the apparent EI can be estimated from different span values. 
Using the same approach described above by plotting a straight line of (1/ EIapp) over (1/l2), the 
EItrue and shear factor K may be estimated analytically. Once EItrue and K are available, Equation 
[4A.3] may be used to determine the apparent EI of the truss. The detailed explanation and 
examples of the method to determine EI and shear stiffness for wood trusses may be found in 
an FPInnovations’ report (Hu, 2005). 

4A.1.2.4.2 Alternative Approach for Parallel-Chord, Metal-Plate-Connected Wood Trusses Using 

this Design Method without Pre-Knowledge of True EI and Shear Factor K  

It is known that parallel chord, metal plate connected wood trusses are custom made according 
to custom designed spans. The general approach above for determining apparent EI, using true 
EI and shear factor K, is not applicable to this joist type due to its customized nature. Some 
members of the Truss Plate Institute of Canada (TPIC) proposed an alternative approach for 
parallel chord, metal plate connected wood truss that involves the use of the new design 
method without a prior knowledge of both true EI and shear factor K. The alternative approach 
was proposed to TPIC in 2002. This approach is described below. 

Step 1 Design a truss according to the safety requirements based on the selected span and 
calculate the mid-span static deflection of the truss under the design load using a truss 
design software. 

Step 2 Determine apparent EI of the pre-designed truss using beam analogy (i.e., back-
calculate its apparent EI according to the design load and predicted deflection by the 
truss design software), modelling the truss as a beam and using the beam Equation 
[4A.5] below: 

  [4A.5] 

 
UDL

app D
qLEI

384
5 4





Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 4 – Floor Vibration Control 
38 

where: 

q  =  UDL used for the truss pre-design (N/m) 

L  =  the pre-designed span of the truss (m) 

DUDL  = the predicted mid-span deflection of the pre-designed truss under the UDL by the truss 
design software (m) 

Step 3 Calculate the 1 kN static deflection and fundamental natural frequency of the custom 
floor using Equations [2] and [3] and the apparent EIapp of the pre-designed truss and 
span, and other floor construction parameters, such as type and thickness of subfloor, 
size and type of strongbacks, type of subfloor-to-joist fasteners, thickness and type of 
topping, type, etc. 

Step 4 Check if the design factor calculated using the predicted 1kN static deflection and 
fundamental natural frequency with the new design criterion (Equation [1]) is larger than 
20.0. If that is the case, then the truss and floor designs are otherwise acceptable. 

Step 5 Modify floor and truss design by selecting the right combination of floor construction 
parameters, truss configurations and materials, to meet both safety and serviceability 
requirements. If the truss design has to be modified, then repeat Steps 2 to 4. This 
procedure seems tedious, but with the assistance of an Excel spreadsheet, it is simple 
and easy to use. 

4A.1.3 Axial Stiffness of Joist, EAjoist 
For wood I-joists and floor trusses, the axial stiffness can be estimated by summing the 
products of flange material MOE and flange cross-sectional areas. For lumber, axial stiffness is 
the product of the lumber MOE and the cross-sectional area of the lumber. 

4A.2 Calculation of mL 
The linear density (mass per unit length) of the T-beam will be calculated as follows:  

mL = mJ + s ts b1+ c tc b1; in kg/m [4A.6] 

where: 

mJ  =  mass per unit length of joists (kg/m): 

- for I-joists and wood trusses, use the published value in the producer’s specification 

- for lumber, mJ = wood density × cross-section area of the lumber 

c  =  density of topping (kg/m3) (Table 4A.3) 

s  =  density of subfloor (kg/m3) (Table 4A.2) 

tc  =  thickness of topping (m) 

ts  =  thickness of subfloor (m) 

b1  =  spacing of joists (m) 
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4A.3 Calculation of Fscl 
4A.3.1 Equation for Calculation of Fscl 
The equation for determining the deflection deduction factor for the lateral bridging element 
detailed in the Canadian Construction Materials Centre (CCMC) procedures (CWC et al., 1997) 
was adopted with a slight modification to calculate the factor related to the stiffness 
contributions from subfloor and topping, using Equation [4A.7].  

𝐹𝑠𝑐𝑙 = 0.0294 + 0.536 𝐾1
0.25 +  0.516𝐾1

0.5 − 0.31𝐾1
0.75 [4A.7] 

where: 

 𝐾1 =  
𝐾𝑗

𝐾𝑗+𝐾𝐿
 

 

 

 

Kj  =  joist spring constant (N/m) 

l  =  joist span (m) 

EIeff  =  the effective composite bending stiffness of the T-beam (N•m2) (Equation [4A.1]) 

KL  =  spring constant of subfloor and topping (N/m) (see Subsections 4A.3.2 and 4A.3.3) 

4A.3.2 Spring Constant for Subfloor 
Spring constant, KL for subfloor will be calculated using Equation [4A.8], adopted from the 
CCMC procedure (CWC et al., 1997). 

𝐾𝐿 =  
0.585 × 𝑙 ×  𝐸𝐼𝑠//

𝑏1
3  ;  in N/m 

 
[4A.8] 

where: 

l  =  joist span (m) 

b1 =  joist spacing (m) 

EIs//  =  unit bending stiffness parallel to panel axis (N•m2/m or N•m) in case the subfloor is 
installed with its axis perpendicular to the span. See Table 4A.2 for the design value. 

  

𝐾𝑗 =  
𝐸𝐼𝑒𝑓𝑓

𝑙3
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4A.3.3 Spring Constants for Subfloor with Topping 
Spring constant, KL for subfloor with topping will be calculated using Equation [4A.9], adopted 
from the CCMC procedure (CWC et al., 1997). 

𝐾𝐿 =  

0.585 × 𝑙 × (𝐸𝐼𝑠// + 𝐸𝐼𝑐 +  
𝐸𝐴𝑐 × 𝐸𝐴𝑠//  
𝐸𝐴𝑐 +  𝐸𝐴𝑠//

× ℎ3
2 ) 

𝑏1
3  ;  in N/m 

 

[4A.9] 

where the unit bending stiffness of topping, EIc can be calculated as follows: 

𝐸𝐼𝑐 =
𝐸𝑐  × 𝑡𝑐

3

12
 ;  in Nm  

where: 

Ec  =  modulus of elasticity of topping (N/m2). See Table 4A.3. 

tc  =  topping thickness (m) 

EAs//  =  unit axial stiffness of subfloor parallel to panel axis (N/m) in case the subfloor is 
installed with its axis perpendicular to the span. See Table 4A.2 for the design value. 

EAc  =  Ec tc , the unit axial stiffness of topping (N/m) 

h3  =  (ts + tc)/2 (m) 
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4A.4 Approach for Accounting for the Contribution of Lateral 
Reinforcements to the Increase in Vibration-Controlled Spans 

The lateral reinforcements include cross-bridging, blocking, lumber strapping, and strongbacks 
that are added between joists. Figure 14 shows the conventional reinforcements.  

  
Cross-bridging Blocking 

  
Lumber strapping Strongbacks 

Figure 4A.2        Typical lateral reinforcements 

Studies by FPInnovations and other research organizations have found that properly installed 
lateral reinforcements improve floor vibration performance and allow increasing vibration-
controlled floor spans. Based on the study, span increases were proposed based on 
calculations for specific types of conventional lateral reinforcements (Table 4A.1). For any new 
lateral reinforcement system, the allowable span increase must be calculated and analysed 
through laboratory tests and subjective evaluation on full-scale floors with the innovative 
reinforcement system. 
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Proper installation requires that the maximum spacing between two rows of the reinforcement 
should not exceed 2 metres (7 feet) and the fastener schedule provided in Table 4A.1 below 
must be used. 

Table 4A.1 Proposed span increases due to installation of conventional lateral reinforcements 
and the requirement for the installation 

Type 
Span 

increase  
(%) 

Installation requirement 

38 x 140 mm (nominal 2x6 in.) strongback 
or better 

10 Truss producer’s specification 

38 x 38 mm (2x2 in.) cross-bridging or 
better 

4 At least one 64 mm spiral nail at 
each end of a 2x2 in. bar 

19 x 89 mm (1x4 in.) strap or better 5 At least two 64 mm spiral nails to 
the underside of each joist 

38 mm thick solid block of the depth of joist 
or better 

8 At least three 76 mm spiral nails 
for lumber joists, at least four 
64 mm spiral nails toe-nailed for 
I-joists 

1x4 in. strap and 2x2 in. cross-bridging or 
better 

8  

1x4 in. strap and 38 mm thick solid block of 
the depth of joist or better 

10  

Note: The spacing of the lateral reinforcements must be less than 2 metres or 7 feet (Onysko, 1988; Hu and Tardif, 
2000). 
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4A.5 Proposed Design Values for Mechanical Properties of Floor 
Components 

Table 4A.2 Subfloor properties based on CSA O86-14 design properties 

Type 
ts EIs 

 

(Nm) 
EIs 

 

(Nm) 
EAs// 

 

(N/m) 
EAs 

 

(N/m) 
s 

 

(kg/m3) (in.) (m) 

OSB1 

1/2 
5/8 
3/4 
7/8 

0.012 
0.015 
0.018 
0.022 

1100 
1400 
2800 
6100 

220 
300 
720 
2100 

5.5 x 107 
5.6 x 107 
7.5 x 107 
9.9 x 107 

3.6 x 107 
3.6 x 107 
4.4 x 107 
5.5 x 107 

600 
600 
600 
600 

DFP1 

1/2 
5/8 
3/4 

25/32 
7/8 

0.0125 
0.0155 
0.0185 
0.0205 
0.0225 

1700 
3000 
4600 
5800 
7600 

350 
630 
1300 
1900 
2500 

9.4 x 107 
9.4 x 107 
9.4 x 107 

9.4 x 107 
12.0 x 107 

4.7 x 107 
4.7 x 107 
4.7 x 107 

4.7 x 107 
7.5 x 107 

550 
550 
550 
550 
550 

CSP1 

1/2 
5/8 
3/4 

25/32 
7/8 

0.0125 
0.0155 
0.0185 
0.0205 
0.0225 

1400 
2300 
3900 
4600 
5700 

350 
630 
1400 
1900 
2200 

7.9 x 107 
7.9 x 107 
10.0 x 107 

7.9 x 107 
10.0 x 107 

4.7 x 107 
4.7 x 107 
7.1 x 107 

4.7 x 107 
7.1 x 107 

500 
500 
500 
500 
500 

1 OSB and plywood properties are based on design properties specified in CSA O86-14 (CSA, 2014). 

 

Table 4A.3 Proposed properties of topping materials 

Material Ec1 
(N/m2) 

c 
(kg/m3) 

Lightweight concrete Verified value from concrete 
supplier 

Verified value from concrete 
supplier 

Normal weight 
concrete 22 x 109 2300 

Gypcrete 18 x 109 1670 

Wood panel overlay EIs in Table 4A.2 Density in Table 4A.2 
1  E of concrete is based on 20 MPa concrete. Value for Gypcrete is a tentative value and was back-calculated from 
field measurement. 

 

  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 4 – Floor Vibration Control 
44 

Table 4A.4 Proposed load-slip modulus of connections per unit spacing of fastener 

Type S1 (N/m/m) 

Nailed subfloor to joist 5 x 106 

Nailed/glued subfloor to joist 1 x 108 

Subfloor with topping 5 x 106 
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5.1 INTRODUCTION 
Vertical movement due to changes in environmental conditions and loads must be considered at 
the design stage for all structures to ensure structural safety, serviceability, and building 
envelope durability. For platform frame construction, differential movement is usually a concern, 
particularly between wood framing and rigid components, such as concrete elevator shafts, 
mechanical services and plumbing, and masonry cladding, as well as between solid-sawn and 
engineered wood products (APEGBC and AIBC, 2009). The consideration of differential 
movement becomes more important for mid-rise and taller buildings due to its cumulative effect. 

Some information on approaches to design for differential movement is already available in the 
literature. Design guides in North America typically provide guidance for estimating shrinkage of 
horizontal lumber or timber members in the load path (CWC, 2005; Breyer et al., 2006; CSA, 
2014). The Canadian Wood Council and cecobois both offer a free online tool on their websites 
for calculating the shrinkage in light wood-frame construction. The APEGBC Technical and 
Practice Bulletin (APEGBC, 2011), first published in 2009 to assist in designing five- and six-
storey wood-frame residential construction in British Columbia (BC), recommended using 
dimension lumber with 12% moisture content (MC) or lower, or engineered wood products for 
the joists of lower floors. The Bulletin also included design considerations for key locations, 
where there are mixed structural/non-structural systems or environmental conditions. The recent 
update (HPO, 2011) by the Homeowner Protection Office, Branch of BC Housing, of the best 
practice guide for building enclosures (first published by Canada Mortgage and Housing 
Corporation (CMHC, 1999)), included a shrinkage prediction example of six-storey wood-frame 
construction, based on input from Wang and Ni (2010). In addition to predicting wood shrinkage, 
deformation resulting from loads also needs to be considered, particularly for mid-rise wood-
frame buildings. Grantham and Enjily (2003) recommended that the amount of deformation due 
to creep should be equal to the estimated elastic deformation, partially based on a full-scale test 
of a six-storey wood-frame building built in an indoor environment in the United Kingdom 
(Grantham and Enjily, 2000). European design provisions (CEN, 2004) recommend that long-
term creep be estimated at 0.6 times the elastic deformation caused by dead loads for members 
used in typical indoor living conditions (i.e., without long periods of elevated humidity levels). In 
response to the increasing interest in mid-rise platform frame construction, fact sheets related to 
vertical movement in wood-frame buildings were also developed based on the information then 
available (Doudak et al., 2014).  

This Chapter provides the most updated information on causes of vertical movement, estimation 
of vertical movement for typical construction scenarios and ways of reducing and 
accommodating differential movement at critical locations. In addition, recommendations on on-
site moisture management, material handling, and construction sequencing are emphasized to 
prevent on-site wetting and to further reduce vertical movement.  
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5.2 CAUSES OF VERTICAL MOVEMENT IN WOOD-FRAME 
CONSTRUCTION 

Vertical movement in wood-frame buildings may be caused by wood shrinkage due to moisture 
content (MC) change, deformation due to compression and creep, and gap closure. Up to now, 
shrinkage has mainly been taken into consideration in design to estimate the vertical movement 
in wood-frame buildings. 

5.2.1 Vertical Movement Caused by Wood Shrinkage and Swelling 
Shrinkage, resulting from loss of moisture below fibre saturation point, has long been 
recognized as a major cause of vertical movement in platform frame construction (Wang and Ni, 
2010; 2012). Thermal expansion could be a major cause for the movement of other materials, 
such as steel members and masonry cladding, but it does not cause significant dimensional 
changes of wood. Before other causes of differential movement are considered, it is important to 
define and understand the effect of MC on dimensional changes in wood. 

5.2.1.1 Moisture Content and Dimensional Changes 
Wood shrinks when it loses moisture and swells on moisture gains, but only below the MC 
defined as the fibre saturation point. Moisture exists in wood either as bound water that is held 
within the cell walls or as free water that is stored in the cell cavities. As freshly cut (i.e. "green") 
wood dries the free water evaporates first. Wood reaches the fibre saturation point when all of 
the free water is gone, leaving only the bound water within the cell walls. The fibre saturation 
point averages about 30% among different wood species (U.S. FPL, 2010), and 28% is 
commonly used for design-related calculations (CWC, 2005). The practical importance of this 
concept is the fact that it marks a turning point of a relationship curve between most physical, or 
mechanical properties, and MC. Wood exchanges moisture only with the surrounding air when it 
is not in contact with liquid water. Under constant relative humidity (RH) and temperature, it will 
achieve an equilibrium moisture content (EMC) when it no longer gains or loses moisture. 

Small dimension wood products can dry rapidly when the conditions are highly favourable for 
moisture exchange between the wood and the environment. For example, it takes only a few days 
for green lumber ranging from 50 to 120% MC to reach a target MC of 16% during high-
temperature kiln drying. However, it may take weeks, months and even longer for large green 
timbers to reach EMC in service, especially when the environmental humidity is high. On the other 
hand, short-term exposure of kiln-dried lumber or timber products to rain or other sources of liquid 
water usually only results in surface wetting and will not cause considerable change in either the 
MC or the dimensions of the whole piece, if the conditions allow for effective drying to take place. 

Wood is a naturally inhomogeneous material. Its shrinkage varies between and within wood 
species and even within the same tree. The change in dimension is almost in direct proportion 
to its moisture change below the fibre saturation point. Wood shrinks or swells considerably 
more across the grain than in the longitudinal direction. See Figure 1 for grain orientation in 
lumber. For example, the average shrinkage in the tangential direction (in the direction of the 
annual growth rings) of spruce from an MC ranging from 19% to 8% is about 2.7% and the 
average shrinkage in the radial direction (in direction across the growth rings) is about 1.3%.  
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Figure 1 Grain orientation in lumber 

Over the same MC range, the average shrinkage of Douglas fir in the tangential direction is about 
2.9% and in the radial direction, about 1.9% (Figure 2, data based on Reference (Jessome, 
1977)). The shrinkage amount in the longitudinal direction of wood is typically below 0.1% over 
this MC range (U.S. FPL, 2010). Therefore, usually only the shrinkage in members loaded 
perpendicular to grain is taken into account, with the change in the length of lumber or timber 
parallel to grain being ignored during shrinkage calculation. Exceptions include: 1) where there 
are severe grain irregularities, or the lumber/timber has been sawn at an angle to the grain; 
2) when the structure is very sensitive to any dimensional movement; and 3) when the overall 
wood length is too large to be neglected, such as in a six-storey or taller wood-frame building. 
Where the cumulative shrinkage in parallel-to-grain direction may become considerable in 5- or 
6-storey wood-frame buildings, it should be included in the shrinkage calculation. 

 

Figure 2 Shrinkage of two wood species in major grain orientations 
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Normally, a user has no control over growth ring orientation or wood species within a species 
group, such as Spruce-Pine-Fir (S-P-F), Hemlock-Fir (Hem-Fir), Douglas Fir-Larch (D. Fir-L) or 
Southern pine(s). Moreover, it is not possible or necessary to calculate shrinkage in design so 
precisely, given the many other variations involved in construction. It is recommended that for 
perpendicular-to-grain shrinkage, a rate of 0.2% per 1% change in MC be used for multi-storey 
wood-frame design (Cheung, 2000; CWC, 2005; Breyer et al., 2006). The American Softwood 
Lumber Standard (U.S. NIST, 2005) recommends using an average shrinkage coefficient of 
0.25% per 1% change in MC for cross-sections of most softwood lumber commodities. The 
laboratory measurements based on a limited number of samples partially validated a simplified 
shrinkage coefficient between 0.20 and 0.25% per 1% change in MC for S-P-F lumber 
perpendicular to grain (Wang and King, 2014). This Chapter therefore recommends using a 
shrinkage coefficient of 0.25% per 1% change in MC for calculating shrinkage in the cross 
sections of dimension lumber when designing five- and six-storey wood-frame construction.   

5.2.1.2 Wood Materials Commonly Used in Construction 
In North America, dimension lumber is produced with the designation of either “S-Dry” (Surfaced 
Dry) or “S-Grn” (Surfaced Green). Lumber with a designation of “S-Dry” means its MC is 19% or 
lower when it is planed or surfaced to the standard lumber dimension. Among “S-Dry”, “KD” 
(Kiln Dried) North American grade stamp indicates that the lumber has been kiln-dried to an MC 
of 19% or less, typically with an average moisture content of 16%. “S-Grn” is not checked for 
MC at the time of surfacing and the MC is usually above 19% when surfaced. It is 
recommended to avoid using "S-Grn" lumber for framing of five- and six-storey wood 
construction. “S-Dry” and “KD” lumber is readily available on the market and is dominant in 
construction. Lumber commodities dried to lower MCs would only be available on special 
orders, typically with increased cost. The designation of lumber does not provide any assurance 
that the MC will not change after manufacturing. In most cases, both “S-Dry” and “S-Grn” 
lumber usually continue to lose moisture during storage, transportation and construction, as the 
wood is kept away from liquid water sources and adapts to different atmospheric conditions. But 
the MC could increase if the lumber is exposed to rain or high humidity conditions.  

Because of the requirement for moisture control to achieve proper adhesive bonding, the 
manufacturing processes for engineered wood products result in lower MC than solid-sawn 
wood products. For example, Structural Composite Lumber (SCL) is usually manufactured with 
MC levels lower than, or close to, the EMC in service. Plywood, Oriented Strand Board (OSB), 
Laminated Veneer Lumber (LVL), Laminated Strand Lumber (LSL), and Parallel Strand Lumber 
(PSL) are usually manufactured at MCs ranging from 6% to 12%. Glued-laminated timber 
(glulam) is manufactured at MC levels from ranging from 11% to 15% (CWC, 2005) and so is 
the recently developed cross-laminated timber (CLT) products (Gagnon and Pirvu, 2011). 
Engineered wood I-joists are made using kiln-dried lumber or composite lumber (e.g., LVL) for 
flanges and plywood or OSB for webs. For all these products, minimal shrinkage may be 
expected and sometimes even small amounts of swelling may occur if the MC increases as a 
result of incidental wetting or high humidity construction conditions (Wang and Ni, 2014). Simply 
specifying materials with a lower MC at manufacture or at time of delivery to the job site does 
not guarantee reduced shrinkage in the building. In order to fully benefit from using dry 
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products, such as SCL and “S-Dry” lumber, care must be taken to prevent them from wetting 
during shipping, storage and construction. Designers need to pay attention to the MC at the 
following three key stages: 

 The MC at the time of manufacturing (Table 1), which typically depends on the product (and 
is associated with cost) based on specification.  

 The MC when the framing is enclosed, which is typically required to be below 19%. A figure 
of 19% is therefore usually used as the initial MC to calculate the MC change during 
shrinkage prediction. However, this MC is influenced by weather conditions and by 
measures taken to protect wood on sites. For example, an MC of 19% or even much below 
can be relatively easily achieved under dry construction conditions. On the other hand, 
space heating or other mechanical measures may be required to dry wood to an MC around 
19% under wet construction conditions.  

 The EMC that the wood will reach in service. This MC primarily depends on in-service 
environmental conditions, and particularly the humidity level (Subsection 5.2.1.3). This MC is 
also needed to calculate MC change during shrinkage prediction. 

Table 1         Typical MC ranges of wood materials at time of production 

Wood materials MC range (%) 

“S-Dry” lumber, including "KD" lumber 15-19 

Wood-based composites such as plywood, oriented strand board 
(OSB), parallel strand lumber (PSL), laminated strand lumber (LSL), 
laminated veneer lumber (LVL), oriented strand lumber (OSL) 

6-12 

Glued-laminated timber (glulam), cross-laminated timber (CLT) 11-15 
 

5.2.1.3 Moisture Contents of Wood in Service 
In practice, wood never reaches an EMC under the fluctuating environmental conditions 
encountered in service. However, because wood gains and loses moisture slowly, the MC of 
wood will normally fluctuate over a small range within a certain environment, and this stable MC 
may be considered an EMC in service. The MC of wood is determined primarily by the RH of 
the environment, with smaller effects from other factors, such as ambient temperature, wood 
species, and the drying history of the wood. Typical EMCs for a range of conditions are 
indicated in Table 2 (from CWC, 2005, Table 5.3). Appendix 5A.1 lists the EMC of wood at 
various humidity levels and temperatures (U.S. FPL, 2010). It should be noted that wood 
processing and treatment may change EMC. For example, the EMC of plywood and OSB is 
usually at least 2% less than that of the parent wood material, due to the added chemicals 
(e.g., adhesive, wax) and the high temperature pressing (Onysko et al., 2010). 
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Humidity conditions in indoor living environments vary depending on exterior climate, whether 
space heating or air conditioning is used, occupant density and behaviour, and other factors. A 
typical range is 35-50%, however in the winter, the RH in the Prairies and Central Canada may 
be much lower than 35% but may be higher than 50% in coastal climates (Finch et al., 2007). 
The building envelope and mechanical system affect indoor conditions. For example, improved 
airtightness, one of the measures to improve home energy efficiency, can cause elevated indoor 
RH without a properly functioning ventilation system. The MC of wood in exterior walls will be 
slightly different from the indoor EMC resulting from a higher influence from the exterior 
conditions, depending on season, assembly design, and the specific location of the wood.  

Table 2         Typical MC ranges of wood materials in service (from CWC, 2005, Table 5.3) 

Location Average EMC 
(%) 

Winter EMC 
(%) 

Summer EMC 
(%) 

West Coast 
Indoors 10 – 11 8 12 

Sheltered 
outdoors 15 – 16 18 13 

Prairies 
Indoors 6 – 7 5 8 

Sheltered 
outdoors 11 – 12 12 10 

Central 
Canada 

Indoors 7 – 8 5 10 

Sheltered 
outdoors 13 – 14 17 10 

East coast 
Indoors 8 – 9 7 10 

Sheltered 
outdoors 14 – 15 19 12 

5.2.1.4 Methods of Measuring Wood Moisture Content 
The MC of solid wood members can be measured on site by using a portable moisture meter, 
which is typically based on resistance (i.e., moisture sensor pins) or capacitance. The 
measurement should be conducted away from wood defects, such as knots and pitch pockets. 
When a pin-type meter is used, the two pins should be inserted parallel to the grain; insulated pins 
(coated with a non-conducting material except at the tips) measure the MC between the two tips 
and non-insulated pins provide the highest MC between the two pins. A capacitance-based meter 
provides readings when placed on surface by measuring the upper level of the wood. When 
properly calibrated, both types of moisture meters typically have a working range from 6% to 25%, 
with errors ± 2%. When conditions allow, the measurement should compensate for the effects of 
wood species and temperature. A lot of information about MC measurement is available in the 
literature (James, 1988; Garrahan, 1988; O’Connor, 2001; Onysko et al., 2010; U.S. FPL, 2010a; 
2010c). It should be noted that special consideration and calibrations are required for measuring 
the MC of wood-based composites, such as plywood and OSB, as well as treated wood (e.g., 
preservatives or fire retardant-treated wood), due to the effects of the chemicals used and the 
manufacturing process on conductivity and capacitance (Onysko et al., 2010). 
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5.2.2 Vertical Movement Caused by Loads 
Recent laboratory experiments and field monitoring by FPInnovations have shed considerable 
light on the relative impacts on vertical movement caused by shrinkage and load-induced 
movement, such as settlement, elastic deformation, and creep. The laboratory test was 
conducted using a wood-frame structure under a dead load that could be experienced by the 
bottom floor of a six-storey wood-frame construction (Wang and King, 2014). The field 
monitoring was conducted on 4- and 5-storey buildings in the Vancouver area (Wang et al., 
2013; Wang and Ni, 2014), with more research under way. 

5.2.2.1 Settlement 
Small gaps between framing members in the walls and floors are created due to imperfections 
of product manufacturing, building construction, and connection details. These gaps usually 
close, causing settlement, when loads are applied during construction. The amount of 
settlement varies greatly with different products and construction practices. In a laboratory test 
(Wang and King, 2014), drying a wood frame before loading led to a larger amount of settlement 
at the time of loading, but reduced the total vertical movement (including settlement, shrinkage, 
elastic compression, and creep). The need for considering settlement depends on the specific 
building component (e.g., cladding) and when (at which construction stage) it is installed. 
Usually, most gaps are already closed during framing, before other components, such as 
cladding and interior drywall, are installed, so there is no need to account for settlement. The 
precision-cutting and assembly process involved in prefabricated wall panels used in some mid-
rise wood-frame buildings may reduce the settlement amount. For more information on 
prefabrication, see Chapter 10. 

5.2.2.2 Elastic Deformation and Creep Due to Compression Load 
Wood has a high modulus of elasticity (MOE) parallel to the grain; therefore, the deformation of 
members loaded parallel to grain, such as studs, is very small and can typically be ignored. 
However, wood members loaded in compression perpendicular to grain may undergo 
appreciable instantaneous deformation (i.e., elastic deformation) and time-dependent 
deformation (i.e., creep). Instantaneous deformation occurs when the wood is loaded and should 
typically be within the elastic deformation range. Creep is most pronounced where wood 
members are subjected to high levels of sustained loads in environments with large humidity 
fluctuations or under continuously damp/wet conditions (CEN, 2004). Research shows that there 
may be a need to consider elastic deformation and creep, in addition to wood shrinkage when 
predicting vertical movement. In a laboratory test when the wood dried from an initial MC of 
about 20% to a final MC of about 7%, wood shrinkage accounted for approximately 70% of the 
vertical movement, with the remaining 30% contributed by load-induced movement, including 
settlement, elastic deformation and creep (Wang and King, 2014). The proportion of load-
induced vertical movement in a real building should be lower, since most settlement as well as 
elastic compression occurs during framing. Due to the effect of MC on load-induced deformation, 
this proportion will also depend on weather conditions, construction sequencing, type of 
construction method (i.e., prefabrication vs. stick-built), and other construction conditions. 
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5.3 PREDICTING VERTICAL MOVEMENT OF WOOD-FRAME 
STRUCTURES 

The total vertical movement of a building is comprised of contributions from shrinkage and loads 
and may be estimated as follows: 

Building Movement = Shrinkage + Elastic Deformation + Creep + Settlement 

The prediction of shrinkage, elastic deformation, and creep is illustrated below, taking design, 
construction details, and weather conditions into consideration. This analysis will show the 
relative contribution of each element. When an element is found to have negligible contribution 
(e.g., shrinkage of longitudinal members) or does not contribute to movement (e.g., elastic 
deformation) that is of concern, that element may be ignored. As discussed above, settlement is 
typically ignored in prediction. However, if there is a need to take settlement for a specific 
building component into consideration, (e.g., elevator shaft), a value of 2 mm/storey may be 
used as an estimate (Doudak et al., 2013). Since it is very difficult to precisely predict vertical 
movement in wood structures, due to the many variables involved, it is always critically 
important to provide design and construction detailing to accommodate differential movement at 
key interfaces, such as between wood framing and elevator shafts, horizontal hard pipes, and 
rigid cladding (Section 5.4). Good connection detailing, construction sequencing, and material 
handling certainly play a very important role in reducing the amount of differential movement 
that needs to be accommodated by building design (Section 5.5). 

5.3.1 Predicting Wood Shrinkage 
The shrinkage of sawn dimension lumber and laminated timber products (including cross 
sections of glulam and out-of-plane CLT) can be estimated using the following equation: 

CMDS   [1] 

where: 

S = shrinkage amount (mm) 

D = actual dimension of wood members in the load path (mm) 

M = percentage of MC change (%), i.e., the difference between the initial MC and the service 
EMC. The maximum initial MC for calculation is the fibre saturation point, i.e., 30%  

C = shrinkage coefficient of wood members (percentage per 1% change in MC) 

This equation may apply to both horizontal and vertical members. The types and amounts of 
wood members, such as wall plates and floor joists, depend on such factors as structural 
requirements and construction practices. For the first storey, one sill plate is typically used if 
there is no additional concrete screed or topping on the concrete floor slab. Two wall plates may 
be needed if there is a radiant heat floor on the concrete slab. On higher floors, two bottom 
plates are commonly designed for multi-family wood-frame buildings, due to the installation of 
concrete topping to improve acoustical performance or accommodate radiant floor heating. Two 
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top plates are typically built for each floor. Dimension lumber may be used for the floor joists of 
buildings below four storeys and engineered wood joists are typically used for the floor joists of 
taller wood-frame buildings. 

For calculating the MC change, it is often assumed that “S-Dry” lumber has an initial MC of 19%. 
When products with a higher initial MC, such as preservative-treated sill plates (which may be 
used depending on code requirements, local climate and building design), are used, their MC at 
installation may be above 19%. Since lumber is typically dried to a maximum MC of 19% before 
enclosure (it usually takes longer for sill plates in contact with concrete slab to dry), “19%” can still 
be used as the initial MC. When a building is constructed in a dry area or a dry season, a lower 
MC, such as 15%, may be used (Wang and Ni, 2014). As described in Subsection 5.2.1.3, the 
service EMC depends primarily on the humidity levels of the environment and typically varies 
seasonally. For example, the wood will reach an MC of around 11% when the RH is about 60% 
and will equilibrate around 8.5% when the RH is about 45%, at a temperature of about 20°C 
(Appendix 5A.1). Table 1 lists typical EMCs for a range of geological and climate conditions in 
Canada. If more accurate predictions are required, in situ measurements may be conducted to 
evaluate the MC changes (Subsection 5.2.1.4).  

A shrinkage coefficient of 0.25% per 1% change in MC was used for cross-sections of 
dimension lumber in Subsection 5.3.3, Case Study. If the longitudinal dimensional changes of 
solid wood need to be taken into consideration, for example, to account for the cumulative effect 
in tall buildings, a shrinkage coefficient of 0.0053% per 1% change in MC may be used (based 
on an assumption of a longitudinal shrinkage rate of 0.15% from green to oven-dry state, CWC, 
2005 and CSA, 2014) when using Equation [1]. Attention should also be paid to engineered 
wood products. They usually experience smaller MC changes than dimension lumber due to a 
lower initial MC (i.e., drier) and possibly a lower shrinkage coefficient. Limited data are available 
about shrinkage coefficients of engineered wood composites, such as PSL, OSL, LSL, LVL, and 
in-plane CLT. These products merit more testing given the fact that more and more engineered 
wood products are used in platform frame construction, for mid-rise buildings in particular. 

5.3.2 Predicting Deformation under Loads 
5.3.2.1 Elastic Deformation 
The amount of elastic deformation of each member can be theoretically estimated based on 
engineering principles; however, it is almost impossible to precisely calculate the elastic 
deformation of wood, particularly for horizontal members, due to large variations in MOE 
perpendicular-to-grain and the effective bearing area. The vertical deformation of a wood-frame 
structure (e.g., studs, plates, and headers of floor joists) can be roughly estimated using the 
following formula, typically on a floor-to-floor basis. The deformation is cumulative from the 
lower storeys to the upper storeys, just like predicting wood shrinkage. 
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)/( EADPelastic   [2] 

where: 

elastic = estimated elastic deformation (mm) 

P = specified load (N) 

D = actual dimension of the wood member in the load direction (mm) 

A = cross-section of the wood member (mm2) 

E = modulus of elasticity (MPa)  

MOE (“E” in Equation [2]) and other wood strengths vary with wood species, density, grain 
orientations, and MC. The MOE parallel to grain, E//, of major wood species/species groups and 
grades, typically for a MC around 12%, can be found in wood design standards, such as the 
CSA O86 in Canada (CSA, 2014), and wood design handbooks. According to the Wood 
Handbook: Wood as an Engineering Material (U.S. FPL, 2010), the MOE perpendicular to grain, 
E, ranges from 1/10 to 1/30 of the MOE parallel to grain. The E is therefore roughly assumed to 
be 1/30 E// for the predictions in Subsection 5.3.3, regardless of the species or MC of the wood. 

5.3.2.2 Creep 
Creep is the long-term deflection under sustained loading and becomes more prominent in 
damp/wet service conditions or frequent large fluctuations in MC. Creep deformation is 
estimated using the following formula: 

creepelasticcreep K  [3] 

where: 

∆creep = creep deformation (mm) 

Kcreep = creep deformation factor 

Based on the European design provisions (CEN, 2004), Kcreep can be taken as 0.6 for creep 
caused by dead load under typical indoor conditions, with a temperature of 20°C and the 
ambient RH exceeding 65% only for a few weeks per year. For wood used under damp 
conditions, such as in an indoor swimming pool, Kcreep can be taken as 2.0 based on the 
European design provisions (CEN, 2004). 
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5.3.3 Case Studies: Vertical Movement Prediction in Comparison 
with Field Measurements 

The following case studies illustrate prediction of vertical movement in wood platform frame 
buildings, in comparison with field measurement results from Coastal BC. The detailed 
comparison between prediction and measurement results are provided in papers (Wang et al., 
2013; Wang and Ni, 2014). Settlement was not directly measured in both cases, since the field 
measurement started when the roof sheathing was installed and it was assumed most 
settlement had already occurred. 

5.3.3.1 Case Study: a Four-storey Platform Frame Building 
In this building the members contributing to vertical movement of the building included wall 
plates, floor joists, and studs. “S-Dry” SPF dimension lumber, nominal 26 with actual 
dimensions of 38 mm by 140 mm, was used for the wall plates and studs. The building had 
double top plates and bottom plates, with a single sill plate on the first floor. “S-Dry” SPF 
dimension lumber, nominal 2 10 with actual dimensions of 38 mm by 235 mm, was used for 
the floor joists. The floor joist spacing was 400 mm, the joist spans were 3.75 m and the stud 
spacing was 400 mm at typical locations, on which the prediction in Table 3 was based. The 
plywood subflooring was ignored, since it typically has a very small contribution to the vertical 
movement (Wang et al., 2013). The wood had an average MC of around 19%, based on on-site 
measurements when the framing was completed in the winter in Coastal BC, with space heating 
provided before enclosure. The average interior service MC was assumed to be 8% in the 
Coastal BC climate. The predictions for vertical movement in Table 3 were for interior partition 
walls. The dead loads listed in the table were based on the design dead loads for an interior 
partition wall. The total deformation under the loads was the sum of the elastic deformation and 
creep, with an assumed creep deformation factor of 0.6 for such indoor living environments 
(CEN, 2004). The predicted total vertical movement was 43.5 mm, with 40.4 mm contributed by 
wood shrinkage, and 3.0 mm from deformation caused by elastic deformation and creep. Based 
on this prediction, the wood shrinkage and load-induced deformation account for approximately 
92.3% and 7.7% of the total vertical movement, respectively.  

Since the measured vertical movement of the four storeys (excluding the single sill plate on the 
first floor) was 45 mm at this interior partition once the measurement levelled off and stabilized 
after approximately 18 months (Wang et al., 2013), the entire vertical movement of this building 
was about 46 mm (the shrinkage of a sill plate is about 1 mm), which was approximately 12 mm 
per storey. See Appendix 5A.2 for wood shrinkage amounts of individual members). In field 
measurement, it was found that the vertical movement amounts in the bottom storeys were 
higher than those of the upper storeys. The prediction in Table 3 is in general very close, being 
slightly lower than the measured vertical movement at this interior wall location.  

However, the vertical movement measured at an exterior wall was only about 34 mm, much 
lower than those from the interior locations. This much reduced movement must have resulted 
from a combination of factors possibly including a slightly higher service MC (adjacent to the 
exterior environment) as well as a lower load compared with the interior locations. 
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Table 3         Estimated vertical movement in a four-storey wood-frame building 

Storey Member 
Dimension in 

load path 
(mm) 

Loading 
area A 
(mm2) 

MOE 
(MPa) 

Shrinkage 
coefficient 

Initial 
MC 
(%) 

Service 
MC  
(%) 

S 
(mm) 

P 
(N) 

∆ 
(mm) 

S + 
∆ 

(mm) 

4 

T&B 
plates 

152 5320 317 0.0025 19 8 4.2 712 0.1 4.3 

Studs 2440 5320 9500 0.00005 19 8 1.3 712 0.1 1.4 

3 

Joist 235 5320 317 0.0025 19 8 6.5 2698 - 6.5 

T&B 
plates 

152 5320 317 0.0025 19 8 4.2 2698 0.4 4.6 

Studs 2440 5320 9500 0.00005 19 8 1.3 2698 0.2 1.6 

2 

Joist 235 5320 317 0.0025 19 8 6.5 4685 - 6.5 

T&B 
plates 

152 5320 317 0.0025 19 8 4.2 4685 0.7 4.9 

Studs 2440 5320 9500 0.00005 19 8 1.3 4685 0.4 1.7 

1 

Joist 235 5320 317 0.0025 19 8 6.5 6672 - 6.5 

T&B 
plates 

114 5320 317 0.0025 19 8 3.1 6672 0.7 3.9 

Studs 2440 5320 9500 0.00005 19 8 1.3 6672 0.5 1.9 

Total movement based on prediction 40.4  3.0 43.5 

(Total movement based on measurement) (46) 

Notes: 
1. S is the estimated shrinkage resulting from wood drying. 
2. ∆ is the estimated elastic and creep deformation under dead load P. 
3. The MOE of SPF (SPF, Grade No. 1/No. 2) for both studs and plates was based on CSA O86 (CSA, 2014) 

at an MC of around 12%. 
4. The deformations of the floor joists are not taken into consideration, since it is difficult to assess the loading 

area due to the use of blocking at floor joists.   
 

5.3.3.2 Case Study: a Five-storey Platform Frame Building 
In this building, the members contributing to vertical movement of the building included plates, 
engineered wood floor joists, and studs. “S-Dry” Douglas-fir dimension lumber, nominal 26 with 
actual dimensions of 38 mm by 140 mm, was used for the top and bottom plates, with double top 
and bottom plates on each floor. “S-Dry” SPF dimension lumber, nominal 26 with actual 
dimensions of 38 mm by 140 mm, was used for the studs. Different from the four-storey building 
previously described, this five-storey building used LSL for rim joists together with I-Joists, with the 
flanges made of LVL and the webs made of OSB. The measured MC was about 19% on average, 
with space heating provided before enclosure, when the first part of the building was framed in the 
winter in Coastal BC (Table 4, wet weather construction), and 15% when the other part of the 
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building framed in the summer (Table 5, dry weather construction). The average interior service 
MC was assumed to be 8%, partially indicated by the in situ measurement in this building (Wang 
and Ni, 2014). The predictions for vertical movement in Table 4 and 5 were both for interior 
partition walls. The dead loads listed in the tables were based on the designed dead loads. The 
total deformation under the loads was the sum of the elastic deformation and creep, with an 
assumed creep deformation factor of 0.6 for such indoor living environments (CEN, 2004).  

Scenario 1: Wet Weather Construction 

Under wet weather construction conditions (Table 4), the predicted total vertical movement was 
33.5 mm, with 27.6 mm caused by wood shrinkage, and 5.9 mm from load-induced elastic 
deformation and creep. Based on this prediction, wood shrinkage accounts for approximately 
82.4% of the total vertical movement and load-induced deformation accounts for about 17.6% of 
the total vertical movement. The measured vertical movement of the five storeys (excluding the 
double bottom plates on the first storey) was 34 mm at this interior partition, after it levelled off 
and stabilized (Wang and Ni, 2014); the entire vertical movement of this building was therefore 
about 36 mm (shrinkage of double bottom plates is about 2 mm), which was approximately 
7 mm per storey. The prediction in Table 4 is slightly lower than the measured vertical 
movement at this interior wall location.  

Scenario 2: Dry Weather Construction 

Under dry weather construction conditions (Table 5), the predicted total vertical movement was 
23.5 mm, with 17.6 mm contributed by wood shrinkage, and 5.9 mm from deformation caused 
by elastic deformation and creep. Based on this prediction, wood shrinkage accounts for 
approximately 75.0% of the total vertical movement and load-induced deformation accounts for 
about 25.0% of the total vertical movement. The measured vertical movement of the five storeys 
(excluding the double plates on the first floor) was only 18 mm at this interior partition after the 
measurement levelled off and stabilized (Wang and Ni, 2014); the entire vertical movement of 
this building was therefore about 20 mm (shrinkage of double bottom plates is about 2 mm), 
which was approximately 4 mm per storey. In contrast to Scenario 1, the predicted amount in 
this scenario was actually higher than the measured movement amount. Since the weather 
conditions were the only major difference between these two scenarios, the discrepancy 
indicates that the drier weather conditions, i.e., consequently the drier wood and the smaller MC 
fluctuations, must have been very effective in reducing vertical movement. Lower MC reduces 
both elastic deformation and creep, in addition to less shrinkage. 
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Table 4         Estimated vertical movement in a five-storey, wood-frame building (wet weather 
conditions) 

Storey Member 
Dimension 
in load path 

(mm) 

Loading 
area A 
(mm2) 

MOE 
(MPa) 

Shrinkage 
coefficient 

Initial 
MC 
(%) 

Service 
MC  
(%) 

S 
(mm) 

P 
(N) 

∆ 
(mm) 

S + 
∆ 

(mm) 

5 

T&B 
plates 

152 5320 367 0.0025 19 8 4.2 1483 0.2 4.4 

Studs 2440 5320 9500 0.00005 19 8 1.3 1483 0.1 1.5 

4 

I-joist 70 8960 367 0.0025 8 8 0 3677 -  

T&B 
plates 

152 5320 367 0.0025 19 8 4.2 3677 0.5 4.6 

Studs 2440 5320 9500 0.00005 19 8 1.3 3677 0.3 1.6 

3 

I-joist 70 8960 367 0.0025 8 8 0 5871 -  

T&B 
plates 

152 5320 367 0.0025 19 8 4.2 5871 0.7 4.9 

Studs 2440 5320 9500 0.00005 19 8 1.3 5871 0.5 1.8 

2 

I-joist 70 8960 367 0.0025 8 8 0 8066 -  

T&B 
plates 

152 5320 367 0.0025 19 8 4.2 8066 1.0 5.2 

Studs 2440 5320 9500 0.00005 19 8 1.3 8066 0.6 2.0 

1 

I-joist 70 8960 367 0.0025 8 8 0 10260 -  

T&B 
plates 

152 5320 367 0.0025 19 8 4.2 10260 1.3 5.5 

Studs 2440 5320 9500 0.00005 19 8 1.3 10260 0.8 2.1 

Total movement based on prediction 27.6  5.9 33.5 

(Total movement based on measurement) (36) 

Notes: 
1. S is the estimated shrinkage resulting from wood drying. 
2. ∆ is the estimated elastic and creep deformation under dead load P. 
3. The MOEs of SPF (SPF, Grade No. 1/No. 2, studs) and of Douglas fir (D-Fir-L, Grade No. 1/No. 2, plates) 

are based on CSA O86 (CSA, 2014), at an MC of around 12%. 
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Table 5         Estimated vertical movement in a five-storey, wood-frame building (dry weather 
conditions) 

Storey Member 

Dimension 

in load path 

(mm) 

Loading 

area A 

(mm2) 

MOE 

(MPa) 

Shrinkage 

coefficient 

Initial 

MC 

(%) 

Service 

MC  

(%) 

S 

(mm) 

P 

(N) 

∆ 

(mm) 

S + 

∆ 

(mm) 

5 

T&B 
plates 

152 5320 367 0.0025 15 8 2.7 1483 0.2 2.8 

Studs 2440 5320 9500 0.00005 15 8 0.9 1483 0.1 1.0 

4 

I-joist 70 8960 367 0.0025 8 8 0 3677 -  

T&B 
plates 

152 5320 367 0.0025 15 8 2.7 3677 0.5 3.1 

Studs 2440 5320 9500 0.00005 15 8 0.9 3677 0.3 1.1 

3 

I-joist 70 8960 367 0.0025 8 8 0 5871 -  

T&B 
plates 

152 5320 367 0.0025 15 8 2.7 5871 0.7 3.4 

Studs 2440 5320 9500 0.00005 15 8 0.9 5871 0.5 1.3 

2 

I-joist 70 8960 367 0.0025 8 8 0 8066 -  

T&B 
plates 

152 5320 367 0.0025 15 8 2.7 8066 1.0 3.7 

Studs 2440 5320 9500 0.00005 15 8 0.9 8066 0.6 1.5 

1 

I-joist 70 8960 367 0.0025 8 8 0 10260 -  

T&B 
plates 

152 5320 367 0.0025 15 8 2.7 10260 1.3 3.9 

Studs 2440 5320 9500 0.00005 15 8 0.9 10260 0.8 1.6 

Total movement based on prediction 17.6  5.9 23.5 

(Total movement based on measurement) (20) 

Notes: 
1. S is the estimated shrinkage resulting from wood drying. 
2. ∆ is the estimated elastic and creep deformation under dead load P. 
3. The MOEs of SPF (SPF, Grade No. 1/No. 2, studs) and of Douglas fir (D-Fir-L, Grade No. 1/No. 2, plates) 

are based on CSA O86 (CSA, 2014), at an MC of around 12%. 
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5.4 SOLUTIONS FOR REDUCING AND ACCOMMODATING 
DIFFERENTIAL MOVEMENT 

5.4.1 General Rules 
Most buildings are designed to accommodate a certain range of vertical movement. It is always 
important to identify locations where differential movement could affect the building performance 
and develop proper detailing to accommodate it. Estimation of anticipated differential movement 
should be provided on drawings to help design and install structural and non-structural 
components, such as elevator shafts, masonry claddings, and windows. Simply specifying wood 
materials with a low MC at the time of delivery does not guarantee that the wood will not get wet 
on construction sites and will deliver a low shrinkage amount as anticipated. On-site moisture 
management should be carried out to ensure that wood does not experience unexpected 
wetting (Section 5.5). Good construction sequencing also plays an important role in reducing 
wetting potential and consequently, differential movement (Section 5.5). For example, the 
parts/components connected with wood-frame structures may be installed after the wood 
framing has had adequate time to dry and settle to minimize the differential movement, when 
the construction so allows. 

Existing documents including the APEGBC Technical and Practice Bulletin on 5- and 6-storey 
wood-frame residential buildings (APEGBC, 2011) and the Building Enclosure Design Guide – 
Wood Frame Multi-Unit Residential Buildings (HPO, 2011) provide general guidelines on how to 
reduce and accommodate differential movement in wood-frame construction. 

1. Wherever possible, engineered wood products or dimension lumber kiln dried to below 
the normal target of 19% maximum should be obtained for floor joists, particularly for the 
lower four storeys of the building.  

2. Dimension lumber or engineered wood products should be delivered just in time for 
installation in order to prevent potential wetting at the construction site. Plans should be 
made in advance to minimize on-site wetting. Wood-based composites and other 
engineered wood products usually require more attention during storage and handling, 
as these products may be more susceptible to moisture uptake during wetting incidents 
than dimension lumber or timbers.  

3. Forced drying of the building interior before enclosure in a wet season. 

4. When prefabricated assemblies are used, a lower MC may be achieved relatively easily 
due to the controlled environment in factory and the reduced construction time. See 
Chapter 10 on prefabrication.  

5. All wood components within a floor system or connecting systems should be made of 
materials with similar shrinkage properties, unless the potential differential movement is 
calculated and details are provided to accommodate it (see Subsection 5.4.2.7). 
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6. Where mixed structural systems are used, such as wood-frame structures incorporating 
horizontal elements connecting to vertical structural members of steel, concrete, or 
wood-based columns or posts (e.g., balconies, roof decks), the potential differential 
movement should be calculated and designed for. When steel dowels/anchor bolts are 
used in the connections of an elevator/stair shaft, the use of slots that allow movement 
of dowels may be preferred. See Chapter 9 for more details.   

5.4.2 Critical Locations for Detailing 
The following information summarizes design solutions for critical locations based on a literature 
review and a survey conducted in 2009 and 2010 (Wang and Ni, 2010). It should be noted that 
there may be regional differences in requirements and practices and detailed solutions may vary. 

5.4.2.1 Masonry Cladding 

It is recognized that one of the challenging issues in constructing multi-storey, wood-frame 
buildings is the differential movement between wood framing and rigid cladding, such as 
masonry veneer cladding. Considerable differential movement may occur if the wood framing 
does not reach an EMC at the time of installing cladding. Contrary to wood framing, which 
usually “shortens” under protected environment, masonry cladding may slightly increase in size 
resulting from thermal expansion or wetting upon exposure to the exterior climate. 
Consequently, differential movement is the sum of wood “shortening” and expansion of the 
masonry cladding. It should be noticed that different masonry products may have different 
movement characteristics. To better estimate the amount of potential vertical movement, it is 
recommended that such information be obtained from manufacturers.  

Just like other cladding types, vertical and horizontal movement joints are required to 
accommodate movements in the masonry cladding itself as well as differential movements 
between the cladding and the back-up structure. Shelf angles are used to provide the gap for a 
horizontal joint. When used in a mid-rise wood-frame building, shelf angles should be installed 
on each floor level to compartmentalize the cladding and constrain the cumulative movement in 
each storey. A 12-mm joint under the shelf angles should be provided to accommodate the 
differential movement (based on recommendations from the Masonry Institute of BC) (Figure 3). 
To prevent potential damage to masonry veneer, the deflection of the supporting elements 
should be limited below L (span)/480, unless special attention is paid to movement joints to 
prevent the cladding from cracking. Note that there could be concerns about fastening steel 
shelf angles at each floor plate resulting from increased thermal bridging, where exterior 
insulation is used. 

In addition to these measures, all interfaces between the wood framing and the masonry 
cladding must be detailed to allow for differential movement, particularly at windows, balconies, 
roof decks, parapets, and other components horizontally extending from the framing to the 
cladding. For example, to accommodate the differential movement at window sills, sill flashings 
can be detailed in two pieces as slip flashings, and the flashing should be installed with an 
adequate slope in order to maintain a positive slope towards the exterior after the movement 
has occurred (Figure 4, HPO, 2011). Brick ties must also be able to accommodate differential 



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 5 – Design for Vertical Differential Movement 
18 

movement in addition to maintaining the function of transferring horizontal loads. For large wall 
openings such as windows, fixed lintel angles, which incorporate local joints between the angle 
and the opening, will help accommodate the differential movement, as shown in Figure 5. 

 

Figure 3 Shelf angles at floor level with masonry cladding 

 



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Design for Vertical Differential Movement - Chapter 5 

19 

 

  
(a) 



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 5 – Design for Vertical Differential Movement 
20 

 

 

Figure 4 Two different representations ((a) and (b)) of construction detailing at a window sill 
to accommodate differential movement (HPO, 2011) 

(b) 
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Figure 5 Lintel angles above large openings with masonry cladding 

5.4.2.2 Connections to Firewalls, Stairwells, and Elevator Shafts 
Attention should be paid to the interfaces between concrete/masonry firewalls, stairwells or 
elevator shafts and the surrounding wood-frame structures. This can be addressed by isolating 
the wood framing from the concrete/masonry stairwells or elevator shafts; proper transition 
detailing must then be provided to prevent serviceability issues, such as tripping hazards. When 
wood-frame structures need to be structurally tied to the concrete/masonry firewalls or elevator 
shafts, vertical slotted connections may be used to accommodate the differential movement. 
See Figure 6 for an example of a connector that may be used for this purpose. 

 

Figure 6 Example of a connector that allows upward and downward movement  
between two structures (courtesy of Simpson Strong-Tie) 
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As buildings get taller, wood-based elevator/stair shafts that have vertical movement similar to 
the surrounding wood-frame structures, such as by using the same number of lumber plates, 
may be used, as long as they satisfy the building code requirements (see Figure 7 for an 
example). More details are provided in Chapter 9. 

   

Figure 7 Elevator shafts made with nailed laminated 2x6 with top and bottom dimension 
lumber plates (courtesy of Mitsui Homes) 

5.4.2.3 Seismic Ties and Hold-Down Anchors 
When metal straps and hold-down anchors are used in wood-frame construction and as the 
wood framing shortens, it may lead to loosening of connections. Excessive deformation may then 
occur under lateral loads (e.g., caused by wind and earthquakes), resulting in higher than 
anticipated storey drifts. This could consequently undermine the performance of shearwalls and 
even the performance of the entire building. Such issues become more critically important for 
five- and six-storey wood-frame buildings, as meeting lateral drift requirements may become a 
governing factor in lateral load design. It is recommended that hold-down systems with shrinkage 
compensators be used to accommodate the vertical movement in mid-rise wood-frame buildings. 
Where large uplift forces are expected, a continuous rod system with shrinkage compensators, 
extending from the foundation all the way to the top of the structure, as one example shown in 
Figure 8, should be used to provide adequate load capacity and overturning resistance. 
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Figure 8 Continuous steel rod hold-down systems (courtesy of Simpson Strong-Tie) 

5.4.2.4 Balconies 
A good slope to the exterior, after wood shrinkage and other movements occur, is critically important 
to ensure water drainage from components, such as roofs, roof decks, balconies, and flashings. For 
example, for a balcony deck, the cumulative differential movement of wood-frame construction could 
reverse a slope when the deck is directly supported by a wood-frame wall on the interior end and 
rigid posts on the exterior end, particularly at higher floor levels. These exterior posts should be 
designed to accommodate cumulative vertical “shortening” of the wood-frame structure and to 
ensure that the slope of each balcony deck will remain adequate for good drainage. Typically the 
posts are designed to be progressively shorter from the bottom storey up to the top storey. The 
downward movement of the framing can also reverse the slope of a through-wall flashing. Similar 
issues can happen to a roof deck or floor joist (more details about joists in Subsection 5.4.2.5). All 
reversed slopes will introduce durability hazards and should be prevented by design, particularly in 
taller wood-frame buildings. To minimize repair and replacement of a balcony for the designed 
service life, preservative-treated wood may be used, particularly for the decks. Another option for 
designing a balcony for a mid-rise wood-frame building is to have independently supported 
structure, which is tied back to the wall framing at intervals.   
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In general, cantilevered balconies are not recommended due to the difficulty in maintaining 
continuity of the weather barrier and the air barrier and the issue of thermal bridging. When it 
has to be used, to minimize the impact of the vertical movement of the wood framing on the 
slope of a balcony deck, a cantilevered balcony may be created by directly extending the floor 
joists or connecting the balcony joists parallel to the floor joists as an extension. The deck may 
require additional structural support. Consideration should also be given to potential deflection 
of the interior floor joists, particularly when there are large loads in the living space. Deflection of 
the interior joists could lift the exterior end of the balcony joists and reverse its slope. The deck 
should therefore be installed with a sufficiently large slope to ensure good drainage of water 
from the balcony. Much attention is also required to ensure air tightness at the wall interfaces.   

5.4.2.5 Uneven Movement at Ends of Roof or Floor Joists 
Similar to a balcony deck, when a floor joist, a roof joist, or a horizontal member is supported by 
a wood-frame wall on one end and by more rigid structure, such as a masonry wall, concrete 
columns or even wood columns on the other end, differential movement between these two 
ends may occur (Figure 9a (CWC 2005, part of Figure 5.10)). For a roof deck, this could reverse 
the slope and cause drainage problem. One design solution, shown in Figure 9b (CWC 2005, 
part of Figure 5.10), uses a sill beam resting on the concrete wall to provide an equal amount of 
vertical movement as the interior beam to ensure uniform movement at these two ends. 

 

a) Unequal 
shrinkage at the 
two ends of 
joists may cause 
uneven floor. 

  

 

b) A sill beam 
can be installed 
to equalize 
shrinkage at the 
two ends. 

Figure 9 Solution for uneven shrinkage at ends of joists 
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Similarly, differential movement between ends of joists may occurs in split level floors if the 
upper floor joists sit on top of the lower floor joist, as shown in Figure 10a. It is recommended 
that builders directly support the upper floor joists on a wall constructed with the same number 
and type of plates in order to achieve consistent vertical movement between the two supporting 
walls (10b). 

 

a) Unequal 
shrinkage at 
ends of joists 
may cause 
uneven floor. 

  

 

b) Equal 
shrinkage at 
ends of joists. 

Figure 10 Details that cause unequal and equal shrinkage at split level floors 

5.4.2.6 Connected Parts in Different Service Environments 
Different service environments may lead to different EMC and cause differential movement and 
should be taken into consideration in design. For example, in a well-ventilated attic space with a 
high level of insulation placed above the ceiling, temperature differences and the consequent RH 
differences between the top and the lower sections of the roof truss may cause the lower chords 
to shrink and the top chords to expand in winter. The lower chords are typically under a drier 
service condition resulting from being adjacent to the heated indoor space below (Lstiburek, 
2009). Another example of the effect of different service environments on wood shrinkage is when 
double-stud exterior walls are built with continuous insulation between the two sets of studs. The 
two closely connected walls may be exposed to quite different humidity and temperature 
conditions, experience different shrinkage behaviour, and require considerations in design. 
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5.4.2.7 Other Connection Details 
Attention should be paid to other connection details in addition to the locations listed above. The 
American Institute of Timber Construction (AITC, 2003) provides a complete list of metal 
connection details for timber construction. Differences in shrinkage of adjacent materials should 
be estimated in advance to prevent splitting of members resulting from localized tension 
perpendicular to grain as well as serviceability issues. Relevant information may also be found 
in other documents (CWC, 2005; Thorson, 1989). As an example, when solid lumber floor joists 
are supported by hangers that are side-mounted to a glulam beam and the tops of the joists are 
initially flush with the top of the glulam beam, the joists may shrink more than the beam due to 
the fact that glulam products typically have a lower MC to start with. This will eventually result in 
the tops of the joists moving below the top of the supporting beam, which results in a bulge in 
the finished floor. Such problems can be prevented by providing design details so that the top of 
the joists is initially slightly higher than the top of the glulam beam at construction time (based 
on shrinkage calculation of these two parts), as shown in Figure 11 (Thorson, 1989). In the end, 
the tops will be flush after the lumber and glulam reach EMC in service. 

 

Figure 11 Lumber joist to glulam beam connection detail 

5.4.2.8 Mechanical, Electrical, and Plumbing Services 
Mechanical, electrical, and plumbing services containing rigid horizontal parts should be 
designed and installed to allow for vertical movement of the wood-frame structure. For example, 
adequate room should be provided in the surrounding wood members for a horizontal hard 
drainage pipe, as the wood structure typically “shortens”, particularly at upper storeys. Good 
estimates about vertical movement should be provided to help contractors better install these 
building services. When possible, the installation of building services should be postponed until 
the wood-frame structure has had adequate time to dry and settle. 

  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Design for Vertical Differential Movement - Chapter 5 

27 

5.5 RECOMMENDATIONS FOR ON-SITE MOISTURE MANAGEMENT 
AND CONSTRUCTION SEQUENCING 

It is always important to protect wood from various water sources during transport, storage, 
construction and in service. Typically, most building materials, even those intended for interior 
dry use, are often left outside during construction, where they are subjected to wetting caused 
by rain, snow, and ground moisture. Reducing the MC of wood members at installation and 
before enclosure greatly diminishes the amount of vertical movement that will occur, prevent 
other durability issues and improve construction quality and efficiency (CWC, 2004; Wang, 
2015). The following measures may be taken to improve on-site moisture management: 

 Storage of wood products exposed to exterior weather should generally be avoided. 
Arrangements should be made and coordination carried out for materials to be delivered just in 
time for installation in order to minimize storage needs and time and to prevent potential wetting.  

 Prefabrication can generally improve construction efficiency and reduce on-site exposure 
time. Prefabrication may also better control construction quality, reduce on-site waste, and 
better provide fire protection to prefab components.   

 Measures should be taken to prevent on-site wetting of wood products including “S-Dry” 
lumber and engineered wood products. These products are typically covered with wraps 
when the packages arrive at site. Ideally, they should be kept sheltered, with dunnage below, 
to keep the wood off the ground. The wraps should not be removed from the products until 
they are ready to be installed. The wood should be recovered with waterproof tarps if the 
original wrapping is open or damaged. It is important to note that plastic wraps or tarps may 
trap moisture and slow down drying if water is allowed to get inside. Wet wood should be 
properly stacked and kept under covered and ventilated conditions to accelerate drying.    

 Wood-based composite materials may require more attention during storage and handling 
than solid wood products. Products such as plywood, OSB, PSL, and LSL are manufactured 
at a low MC, with more end grain and other surfaces exposed and additional gaps 
introduced during manufacture. These products are often more susceptible to moisture 
uptake in wetting incidents (Wang, 2014). On the other hand, they are also typically faster in 
drying when conditions allow. Factory finishing with a water repellent or primer, particularly 
for the surfaces and edges that are more likely to be temporarily exposed to liquid water 
sources, such as the ground, may provide protection by making the surface water-repellent 
and reducing water absorption within a certain period of time. Such treatment may make 
wood slippery and should be avoided on the surfaces of subflooring and roof sheathing 
where foot traffic during construction is expected. The top surface of a large horizontal 
member or a panel of a roof may be pre-installed with a protective membrane (e.g., a 
physical membrane or a liquid-applied membrane product), which may then serve as the 
permanent water-resistive barrier of the assembly. Note that roofing membranes are 
typically required to be heavy-duty, long-term waterproof and have low vapour permeance. 
Any joints and interfaces must require immediate sealing once such members or panels are 
installed, since rainwater will seep through and get trapped within the wood member, which 
is covered with the membrane.  
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 Built-up beams, columns, and roof/floor decks, laminated with lumber or panels (such as 
plywood) using nails and other fasteners, require particular measures to prevent wetting. 
Water gets trapped easily between the layers and within the large dimension of wood, and 
the drying will be very slow. For factory-built wood decks, pre-installation of the top plywood 
layer is better than installing the plywood at the site in order to potentially reduce the amount 
of water trapped between lumber. A much better solution for decks is to pre-install a water-
proofing membrane on the plywood to prevent wetting of the entire assembly. In either case, 
the joints between the plywood or membrane should be sealed immediately upon 
installation.   

 To prevent structural damage, all engineered and prefabricated products, such as glulam 
and roof trusses, require special care during storage and transportation. 

Good construction sequencing also plays an important role in reducing wetting potential and 
consequent shrinkage in addition to other moisture-related issues. The following measures may 
be taken to improve construction sequencing: 

 Once framing is started, subflooring provides some level of protection to the wood below. 
Make sure to install roof sheathing and membrane as well as exterior wall waterproofing 
membrane as quickly as the construction allows. The membranes must be continuous to 
prevent water penetration. Large openings in the roof and exterior walls should be 
temporarily sealed to prevent blown-in rain (or snow) before they are permanently covered 
(e.g., by windows, doors). The shell of the building can provide an effective and economical 
shelter for the inside wood to settle and dry. In a warm and dry climate, wood dries quickly 
even after wetting incidents. In a cold and wet climate, space heating, dehumidification, and 
mechanical ventilation may be necessary to accelerate drying. Walls and roofs should not 
be enclosed with insulation and membranes, until the wood has dried to an acceptable level 
of MC (typically below 19%). Spray foam should not be applied on wet wood. 

 The use of prefabricated panels and roofs can improve construction efficiency and reduce 
on-site wetting potential. However, when the prefabrication level is high, particularly when 
thermal insulation and membranes are preinstalled, i.e., modular construction, on-site 
moisture management becomes more important (unless in a very dry climate). Most 
insulation and membrane products, particularly low-permeance materials, such as 
polyethylene, close-cell spray foam, and extruded polystyrene, greatly reduce drying.  

 In a wet climate, a temporary roof may be installed to shelter the construction, for materials 
or assemblies that are very susceptible to water uptake, when the building itself cannot be 
used for protection. Such weather protection is common in the repair and remodelling of 
existing buildings, but would be of great benefit in more widespread use in new construction. 
The increased cost associated with the installation of a temporary roof in a wet climate can 
often be offset by increased construction efficiency (i.e., avoiding delays due to heavy rain 
periods) and eliminating the need for re-drying, or even remedial treatment, after wetting, 
which is usually costly and time-consuming.    



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Design for Vertical Differential Movement - Chapter 5 

29 

 Any wet construction, such as pouring of concrete topping on subflooring, should be 
completed at early stages to provide more time for drying and settlement.  

 Rigid assemblies and components connected to wood-frame structures, such as firewalls, 
elevator shafts, hard drainage pipes, and masonry cladding, should be installed as late as 
possible in the construction process, in order to allow for settlement of the wood framing. 
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5A.1 Average EMC of wood under different temperature and 
relative humidity conditions (data from U.S. FPL, 2010) 

   % 

°C 
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 

5 1.4 2.6 3.7 4.6 5.5 6.3 7.1 7.9 8.7 9.5 10.4 11.3 12.3 13.5 14.9 16.5 18.5 21.0 24.4 

10 1.4 2.6 3.6 4.6 5.5 6.3 7.1 7.9 8.7 9.5 10.3 11.2 12.3 13.4 14.8 16.4 18.4 20.9 24.3 

15 1.3 2.5 3.6 4.6 5.4 6.3 7.0 7.8 8.6 9.4 10.2 11.1 12.2 13.3 14.6 16.2 18.2 20.7 24.1 

20 1.3 2.5 3.6 4.5 5.4 6.2 7.0 7.7 8.5 9.3 10.1 11.0 12.0 13.1 14.5 16.0 18.0 20.5 24.0 

25 1.3 2.4 3.5 4.4 5.3 6.1 6.9 7.6 8.4 9.1 10.0 10.8 11.8 12.9 14.2 15.8 17.8 20.3 23.7 

30 1.2 2.4 3.4 4.3 5.2 6.0 6.7 7.5 8.2 9.0 9.8 10.6 11.6 12.7 14.0 15.6 17.5 20.0 23.4 

35 1.2 2.3 3.3 4.2 5.1 5.9 6.6 7.3 8.0 8.8 9.6 10.4 11.4 12.5 13.7 15.3 17.2 19.7 23.1 

40 1.1 2.2 3.2 4.1 5.0 5.7 6.4 7.2 7.9 8.6 9.4 10.2 11.1 12.2 13.4 15.0 16.9 19.3 22.7 

45 1.1 2.2 3.1 4.0 4.8 5.6 6.3 7.0 7.7 8.4 9.1 10.0 10.9 11.9 13.1 14.6 16.5 19.0 22.3 

50 1.0 2.1 3.0 3.9 4.7 5.4 6.1 6.8 7.5 8.2 8.9 9.7 10.6 11.6 12.8 14.3 16.1 18.6 21.9 
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5A.2 Shrinkage of individual wood members 

 Materials Dimension 
 

(mm) 

Assumed 
original MC 

(%) 

Assumed 
final MC 

(%) 

Shrinkage 
coefficient 

Shrinkage 
 

(mm) 

T/B plate 

Green 38 30 8 0.0025 2.1 

S-Dry 38 19 8 0.0025 1.0 

Dried S-Dry 38 15 8 0.0025 0.7 

Super dry 38 12 8 0.0025 0.4 

Joist 

S-Grn 286 30 8 0.0025 15.7 
S-dry 286 19 8 0.0025 7.9 
Dried S-Dry 286 15 8 0.0025 5.0 
Super dry 286 12 8 0.0025 2.9 

Studs 

SCL 286 10 8 0.0025 1.4 
Green 2440 30 8 0.000053 2.8 
S-Dry 2440 19 8 0.000053 1.4 
Dried S-Dry 2440 15 8 0.000053 0.9 
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6.1 FUNDAMENTALS 

6.1.1 Fire Safety in Buildings 
Building regulations often require building components such as walls and floors to act as fire 
separations and exhibit a minimum degree of fire resistance in an attempt to limit the spread of 
fire and smoke beyond the compartment of fire origin, in an approach called 
“compartmentation”. A requirement for fire resistance is one component, among others, of a fire 
safety design strategy that aims to reduce the risk to the lives of occupants and firefighters, and 
to limit potential property loss. If a fire occurs, the fire resistance of building components is one 
type of “passive fire protection” that is designed to be present and ready at all times. On the 
other hand, “active fire protection” measures include features such as alarms and automatic 
sprinkler systems, which are activated when smoke or heat are detected. The fire safety design 
of buildings often relies on both active and passive fire protection measures. 

Fire safety provisions found in the National Building Code - Canada (NBCC) (NRCC, 2010a; 
NRCC, 2010b) that are based on the assumptions and objectives underlying the NBCC are 
consistent with the concepts presented in the NFPA 550 “Fire Concepts Tree” (NFPA, 2012a; 
CWC, 1997), where fire impact management and fire ignition prevention are the two primary 
goals of fire safety. Figure 1 shows how the NFPA concepts can be adapted to the Canadian 
regulatory environment, as illustrated in CWC (1997). Managing the impact of a fire is 
addressed by the many provisions set forth in Part 3 of Division B of the NBCC, entitled “Fire 
Protection, Occupant Safety and Accessibility”. Prevention of fire ignition is, for the most part, 
regulated by the National Fire Code of Canada (NFCC) (NRCC, 2010c). 

Figure 1 shows that many aspects should be considered for fire safety in buildings and that 
several fire safety goals are inter-related. In Figure 1, an “and” connection indicates that all 
elements below the connection should be satisfied in order to meet the specific fire safety goal 
above it, while an “or” connection means that any one element below it will satisfy the specific 
fire safety goal above it. For example, successful use of either an automatic or a manual fire 
suppression system will satisfy the “Suppress fire” goal. On the other hand, “Control fire by 
construction” will likely only be achieved if the construction is designed in such a way that it can 
control movement of fire and can provide the required structural stability (which relates to the 
fundamentals of fire resistance and fire separations as detailed later in this Chapter). 
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Figure 1        NFPA 550 Fire Concepts Tree adapted to the Canadian regulatory environment 
(adapted from NFPA, 2012a and CWC, 1997) 

This Chapter addresses many of the various fire safety design strategies in Division B of the 
NBCC and provides guidance for applying these strategies accordingly to wood-frame 
construction, which is considered to be the most common type of mid-rise “combustible 
construction”. 

It should be noted that, while it is the NBCC provisions and requirements that are referenced 
and discussed in this Chapter, some provinces have different and/or additional design 
provisions for mid-rise combustible construction. For example, some jurisdictions may require 
some building elements, such as exits or exit stairways, to be of noncombustible construction 
while the NBCC does not limit the use of combustible construction in similar areas. As such, it is 
the responsibility of the reader to ensure that the applicable building codes and design 
provisions are followed. 
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6.1.2 NBCC Objectives 
The NBCC establishes design provisions to address four main objectives, which are defined as 
follows: 

1. Safety (OS): “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”; 

2. Health (OH): “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. Accessibility (OA): “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”; and 

4. Fire and structural protection of buildings (OP): “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”. 

Section 2.2. of Division A of the NBCC provides details and information with respect to these 
four (4) main objectives. The following are the most relevant aspects of the Fire Safety (OS) and 
Fire and Structural Protection of Buildings (OP) objectives to Part 3 (Fire Protection, Occupant 
Safety and Accessibility) of the NBCC: 

 OS1 - Fire safety: “limit the probability that, as a result of the design or construction of the 
building, a person in or adjacent to the building will be exposed to an unacceptable risk of injury 
due to fire. The risks of injury due to fire addressed in this Code (NBCC) are those caused by: 

OS1.1 – fire or explosion occurring; 

OS1.2 – fire or explosion impacting areas beyond its point of origin; 

OS1.3 – collapse of physical elements due to a fire or explosion; 

OS1.4 – fire safety systems failing to function as expected; 

OS1.5 – persons being delayed in or impeded from moving to a safe place during a fire 
emergency.” 

 OP1 - Fire protection of the building: “limit the probability that, as a result of the design or 
construction of the building, the building will be exposed to an unacceptable risk of damage due 
to fire. The risks of damage due to fire addressed in this Code (NBCC) are those caused by: 

OP1.1 – fire or explosion occurring; 

OP1.2 – fire or explosion impacting areas beyond its point of origin; 

OP1.3 – collapse of physical elements due to a fire or explosion; 

OP1.4 – fire safety systems failing to function as expected.” 
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Functional statements are provided in the NBCC to describe the conditions in a building that 
help satisfy the objectives. Section 3.2. of Division A of the NBCC provides information 
regarding the many functional statements. Below is a list of some functional statements typically 
related to fire safety and fire protection, as defined in the NBCC: 

 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”; 

 F05: “to retard the effects of fire on emergency egress facilities”; 

 F06: “to retard the effects of fire on facilities for notification suppression and emergency 
response”; 

 F10: “to facilitate the timely movement of persons to a safe place in an emergency”; 

 F11: “to notify persons, in a timely manner, of the need to take action in an emergency”; and 

 F12: “to facilitate emergency response”. 

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, a building must do ‘this’ (function) in order to meet 
‘that’ (objective). An example of this can be seen when one looks at the objectives and 
functional statements linked to structural fire-resistance requirements for loadbearing elements 
in Part 3 of the NBCC. One functional statement associated with these requirements is F04, “to 
retard failure or collapse due to the effects of fire”. The associated (paired) objective in this case 
is OP1.3, to “limit the probability that, as a result of its design or construction, the building will be 
exposed to an unacceptable risk of damage due to fire caused by the collapse of physical 
elements due to a fire or explosion”. Additional information on objectives and functional 
statements may be found in Parts 2 and 3, respectively, of Division A of the NBCC. 

Part 3 of Division B of the NBCC provides prescriptive provisions that are considered 
"acceptable solutions" that meet these objectives and functional statements, based on a 
building’s major occupancy group and its height and area, as well as the presence of automatic 
fire sprinklers. Examples of prescriptive fire safety strategies include: limitations on the use of 
combustible materials for structural elements, fire-resistance ratings (FRRs) of separating and 
loadbearing elements, limitations on the surface flammability characteristics of interior finishes, 
and provisions allowing safe means of egress for building occupants (e.g., number of exits, 
travel distances, width of corridor, etc.). 
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6.2 FIRE SAFETY DESIGN PROVISIONS IN NBCC 
From its first edition in 1941 to the 1995 edition, the NBCC has historically been published as a 
prescriptive code. Traditionally, the fire safety requirements within it have been recognized as 
deemed-to-satisfy solutions that meet the goals of the Code and achieve at least the minimum 
performance levels expected. 

Prescriptive codes are written in a manner that is concerned with how the building will be built 
rather than how it will actually perform (Buchanan, Deam, Fragiacomo, Gibson, & Morris, 2006). 
A primary advantage of complying with prescriptive provisions is that it is easier and faster for 
designers and authorities-having-jurisdiction (AHJs) to apply them when developing, reviewing 
and approving a design. However, the solution presented in the prescriptive code provisions is 
only one way of providing a given level of fire safety in a building (Hadjisophocleous, Benichou, 
& Tamin, 1998). As such, in an attempt to provide more flexibility to designers, the NBCC has 
been published as an objective-based code since the 2005 edition, where conformity can be 
achieved by either following the prescriptive provisions given in Division B (also called 
“acceptable solutions”) or by using “alternative solutions” that must achieve 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. Alternative 
solutions also require the approval and acceptance of the AHJ. While the majority of mid-rise 
buildings of combustible construction will likely be designed and built following the prescriptive 
provisions in Part 3 of the NBCC, further discussion on alternative solutions is provided in 
Section 6.4 of this Chapter for those interested in following that code compliance path. 

6.2.1 Combustibility of Materials 
In the NBCC, building construction systems are classified in two categories: 1) combustible 
construction, and 2) noncombustible construction; this division is based on a single material 
property: combustibility. The NBCC requires that combustible structural materials be used only in 
combustible construction (with a very limited set of exceptions permitted in noncombustible 
construction under specified conditions), while noncombustible structural materials may be used 
in either type of construction. 

In the NBCC, noncombustible construction is defined as a “type of construction in which a degree of 
fire safety is attained by the use of noncombustible materials for structural members and other 
building assemblies”, and combustible construction is defined as a "type of construction that does 
not meet the requirements for noncombustible construction". Materials are classified using standard 
test method CAN/ULC-S114 “Test for Determination of Non-Combustibility in Building Materials” 
(ULC, 2005) – 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 
CAN/ULC-S114 test method requires three samples that are 38 x 38 x 50 mm (1.5 x 1.5 x 2 in) in 
size to be exposed (one at a time) in a 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 
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(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%.  

In addition to a limited list of exceptions of combustible materials that are permitted in 
noncombustible construction under specified conditions, a material is also permitted to be used in 
noncombustible construction provided that, when tested in accordance with CAN/ULC-S135 
“Test Method for the Determination of Combustibility Parameters of Building Materials Using an 
Oxygen Consumption Calorimeter (Cone Calorimeter)“ (ULC, 2004) at a heat flux of 50 kW/m², 
it meets specific performance levels stipulated in Sentence (2) of Article 3.1.5.1. of Division B of 
the NBCC. Given the performance levels that are required to be met, there are no typical wood 
products that qualify for use under this code provision.   

The stated objective behind the requirements for noncombustible materials in the NBCC is to 
limit the probability that the materials will contribute to the growth and spread of fire. Other 
aspects of materials’ behaviour when exposed to fire conditions (e.g., structural behaviour, 
thermal expansion, spalling, etc.) are not intended to be addressed through the requirement for 
noncombustible materials.  

The NBCC currently does not include other possible prescriptive solutions (beyond the two 
defined types of construction – combustible and noncombustible) that could provide a similar 
level of fire safety through other means, but future editions may. One example of a prescriptive 
solution that could be added to the NBCC would be the addition of a “limited-combustible” 
construction type, where structural materials used could be combustible, but interior finishes 
would be required to have lower burning characteristics (e.g., heat release rate, surface 
flammability, critical heat flux, etc.). Defining such degrees of combustibility could provide more 
flexibility to designers, while maintaining the current level of fire safety of buildings. As explained 
by Richardson (1994), incorporating a “degree of combustibility” concept would not require 
substantive changes to existing articles found in Subsection 3.2.2. of Division B of the NBCC.  

In an attempt to evaluate the contribution of wood elements to the severity of a fire in buildings 
required to be of noncombustible construction, Mehaffey (1987) used a state-of-the-art 
compartment fire model, developed at National Research Council of Canada (NRCC), to 
compute the post-flashover fire severity in both a typical apartment and typical office suite. In 
both calculations, the increase in fire load resulting from using wood studs in interior partitions 
and partitions required to be fire separations did not cause failure in the 1-hour fire-resistance-
rated separation employed to compartmentalize the apartment or office suite. The findings from 
these calculations were used to support the allowances for wood-frame partitions in buildings 
required to be of noncombustible construction currently specified in Article 3.1.5.13. of Division 
B of the NBCC. 

More recently, a series of full-scale fire tests were conducted at Carleton University to compare 
the differences between combustible and noncombustible construction (Li, Zhang, McGregor, & 
Hadjisophocleous, 2014). The experimental setup represented real bedroom fires in 
compartments built from cross-laminated timber (CLT), wood-frame construction, and cold-formed 
steel construction. Room components were designed to achieve a 1-hour FRR. Results showed 
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that the heat release rate and temperature profile within the compartment built from wood-frame 
and cold-formed steel construction generally followed the same trend after ignition (e.g., growth, 
flashover, fully developed and decay). Moreover, when walls and ceilings were protected by two 
layers of Type C gypsum board, the combustible components of the wood-frame construction did 
not contribute to fire.  

Lastly, a set of four real-scale fire tests of a representative 8.2 m by 6.4 m (27 ft. by 21 ft.) 
apartment suite were conducted between September 2012 and March 2014 at the NRCC 
laboratory in Ottawa – one of CLT (Taber et al., 2014a), one of lightweight cold-formed steel-
frame (Taber et al., 2014b), and two of wood-frame construction (Taber et al., 2014c; and, 
Lougheed & Su, 2014). These tests demonstrated that using two layers of 13 mm (½ in.) Type X 
gypsum board delayed the effect of fire on CLT and wood-frame structural elements (Figure 2).  

     
 a) During construction b) Fire growth phase c) Flashover 

Figure 2        Wood-frame apartment fire test conducted at NRCC in Ottawa, Canada 

Research such as this not only provides evidence that buildings using wood structural elements 
can meet or exceed the current level of fire safety provided by the NBCC when designed 
accordingly. It also provides data important for developing and improving numerical modelling 
predictions and advancing fire safety engineering’s understanding in the design of wood 
buildings. And, it demonstrates that it is how well a system or assemblage of materials work 
together to achieve a goal such as fire safety that is more important than whether a particular 
material is combustible or noncombustible.  

6.2.2 Passive Fire Protection 
As mentioned in Section 6.1 of this Chapter, “passive fire protection” is usually considered to be 
those design aspects or systems that have no moving or “active” parts and that are put in place 
to assist in the protection of both people and the building in the event of a fire. Numerous 
passive fire protection requirements are specified in Division B of the NBCC. Walls and floors 
acting as fire separations, separations and structural elements, fire stopping of service 
penetrations in fire separations and firewalls, and fire blocking of concealed spaces, among 
others, are examples of passive fire protection measures. These protection measures are 
designed to be present at all times and, in the event of a fire, ready to fulfill their functions. 
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Typically, passive fire protection measures aim at achieving the “control combustion process”, 
“control fire by construction” and “provide safe destination” components of the NFPA Fire 
Concepts Tree shown in Figure 1. 

6.2.3 Active Fire Protection 
The fire safety design of buildings often relies on a combination of both passive and active fire 
protection measures. “Active fire protection” systems are usually considered to be those that 
actively respond in the event of a fire. Examples of active fire protection measures are 
automatic sprinkler systems, as well as smoke and fire detector and alarm systems.  

Typically, active fire protection measures are employed to achieve two particular components of 
the NFPA Fire Concepts Tree shown in Figure 1, namely the “suppress fire” (e.g., with 
sprinklers) and “cause movement of exposed (occupants)” (e.g., with fire alarms). Active and 
passive fire protection methods work together to deliver an acceptable level of fire safety. 

6.2.4 Means of Egress 
One of the main goals of the NBCC is to limit the probability that a person in a building be exposed 
to an unacceptable risk of injury due to fire by being delayed, incapacitated or impeded from 
moving to a safe place during an emergency. As a result, means of egress provisions, including 
those for exits and access to exits, are a major factor affecting life safety. Their aim is to achieve 
the “provide movement means” component of the NFPA Fire Concepts Tree shown in Figure 1. 

Some aspects considered when designing means of egress are the number and locations of 
occupants within a building during normal use; the capabilities of those occupants; and, the 
interaction of occupants with design characteristics of the building during emergency events.  

For those interested in developing a performance-based “alternative solution” when designing 
the means of egress of a building, ISO/TR 16738 “Fire safety engineering – Technical 
information on methods for evaluating behaviour and movement of people” (ISO, 2009b) 
provides information useful in the assessment of building egress design. One methodology 
determines the amount of time available for safe egress from the building (“available safe 
escape/egress/evacuation time” - ASET) and compares it to the amount of time required by 
occupants to evacuate safely (“required escape/egress/evacuation time” - RSET).  

According to ISO 13943 “Glossary of Fire Terms and Definitions” (ISO, 2008a), the ASET can 
be defined as “the calculated time interval between the time of ignition and the time at which 
conditions become untenable such that the occupant is unable to take effective action to escape 
to a place of safe refuge”, and the RSET can be defined as the “calculated time period required 
for the occupant to travel from his location at the time of ignition to a place of safe refuge”. Each 
occupant can have a different RSET, since it depends on individual characteristics such as 
physical and cognitive abilities that affect the occupant's decision-making and behavioural 
processes (e.g., recognition, response and travel speed). ASET also often has a range even for 
a single fire event scenario, since the time at which conditions become untenable varies by 
individual. In an ideal evacuation design scenario, the ASET is greater than the RSET, with a 
margin of safety. 
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The design provisions set forth in Division B of the NBCC take a different approach to achieve 
the same goal, by prescriptively addressing aspects of egress design such as the number and 
location of exits from a floor area (including maximum permissible travel distances to exits), the 
width and height of exits, and the fire separation of exits.  For mid-rise buildings of combustible 
construction, the NBCC applies the existing means of egress safety provisions applicable to 
buildings of noncombustible construction of the same height that are permitted much larger 
building areas.    

In many cases, the building area scenarios prescribed in Subsection 3.2.2. of Division B of the 
NBCC (i.e. the maximum permitted floor area per storey) have historically been proportional to 
the building height (in number of storeys), as shown in Figure 3 (RBQ, 2013), while maintaining 
a constant total floor area. Other factors are taken into consideration in the determination of the 
total maximum permitted floor area for a particular occupancy type, (e.g., the presence of 
automatic sprinklers, the level of fire-resistance ratings and the number of streets the building 
faces), but the proportional relationship is typically maintained. When the total floor area is kept 
constant, it is expected that the total number of occupants per building remains constant; 
however, the travel distances to exits such as stairwells may actually be shorter for buildings 
having a smaller building area (all other aspects being equal) since they are less likely to require 
use of the maximum permitted travel distance. 

 

Figure 3        Building area as a function of height (in storeys) 

6.2.5 Prescriptive Fire Safety Design in NBCC 
This Section provides more detailed information regarding some of the important prescriptive 
design provisions set forth in Part 3 of Division B of the NBCC for the general fire safety design 
of buildings. While in many cases the actual code requirements for the fire safety design for 
mid-rise buildings of combustible construction are the same as for any building, whenever the 
building being designed and constructed becomes larger and taller, details become increasingly 
important. 

Of course, any applicable Part 3 fire safety provisions that are not explicitly covered in this 
Chapter (for example, Subsection 3.2.3. on spatial separations) will also need to be addressed 
in the design of mid-rise buildings of combustible construction. 
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6.2.5.1 Fire Separations 

The NBCC defines a fire separation as a “construction assembly that acts as a barrier against 
the spread of fire”, and it may or may not be required to have a FRR. When fire separations 
have a FRR, they divide a building into various fire-rated compartments to assist in limiting fire 
spread beyond its point of origin. The use of fire separations, with or without a FRR, addresses 
the “control movement of fire” component and the use of FRRs addresses the “provide 
structural stability” component of the NFPA Fire Concepts Tree shown in Figure 1 and are 
related to the NBCC objectives and functional statements [F03 – OP1.2, OS1.2] and [F04 – 
OP1.2, OP1.3, OS1.2, OS1.3]. 

Walls, partitions, floors and roofs required to be fire separations are to be built in such a way as 
to provide a continuous element and, when required, need to provide the requisite FRR in 
accordance with the provisions specified under Subsections 3.1.8. and 3.1.9. of Division B in the 
NBCC. Care is required during design and erection of fire separations to ensure that continuity 
is maintained. When building with wood-frame assemblies using gypsum board, the gypsum 
board provides the separating function and supplies the majority of any fire resistance required 
(when fire-rated). As a result, careful sequencing of gypsum board installation can be important.  

Figure 4 illustrates a continuous horizontal fire separation (floor/ceiling assembly) with a 
nonloadbearing wall assembly (partition) not required to be a fire separation abutting its 
underside. In this situation, the integrity of the horizontal fire separation is maintained by not 
interrupting the continuity of the double layers of gypsum board underneath the floor joists. 
Figure 5 shows an example of a loadbearing wall that is required to be a fire separation abutting 
a horizontal fire separation. Both these examples demonstrate appropriate installation of 
gypsum board to maintain continuity of the fire separations.  

Figure 6(a) illustrates an ineffective overlapping of gypsum board end joints to provide continuity 
of the horizontal fire separation. In Figures 6(b) and (c), by creating discontinuity in the travel 
path of smoke and hot gases along the wall-to-floor junction, the travel path is blocked 
horizontally by the wall’s double top plates, while it is blocked vertically by the overlapping of the 
vertical gypsum board and the horizontal gypsum board abutting directly to the top plates. As 
well, every joint of the face layer of gypsum board typically should be properly sealed (for 
example, with tape and compound), unless noted otherwise in a listed fire-rated assembly. 
Furthermore, to improve acoustic performance, an acoustical sealant may be required between 
the vertical and horizontal gypsum board (CGC, 2004). Refer to Chapter 7 of this Handbook for 
further guidance on noise control design strategies. 
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Figure 4        Example of a continuous horizontal fire separation above a partition 

 

Figure 5        Example of continuous horizontal fire separation above a loadbearing wall 
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 a) Potential leaks b) Proper backing of junctions c) Proper overlapping 

Figure 6        Examples of ineffective and effective overlapping of gypsum board to maintain 
continuity of a horizontal fire separation 

6.2.5.2 Penetrations in Fire Separations and Fire Stops 

Integrity of fire separations is to be maintained at all times by sealing penetrations with fire stop 
systems as detailed in Subsections 3.1.8. and 3.1.9. of Division B of the NBCC. The use of fire 
stop systems addresses the “control movement of fire” component of the NFPA Fire Concepts 
Tree shown in Figure 1 and is related to the NBCC objectives and functional statements [F03 – 
OP1.2, OS1.2]. 

Service penetrations passing through, or partially through, a fire separation or fire-rated assembly 
need to be sealed, as per the provisions given in Subsection 3.1.9. of Division B of the NBCC, 
with a fire stop system evaluated in accordance with CAN/ULC S115 “Fire Tests of Firestop 
Systems” (ULC, 2011). Service penetrations may be comprised of ducts, pipes, wires and cables, 
as well as electrical outlets (Figure 7). Additional information about fire stops in wood-frame 
construction may be found in the NRCC publication called “Best Practice Guide on Fire Stops and 
Fire Blocks and Their Impact on Sound Transmission” (Richardson, Quirt, & Hlady, 2007). The 
guide also provides design solutions to assist with the maintenance of sound insulation where 
necessary when using various fire stop systems. 

For mid-rise buildings of combustible construction, the NBCC applies the existing fire stopping 
provisions applicable to all buildings. 
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Figure 7        Examples of protected penetrations in fire-resistance-rated assemblies 

6.2.5.3 Fire-resistance Ratings 

Requiring fire resistance of certain building assemblies makes it possible to subdivide a building 
into fire-rated compartments and provide for the integrity of the structure. Compartmentalization 
reduces the probability of fire spread beyond the compartment of origin by using boundary 
elements (e.g., walls, ceilings, floors, partitions, etc.) having a FRR of no less than the minimum 
ratings prescribed by Division B of the NBCC. The FRRs required in the NBCC address the 
“control movement of fire” and “provide structural stability” components of the NFPA Fire 
Concepts Tree shown in Figure 1 and are related to the NBCC objectives and functional 
statements [F03 – OP1.2, OS1.2] and [F04 – OP1.2, OP1.3, OS1.2, OS1.3]. 
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A FRR is defined by the NBCC as the period of time that a building element, component, or 
assembly maintains the ability to perform its separating function (i.e., confining a fire by 
preventing or retarding the passage of excessive heat, hot gases or flames), continues to 
perform a given loadbearing function, or both, under specified test conditions. Fire resistance is 
a separate concept from that of noncombustibility, which is evaluated in accordance with 
CAN/ULC-S114 (as detailed previously in Subsection 6.2.1 of this Chapter), in that elements 
and assemblies of both combustible and noncombustible building materials can be designed to 
provide any required FRR. The FRR of building elements and assemblies can be determined by 
conducting fire-resistance tests in accordance with CAN/ULC-S101 “Fire Endurance Tests of 
Building Construction and Materials” (ULC, 2014); and, in the case of wood-frame construction, 
by using the Component Additive Method (CAM) described in Appendix D-2.3. of the NBCC 
(which currently can be used to develop a FRR of up to 90 minutes).  

When fire resistance is determined on the basis of Appendix D-2.3., the attachment of the 
protective membranes exposed to fire (typically fire-rated gypsum board) needs to be in 
accordance with the provisions of D-2.3.9. Openings leading to ducts may penetrate a ceiling 
membrane as per Subsection D-2.3.10. In the 2010 NBCC, moreover, when fire resistance is 
determined only by the protective membranes as per Appendix D-2.3.12., there should be no 
openings made through the protective membranes.  

However, it should be noted that significant changes have been implemented in the CAM set 
forth in Appendix D-2.3. of the 2015 NBCC. In the revised CAM, protective membranes for 
floors and walls are evaluated separately (in addition to the different times assigned to 
loadbearing and non-loadbearing wall studs), additional engineered wood floor assembly 
systems are included, and a greater variety of Type X gypsum board membrane combinations is 
specified. As well, it has been clarified that, in general, membrane penetrations are allowed in 
assemblies assigned a FRR using Subsection D-2.3., including the D-2.3.12. Ceiling Membrane 
Rating provisions, provided the penetrations are fire stopped in conformance with the applicable 
provisions of Article 3.1.9.1. of Division B. 

The fire resistance of wood-frame construction is largely provided by protective membranes 
such as fire-rated Type X or Type C gypsum board. As highlighted by APEGBC (2011), 
assemblies using a single layer of gypsum board may be more vulnerable to poor installation 
and joint taping, as there is less system redundancy. Assemblies using double layers of gypsum 
board have been shown to be more robust and more reliable (lower probability of failure), 
particularly when joints between boards in each layer are staggered, while considerably 
reducing heat transfer through the membranes. As such, in an attempt to increase reliability and 
effectiveness, assemblies with a single layer should be closely monitored during installation to 
ensure design details are correctly executed.  

In general, when screws attaching gypsum board to a wood-frame wall or floor assembly are 
located farther away from board edges rather than closer (for example at 38 mm (1½ in.) rather 
than 10 mm (3/8 in.)), fire resistance is greater, as observed by Sultan, Séguin & Leroux (2005). 
However, there can be exceptions.  
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When using double layers of gypsum board, typically the edge joints of the face layer need to be 
offset (for example, by 600 mm (24 in.)) from those of the base layer. The end joints usually are 
to be centered on the supported elements (e.g., floor joists) and offset by the equivalent of one 
element spacing with those of the base layer (Figure 8).  

Additionally, there may be specific details regarding the type of fasteners and spacing between 
fasteners for each layer that should be followed. For example, the face layer may need to be 
attached to the base layer with 38 mm (1½ in.) Type G drywall screws spaced at 200 mm (8 in.) 
on centre, and placed at 150 mm (6 in.) from face layer end joints. Usually the face layer joints 
for either single or double layers of gypsum board must be covered with tape and coated with 
joint compound, and the screw heads must also be covered with joint compound. 

 
Figure 8        Typical gypsum board configuration when using double layers 

As most engineered wood product manufacturers have attained proprietary fire-rated assembly 
designs ranging from 45 minutes to 2 hours, the manufacturers and accredited certification/listing 
agencies are also sources for fire-resistance-rated assemblies that can be consulted. It is noted 
that the general details provided above, namely with respect to screw length and spacing, gypsum 
board overlapping and taping with compound, are not applicable if the fire design listing or test 
report requires different details. The latter should always be followed. 

As discussed above, test results from NRCC, among others, may be used provided the tests 
are conducted in accordance with CAN/ULC-S101. In this regard, a research consortium 
comprised of NRCC, the Canadian Wood Council (CWC) and FPInnovations evaluated six wall 
assemblies replicating some configurations expected in the lower levels of 6-storey buildings 
(Su et al., 2014). All walls consisted of a staggered-stud configuration on a single wall plate, 
were protected by two layers of 13 mm (½ in.) Type X gypsum board on both sides, and were 
also evaluated for sound transmission to meet the provisions of Subsection 5.9. of Division B of 
the NBCC (Schoenwald et al., 2014). Further details of the wall assemblies are provided in 
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Lafrance, Berzins, Leroux, Su & Lougheed (2014), and Lafrance, Berzins, Leroux, Su, 
Lougheed & Bénichou (2014).The results are summarized in Table 1. 

In all cases, the design details set out in the FRR methodology (such as the CAM in Appendix 
D-2.3. of the NBCC), design listing, or test report being used should be followed, unless an 
alteration has been explicitly evaluated (for example, as an alternative solution). Monitoring by 
design professionals during the construction, to ensure that the integrity and continuity of fire-
rated assemblies required to be constructed as fire separations, when necessary, are built as 
detailed and planned, is also good practice. 

Table 1         Fire-resistance tests of staggered-stud wall assemblies conducted at NRCC 
(using 2 layers of 13 mm Type X gypsum board) (Su et al., 2014) 

Wall # 
Stud size  

 
 

(mm) 

Stud 
spacing 

 
 

(mm) 

Size of 
top/bottom 

plates  
 

(mm) 

Structural 
panel  

(11 mm, 
unexposed 

side) 

Resilient 
channels  

 
 

(at 600 mm) 

Glass 
fibre 

insulation  
 

(mm) 

Fire 
resistance  

 
 

(minutes) 

1 38 x 89 
(2” x 4”) 400 38 x 140 

(2” x 6”) OSB n.a. 90 92 

2 
Triple/Built-up 

38 x 89 
(2” x 4”) 

400 38 x 140 
(2” x 6”) n.a. Exposed 

side only 90 90 

3 38 x 89 
(2” x 4”) 100 38 x 140 

(2” x 6”) n.a. Exposed 
side only 90 75 

4 38 x 89 
(2” x 4”) 400 38 x 140 

(2” x 6”) n.a. n.a. 90 87 

5 38 x 140 
(2” x 6”) 400 38 x 190 

(2” x 8”) OSB n.a. 140 81 

6* 38 x 140 
(2” x 6”) 400 38 x 190 

(2” x 8”) OSB n.a. 140 98 

* Wall #6 was built similarly to Wall #5, except that horizontal wood blocking was added at mid-height between the 
studs on both the exposed and unexposed side of the test assembly to prevent out-of-plane buckling of the studs. 
Results suggest that limiting the lateral deflection of the studs in the plane of the wall could be an important factor in 
improving the fire performance of staggered stud wall assemblies with high imposed loads (Su et al., 2014). 

6.2.5.4 Firewalls 

Firewalls are considered in the NBCC to be a special type of fire-resistance-rated fire separation. 
They are required to conform to the specific design provisions in Subsection 3.1.10. of Division B 
of the NBCC. The use of firewalls addresses the “control movement of fire” and “provide 
structural stability” of the NFPA Fire Concepts Tree shown in Figure 1 and is related to the NBCC 
objectives and functional statements [F03 – OP1.2, OS1.2] and [F04 – OP1.2, OS1.2]. Firewalls 
also address the NBCC objective and functional statements related to the protection of adjacent 
buildings from fire impacting areas beyond the building origin [F03, F04 – OP3.1]. 

  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Fire Safety Design - Chapter 6 

17 

A firewall, as defined in the NBCC, is a “type of fire separation of noncombustible construction 
that subdivides a building or separates adjoining buildings to resist the spread of fire and that 
has a FRR as prescribed [in the NBCC] and has structural stability to remain intact under fire 
conditions for the required fire-rated time”. A firewall used to divide a building allows each 
portion of the divided building to be considered as a separate building when determining the 
building size (area). 

A firewall is required to have two main characteristics: 

1. It shall provide the required fire-resistance rating as per Article 3.1.10.2. of Division B; 
and, 

2. It shall be designed so that the failure during a fire of any framing systems connected to 
or supported on the firewall and having a FRR less than that of the firewall will not affect 
the integrity of the firewall and that the structural resistance will be in accordance with 
Article 4.1.5.17. of Division B of the NBCC. 

These two characteristics are required of any firewall design of any type of noncombustible 
material (concrete, masonry, gypsum, steel, etc.).  

If a firewall is made of concrete or masonry, special consideration should be given to differential 
displacement between any wood-frame structures and the firewall. There should be sufficient 
movement joints to accommodate the anticipated displacement caused by shrinkage of the 
concrete or masonry, as well as the wood, anticipated service temperature changes in normal and 
fire conditions and, when applicable, structural deformations due to lateral forces (e.g., wind and 
seismic forces) (CCMPA, 2013), The structural engineer should coordinate the anticipated 
displacement with the fire protection engineer in order to evaluate the potential impact the 
displacement may have on the fire protection systems. Examples of systems that may be affected 
by such differential movements are, among others, fire stops, fire blocks, automatic sprinklers, 
and emergency lightning and power supplies. As well, a safe means of egress is to be maintained 
(e.g., the bottoms of doorways in a firewall need to be kept level with the floor to limit tripping 
hazards). 

It is under Sentence 3.1.10.2.(4) of the NBCC that the two main requirements for a firewall are 
permitted to be met by noncombustible materials other than concrete or masonry. This provision 
allows the use of alternative noncombustible materials, provided that the required FRR is not 
greater than 2 hours and that protection of the assembly providing the FRR from physical 
damage arising out of normal use is provided. In a traditionally-constructed firewall of concrete 
or masonry, such damage protection is assumed to be provided by the concrete or masonry 
also providing the fire resistance. Examples of firewalls using alternative materials include: 

1. A fire- and damage-resistant membrane on a structural frame; and 

2. Separate components or sets of components — one that provides the fire-resistance 
rating and another one that protects the firewall against damage arising out of normal 
use. Figure 9 shows some examples of this type of firewall. 
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a) Cantilever firewall b) Tied firewall c) Firewall with weak-link connection 

Figure 9        Examples of types of firewalls using separate sets of components for fire resistance 
and damage protection requirements 

When a building is permitted to be of combustible construction (such as those designed to the 
new NBCC mid-rise provisions), for those firewall systems that follow Case 2 above, the 
component or set of component that provides the damage protection to the noncombustible 
firewall is permitted to be constructed of combustible materials. 

Additional information on the structural integrity of firewalls can be found in the Commentary C of 
the “User's Guide – NBC 2010: Structural Commentaries (Part 4 of Division B)” (NRCC, 2011).  

It is interesting to note that, in the United States, the International Building Code (IBC) (ICC, 
2015) does not require the use of only noncombustible materials for firewalls in buildings of 
Type V (wood-frame) construction. As a result, in 2011, the National Frame Building Association 
(NFBA) successfully achieved a 3-hour FRR for a firewall made from built-up nominal 2” x 6” 
columns and nominal 2” x 4” horizontal girts protected by 4 layers of 16-mm (⅝-in.) Type X 
gypsum board on both sides. The wall assembly was exposed to the standard time-temperature 
curve specified in ASTM E119 “Standard Test Methods for Fire Tests of Building Construction 
and Materials” (ASTM, 2012), which is similar to the curve in CAN/ULC-S101, and subjected to 
a superimposed load representing 50% of the allowable axial load of the assembly (UL, 2012).  

In the fall of 2014, a mass timber wall assembly made of 5-ply CLT panels (175 mm total 
thickness) encapsulated by 2 layers of directly-attached 16-mm Type X gypsum board achieved 
a fire resistance of over 3½ hours when tested to CAN/ULC-S101 under a superimposed load of 
450 kN/m, representing slightly over 50% of the axial capacity (Osborne, 2014a).  

Tests such as these demonstrate that wall (and floor) systems using wood elements can be 
designed to meet greater levels of fire resistance than the typical 45, 60 or 90 minutes; and 
such systems are being designed and used outside of Canada.  

For mid-rise buildings of combustible construction, the NBCC applies the existing firewall 
provisions applicable to all buildings. 
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6.2.5.5 Concealed Spaces and Fire Blocks 

Concealed spaces within walls, floors, ceilings, roofs and crawl spaces are areas within a 
building in which fire may grow and spread undetected, particular if the concealed space 
contains combustible materials. As a result, there is a potential for a fire to bypass fire 
separations or for active fire protection systems such as fire alarm systems to not be activated. 
A fire block, as defined in the NBCC, is “a material, component or system that restricts the 
spread of fire within a concealed space or from a concealed space to an adjacent space”. Fire 
blocks are to be installed in concealed spaces as per Subsection 3.1.11. of Division B of the 
NBCC. Use of fire blocks addresses the “control movement of fire” and “control combustion 
process” of the NFPA Fire Concepts Tree shown in Figure 1 and is related to the NBCC 
objectives and functional statements [F03, F04 – OP1.2, OS1.2]. 

The requirements for materials permitted to be used for fire blocks are found in Article 3.1.11.7. 
of the NBCC. Sentences 3.1.11.7.(2) and (4) list several materials that are permitted to be used 
as fire blocks in combustible construction, including solid lumber not less than 38 mm thick and 
phenolic bonded plywood, waferboard or strandboard not less than 12.5 mm thick with joints 
supported. Along with these materials, the 2015 NBCC has added structural composite lumber 
products not less than 38 mm thick.  

Typically, a horizontal concealed space within a floor or roof assembly of combustible 
construction that is not sprinklered is required to be separated by fire blocks into compartments 
in accordance with Article 3.1.11.5. of Division B of the NBCC.  

However, it should be noted that the new provisions for residential and office mid-rise buildings 
of combustible construction in the 2015 NBCC specify that fire blocking requirements for 
horizontal concealed spaces in those building are the same as those for other buildings when 
the concealed space is unsprinklered, even when the concealed space is protected by 
sprinklers. The fire blocks are not required, though, when the concealed space is entirely filled 
with noncombustible insulation (an air gap up to a maximum of 50 mm between the insulation 
and the underside of the floor/roof deck is permitted).  

To mitigate the risk of fire ignition and spread in combustible concealed spaces, Paragraph 
8.15.1.1 of NFPA 13 “Standard for the Installation of Sprinkler Systems” (NFPA, 2013a) 
stipulates that all concealed spaces enclosed wholly or partly by exposed combustible 
construction need to be protected by sprinklers. However, omission of sprinklers in specific 
concealed spaces within a building is permitted by Paragraph 8.15.1.2 of NFPA 13 (2013a), 
such as: 

1. Concealed spaces entirely filled with noncombustible insulation (an air gap up to 50 mm 
(2 in.) at the top of the space is permitted); 

2. Concealed spaces formed by studs or joists with less than 152 mm (6 in.) between the 
inside or near edges of the studs or joists; 

3. Concealed spaces formed by ceilings attached directly to or within 152 mm (6 in.) of 
wood joist construction (i.e., solid sawn lumber joists); and, 
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4. Concealed spaces formed by ceilings attached to engineered wood-framed assemblies 
either directly or onto metal channels not exceeding 25 mm (1 in.) in depth (Figure 10), 
provided that joist channels are fire blocked into volumes each not exceeding 4.53 m³ 
(160 ft³) using materials equivalent to the web construction (Figure 11) and at least 
90 mm (3½ in.) of batt insulation is installed at the bottom of the joist channels when the 
ceiling is attached using metal channels. 

However, as with all Code requirements, if there is a conflict between requirements in the NBCC 
and a standard referenced by the NBCC, the requirements in the NBCC govern (Article 1.5.1.2., 
Division A of the NBCC).  

Concealed spaces in interior walls, ceilings and crawl spaces are required to be separated from 
concealed spaces in exterior walls and attic or roof spaces by fire blocks (3.1.11.1.). As well, fire 
blocks are required to block off concealed spaces with wall assemblies at several locations, 
including at every floor level (3.1.11.2.). Platform-type wood-frame construction, by the nature of 
its framing techniques, provides fire blocking in wall assemblies at each floor level. In addition to 
enhancing vertical and lateral load transfer, double top plates  and bottom plates play the role of 
fire blocking. Moreover, structural blocking (typically at mid-height) in wall assemblies can act as 
additional fire blocking while increasing the lateral load resistance of nailed shearwalls. Fire 
blocks are also required at most interconnections between concealed vertical and horizontal 
concealed spaces (3.1.11.4.). 

Because the role of fire blocks is to limit the probability of fire spread within concealed spaces, 
the NBCC also requires in Sentence 3.1.11.7.(6) that any penetration of a fire block by 
construction elements or service equipment be sealed by a fire stop. 

Additional information on fire blocks in wood-frame construction can be found in CWC (1997), 
NRCC (1997), and Richardson et al. (2007). 

 

Figure 10        Concealed space not requiring sprinkler protection, per NFPA 13 (2013a) 
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Figure 11        Firestopping concealed spaces into volumes not exceeding 4.53 m³, as per  
NFPA 13 (2013a), so as to not require sprinkler protection 

6.2.5.6 Interior Finishes 

The spread of flames over the surface of solid materials is a fundamental behaviour influencing 
fire dynamics and growth within a space. Therefore, many provisions in the NBCC limit the use 
of combustible interior finishes on interior walls, ceilings and floors, as well as placing limits on 
the rate of surface flame spread on all materials used as interior finishes. The NBCC defines 
“flame-spread rating” (FSR) as “an index or classification indicating the extent of spread-of-
flame on the surface of a material or an assembly of materials as determined in a standard fire 
test as prescribed in this Code.” The use of FSRs addresses the “control combustion process” 
and “control movement of fire” components of the NFPA Fire Concepts Tree shown in Figure 1 
and is related to the NBCC objectives and functional statements [F02 – OS1.2, OP1.2]. 

The FSR of the majority of materials, assemblies and structural members, including those of 
wood, is required to be determined on the basis of no less than three (3) tests conducted in 
conformance with CAN/ULC-S102 “Test for Surface Burning Characteristics of Building 
Materials and Assemblies” (ULC, 2010a). In specific instances, such as for flooring materials, it 
may instead be determined on the basis of no less than three (3) tests conducted in 
conformance with CAN/ULC-S102.2 “Test for Surface Burning Characteristics of Flooring, Floor 
Coverings, and Miscellaneous Materials and Assemblies” (ULC, 2010b). As well, a FSR is 
permitted to be assigned on the basis of generic values listed in Appendix D-3. of the NBCC.  

Flame-spread rating limits for interior finish materials aim at reducing the rate at which fire 
spreads within an occupied space by limiting the combustion properties of interior finish 
materials on walls, floors and ceilings (NRCC, 1997). As a space becomes of higher importance 
to allow safe travel to occupants, the FSR requirements of interior finishes also become more 
restrictive (CWC, 1997). Typically, for example, requirements for individual residential and 
business suites are less restrictive with respect to surface flammability of interior finishes when 
compared to exits and corridors that are used as means of escape. 
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According to the NBCC, any material that forms part of the interior surface of a floor, wall, 
partition or ceiling and is directly exposed is considered to be an interior finish, including interior 
cladding of plaster, wood, and tile; surfacings of veneer, wallpaper, and paint; and, doors, 
windows and trim; carpet; etc.  

The result of this is that if, for example, no ceiling is installed beneath a panelized roof system, 
then the unfinished structural sheathing (OSB or plywood) and its structural elements (e.g., roof 
trusses) are considered to be the interior ceiling finish.  

FSR requirements set forth in Articles 3.1.12. and 3.1.13. of Division B of the NBCC apply to 
buildings of both combustible and noncombustible construction, since they relate to the initial 
fire dynamics and growth within a space; and, they are separate from the structural fire-
resistance requirements.  

Generally, the NBCC requires that wall and ceiling interior finishes exhibit a FSR no greater 
than 150; in specific areas or situations, however, a FSR of 75 or 25 or less is required.  

Table D-3.1.1.A. of Appendix D of the NBCC provides generic FSRs for various building 
materials, and lists gypsum board of at least 9.5 mm (⅜ in.) in thickness as having an assigned 
generic FSR of 25. Generic FSRs for various wood products are also listed in Table D-3.1.1.A., 
including an FSR of 150 for lumber of a minimum thickness of 16 mm (with or without a paint or 
varnish not more than 1.3 mm thick).  

Because the FSR values listed in Appendix D-3.1. of the NBCC are generic, they are 
conservative in order to cover the complete range of products captured by a single reference. 
For example, there are many different species of tree in Canada that are used to produce 
lumber, and FSR values can vary from species to species; and, while many wood species have 
FSRs less than 100, and some have FSRs even less than 75, there are a few in the range 
between 100 and 150, and so the generic FSR value of 150 in Appendix D-3.1. is given to cover 
all the probabilities. Specific flame spread data for some commonly used wood products in 
Canada may be found on the CWC website: www.cwc.ca. FSR information for specific 
proprietary wood products can often be obtained from product manufacturers, as well as from 
accredited certification and listing organizations. 

In many cases, FSR values are lower for thicker samples of a material than for thinner samples. 
Recent flame spread testing on mass timber components conducted by FPInnovations 
(Dagenais, 2013a; Dagenais, 2013b) as per CAN/ULC-S102 has demonstrated this effect in 
wood products. Slabs of CLT and structural composite lumber (SCL) of thicknesses ranging 
from 89 to 105 mm exhibited lower FSR results when compared to FSR results of traditional 
interior wood-based finishes of 25 mm or less. For example, 3-ply CLT of 99 and 105 mm 
thicknesses of the SPF species group achieved FSRs of 40 and 35, respectively; and, SCL 
products obtained FSRs between 35 and 75. 

As a prescriptive regulation, the classification of products based on flame-spread tests has 
proven to be successful in the reduction of fire hazards. As such, using materials/systems that 
exhibit lower FSRs, such as mass timber elements, can reduce the risk of fire ignition and 
growth (spread). This is mainly due to their thermal inertia, one of the main material properties 
impacting fire dynamics in a fire compartment.  
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The use of fire-retardant surface treatments, such as intumescent coatings, and pressure-
impregnated fire-retardant treatments can be a viable option for designers wishing to leave 
wood or wood-based products fully exposed for aesthetic or other purposes when even lower 
FSRs are required (e.g., FSR 25 or less). Several fire-retardant-treatment and fire-retardant-
coating manufacturers have reports for tests conforming to CAN/ULC-S102 or product listings 
demonstrating that their product provides a FSR no greater than 25. Since these products are of 
a proprietary nature, consultation with the manufacturers or accredited certification and listing 
organizations is important for obtaining applicable and accurate flame-spread rating information 
for a particular product, as well as the appropriate recommendations with respect to, among 
other considerations, the rate of application and total applied thickness (for surface coatings), as 
well as storage and handling recommendations and long-term durability information.  

As mentioned in the CAN/ULC-S102 standard, it should be noted that the test method is used 
only to “define the relative burning characteristics under specific test conditions”. The obtained 
rating is a dimensionless measure that is benchmarked to two (2) reference calibrant materials 
(red oak, as a calibrant, is assigned a FSR of 100 and cement board is 0), and is useful for 
comparing the performance of one product to another in a standardized set of conditions. As a 
result, however, it does not provide a complete understanding of how a fire would spread in 
different scenarios, such as in a room fire test. 

For mid-rise buildings of combustible construction, the provisions in Division B of the 2015 
NBCC apply the existing FSR requirements. 

6.2.5.7 Safety within Floor Areas and between Floor Areas and Exits 

One means of providing safety within floor areas and around exits is through the use of fire 
separations and fire-resistance-rated assemblies. As discussed in 6.2.5.1 and 6.2.5.3 of this 
Chapter, the use of fire separations and FRRs addresses the “control movement of fire” and the 
“provide structural stability” components of the NFPA Fire Concepts Tree shown in Figure 1 and 
are related to the NBCC objectives and functional statements [F03 – OP1.2, OS1.2] and [F04 – 
OP1.2, OP1.3, OS1.2, OS1.3].  

Typically, each suite in occupancies other than business and personal services (Group D) is to 
be separated from adjoining suites by a fire separation having a FRR of no less than 1 hour. 
However, when Subsection 3.2.2. of Division B of the NBCC allows floor assemblies located 
below (and, when applicable, above the floor area) to provide less than a 1-hour FRR, vertical 
fire separations need to provide at least 45 minutes. 

Public corridors, in general, are also to be separated from the remainder of the storey by a fire 
separation (NBCC Article 3.3.1.4.). If a storey is sprinklered throughout, no FRR is required for a 
fire separation between a public corridor and the remainder of the storey, provided the corridor 
does not serve a care, treatment or detention occupancy (Group B) or a residential occupancy 
(Group C). Additional information may be found in Subsection 3.3.1. of Division B of the NBCC. 

As discussed in Subsection 6.2.4 of this Chapter, the NBCC uses a variety of provisions applied 
to the means of egress to limit the probability that a person in a building is exposed to an 
unacceptable risk of injury due to fire as a result of being delayed, incapacitated or impeded 
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from moving to a safe place during an emergency. These provisions address the “provide 
movement means” component of the NFPA Fire Concepts Tree shown in Figure 1 and are 
related to the NBCC objectives and functional statements [F10 – OS3.7], in particular, but also 
(F05, F12 – OS3.7] and [F05, F10 – OS1.5].  

For example, egress provisions found in Tables 3.3.1.5.A. and 3.3.1.5.B. provide values for 
maximum room (or suite) area and maximum distance to egress doorways, based on the major 
occupancy group of the room (or suite), and whether or not automatic sprinkler protection is 
provided throughout.  

In addition to the general requirements, Division B of the NBCC includes specific provisions for 
assembly occupancies (Group A), residential occupancies (Group C) and industrial occupancies 
(Group F) related to fire separations, means of egress, access to exits within floor areas and 
other aspects of safety within floor areas in Subsections 3.3.2., 3.3.4., and 3.3.5., respectively. 

The number and location of exits depend on the building occupancy, the occupant load and the 
travel distances. Typically, every floor area intended for occupancy is required to be served by 
at least 2 exits (NBCC, Subsection 3.4.2.), and the exits are to be separate from each other so 
that a second exit is likely to be accessible in the event that the first exit becomes compromised 
(e.g., Figure 12). While the NBCC provides general minimum distance requirements between 
exits, it is considered good practice that they be located as far as practicable from each other. In 
a few special cases, the NBCC allows only one exit (e.g., Sentence 3.4.2.1.(2)).  

Exits are, for the most part, required to be separated from the remainder of a building by fire 
separations having at least the same fire-resistance rating as the floor assembly above the 
storey of the exit (or the floor assembly below the storey, if there is no floor assembly above), 
but not less than a 45-min FRR (Subsection 3.4.4. of Division B of the NBCC). 

 

Figure 12        Typical egress layout for floor areas with multiple suites (CWC, 1997) 
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For mid-rise buildings of combustible construction, the new provisions in Division B of the 2015 
NBCC apply the existing requirements related to safety within floor areas, safety between floor 
areas, and safety in exits that are applicable to all buildings, including buildings of 
noncombustible construction of the same height that are permitted much larger building areas.  

6.2.5.8 Automatic Sprinkler Protection 

The use of fire suppression systems such as automatic sprinklers is an important and efficient 
active fire protection measure for managing the impact of a fire. Their use addresses the 
“automatically suppress fire” component of the NFPA Fire Concepts Tree shown in Figure 1 and is 
related to NBCC objectives and functional statements [F02, F04 – OS1.2, OS1.3, OP1.2, OP1.3]. 

Automatic sprinkler systems have been shown to be reliable and effective. They typically activate 
well before firefighters can arrive at a fire scene, and according to the NFPA (2013b), 95% of the 
time only one or two sprinklers are activated in reported residential fires when sprinklers are 
present. In a recent survey on fire outcomes in multi-family residential buildings, it was reported 
that sprinkler systems extinguished 21.6% of the fires and that significantly less firefighting 
services were required to control fires in buildings protected by automatic sprinklers (Garis & 
Clare, 2012). Moreover, the study reported that fires controlled by sprinkler systems never spread 
beyond the floor of origin and were contained to their room of origin 96% of the time. 

Traditional residential wood-frame construction up to 4 storeys that requires sprinkler protection 
is permitted to be sprinklered to the requirements of NFPA 13R “Standard for the Installation of 
Sprinkler Systems in Residential Occupancies up to and including Four Stories in Height” 
(NFPA, 2013b). The new provisions applicable to residential mid-rise buildings of 1 to 4 storeys 
with larger building areas also permit the use of NFPA 13R. Residential buildings of 5 and 
6 storeys require an automatic sprinkler system that is designed, constructed, installed and 
tested in accordance with NFPA 13. 

4-storey office buildings (Group D, business and personal services occupancy) of combustible 
construction already permitted by the NBCC are required to be protected by a NFPA 13-
compliant sprinkler system; the same requirement applies to office buildings of 1 to 6 storeys of 
combustible construction permitted by the new mid-rise provisions.  

There are some significant differences between the design requirements of NFPA 13 and 
NFPA 13R. One of the main differences between them is the conditions necessary to require 
automatic sprinkler protection in combustible concealed spaces and attics. (See also 6.2.5.5 of 
this Chapter for some additional information related to sprinklering of concealed spaces.) 

Another difference is that the hydraulic requirements (i.e. water demand and area coverage per 
sprinkler head) is increased when designing in accordance to NFPA 13 compared to NFPA 13R. 
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When designing an automatic sprinkler system per NFPA 13, stair shafts of noncombustible 
construction require sprinkler protection only at the top of the shaft and under the first landing 
above the bottom of the shaft. Stair shafts made of combustible construction require sprinklers 
to be installed not only at the top of the shaft and above the bottom landing, but also beneath all 
stair landings in the stairwell, resulting in a higher level of active fire protection. Figure 13 shows 
typical active fire protection systems at the top landing of an exit staircase in a mid-rise building 
of combustible construction. 

 

Figure 13        Example of active fire protection systems at the top landing of an exit 
staircase 

Smoke and heat 

Sprinkler head 
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6.2.5.9 Exterior Cladding 

In multi-storey buildings, not only is it possible for fire to spread through various routes within a 
building, but fire may also spread from the interior of a building to another portion of the interior 
of the building via the exterior. For example, through an opening such as a window, fire may 
spread from one floor area to the outside, up the exterior of the building and then gain access to 
a higher floor area through another such opening. A similar fire spread scenario can occur as 
the result of a fire that originates from the exterior of the building, such as on a balcony. This 
affects not only fire spread with respect to the building where the fire originated, but also can 
increase the potential for fire spread to adjacent buildings. For this reason, in multi-storey 
buildings, combustible cladding elements are sometimes restricted. 

The regulation of exterior cladding elements addresses the “control movement of fire” 
component of the NFPA Fire Concepts Tree shown in Figure 1 and is related to the NBCC 
objectives and functional statements [F03, F02 – OP3.1]. 

As discussed in 6.2.1 of this Chapter, Division B of the NBC provides the combustible elements 
and prescriptive requirements that are applicable in buildings permitted to be of combustible 
construction or required to be of noncombustible construction. The provisions of Subsection 3.1.4. 
are applicable to buildings that are permitted to be of combustible construction. Prior to the 2015 
amendments to include mid-rise combustible buildings, a building permitted to be of combustible 
construction did not have limitations on the cladding construction type unless there was an 
exposure condition (e.g., condition of limiting distance to adjacent properties) (Jeske & Esposito, 
2015), because all such building were limited to four storeys in building height.  

Cladding requirements are still driven by the limiting distance (spatial separation) provisions of 
Subsection 3.2.3. However, for a 5- or 6-storey building under the new mid-rise provisions, all 
but 10% of the exterior cladding (which is permitted to accommodate trim, etc.) used must be 
noncombustible, in addition to any applicable limiting distance provisions; or, it must meet the 
Code’s requirements when the cladding, as well as the wall assembly it is to be used on, is 
tested in accordance with CAN/ULC-S134, “Fire Test of Exterior Wall Assemblies” (ULC, 2013). 
One of the main criteria that must be met for such cladding materials to be permitted under this 
permission is that flaming on or in the wall assembly cannot spread more than 5 m above an 
opening required in the test assembly. In addition, if the wall assembly includes combustible 
cladding of fire-retardant-treated wood, the above fire test is required to be conducted after the 
cladding has been conditioned in conformance with ASTM D2898, “Accelerated Weathering of 
Fire-Retardant-Treated Wood for Fire Testing” (ASTM, 2010). 
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6.3 OTHER CONSIDERATIONS AND INFORMATION 
The objectives and functional statements attributed to a particular prescriptive design provision 
identify the risk areas that the NBCC expect to be addressed by that provision. The objectives 
describe undesirable situations and their consequences that the Code provisions attempt to 
mitigate. It is acknowledged that the provisions of the NBCC cannot entirely prevent all 
undesirable events from happening nor eliminate all risks. It is also assumed that when an 
undesirable situation occurs, ways and means will be provided to limit its consequences. For 
these reasons, the goal of the NBCC is to “limit the probability” of “unacceptable risk” of injury or 
damage caused by exposure to various hazards. Moreover, it is understood that an “acceptable 
risk” is the level of risk remaining once compliance with the NBCC prescriptive (acceptable) 
solutions has been achieved (NRCC, 2010a), as a result of the relationship and linkage made 
between the objectives and functional statements in Division A of the NBCC and the acceptable 
solutions in Division B. 

However, there are some aspects that are not explicitly addressed in Division B and that can 
benefit from additional consideration. 

6.3.1 Podium Structures 
A relatively new building design type that is referred to as a “podium structure” is being used in mid-
rise buildings in Western Canada, and to a greater extent on the west coast of the United States. 
Podium structures are becoming more prevalent in the modern design and construction community, 
especially in terms of delivering a relatively cost effective and timely construction method for mixed-
use developments in an urban or suburban setting. In this context, podium buildings are usually 
designed to provide commercial/retail occupancies at grade level and residential occupancies in the 
levels above (other occupancy combinations are possible) (Figure 14). 

 

Figure 14        Typical wood-frame structure above one-storey concrete “podium” in 
British Columbia (photo courtesy of Triggs, 2014) 
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A podium is defined as a platform that is used to raise something above its surroundings. In the 
context of building architecture, typically a podium design is used to elevate one component (or 
occupancy) of a project above another, and can consist of a single podium with a similar size 
structure above it or a single podium with multiple structures above it. The podium portion of the 
building generally consists of cast-in place reinforced concrete construction having a 1-, 2- or 
3-hour FRR. A guideline has recently been prepared at the request of FPInnovations to provide 
an overview of, and insights into, the NBCC implications of this relatively new building style 
(Triggs, 2014). The guideline provides information on podium building design and is intended for 
the Canadian building design, construction and regulatory industries. It also provides useful 
information in developing an alternative solution in compliance with Division A of the NBCC. 

6.3.2 Firefighting Operations and the Code 
In general, the intent of many of the Safety (OS) objectives of the NBCC is to limit the probability 
that “a person in or adjacent to the building” is exposed to an unacceptable risk of injury if an 
adverse event occurs. This includes the fire safety objective, OS1. As a result, these objectives 
can, and often do, apply to emergency responders in addition to a building’s “civilian” 
occupants. As well, several of the functional statements relate specifically to the need for a 
building or its elements to perform certain functions to facilitate the work of emergency 
responders (e.g., F06 – To retard the effects of fire on facilities for notification, suppression and 
emergency response; and, F12 – To facilitate emergency response.) In addition, the intent 
statements of the NBCC applicable to the requirement for noncombustible construction, in 
particular, clearly stipulate that their objective is: 

“To limit the probability that combustible construction materials within a storey of 
a building will be involved in a fire, which could lead to the growth of fire, which 
could lead to the spread of fire within the storey during the time required to 
achieve occupant safety and for emergency responders to perform their duties, 
which could lead to harm to persons and damage to the buildings (NRCC, 2012).” 

In such instances, when the NBCC requires a specific performance level — for example, 
minimum FRRs of building elements such as fire separations around exits — one may assume 
that the degree of performance level required is related to time for emergency responders such 
as firefighters to perform anticipated duties as well as time for evacuation of building occupants.  

As discussed in the fire chapter of the Technical Guide for the Design and Construction of Tall 
Wood Buildings in Canada (Harmsworth et al., 2014), unsprinklered buildings traditionally relied 
on exterior firefighting operations. With the advent of buildings protected with monitored and 
supervised sprinkler systems and related firefighting practices, the NBCC has shifted to reliance 
on automatic sprinkler systems and interior firefighting access (Harmsworth et al., 2014). As 
described in Subsection 6.2.5.8 of this Chapter and in Harmsworth et al. (2014), the level of fire 
protection in 5- and 6-storeys wood-frame residential buildings is greater because of more 
stringent fire protection measures prescribed in NFPA 13, as compared to buildings sprinklered 
according to NFPA 13R. In buildings entirely protected by sprinklers, firefighting operations may 
be conducted from the interior of the building, including stair shafts, due to the reduced internal 
fire risk in comparison to an unsprinklered building (Harmsworth et al., 2014). 
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The intent of the NBCC is that safety of emergency responders as well as occupants in a 
completed building of wood-frame construction, with all required active and passive fire 
protection systems complete and operational, can be expected to be similar to that in a building 
of noncombustible construction also designed with the minimum active and passive fire 
protection systems required by the NBCC. A recent study of the incidence of construction types 
and fire outcomes reported that there appears to be little difference with respect to fire spread, 
death and injury rates as a function of a building's general construction type, provided that these 
buildings have functioning smoke alarms and full sprinkler protection (Garis & Clare, 2014). The 
authors of that report also recommended that more emphasis be placed on ensuring that all 
buildings have operating, current, and optimal fire safety systems. The report concludes that, in 
all cases, the focus should be on maintenance and safety system upgrades to ensure optimal 
outcomes for life safety and reducing fire-related casualties, regardless of the types of 
construction. 

6.3.3 Elevator Shafts, Exit Stair Shafts and Wood Construction 
In mid-rise and taller buildings, elevator shafts (also referred to as elevator hoistways) and exit 
stair shafts have traditionally been built using cold-formed steel-framed assemblies or a 
reinforced concrete core. The latter can be used to carry gravity loads (e.g., self-weight) and 
also to provide to a building lateral load resistance to wind and seismic forces. Alternatively, 
braced steel columns or some other kind of lateral restraint system can be used. However, 
vertical shafts in buildings permitted to be of combustible construction are permitted to be made 
of all-wood elements, all noncombustible elements (such as a reinforced concrete core) or a 
combination of both types of construction. 

As discussed in 6.2.5.7 of this Chapter, Article 3.4.4.1. of Division B of the NBCC requires every 
exit be separated from the remainder of the building (i.e., to act as a fire compartment) by a fire 
separation having a FRR of no less than that required by Subsection 3.2.2. of Division B for 
floor assemblies, but no less than 45 minutes. Shafts such as those that carry elevators also 
have requirements to be fire separations, and typically are also required to have a fire-
resistance rating (Subsection 3.5.3., Division B, NBCC). 

As discussed in 6.2.5.3 of this Chapter, there are a number of sources of information available 
on fire-resistance-rated wood-frame assemblies, including accredited fire testing laboratories, 
accredited certification and listing organizations, Appendix D-2.3. and engineered wood 
products manufacturers.  

As well, Table D-2.4.1. in Appendix D-2.4. of Division B of the NBCC provides FRR information 
related to solid wood walls, floors and roofs, including a nailed solid wood wall made from 
nominal 2 x 6 (38 mm x 140 mm) vertical planks that is assigned a 1-hour FRR. Moreover, 
additional information provided in Appendix D-2.4. indicates that by adding a single layer of 
13 mm (½-in.) gypsum board on the fire-exposed side of such a solid wood wall assembly, an 
additional 15 minutes can be added to the fire resistance, thus providing a solid assembly with a 
1¼-hour fire resistance. 
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Information on the fire performance of mass timber construction, such as cross-laminated timber 
(CLT), is growing in North America. Several full-scale, fire-resistance tests on CLT assemblies 
have demonstrated that a 1-hour FRR can easily be achieved with CLT wall and floor 
assemblies, with or without gypsum board (Osborne, Dagenais, & Bénichou, 2012; Osborne & 
Dagenais, 2013; NGC, 2012). The CLT wall assembly described in Subsection 6.2.5.4 of this 
Chapter also demonstrated the robustness of mass timber construction by achieving a fire 
resistance over 3½ hours when protected by 2 layers of 16 mm Type X gypsum board. 
Designers specifying CLT for fire-resistance-rated assemblies can follow the latest 2014 
enhanced design methodology in the Canadian edition of the CLT Handbook published by 
FPInnovations (Dagenais, 2014). 

A full-scale fire test on a vertical shaft made of CLT was recently conducted at NRCC’s facility in 
support of an alternative solution for a tall wood building (Osborne & Dagenais, 2015). The fire 
test demonstrated that a mass timber vertical shaft can withstand the effects of a severe design 
fire for at least 2 hours (Figure 15). Throughout the duration of the fire test, no impact was 
observed in the CLT shaft: there was no evidence of temperature rise, no apparent smoke 
leakage and little-to-no effect on the structural resistance of the CLT shaft itself. 

 

Figure 15        CLT vertical shaft demonstration fire test 

In the 2014 edition of the CSA O86 Engineering Design in Wood standard (CSA, 2014), a new 
informative annex, Annex B on fire resistance of large cross-section wood elements, was 
introduced. It provides a methodology for development of FRRs for wood elements with a large 
cross-section, including beams and columns of solid-sawn lumber, glued-laminated timber 
(glulam) and structural composite lumber (SCL), as an alternative solution to a fire-resistance 
test to CAN/ULC-S101. (In a 2016 supplement to the 2014 CSA O86, the addition of information 
to expand the methodology in Annex B to CLT assemblies is planned.) Fire testing conducted 
on mass timber elements at FPInnovations and U.S. Forest Products Laboratory shows that 
adding one or two layers of 16-mm (⅝-in.) Type X gypsum board can add 30 and 60 minutes, 
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respectively, to the assigned FRR of timber elements when either 1 or 2 layers are attached 
directly to the elements (Osborne, Dagenais, & Bénichou, 2012; White, 2009).   

Adding gypsum board over timber elements also allows for interior finish surfaces to meet the 
more stringent FSR limits that are typically imposed for finishes within exits and shafts. 
Subsection 3.1.13. of Division B of the NBCC requires that walls and ceilings in exits and 
vertical service spaces such as elevator shafts have FSRs no greater than 25, whether the 
building is protected by automatic sprinklers or not. As mentioned previously, the NBCC assigns 
a generic FSR of 25 to gypsum board of at least 9.5 mm (⅜ in.) in thickness. Therefore, as an 
easy and efficient solution, the encapsulation of any timber components with at least a single 
layer of Type X gypsum board can be used to meet an FSR of 25; as discussed above, this has 
the additional benefit of also increasing the inherent fire resistance of the overall assembly, if it 
is not initially considered within the FRR design. As discussed in 6.2.5.6 of this Chapter on 
interior finishes and FSRs, the use of fire-retardant surface coatings or pressure-impregnated 
fire-retardant treatments is also an option. Should it be preferred to leave some exposed and 
unprotected wood in exits or vertical shafts for aesthetic or other reasons, the development of 
an alternative solution is suggested.  

Vertical shafts may also be “detached” from the main structural system supporting the gravity 
loads, as shown in Figure 16. When such a configuration is used, potential smoke and fire 
propagation from a floor area to the shaft is limited, and vice-versa, while improving the acoustic 
performance required in Subsection 5.9. of Division B of the NBCC. However, care must be 
taken to address any code requirements that are applicable to any concealed spaces created 
between the shaft walls and the main structural system of the floor area. 

  

a) View from inside the elevator shaft b) View from inside the adjoining suite 

Figure 16        Nailed-laminated elevator shaft (photos courtesy of cecobois) 
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While exits and vertical shafts such as elevator hoistways are permitted to be constructed of 
combustible or noncombustible materials, or a combination of both, it should be noted that there 
may be potential connection challenges between wood and other materials such as steel or 
concrete, because each material can perform differently mechanically. As discussed in 
Subsection 6.2.5.4 on firewalls, if not addressed, shrinkage and settlement of wood-frame 
construction can cause compatibility issues with other materials that do not exhibit the same 
behaviour. Structural engineers should account for such differential movement in their designs 
and coordinate with all other professionals, including the fire protection engineer, in order to 
evaluate the impact of such differential movement on the performance of passive as well as 
active fire protection systems. Fire closures and fire stop systems, automatic sprinkler systems, 
piping penetrations and hangers, lighting and emergency power systems, as well as safe egress 
paths (e.g., differences in elevation levels to either side of the bottom of an exit doorway should 
be limited) are examples of where potential functionality issues can be generated from 
differential movement.  

Similar to the differential movement, a lateral differential movement between structural systems 
may occur from either wind pressure or seismic forces. For example, an exit stair enclosure 
constructed of concrete or masonry and used as the seismic force resisting system (SFRS) 
does not have the same stiffness/ductility compared to that of a nailed, wood-framed shearwall, 
which can create localized stress concentrations around interfaces. 

Furthermore, using cast-in-place concrete requires a curing period that can delay construction, 
especially when prefabricated elements, such as panelized wood floors/roofs/wall elements, are 
being used elsewhere in the design. Using materials that require a curing period (e.g., concrete 
or masonry) creates delays in construction, which may expose other building materials to harsh 
weather conditions for a longer period of time; longer construction times also potentially 
increase the length of time during which a building is most vulnerable to the risk of fire – during 
the construction phase. 

As discussed above, it can be demonstrated that various wood and wood-based building systems 
can be designed to achieve the required fire performance level for exits and vertical shafts. The 
three types of wood construction described above (wood-framed, nailed-laminated timber and 
CLT) have been widely used in the provinces of British Columbia and Quebec as well as in the 
United States for many reasons, including reliability based on historical performance, speed and 
ease of construction (and prefabrication), and cost efficiency. Examples of existing North 
American mid-rise and tall wood buildings using wood-based, vertical shafts are shown in 
Figure 17. Additional guidance may be found in a report by FPInnovations detailing technical 
aspects of wood-based elevator shafts (Osborne, 2014b). 

It should be noted that the recent changes to the Ontario Building Code and Quebec 
Construction Code to permit mid-rise buildings of combustible construction require exits and exit 
stairwells, respectively, to be of noncombustible construction. For all the reasons detailed 
above, it is important in those cases that qualified design professionals carefully address 
compatibility issues between the resultant systems of different materials. 
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a) Wood-frame construction used in the U.S. 
(photo courtesy of Wood Works! BC) 

b) Nailed-laminated lumber used in British Columbia 
(photo courtesy of GHL Consultants Ltd.) 

  

c) Cross-laminated timber used in Quebec  
(photo courtesy of Nordic Engineered Wood) 

d) Hybrid wood/concrete used in Quebec 

Figure 17        Examples of wood and wood-hybrid vertical shafts 

6.4 PERFORMANCE-BASED FIRE SAFETY DESIGN 
As stipulated in Sentence 1.2.1.1.(1) within Division A of the NBCC, compliance with the NBCC 
can be achieved by either complying with the applicable acceptable solutions in Division B or by 
using alternative solutions that will 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 they replace. 
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As such, a design professional wishing to go beyond the current prescriptive limitations imposed 
on combustible construction is allowed to develop an alternative solution, which can range from 
the development of a simple equivalency to undertaking a full objective-based design (via what 
is known as performance-based design). 

A performance-based fire safety design can be defined as an engineering approach to fire 
protection design based on: 1) agreed upon fire safety goals and objectives; 2) deterministic 
and/or probabilistic selection of fire scenarios; and 3) quantitative assessment of design options 
against the fire safety goals and objectives using accepted engineering tools, methodologies 
and performance criteria (SFPE, 2000; Dagenais, Mehaffey, & Craft, 2011). Figure 18 illustrates 
a typical process for developing a successful performance-based fire safety design solution. 

 

Figure 18        Performance-based fire safety design process (CIB, 2001) 

6.4.1 Design Tools 
A lot of research has been conducted throughout the world in recent decades with regard to fire 
safety engineering. Although most building codes still rely, for the most part, on prescriptive fire 
provisions, researchers have conducted many studies and published various scientific articles 
on the subject since the early 1970s. Hadjisophocleous et al. (1998) undertook a thorough 
literature review of performance-based codes and listed various performance criteria that could 
be considered when developing alternative solutions. Fire ignition, fire growth, fire resistance for 
compartment boundaries and structural systems, fire spread and fire loads are important factors 
for which criteria need to be established when developing a performance-based fire safety 
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design. The life safety of occupants is also crucial and requires the development of acceptance 
criteria for thermal effects on humans, toxicity levels (development of toxic gases that could lead 
to incapacitation), smoke and hot layer height, and visibility, as well as criteria to provide 
sufficient time for occupants to evacuate through adequate exit routes. 

A complete set of fire safety engineering standards is available to designers and may be used 
as resource tools (ISO, 1999; 2006; 2008b; 2009a; 2009b; 2011; 2012). Additional information 
on design fire loads and performance requirements may also be found in SFPE (2008); ABCB 
(2005); Custer & Meacham (1997); NFPA (2012b); and, CEN (2003). 

6.4.2 Computer Models 
When a performance-based fire safety design is developed, the main objective is to 
demonstrate that the performance levels provided will be at least equivalent to those provided 
by the acceptable, prescriptive solutions in Division B of the NBCC. In assessing these 
performance levels, numerous mathematical models and engineering tools are available for the 
designers and AHJs. 

Simple analytical models may be useful in order to conduct a preliminary analysis. Easy to use, 
these models can be run quickly and usually require limited parameters to be involved. 
However, the applicability of their results may also be limited. Examples of analytical models 
may be found in Eurocode 1: Part 1-2 (CEN, 2003).  

Other simplified models may also be used in a quick and efficient manner. For example, there 
are “two-zone models” that assume that a fire compartment is divided into two distinct zones: 
1) a hot upper layer created by the fire plume; and 2) a cold lower layer. These models can be 
used to determine the upper and lower layer temperatures and heights, the fire plume mass flow 
rate, flow rate through openings (doors and windows), heat release rate and rate of combustion. 

A more advanced method to predict fire growth, smoke transport, toxicity and heat transfer, 
among other parameters, involves opting for field models that use computational fluid dynamics 
(CFD). These models divide a given space into control volumes where mass, momentum and 
energy conservation are numerically solved for each volume. The Fire Dynamics Simulator 
(FDS), developed by NIST, has been used extensively in the fire engineering and scientific 
community. FDS can be used to reasonably predict fire growth and smoke movement, provided 
that accurate material properties are known. It also allows for placing virtual probes to estimate 
various parameters at precise locations, such as thermocouples, heat flux gauges, sprinklers 
and heat detectors. It may be used, as well, to evaluate evacuation scenarios of building 
occupants. Figure 19 illustrates schematics that may be obtained from both types of models. 
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a) Zone model (CFAST) b) CFD model (FDS) 

Figure 19        Examples of computer models 

Lastly, commercially available finite-element software packages may be used for solving 
complex problems governed by partial differential equations. For example, a finite element 
model (FEM) may involve coupling a transient heat transfer model to a structural model to 
predict the structural resistance of structural elements exposed to a specific design fire 
scenario. A FEM may also be used to predict the encapsulation performance of a given 
protective membrane, as with the model described in Su et al. (2014), provided that material 
thermal properties are known and validated using relevant test methods.  

The models described herein are only a few of those that are available to designers. Although 
no model can be fully perfect, they are very useful in providing detailed information for an 
expected design fire scenario. The use of such software packages can be challenging, as they 
require expert knowledge and experience for their proper and effective use, as well as 
significant efforts in entering required data and long computational time. It is thereby the 
responsibility of the designer to fully understand the limitations of each model when using them 
to generate a performance-based fire safety design. 

6.5 FIRE SAFETY DURING CONSTRUCTION 
The risks and hazards found on a construction site differ in both nature and potential impact 
from those in a completed building, and this occurs during a time in which the fire prevention 
and protection elements that are designed to be part of the completed building are not yet in 
place (BC Wood Works!, 2013). 

As a result, buildings typically are at a greater risk of fires starting during construction, as well as 
greater risk of loss when fires do occur.  

For these reasons, construction site fire safety includes some unique challenges. However, an 
understanding of the hazards and their potential risks is the first step towards fire prevention 
and mitigation. 
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Several documents have been developed over the last few years to provide different levels of 
detail for various stakeholder audiences. 

For those desiring a “quick overview”, two documents are available from the Canadian Wood 
Council (www.cwc.ca) that outline the considerations and challenges related to construction site 
fire safety: 

 Fire Safety and Security: A Technical Note on Fire Safety and Security on Construction 
Sites in Ontario (Ontario Wood Works!, 2013) 

 Fire Safety and Security: A Technical Note on Fire Safety and Security on Construction 
Sites in British Columbia (BC Wood Works!, 2013) 

While these two documents are written in the context of specific provinces due to differing 
provincial regulations, they provide a good overall introduction to the many different aspects of 
construction site fire safety, including various facets of fire safety planning such as addressing 
“hot work” and other ignition sources on site, as well as fuel sources; on-site fire safety systems 
and procedures; and creating a “culture of safety” on the worksite (Figures 20 & 21). 

Greater detail for those responsible for the planning and execution of construction site fire safety 
can be found in the document entitled Construction Site Fire Safety: A Guide for Construction of 
Large Buildings, produced by the University of the Fraser Valley (UFV) (Garis, Maxim, & Mark, 
2015). For fire service personnel looking for more information, UFV has also produced 
Construction Site Fire Response: Preventing and Suppressing Fires During Construction of 
Large Buildings (Garis, Maxim, Thomas, & Mark, 2015). 

Section 5.6. of the NFCC, the CWC (2012), NFPA 241 “Standard for Safeguarding 
Construction, Alteration, and Demolition Operations“ (NFPA, 2013c) and Craft et al. (2013) 
provide additional guidance. A detailed bulletin may also be found online from BC's Ministry of 
Justice (BC OFC, 2009) and by Forest and Wood Products Australia (FWPA, 2013). Additional 
guidance may also be found in Chapter 5 of the Technical Guide for the Design and 
Construction of Tall Wood Buildings in Canada (Harmsworth et al., 2014), as well as the 
“Construction Site Fire Safety Practices” website that has been developed by Fire Force One, a 
fire protection firm from California, in partnership with the American Wood Council 
(http://www.constructionfiresafetypractices.com/). 

Of course, the use of prefabricated wood-frame building assemblies, such as panelized wall, 
floor and roof systems, allows a reduction in the length of time of the construction phase, which 
reduces the time during which the building is most vulnerable, and therefore reduces the overall 
risk of fire during construction.  

The objective is to reduce the risk of fires starting, increase the likelihood of early detection of 
fires that do start, and provide fire protection measures to mitigate damage if a fire event occurs 
during construction. 

http://www.cwc.ca/
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Figure 20        Wood-frame structure during construction in the United States  
(photo courtesy of US Wood Works!, 2013) 

 

Figure 21        Example of on-site safety systems: smoke detectors installed and activated during 
construction, with temporary access created for allow for activation from adjacent area, as well 
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Figure 22        Hot work during construction should involve continuous supervision 

  

Open flame, no supervision 

Charred structural element 

and truss plates 
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7.1 INTRODUCTION 
This Chapter addresses sound insulation for walls, partitions and floor/ceiling assemblies 
between dwelling units, and between dwelling units and adjacent public areas such as halls, 
corridors, stairs, elevators, or service areas in light wood-frame construction buildings. This 
Chapter does not consider the sound insulation of exterior walls due to lack of code 
requirements, and only briefly touches on the topic of sound insulation of shear walls and 
stepped-storey wood buildings due to lack of information and research data.  

The noise control measures described in this Chapter are relevant to all types of wood-frame 
construction, as the main difference in noise transmission between low- and mid-rise wood-
frame buildings is due to the different wall designs. The walls in mid-rise buildings are usually 
subjected to higher axial and lateral loads than those in low-rise construction. Therefore, the 
walls in mid-rise buildings are stronger and stiffer than the walls in low-rise construction. Stiff 
walls usually reduce the sound insulation performance of the light-frame walls. The floors in 
mid-rise wood-frame buildings, however, are the same as those in low-rise construction. 

This Chapter offers solutions for noise control, and provides a road map for controlling noise by 
showing the reader how to use a systematic approach to control noise transmission in buildings. 
This systematic approach includes the following four steps: 1) understanding the fundamentals 
of building acoustics; 2) knowing the principles of noise control; 3) understanding the effects of 
various construction solutions on sound insulation performance; and 4) developing strategies to 
address noise control in buildings. Examples of acoustics design solutions presented in this 
Chapter were carefully selected from various sources to ensure they meet or exceed the code 
requirements for sound insulation. The design solutions illustrate the effects of various details 
on sound insulation. A summary of the effects of various design parameters and construction 
details on sound insulation and fire resistance of light wood-frame walls and floors is provided. 
By following the road map and examples provided in this Chapter, new innovative design 
solutions may be derived.  

7.2 FUNDAMENTALS 

7.2.1 Noise and its Source 
Basically, noise is commonly defined as “unwanted sound.” To control noise transmission through 
walls and floors between units, and between units and adjacent public areas in multi-family 
buildings, one needs to know what sound is and where it comes from. Sound has been defined as 
a physical disturbance in an elastic medium (i.e., in a gas, liquid, or solid) that is capable of being 
detected by the human ear. The medium in which the sound (pressure waves) travels must have 
a mass and elasticity. Sound waves do not travel through a vacuum (Harris, 1957; 1991). 
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Sound waves in air are caused by variations in pressure above and below the static value of 
atmospheric pressure (Harris, 1959; 1991). These pressure variations originate in many ways, 
for example: 1) by a pulsating airstream, such as that produced by fan blades as they rotate, or 
by a loudspeaker; 2) by the supersonic flight of an aircraft, which creates shock waves; 3) by the 
vibration of a surface, such as a wall or partition; and 4) by talking or by a musical instrument. 

A pressure wave propagating through air is referred to as airborne sound and the pressure 
wave propagating through a solid structure is structure-borne sound. Figure 1 illustrates the 
pressure wave propagating through air or a solid structure (Kappagantu, 2010). It must be 
pointed out that for the sake of simplicity, Figure 1 illustrates only a simple harmonic sound 
wave. The simple harmonic sound wave can be generated by most musical instruments that 
produce several simple harmonics simultaneously. However, sound produced by machines or 
structures do not behave as simple harmonic sound waves, but rather are random in time and 
are commonly known as noise (Crocker, 2007). 

 

 

 

Figure 1 Simplified illustration of sound (pressure wave) propagation through air/solid 
(Kappagantu, 2010)  

  

 C signifies regions of 
compression  

 R signifies regions of 
rarefaction of air molecules 

 “0” pressure line in the graph 
represents the atmospheric 
pressure level 
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7.2.2 Quantification and Measurement of Sound 
Sound has different attributes that can be described by various quantities. Sound has a level or 
a magnitude. Sound has frequency content, with frequency being defined as the reciprocal of 
the period of the sound wave. Sound can vary in level and frequency as a function of time. With 
respect to the sound level or magnitude, the most commonly used metric that can be directly 
measured, is the sound pressure. Like any other pressure, the sound pressure is defined as a 
force per affected surface area. Sound pressure can vary above and below the atmospheric 
pressure (Crocker, 2007), measured in Pascal units (Pa). The sound pressure is influenced by 
the energy produced by the sound source, the environment, and the distance between the 
source and the receiver (Pope, 2003). It is usually characterized by its Root Mean Square 
(RMS) or Peak Values, with mean pressure disregarded (Pope, 2003).  

To convey an understanding of sound pressure, Pope (2003) provided some examples of the 
sound produced by various sources and their pressure (Table 1). 

Table 1 Sound generated by various sources and their pressure (Pope, 2003) 

Sound from RMS pressure (Pa) 

Music club (loud) ~ 10 

Heavy traffic at 10 m (32.81 ft.) ~ 1 

Busy office ~ 0.1 

Normal speech at 1 m (3.28 ft.) ~ 0.01 

 

Sound is better quantified by using absolute values (sound pressure level) independent of the 
atmospheric pressure for comparison of sound performance in various atmospheres. The sound 
pressure level (SPL) is the power ratio of the sound pressure to a reference sound pressure (the 
sound pressure at the threshold of hearing) at 1 kHz. The SPL is measured in decibel (dB), 
which is read on a logarithmic scale. 

Sound pressure level can be measured with a Sound Level Meter (SLM). Another useful 
measuring instrument is the spectrum analyzer, which measures (and presents) the sound 
pressure level as a function of frequency. Using this instrument, the sound level variation of the 
signal in time domain is transformed into frequency domain, and the frequency distribution of 
the sound pressure level is presented. Spectrum analysis is important for understanding the 
behaviour of sound and for developing noise control measures. Figure 2 shows the spectrum of 
a sound pressure level measured in a dwelling unit below an adjacent unit, in a condominium 
constructed with a wood-framed floor/ceiling assembly, with a running ISO tapping machine on 
the floor of the upper unit. The Figure shows how the measured sound pressure level varied 
with frequency. Figure 3 shows the ISO tapping machine. 
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Figure 2 A typical 1/3 octave spectrum of sound pressure level measured below a wood-
framed floor/ceiling assembly using a tapping machine and a sound level meter 

    

(a) Acoustic chamber showing the floor 
specimen and tapping machine  

(b) ISO tapping machine 

Figure 3 Illustration of acoustic chamber and impact insulation test on a floor  
using an ISO tapping machine (NRC/IRC, 2002) 

7.2.3 Range of Human Hearing 
According to Crocker (2007), humans can hear sound in a frequency range between 15/16 Hz 
and 15/16 kHz. However, we do not hear all sounds equally, since our hearing sensitivity is non-
linear. The sensitivity of human hearing is frequency- and sound pressure level-dependent. 
Humans are most sensitive to sounds at about 4000 Hz and less sensitive to sounds below 
200 Hz. Below that level, humans cannot hear sound well, unless the sound pressure level is high 
enough (Crocker, 2007). Figure 4 shows the average threshold curve for young adults with 
“normal” hearing. Note that the hearing threshold is markedly dependent upon frequency. 
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Figure 4 Range of human hearing (White, 1975) 

7.2.4 Human Perception of Sound 
Human perception of sound is both objective and subjective, and is affected by several factors: 

 Level and frequency spectrum, sharpness, masking effects;   

 Variations such as fluctuation, roughness, modulations, transients; 

 Context, such as day vs. night, music vs. machine, etc.; and 

 Individual preferences. 

Pope (2003) described how humans perceive change in sound levels (Table 2). This knowledge 
provides very useful guidance for developing cost-effective sound insulation solutions or 
improving existing sound insulation strategies. The table shows that a change (reduction or 
increase) in sound level of less than three dB will most likely not be perceived by a listener, but 
that a change of 3 dB or greater will most likely be perceived by most people. 

Table 2 Perceptible change due to the change in sound level (dB) (Pope, 2003) 

Change in sound level (dB) Change in perceived loudness 

3 Just perceptible 

6 Noticeable difference 

10 Twice as loud or reduced to half of the loudness 

15 Large change  
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7.2.5 Building Sound Insulation 
In a building, there are two types of sound transmission paths, e.g. direct path and flanking path 
(Figure 5). Both require different approaches for their control.  

7.2.5.1 Flanking Transmission 
Flanking transmission is the sound transmission along paths other than the direct path through 
the common wall or floor/ceiling assembly (NRC/IRC, 2002). Typical flanking sound 
transmission paths can include: 

 Above and through the ceiling (plenum) spaces; 

 Through floor and floor joist spaces; 

 Through windows and doors; 

 Through fixtures and electrical outlets, light switches, telephone outlets, and recessed 
lighting fixtures; 

 Through shared structural building components, such as continuous floor sheathing, 
continuous floor joists, continuous gypsum board partitions, continuous concrete floors, and 
continuous concrete block walls; 

 Through perimeter joints at wall and floor, or through wall and ceiling junctions; 

 Through plumbing chases and joints between the walls and floor slab above or at the 
exterior wall juncture; and 

 Around the edges of partitions through the adjacent wall. 

 

Figure 5 Direct path and flanking sound transmission for the floor-wall junction  
between two side-by-side rooms  
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Figure 5 illustrates an example of flanking paths and direct paths between two side-by-side 
rooms in a building. As explained in the National Research Council Canada (NRC) report (NRC, 
2013), Figure 5 shows sound transmission paths from a source room at the left of the receiving 
room beside it. There are four paths, each involving one surface in the source room (denoted by 
a capital letter) and one in the receiving room (lower case). There is a direct transmission path 
“Dd” through the separating wall (from source room surface “D” to receiving room surface “d”). 
At the wall/floor junction, there are three flanking paths, each one involving a surface in the 
source room and one in the receiving room. These surfaces are well connected at the junction. 
Thus, “Ff” indicates the flanking path from flanking surface “F” (source room floor surface) to 
flanking surface “f” (receiving room floor surface), “Df” indicates the flanking path from direct 
surface “D” (source room wall surface) to flanking surface “f” (receiving room floor surface), and 
“Fd” indicates the flanking path from flanking surface “F“ (source room floor surface) to direct 
surface “d” (receiving room wall surface). 

Figures 6 and 7 illustrate sound leak problems and treatments (NRC/IRC, 2002). Figure 8 
presents an example of direct and flanking paths considering sound transmission from a source 
room at the top to the receiving room below, through a floor/ceiling assembly and junction, 
where the edges of the upper and lower assembly were well connected.  

At the present time, there is no established numerical method to predict the effects of all flanking 
paths on the sound insulation of wood-frame buildings. Therefore, it is better to measure the real 
(apparent) sound insulation performance of light wood-frame buildings in a real building.   

The NRC has developed a predictive software tool called SoundPATHS to estimate the 
apparent airborne sound insulation of light wood-frame buildings, including flanking transmission 
through the wall-floor or wall-roof junctions, knowing the Sound Transmission Class (STC) and 
the junction details. The tool is available at the following website: http://www.nrc-
cnrc.gc.ca/eng/solutions/advisory/soundpaths/index.html that also provides background 
information on the development of the software and its applications.  

 

Figure 6 Example of sound leak due to the cracks and gaps at the floor and  
wall junction and the treatment (NRC/IRC, 2002) 

http://www.nrc-cnrc.gc.ca/eng/solutions/advisory/soundpaths/index.html
http://www.nrc-cnrc.gc.ca/eng/solutions/advisory/soundpaths/index.html
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Figure 7 Sound leak at the electrical outlets (NRC/IRC, 2002) 

 

Figure 8 Floor surface as flanking path (NRC/IRC, 2002)  
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7.2.5.2 Quantification of Building Sound Insulation Using a Single Number Rating 

7.2.5.2.1 Quantification of Isolated Wall/Floor Assemblies Using STC and IIC  
The STC is a single-number rating of the airborne sound insulation of an isolated building 
element, e.g., a wall or a floor/ceiling assembly, without including flanking paths. The greater the 
STC, the better the airborne sound insulation of the wall or floor/ceiling assembly. STC is 
determined from sound transmission loss through a wall or floor/ceiling assembly. Transmission 
Loss (TL) is the ratio of transmitted power to incident power in dB at 1/3 octave frequency 
bands. TL is the measure of sound attenuation through an isolated wall or floor/ceiling 
assembly. The greater the TL value, the less sound is transmitted through the isolated wall or 
floor/ceiling assembly, and the better the sound insulation of the wall or floor/ceiling assembly. 
Like sound pressure level shown in Figure 2, TL varies with frequency. 

The ASTM E90 standard (ASTM, 2009a) specifies the test method for laboratory measurement 
of airborne sound transmission loss in building partitions and elements. While the test is 
conducted using the procedures of the ASTM E90 standard, the ASTM E413 standard (ASTM, 
2010) provides the numerical procedure for determining the STC from the measured sound 
transmission loss data as well as a classification for sound insulation. According to ASTM E413, 
STC ratings correlate in a general way with subjective impressions of sound transmission for 
speech, radio, television, and similar sources of noise in offices and buildings. 

The Impact Insulation Class (IIC) is a single-number rating for the impact sound insulating 
performance of an isolated floor/ceiling assembly without including flanking paths. The greater 
the IIC values, the greater the impact sound insulation. It is determined from sound pressure 
level measured in dB in the room under the floor/ceiling assembly, while an impact is applied on 
the floor. The sound pressure level is the measure of impact sound attenuation through the 
floor/ceiling assembly. The greater the impact sound level value, the more impact sound is 
transmitted through the floor/ceiling assembly, and the worse the impact insulation of the 
floor/ceiling assembly will be. As shown in Figure 2, sound pressure level varies with frequency. 

ASTM E492 standard (ASTM 2009b) specifies the test method for laboratory measurement of 
impact sound transmission through floor/ceiling assemblies using a tapping machine. The 
ASTM E989 standard (ASTM 2012) provides the classification for determination of Impact 
Insulation Class (IIC), from the measured sound pressure level in the receiving room produced 
by the tapping machine on the floor/ceiling assembly being tested. 

7.2.5.2.2 Quantification of Sound Insulation Performance Using FSTC and FIIC 
The Field Sound Transmission Class (FSTC) is a single-number rating of the field airborne 
sound insulation performance of walls and floors in buildings, including flanking transmission, as 
perceived by the occupants. The FSTC is also determined in accordance with ASTM E413 
(ASTM, 2010) from data measured according to ASTM E336 (ASTM 2014a).  
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The Field Impact Insulation Class (FIIC) is a single-number rating of the field impact sound 
insulation performance of field floors and floor-wall systems in buildings, including flanking 
transmission, as perceived by the occupants. The field impact sound insulation accounts for 
direct transmission through the demising floor as well as flanking transmission. The FIIC is 
determined in accordance with ASTM E 989 (ASTM, 2012) from data measured according to 
ASTM E 1007 (ASTM 2014b).  

7.2.5.2.3 Quantification of Airborne Sound Transmission of Walls and Floor/Ceiling 
Assemblies in Buildings Using ASTC 

ASTC is a single-number rating of the apparent airborne sound insulation performance of the 
combined wall and floor systems in buildings, as perceived by the occupants. Apparent airborne 
sound insulation accounts for direct transmission through the demising element, as well as 
flanking transmission. The ASTC is determined in accordance with ASTM E 413 from data 
measured according to ASTM E336. Therefore, the terminologies of ASTC and FSTC used in 
this document are interchangeable.  

7.3 REQUIREMENTS FOR NOISE CONTROL IN BUILDING CODES  

7.3.1 The 2015 National Building Code of Canada 
The 2015 National Building Code of Canada (NBCC) requires that, for airborne noise, a dwelling 
unit be separated from other space in a building with an apparent sound transmission class 
rating (ASTC) of no less than 47. A dwelling unit separated from an elevator shaft or a refuse 
chute shall have an STC of no less than 55.  

The 2015 NBCC does not set a requirement for impact noise (structure-borne noise) protection, 
but it recommends that bare floors tested without a carpet should achieve a minimum impact 
insulation class (IIC) of 55. 

The NRC has developed a method to calculate ASTC from STC and the wall-floor and wall-ceiling 
junction details. A corresponding document “The Guide to Calculating Airborne Sound 
Transmission in Buildings” was developed. This publication includes guidance on calculating 
ASTC values for light wood-frame assemblies. The calculation method was implemented into a 
software program called SoundPATHS, which allows designers to conduct calculations required 
to specify appropriate building assemblies fairly easily. The program can be accessed from the 
NRC web site. 
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7.3.2 International Building Code (IBC)  
The International Building Code (IBC) in the US specifies STC and FSTC for airborne sound 
insulation of walls and floor/ceiling assemblies. The code also uses IIC and FIIC for the impact 
sound insulation of floor/ceiling assemblies. Table 3 summarizes the requirements (IBC, 2009).  

Table 3 IBC minimum requirements for sound insulation of demising walls, and 
floor/ceiling assemblies 

 Airborne sound Structure-borne sound 

Wall 
STC 50 

N.A. 
FSTC 45 (field measured1) 

Floor 
STC 50 IIC 50 

FSTC 45 (field measured1) FIIC 45 (field measured2) 
Notes:  
1. When tested in accordance with ASTM E90 for STC and ASTM E336 for FSTC; and 
2. When tested in accordance with ASTM E492 for IIC and ASTM E1007 for FIIC. 

7.4 BEYOND CODE REQUIREMENTS TO OCCUPANTS’ 
SATISFACTION 

The code requirements for building sound insulation are the minimum requirements for 
occupants. This section provides some tips to enhance the satisfaction of occupants.  

7.4.1 Ensuring Minimum ASTC Rating of 47 from Verification 
Tests 

Even if the designers can use the SoundPATHS program to estimate the ASTC of the sound 
insulation designs of the walls and floor/ceiling assemblies during the design, the flanking paths 
in real buildings will also depend on the workmanship for the installation of the wall and 
floor/ceiling assemblies during construction. Therefore, it is advisable to:  

1. verify the designs by measuring their ASTC in mock-ups similar to the buildings where 
the walls and floor/ceiling assemblies will be placed;   

2. implement a quality control procedure for the workmanship to minimize the flanking 
paths. Section 7.7 discusses flanking control in more details; and 

3. measure the ASTC of the walls and floor/ceiling assemblies after the buildings are 
finished, to ensure that the real ASTC ratings meet the design targets. If they do not 
meet the targets, remedial solutions should be implemented before the buildings are 
occupied.  
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7.4.2 Subjective Evaluation by Designers and Engineers 
It is also advisable that builders, developers, architects, designers, contractors and/or product 
manufacturers conduct an informal subjective evaluation of the building sound insulation 
performance once the building is completed and before the occupants move in. This will allow 
them to obtain quick and easy feedback regarding the sound insulation performance of the 
completed building. If the design professionals are not satisfied, it is highly probable that the 
occupants will not be satisfied either and the problems should thus be remedied immediately.  

FPInnovations has developed informal subjective evaluation protocols (procedures) that have 
been used in laboratory studies and field investigations. The details of the procedures are given 
below. It is preferable to conduct the informal subjective evaluation when the ambient noise 
level is low, such as in the evening. Combining the measured ASTC/FSTC and FIIC with the 
subjective evaluation ratings can establish a correlation between the perception and the ratings.  

Informal subjective evaluation of airborne sound insulation of a partition wall: 

Step 1: Ask the evaluator to sit quietly in the receiving room. 

Step 2: Turn on music at normal volume in an adjacent room, the source room, on the other 
side of the partition wall, or ask at least two people to talk in a normal voice. 

Step 3: The evaluator then decides whether the airborne sound insulation in the receiving room 
is acceptable to him/her.  

Informal subjective evaluation of airborne sound insulation of a floor: 

Step 1: Ask the evaluator to sit quietly in the receiving room (i.e., below the floor that is being 
evaluated). 

Step 2: Turn on music at normal volume in the source room (i.e., the room above the evaluator), 
or ask at least two people to talk in a normal voice. 

Step 3: Switch the source and receiving rooms: i.e., move the evaluator to the room above and 
ask him to sit quietly, and then move the music equipment to the room below, so that the room 
above is now the receiving room and the lower room becomes the source room.  

Step 4: Turn on music at normal volume, or ask at least two people to talk in a normal voice. 

Step 5: The evaluator then decides whether the airborne sound insulation in the receiving room 
is acceptable to him/her. 
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Informal subjective evaluation of impact sound insulation of a floor: 

Step 1: Ask the evaluator to sit quietly in the receiving room (i.e., the room below the floor to be 
evaluated). 

Step 2: Ask someone to walk on the floor at a normal pace in the source room, first with shoes, 
preferably high-heeled shoes, and then barefoot.  

Step 3: The evaluator then decides whether the airborne sound insulation in the receiving room 
is acceptable to him/her. 

7.4.3 Correlation between ASTC/FSTC/FIIC and Human 
Perception  

Some observations were compiled, based on a subjective evaluation of many floor/ceiling 
assemblies performed in laboratories and in the field. When a wall or floor has an 
ASTC/FSTC/FIIC rating less than 45, one can clearly hear a neighbour's normal activities. 
When a wall or floor has an ASTC/FSTC/FIIC rating between 50 and 60, one can hear a 
neighbour's normal activities, albeit muted to some extent. When a wall or floor has an 
ASTC/FSTC/FIIC rating above 60, no one will hear a neighbour's normal activities, except in the 
case of wood-frame floors without a floating heavy topping, and with a carpet only. For wood-
frame floor/ceiling assemblies with a carpet and without a floating heavy topping, low-frequency 
footstep noise may still be heard even when the floor has an FIIC rating above 60. 

Nevertheless, the above-mentioned observations are based on subjective evaluation. The 
observations may be explored by another person's own subjective evaluation and by correlating 
the subjective evaluation with the field-measured sound insulation performance of walls and 
floors in completed buildings.  

7.5 STRATEGY FOR CONTROLLING NOISE TRANSMISSION IN 
BUILDINGS – THE THREE-DEFENCE APPROACH 

With an understanding of the mechanism of airborne sound and impact sound transmission, an 
effective strategy for controlling noise transmission in buildings can be achieved by applying the 
following three lines of defence:   

 First, one must develop methods to reduce the noise from the source, transmitted through a 
wall or a floor;   

 Second, one must develop methods to reduce the vibration of the wall or floor caused by the 
noise source; and 

 Third, one must develop methods to prevent the vibration of the wall or floor to be 
transmitted to the adjacent unit or to the unit below.  
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The first line of defence is to control airborne noise transmission through wood-frame walls or 
floors by using low porosity wall surface or floor finish materials, to reflect or radiate the noise 
back to the source room. The second line of defence is to use sufficient mass in the gypsum 
board finish, wall and floor structure, and floor topping to reduce the vibration, and consequently 
reduce the noise level of the walls and floors. The third line of defence is to decouple the 
gypsum board finish from the wall and ceiling assemblies to reduce the vibrations transmitted 
through the walls and floors.  

Similarly, the first line of defence to control impact noise transmission through wood-frame floors 
is to select a finish and a resilient layer underneath the finish that has the highest damping, 
i.e. which has the highest capacity to turn the force into heat, so that the applied impact force can 
be significantly reduced, which will also reduce the floor vibration amplitude. The second line of 
defence is to provide a floating topping and structural floors of sufficient mass to further reduce the 
floor vibration amplitude, therefore reducing the impact noise level. The third line of defence is 
decoupling of the gypsum board ceiling from the structure floors.  

7.6 NOISE CONTROL THROUGH DESIGN 

7.6.1 Noise-Controlled Design of Wood-Frame Buildings 
Using the three-line of defence approach, we can control noise by specifying products with a 
low porosity surface, a high resistance to impact force, sound-absorptive finish, and sufficient 
mass. Also, decoupling and discontinuing building components are basic principles of noise-
controlled design. The main factors that affect the airborne sound insulation and the impact 
sound insulation of walls and floor/ceiling assemblies are summarized below (NRC/IRC 2002): 

 Porosity of materials and especially the finish materials: the less porosity there is, the better 
the airborne sound insulation. Results show that absorbing materials with a low-porosity film 
on the surface in a wall cavity significantly improved the ASTC/FSTC of a wood-frame wall 
(Hu, 2014). 

 Total weight per unit area: the greater the weight, the better the sound insulation, especially 
for low-frequency sound. 

 Multi-layers with single air space in between, such as wall and floor cavities. The larger the 
airspace, the better the sound insulation; cavities of less than 13 mm should be avoided. 

 Sound absorption: sound-absorbing material in the airspace or cavity between layers is 
beneficial in improving sound insulation for assemblies with non-rigidly connected faces. For 
assemblies with rigidly connected faces, using absorbing materials in the cavity does not 
noticeably improve sound insulation. 
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 Contacts between layers: the softer the contacts, the better the sound insulation. Contacts 
include the attachment between gypsum board and the studs, or between gypsum board 
and the joists. Therefore, using resilient channels (RC) to attach gypsum board to studs or 
to joists is much more efficient than direct attachment or the use of wood furring. The larger 
the spacing of the studs, joists, furring, and RC, the better the sound insulation. Contacts 
also include the contact between the floor finish and the topping, the floor and the subfloor, 
or between the topping and the subfloor. Using resilient materials at these points is 
necessary.  

Use of floor covering (finish) and floating topping can significantly affect the impact sound 
insulation of wood-frame floor/ceiling assemblies (Hu, 2014). For controlling of impact noise 
transmission through wood-frame floor/ceiling assemblies, the following additional factors need 
to be considered: 

 Floor covering (finish): the higher the resilience of the covering, the better the impact sound 
insulation. The softer the surface of the covering, the better the impact sound insulation, 
especially for high-frequency impact sound. This is why carpet is very efficient in reducing 
high-frequency impact noise, but not low-frequency footstep noise. Floating wood flooring on 
a resilient membrane is also efficient for reducing high-frequency impact noise.  

 Additional floating mass for wood-frame floor/ceiling assembly: a floating topping of at least 
30 kg/m2 is necessary for wood-frame floor/ceiling assemblies that use resilient 
underlayment to achieve satisfactory impact sound and airborne sound insulation. Sufficient 
mass is important for reducing low-frequency impact noise.  

In the case of “heavy” monolithic assemblies, such as CLT, concrete, etc., usually the stiffer the 
assembly, the better the sound insulation. However, this cannot be generalized for light frame 
walls and floors. It has been observed that short-span, very stiff wood-joist floor/ceiling 
assemblies without a floating topping result in poor low-frequency impact sound insulation. Stiff 
stud walls with close stud spacing also have poor sound insulation. 

Design details that are effective in limiting sound transmission both vertically and horizontally 
through wood floor assemblies are: a) breaking the direct structural transmission of the sound 
by separating the floor framing between occupancy areas; b) providing a relatively high floor 
mass or topping; and c) providing soft materials for floor covering or between the structural 
assemblies to attenuate the sound. 

Designers should be aware that simply addressing wall and floor construction details might not 
be sufficient. Openings are very effective at transmitting sound. For example, a well-designed 
wall might not transmit much sound, but if there are openings such as doors to a common 
hallway, or penetrations to allow plumbing, electronics, etc. to pass from one room or floor to the 
next, the sound barrier will be less effective. Penetrations and access patterns must be 
considered and additional methods for isolating these locations must be employed. 
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Tables 4 and 5 summarize the discussion above on the effects of various design parameters 
and construction details related to sound insulation of wood-frame buildings.  

Table 4 Summary of the effects of design parameters, construction details and key flanking 
paths on sound insulation of light frame walls 

Factors Airborne sound insulation 

Thickness of gypsum board (1/2-5/8 in.) Important1 

Number of layers of gypsum board (1-2) Important1 

Decoupling gypsum board from studs Very significant2 

Wall cavity thickness (3.5-8 in.) Very significant2 

Stud spacing (16–24 in.) Important1 

Absorptive materials in wall cavity  

Not significant3 for walls with rigidly connected 
faces 

Very significant2 for walls with non-rigidly 
connected faces 

 

Fire blocking and fire stops  Reduced insulation depending on rigidity  
of the stops (see Table 19) 

Metal electrical outlet boxes Reduced STC by up to 6 points  

Plastic vapour-barrier boxes  Insignificantly reduced STC 

Well connected floor-wall junction Significantly reduced STC 

Wood shear panels Reduced STC  
(more data is needed to quantify this) 

Subfloor continuity Significantly reduced STC 

Joist continuity Significantly reduced STC 
Notes: 

1. Approximately 3-point increase in STC.  
2. More than a 6-point increase in STC.  
3. Less than a 3-point increase in STC.  

Caution should be taken when selecting resilient channels to attach gypsum board to studs, 
because the resilient channels vary from product to product and such variation affects their 
effectiveness in improving sound insulation. More data is needed to quantify the effects of 
various resilient channel products on wall sound insulation.  
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Table 5 Summary of the effects of design parameters, construction details and key flanking 
paths on sound insulation of light frame floor/ceiling assemblies 

Factors Airborne sound 
insulation 

Impact sound 
insulation 

Wood flooring floating on membrane NS I 

Increase topping mass I I 

Underlayment to float a topping S VS 

Joist spacing (12-24 in.) I NS 

Joist Type: lumber or I-joist NS NS 

Joist depth (cavity height) (8-12 in.) NS NS 

Absorptive material in floor/ceiling cavity with 
gypsum board not rigidly connected to the 
structure floor 

VS VS 

Thickness of gypsum board (1/2-5/8 in.) 
“I” for single layer “I” for single layer 

“NS” for two layers “NS” for two layers 

Number of layers of gypsum board (1-2 layers) I I 

Decoupling gypsum board from joists  VS VS 

RC vs. U-steel channel VS VS 

RC vs. 1x3 wood furring  VS VS 

RC spacing (8-24 in.) S S 

Fire blocking on ceiling and fire stops Unknown Unknown 

Well connected junction Significant reduction  
in STC 

Similar to STC 
reduction 

Notes: 
“NS” stands for not significant, which means less than a 3-point change in STC or IIC. 
“I” stands for important, which means an approximate 3-point change in STC or IIC. 
“S” stands for significant, which means an approximate 6-point change in STC or IIC. 
“VS” stands for very significant, which means more than a 6-point change in STC or IIC. 

Caution should be taken when selecting resilient channels to attach gypsum board to joists, 
because the resilient channels vary from product to product and such variation affects their 
effectiveness in improving sound insulation. More data is needed to quantify the effects of 
various resilient channel products on floor sound insulation.   
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7.6.2 System Approach for Acoustical Design 
When selecting a solution, one needs to take into account sound insulation, material and labour 
costs, ease of installation, and impact on other performance aspects, such as those related to 
deformation, fire, thermal insulation, and structural integrity.  

For example, the best acoustical design requires decoupling and discontinuity of floor and wall 
components, as well as building components. However, the decoupling and discontinuing may 
have an impact on the structural integrity of the entire building.   

Another example is the selection of the resilient layer for a floating floor and topping to achieve 
good impact sound insulation. Manufacturers should be consulted about compressive 
resistance to avoid the excessive deformation of a sandwich made of finish, membrane, 
topping, and underlayment. Excessive deformation can lead to a series of problems, such as 
cracks in the concrete topping and the ceramic tiles, excessive movement felt by the occupants 
who walk on the floor, and discomfort of the occupants.  

Air quality may also need to be considered when selecting the underlayment and the absorbing 
materials.  

Cost effectiveness may be improved by understanding the human perception of noise, as 
described in Table 2 and Subsection 7.2.4. Table 2 demonstrates that a change (increase or 
decrease) in sound level of less than 3 dB will most likely not be perceived by a listener. 
However, a change of 3 dB or greater will most likely be perceived by most people. Therefore, 
the design effort and cost should not emphasize a one- or two-point improvement in sound 
insulation ratings.  

7.7 NOISE CONTROL THROUGH INSTALLATION 
To optimize the efficiency of the designed sound insulation solutions, a quality-controlled 
installation and inspection protocol must be implemented to eliminate avoidable flanking paths 
during construction. Meanwhile, other requirements for installations should also be respected.  

7.7.1 Eliminating Avoidable Flanking Paths 
There are two types of flanking transmission, i.e., sound leaking through openings, and vibration 
transfer between coupled surfaces or through continuous structural elements. The basics of 
flanking control are to seal gaps and openings, decouple surfaces and components, and 
discontinue structural elements, if this does not affect structural safety and serviceability. 
However, a compromise will sometimes be necessary. Table 6 provides a flanking path 
checklist and treatment. The list includes the most obvious and crucial flanking paths that must 
be controlled or eliminated, based on current knowledge. If the flanking paths can be controlled, 
then the design solutions should meet the design goal. It should be noted that the checklist may 
not be complete. As more knowledge is gained on flanking, this checklist will be updated.  
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It is important to follow the installation guides of various products used for floors and walls, such 
as finishes, membranes, dry or wet topping products, underlayment, absorption materials, 
resilient channels (RC), acoustic hangers, gypsum board, etc. These guides specify the details 
for flanking control. For example, the length of the screws to attach gypsum board to the 
resilient channels (RC) should follow the RC installation guide, so that the screws attach the 
gypsum board to the RC only, and not to the floor joists or wall studs. There are many such 
details specified in the product specifications that should be followed.  

Table 6 Flanking path checklist and treatment 

Flanking path Treatment 

Leaks around edges of partitions (ASTM E336) Seal leaks with tape, gaskets or caulking 
compound (ASTM E336). Plan traffic patterns 
such that doors do not open onto common areas 
where sound can easily be transmitted around the 
dividing wall, floor, etc. 

Cracks at wall/floor junctions Caulk joint between gypsum board and floor  
(NRC/IRC 2002). 

Debris between floor and wall sill plates Clean floor and caulk sill plate (NRC/IRC 2002). 

Leaks through electrical outlets Avoid back-to-back outlets by offsetting them 16” 
(400 mm) or at least one stud space from side to 
side (NRC/IRC 2002). 

If gypsum board is rigidly attached to studs or the 
wall or floor framing, the wall and floor might 
contribute to flanking (NRC. IRC, 2002).   

Attach gypsum board on resilient channels  
(NRC/IRC 2002). 

If gypsum board is not properly installed on 
resilient channels, such as using long fasteners 
that push the gypsum board to the wall or floor 
framing, the fasteners form the flanking paths.  

Be sure to attach gypsum board only to resilient 
channels, but not to the wall or floor framing.   

Joint between the perimeter of flooring or topping 
and the surrounding walls, especially if the 
flooring or topping is floating or not rigidly 
attached to the subfloor. 

Leave a gap around the entire perimeter of 
flooring or topping assembly and walls. Fill it with 
resilient perimeter isolation board or backer rod 
and seal the joint with acoustical caulking. 

Continuous subflooring and joists between two 
adjacent units 

Discontinue subflooring and joists as much as 
possible. Add floating topping and floating flooring 
if the continuity is not avoidable; meanwhile, the 
floating topping or flooring should not continue 
from one unit to its adjacent units.  
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7.7.2 Other Installation Requirements for Noise Control 
In addition to following the installation guides of various products for flanking control, it is also 
important to meet other requirements for the installation of various floor and wall non-structural 
components, such as finish materials, membranes, dry or wet topping products, underlayment, 
absorption materials, RC, acoustic hangers, gypsum board, etc.   

For example, wood flooring installation requires a minimum flooring thickness for controlling 
excessive deformation. Ceramic tile installation guides provide details to prevent tiles from 
cracking. Membrane and underlayment installation guides provide details to prevent excessive 
deformation of the flooring or topping. Gypsum board installation specifies maximum spacing of 
RC so that gypsum board deformation meets the maximum deformation requirement. For 
flanking control, the wider the RC’s spacing, the less flanking sound that will be transmitted. But 
on the other hand, the wider the RC’s spacing, the greater the gypsum board deformation.  

Knowledge about aging of the floor underlayment, membrane, and finish is also important. For 
example, based on a report provided by occupants, a room consisting of a steel truss floor with 
a concrete deck and new carpet and a gypsum board ceiling had a FIIC rating of 81 when the 
building was just completed and sound rating was measured in 1994. The field impact sound 
insulation test was repeated on the same floor in the same room by FPInnovations in 2012. It 
was found that the measured FIIC dropped to 68 after 18 years of service, due to reduced 
resilience caused by the wear-and-tear and the compression of the carpet, which greatly 
affected impact sound insulation performance. Recycled rubber and plastic foam underlayment 
may also age. The aging could reduce sound insulation performance after several years in 
service.    

7.8 PRACTICAL COST-EFFECTIVE SOLUTIONS 
This section provides practical and cost-effective design examples of light wood-frame walls and 
floor/ceiling assemblies with different STC and IIC ratings. Using the STC ratings along with the 
wall-ceiling and wall-floor junction details, the ASTC of the walls and the floor/ceiling assemblies 
can be calculated using the SoundPATHS software.   

The examples for light wood-frame walls presented below were extracted from the following 
sources: 

 The 2015 NBCC, Table A-9.10.3.1.A: “Fire and sound resistance of walls”. The table 
provides many examples for load- or non-load-bearing light wood-frame walls with STC 50 
or greater.   

 The 2013 NRC study on “Acoustics – sound insulation in mid-rise wood buildings” (2013). 
The report provides STC ratings for light wood-frame walls, such as those used in mid-rise 
buildings for high axial and lateral loads. 

 FPInnovations/UBC novel wood-frame MIDPLYTM shear walls (Karacabeyli et al., 2000).  
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For light wood-frame floor/ceiling assemblies that use joists, the design of mid-rise assemblies 
does not differ from that of low-rise buildings. Consequently, the design examples for light 
wood-frame floor/ceiling assemblies are applicable to mid-rise wood-frame buildings.  

A major unresolved issue of noise management for light wood-frame floor/ceiling assemblies is 
the low-frequency footstep impact noise transmission through the assemblies. The current IIC 
rating does not correlate well with occupant’s perception of low-frequency footstep noise 
transmission with a frequency lower than 100 Hz. This is because the transmission of sound 
with a frequency lower than 100 Hz is not accounted for in the current IIC calculation. Although 
a light wood-frame joisted floor/ceiling assembly with a carpet might have an IIC of 60-70 and 
an STC greater than 50, the low-frequency footstep impact noise can still be perceived and 
reported as very annoying. Such low-frequency footstep impact noise problems also exist in 
light wood-frame joisted floor/ceiling assemblies with wood flooring, or with a concrete topping 
directly poured on the subfloor plus a carpet or a floating floor finish. These floor/ceiling 
assemblies also have an IIC and STC greater than 50, but low-frequency footstep noise can still 
be perceptible. To date, the mechanism of low-frequency footstep noise transmission has not 
yet been fully understood. 

Through trial and error, it has been found that a four-layer sandwich assembly consisting of a 
finish, a proper membrane to float the finish, a proper topping, and a proper underlayment to 
float the topping on the subfloor of light wood-frame floor/ceiling assemblies achieved 
satisfactory airborne and impact sound insulation, without the annoying low-frequency footstep 
impact noise problem. Examples of these assemblies are described in publications from the 
wood and sound insulation material industries, using various finish, membrane, topping, and 
underlayment products.  

A guide for acoustics of multi-family buildings, that was published by the Association provinciale 
des constructeurs d’habitations du Québec Inc. (APCHQ), Québec’s provincial homebuilders 
association, provides the FIIC ratings of field wood-frame floor/ceiling assemblies tested in 
several wood condominiums in the Montréal area (APCHQ, 2009). The floor/ceiling assemblies 
that satisfied the occupants are also provided in this Chapter.   

Additional examples based on FPInnovations' database of field wood-frame walls and floors 
with good feedback from occupants are also provided (Hu, 2014). 

Currently, there is no standard to quantify the acoustic properties of membrane, topping and 
underlayment products. There are also no criteria to define the proper membrane, topping and 
underlayment that allow light wood-frame floor/ceiling assemblies to achieve satisfactory impact 
and airborne sound insulation. As it is difficult to provide an accurate description of the 
assemblies, the design examples selected from a variety of sources adopt the trade names for 
the finish, membrane, topping and underlayment.  

The field wall and floor/ceiling assemblies that are provided in this section and tested in multi-
family buildings were also designed to meet the NBCC code requirement for fire resistance. 
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7.8.1 Solutions for Wood Stud Walls with STC>50 
Tables 7 to 9 provide solutions for wood-stud load or non-load bearing walls with STC ratings 
higher than 50 and at least one-hour fire-resistance rating. The examples were extracted from 
Table A-9.10.3.1.A of the 2015 NBCC. Tables 10 and 11 describe the design examples for 
wood-stud walls subjected to high axial and lateral loads, such as those used in mid-rise 
buildings and for MIDPLYTM shear walls. These examples were extracted from the report on 
NRC's recent study (NRC, 2013).   

Table 7 The 2015 NBCC solutions for STC>50 ratings and at least one-hour fire-resistance 
walls: single-row wood-stud walls 

Top view of cross-section of wall Wall details,  
from one side to the other STC Source 

1.  

1. 15.9-mm Type X gypsum board 
directly attached to studs(5) 

2. 38-mm x 89-mm studs at 400 mm 
O.C. 

3. 89-mm thick absorptive material(4) 

4. Resilient metal channels (RC) at 
400 mm or 600 mm O.C. attached 
to studs(6) 

5. Two layers of 15.9 mm Type X 
gypsum board attached to RC 

51 
W4a,  
NBCC 

Same as W4a except for increased stud 
spacing to 600 mm O.C. 

54 
W4b,  
NBCC 

 

1. Two layers of 15.9-mm Type X 
gypsum board attached to RC(5) 

2. RC at 400 mm O.C. attached to 
studs 

3. 38-mm x 89-mm studs at 400 mm 
or 600 mm O.C. 

4. 89-mm thick absorptive material(4) 

5. Two layers of 15.9-mm Type X 
gypsum board directly attached to 
studs(5) 

55 
W6a,  
NBCC 

Same as W6a except for increased RC 
spacing to 600-mm O.C. 

58 
W6b,  
NBCC 

Notes:  
The examples also show the effects of RC spacing and an additional layer of gypsum board on the STC of wall 
assemblies.  
See 2015 NBCC for explanations of (4) and (5). 
(6) Caution should be taken when selecting RC to attach gypsum board to studs, because the RC vary from product to 
product and the variation in RC affects their effectiveness in improving sound insulation. More data is needed to 
quantify the effects of various RC on wall sound insulation.   
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Table 8 The 2015 NBCC solutions for STC>50 and at least one-hour fire-resistance walls: 
two-row staggered wood-stud walls 

Top view of cross-section of wall Wall details,  
from one side to the other STC Source 

2.  

1. 15.9-mm Type X gypsum board 
directly attached to studs(5) 

2. Two rows of 38-mm x 89-mm 
studs at 400 mm or 600 mm O.C. 
staggered on common 38-mm x 
140-mm plate 

3. 89-mm thick absorptive material 
on one side or 65-mm thick on 
each side(4) 

4. Two layers of 15.9-mm Type X 
gypsum board directly attached 
to studs(5) 

52 
W8a, 
NBCC 

Same as W8a except for using two 
layers of 15.9-mm Type X gypsum 
board in item 1(5) 

56 
W9a, 
NBCC 

 

1. Two layers of 15.9-mm Type X 
gypsum board directly attached 
to studs(5) 

2. Two rows of 38-mm x 89-mm 
studs at 400 mm or 600 mm O.C. 
staggered on common 38-mm x 
140-mm plate 

3. 89-mm thick absorptive material 
on one side or 65-mm thick on 
each side(4) 

4. RC at 400 mm or 600 mm O.C. 
attached to studs(6) 

5. Two layers of 15.9-mm Type X 
gypsum board attached to RC(5) 

62 
W10a, 
NBCC 

Same as W10a except for Type X 
gypsum board thickness reduced to 
12.7 mm  

 

60 

W10b,  
NBCC 

Same as W10a except for no 
absorptive material in cavity 

50 
W10c,  
NBCC 

Notes:  
The examples also show the effects of two-row staggered studs, compared to single-row wood stud walls (Table 5). 
In addition, the examples illustrate the effects of an additional layer of gypsum board, gypsum board thickness, and 
the absorption material in the cavity, on the STC of these wall assemblies.  
See the 2015 NBCC for explanations of (4) and (5). 
(6) Caution should be taken when selecting RC to attach gypsum board to studs, because the RC vary from product to 
product and the variation in RC affects their effectiveness in improving sound insulation.  More data is needed to 
quantify the effects of various RC products on wall sound insulation. 
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Table 9 2015 NBCC solutions for STC>50 and at least one-hour fire-resistance walls: two-
row wood-stud walls 

Top view of cross-section of wall Wall details,  
from one side to the other STC Source 

3.  

1. 15.9-mm Type X gypsum board 
directly attached to studs(5) 

2. Two rows of 38-mm x 89-mm studs, 
each at 400 mm or 600 mm O.C. on 
separate 38-mm x 89-mm plates 
set 25 mm apart 

3. 89-mm thick absorptive material on 
each side(4)(8) 

4. 15.9-mm Type X gypsum board 
directly attached to studs(5) 

57 
W13a,  

NBCC 

Same as W13a except for using 89-mm 
thick absorptive material on one side 
only(4)(8) 

54 
W13c,  

NBCC 

Same as W13a except for using two 
layers of 15.9-mm Type X gypsum board 
in item 4(5) 

61 
W14a,  
NBCC 

 

1. Two layers of 15.9-mm Type X 
gypsum board directly attached to 
studs(5) 

2. Two rows of 38-mm x 89-mm studs, 
each at 400 mm or 600 mm O.C. on 
separate 38-mm x 89-mm plates 
set 25 mm apart 

3. 89-mm thick absorptive material on 
each side(4)(8) 

4. Two layers of 15.9-mm Type X 
gypsum board directly attached to 
studs(5) 

66 
W15a,  
NBCC 

Same as W15a except for Type X 
gypsum board thickness reduced to 12.7 
mm(5) 

65 
W15b,  
NBCC 

Same as W15a except for using 89-mm 
thick absorptive material on one side 
only(4)(8) 

62 
W15d,  
NBCC 

Same as W15a except for no absorptive 
material in wall cavity 

56 
W15g,  
NBCC 

Note:  
These examples also show the effects of double studs, compared to single-row wood stud walls (Table 7). In 
addition, these examples demonstrate the effects of an additional layer of gypsum board, gypsum board thickness, 
and absorption material in wall cavity on the STC of these wall assemblies.  
See the 2015 NBCC for explanations of (4), (5) and (8). 
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Table 10 NRC solutions for STC>50 wood-frame walls subjected to high axial and lateral 
loads and used in mid-rise buildings 

Top view of cross-section of wall Wall details,  
from one side to the other STC Source 

 

1. Two layers of 12.7-mm Type X 
gypsum board attached to RC 

2. 13-mm RC at 600 mm O.C. attached 
to studs(1) 

3. 38-mm x 140-mm studs at 200 mm 
O.C. 

4. 152-mm thick fibreglass insulation (R-
20) 

5. 15.5-mm plywood directly and 
vertically attached to studs 

6. Two layers of 12.7-mm Type X 
gypsum board directly attached to 
plywood 

51 
Mid-rise 
29WN,  

NRC (2013) 

 

Same as above, but using tripled  
38-mm x 140-mm studs at 200-mm o.c. 

53 
Mid-rise 
30WN, 

NRC (2013) 

 

1. Two layers of 12.7-mm Type X 
gypsum board directly attached to 
studs 

2. Two rows of 38-mm x 89-mm studs at 
400 mm O.C. staggered on common 
38-mm x 140-mm plate  

3. 90-mm thick R-12 fibreglass insulation 
in cavity  

4. 10-mm OSB/plywood directly and 
vertically attached to studs 

5. Two layers of 12.7-mm Type X 
gypsum board directly attached to 
OSB/plywood 

51/52 
Mid-rise 

3WN/4WS, 
NRC (2013) 

Same as above, except for increased 
thickness of OSB/plywood from 9.5 mm to 
15.5 mm 

52/51 
Mid-rise-

5WN/6WS, 
NRC (2013) 

Same as 6WS, except for plywood 
horizontally attached to studs  

51 
Mid-rise-8WS, 
NRC (2013) 

Same as 6WS, except for increased stud 
size from 38 mm x 89 mm to 38 mm x 140 
mm and common plate size from 38 mm x 
140 mm to 38 mm x 184 mm 

1 
Mid-rise-
22WN, 

NRC (2013) 

Note:  
(1) Caution should be taken when selecting RC to attach gypsum board to studs, because the RC vary from product 
to product and the variation in RC affects their effectiveness in improving sound insulation. More data is needed to 
quantify the effects of various RC products on wall sound insulation.  
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Table 11 NRC solutions for STC>50 wood-frame walls subjected to high axial and lateral 
loads and used in mid-rise buildings (continued) 

Top view of cross-section of wall Wall details,  
from one side to the other STC Source 

 

1. Two layers of 12.7-mm Type X gypsum 
board directly attached to studs 

2. 13-mm RC at 610 mm O.C. attached 
to studs(1) 

3. Two rows of 38-mm x 140-mm studs 
at 400 m O.C. staggered on common 
38-mm x 184-mm plate 

4. 152-mm thick fibreglass insulation of 
R-20 in cavity 

5. 16-mm plywood vertically attached to 
RC 

6. Two layers of 12.7-mm Type X 
gypsum board attached to plywood  

61 
Mid-rise 23WN, 

NRC (2013) 

 

Same as above, except for using tripled 
studs for item No. 3 

60 
Mid-rise 25WN, 

NRC (2013) 

 

1. Two layers of 12.7-mm Type X gypsum 
board directly attached to studs 

2. 38-mm x 89-mm flatwise studs 
fastened together at 600 mm O.C., 
using 38-mm x 140-mm studs at middle 
joints between two sheathing panels 

3. 38-mm fibreglass insulation in cavity 

4. 12.5-mm plywood (MIDPLYTM) 

5. 38-mm x 89-mm flatwise studs 
fastened together at 600 mm O.C., 
using 38-mm x 140-mm studs at 
joints between two sheathing panels 

6. 38-mm thick R-20 fibreglass 
insulation in cavity 

7. 13-mm RC at 610 mm O.C. attached 
to studs(1) 

8. Two layers of 12.7-mm Type X 
gypsum board attached to RC 

55 
Mid-rise 33WN, 

NRC (2013) 

 

Same as above, except for item 1 using 
13-mm RC at 600-mm o.c. to attach 
gypsum board to studs 

57 
Mid-rise-34WN, 

NRC (2013) 

Note:  
(1) Caution should be taken when selecting RC to attach gypsum boards to studs, because the RC vary from product 
to product and the variation in RC affects their effectiveness in improving sound insulation. More data is needed to 
quantify the effects of various RC products on wall sound insulation. 
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7.8.2 Floor/Ceiling Assemblies with Wood Joists that Have 
IIC>55 and STC>50 

This section provides practical solutions for floor/ceiling assemblies with wood joists that have 
IIC and STC ratings higher than 50 and without low-frequency footstep impact noise problems. 
Some floor/ceiling assemblies may not meet code requirements for fire resistance because of 
the use of only one layer of gypsum board. Adding one more layer of 15.9 mm (5/8 in.) type X 
gypsum board to these assemblies will enhance their fire resistance and further improve sound 
insulation.  

The engineered wood and insulation material industries have developed some good solutions 
for wood joisted floor/ceiling assemblies with an IIC rating above 55. Tables 12 to 14 provide 
industry solutions for STC>50 and IIC>55. The intention in providing these examples here is not 
to promote any product, but rather to show the possibility for wood joisted floor/ceiling assembly 
to achieve IIC above 55, without creating low-frequency footstep noise transmission problems.  

Table 12 Industry solutions for joisted floor/ceiling assemblies with STC>50 and IIC>55  

Side view of cross-section  
of assembly Details from top to bottom STC IIC Source 

 

1. 2-mm vinyl 

2. 12.5-mm APA T& G plywood 

3. 19-mm x 70-mm sleepers glued, 
halfway between joists 

4. 12.5-mm insulation board stapled 
to subfloor 

5. 15.5-mm APA-rated sheathing 
subfloor 

6. 38-mm joists at 400 mm O.C. 

7. 76-mm fibreglass  

8. RC at 600 mm O.C.(1)  

9. 15.9-mm gypsum wallboard 

57 56 

Case 4 in 

Table 2 of 

APA (2000) 

Note: 
(1) Caution should be taken when selecting RC to attach gypsum board to studs, because the RC properties vary 
from product to product, and the variation in RC affects their effectiveness in improving sound insulation. More data is 
needed to quantify the effects of various RC products on floor sound insulation. 
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Table 13 Industry solutions for joisted floor/ceiling assemblies with STC>50 and IIC>55  

Side view of cross-section  
of assembly Details from top to bottom STC IIC Source 

4.  

1. 12.7-mm Quarry tile of 
27.34 kg/m2 

2. 1.35-mm NobelSeal® membrane 
of 1.46 kg/m2 

3. 38-mm Maxxon Gyp-Crete of 
69 kg/m2 

4. 10.16-mm Enkasonic 
underlayment of 0.78 kg/m2 

5. 18-mm OSB of 7.32 kg/m2 

6. 457-mm parallel chord truss at 
600 mm O.C. 

7. ClarkDietrich RC deluxe resilient 
channels at 400 mm O.C. 

8. 90-mm thick fibreglass batt in 
cavity of 0.68 kg/m2 

9. One layer of 15.9-mm Type X 
gypsum board of 12.74 kg/m2 

58 59 

Test no. 
NGC5004024 

(STC) and 
NGC7004073 
(IIC), Maxxon 
Corporation 

(2013) 

Same as floor no. NGC7004073, 
except for using 2-mm Armstrong 
Commissions Plus® Vinyl of 1.86 kg/m2 
as finish 

 55 
Maxxon test 

no. 
NGC7004081 

Same as floor no. GC7004073, except 
for using 9.5-mm laminated flooring of 
5.57 kg/m2 floating on Pergo® SilentTM 
foam rubber membrane 

 57 
Maxxon test 

no. 
NGC7004082 

Same as floor no. GC7004073, except 
for using glue-down 9.5-mm RobbinsTM 
Premium Hardwood flooring of 
5.57 kg/m2 as finish 

 57 
Maxxon test 

no. 
NGC7004083 

1. to 3. same as above 

4.  10.2-mm Maxxon crack 
suppression mat of 0.49 kg/m2 and 
20.3-mm Maxxon Acousti-Mat 3 of 
0.88 kg/m2 

5. to 9. same as above. 

58 60 

Maxxon test 
no. 

NGC5005006 
(STC) and 

7005014 (IIC) 

Same as floor no. NGC7005014, 
except for replacing layers 1. and 2. 
with a raft made of 17-mm red Oak 
wood flooring nailed to 18-mm plywood. 
Mass of raft was 23.3 kg/ m2 

 58 
Maxxon test 

no. 
NGC7005012 

Same as floor no. NGC7005014, 
except for replacing layers 1. and 2. 
with 2-mm Armstrong Commissions 
Plus® Vinyl of 1.86 kg/m2 as finish 

 58 
Maxxon test 

no. 
NGC7005011 
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Table 14 Industry solutions for wood joisted floor/ceiling assemblies with STC>50 and 
IIC>55 (continuing) 

Side view of cross-section  
of assembly Details from top to bottom STC IIC Source 

5.  

1. 12.7-mm Quarry tile with mortar 
and grout of 27.34 kg/m2 

2. 25-mm Maxxon Gyp-Crete of 
41.02 kg/m2 

3. 6.4-mm Maxxon Acousti-Mat II 
HP of 0.68 kg/m2 

4. 28.6-mm OSB of 16.16 kg/m2 

5. 245 mm deep I-joist at 610 mm 
O.C. 

6. ClarkDietrich RC Deluxe 
Resilient Channels at 600 mm 
O.C. 

7. 88.9-mm fibreglass of 
0.78 kg/m2 in cavity 

8. One layer of 15.9 mm Type X 
gypsum board of 11.23 kg/m2  

61 N.A. 

Test no. 
NGC5012072 

(STC) 
Maxxon 

Corporation 
(2013) 

Same as above, except for using 
Vinyl Plank Flooring of 20.21 kg/m2 
as finish  

N.A. 57 
Maxxon test 

no. 
NGC7012145 

 

1. 7.9-mm Natura Dusty Rose Tile 
of 17.5 kg/m2 with mortar and 
grout 

2. NobelSeal TS® membrane 

3. 38-mm Maxxon Gyp-Crete 2000 

4. 10.2-mm Enkasonic sound 
control matt, type no. 9110 

5. 15-mm APA plywood subfloor 

6. 38-mm x 233-mm lumber at  
406 mm O.C. 

7. ClarkDietrich RC deluxe resilient 
channels at 600 mm O.C. 

8. 233-mm Owens-Corning R-19 
unfaced fibreglass in cavity 

9. One layer of 15.9-mm Type X 
gypsum board 

59 57 

Test no. 
TL88-110 
(STC) and 

IN88-2 (IIC), 
Maxxon 

Corporation 
(2013) 
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7.8.3 Solutions for ASTC (FSTC)>47 Wood Stud Walls Tested in 
Buildings 

The 2015 NBCC provides a number of sound insulation solutions for wood stud walls with STC 
ratings. These solutions have proven to be efficient, as there were rarely any complaints from the 
occupants when such solutions were used in real applications, and when designers selected a 
proper target value of ASTC calculated from STC and joint details. Therefore, this section 
provides one example of the implementation of 2015 NBCC wood stud walls in a wood-frame 
condominium to achieve satisfactory sound insulation. The ASTC/FSTC ratings of this wall were 
measured by FPInnovations in a new three-storey wood-frame condominium. The fire resistance 
of the wall was designed to meet the NBCC requirements for one hour fire resistance rating. The 
feedback of the occupants in the building showed that the wall sound insulation solutions in the 
2015 NBCC were satisfactory, as long as the designers selected the proper wall assemblies 
meeting the 2015 NBCC requirement of using a solution with an ASTC minimum of 47.  

Table 15 Solutions for ASTC (FSTC)>47 field wood-frame wall tested in a building 

Top view of cross-section of wall Wall details,  
from one side to the other 

ASTC/ 
FSTC Source 

 

1. 15.9-mm Type X and 12-mm gypsum 
board 

2. 38-mm x 89-mm wood studs at 
400 mm O.C. 

3. 89-mm soundproofing wool in wall 
cavity 

4. 12-mm OSB 

5. 15.9-mm gypsum board 

6. 25-mm air gap 

7. 38-mm X 89-mm wood studs at 
400 mm O.C. 

8. 89-mm soundproofing wool in wall 
cavity 

9. 15.9-mm Type X and 12-mm gypsum 
board 

56 

Wall no. B3-W1 
of Table 33, 

FPInnovations' 
report (Hu,2014) 

Note:  
The floors tested were located in new, three-storey, wood-frame condominiums; the fire resistance of the floors was 
designed to meet the 2015 NBCC requirements.   
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7.8.4 Solutions for FIIC>50 and ASTC (FSTC)>47 Field Wood 
Joisted Floors Tested in Buildings 

This section provides design examples for floor/ceiling assemblies. Their sound insulation 
performance was measured in real buildings with good feedback from the occupants.  

Table 16 Solutions for ASTC (FSTC)>47 and FIIC>50 field wood joisted floor/ceiling 
assemblies tested in buildings 

Side view of cross-section  
of assembly Details from top to bottom ASTC/ 

FSTC FIIC Source 

6.  

1. 12-mm engineering flooring 

2. 2.4-mm rubber mat (Dura) 

3. Two layers of 16-mm Fiberock of 
at least 32 kg/m2 

4. 13-mm wood fibreboard 

5. 15.5-mm plywood 

6. 356-mm trusses at 400 mm O.C. 

7. Sound absorption material in 
ceiling cavity 

8. 130-mm resilient channels at 
400 mm O.C.(1)  

9. 12.7-mm and 15.9-mm Type X 
gypsum board 

61 63 

Floor No. 
B3-F1 in 
Table 31, 
FPInno-
vations’ 
report 
(Hu, 2014) 

Same as above, except for using 
ceramic tile as finish 

61 47 

Floor No. 
B3-F2 in 
Table 31, 
FPInno-
vations’ 
report  
(Hu, 2014) 

Note:  
The floors tested were located in new, three-storey, wood-frame condominiums; the fire resistance of the floors was 
designed to meet the 2015 NBCC requirement.   
(1) Caution should be taken when selecting RC to attach gypsum board to studs, because the RC properties vary 
from product to product, and the variation in RC affects their effectiveness in improving sound insulation. More data is 
needed to quantify the effects of various RC products on floor sound insulation. 
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Table 17 Industry solutions for ASTC/FSTC>47 and FIIC>50 field wood joisted floor/ceiling 
assemblies tested in buildings 

Side view of cross-section  
of assembly Details from top to bottom ASTC/ 

FSTC FIIC Source 

7.  

1. 2.1-m X 2.1-m patch of 8.6-mm 
Tau “Ceramica” porcelain tile of 
21.2 kg/m2 

2. 32-mm Maxxon Gyp-Crete  

3. 10.16-mm Enkasonic 
underlayment 

4. Maxxon crack suppression mat 

5. 18.5-mm plywood 

6. 302-mm deep TJI-110 I-joists at 
488 mm O.C. 

7. ClarkDietrich RC deluxe resilient 
channels at 600 mm O.C. 

8. 88.9-mm fibreglass in cavity 

9. Two layers of 15.9-mm Type X 
gypsum board   

57 56 

JGL Test 
no. 48-

06-1 
(FIIC) and  
48-06-2 
(FSTC), 
Maxxon 

Corporati
on (2013) 

Same as above, except for replacing 
layer 3. with 20.3-mm Maxxon Acousti-
Mat 3 plus a layer of Maxxon crack 
suppression mat 

59 58 

JGL test 
no. 48-

06-3 
(FIIC) and 
48-06-4 
(FSTC) 

Note:  
The floors tested were located in wood-frame condominiums in the U.S.; the fire resistance of the floors was 
designed to U.S. building code requirements.   
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Table 18 Industry solutions for ASTC/FSTC>47 and FIIC>50 field wood joisted floor/ceiling 
assemblies tested in buildings (continued) 

Side view of cross-section  
of assembly Details from top to bottom ASTC/ 

FSTC FIIC Source 

8.  

1. Armstrong Designer II Solarium 
no. 67053 

2. 38-mm Maxxon Gyp-Crete  

3. Enkasonic underlayment 

4. 18-mm OSB  

5. 305-mm deep wood trusses at 
610 mm O.C. 

6. ClarkDietrich RC deluxe resilient 
channels at 600 mm O.C. 

7. 88.9-mm fibreglass in cavity 

8. One-layer, 15.9-mm Type X 
gypsum board   

59 55 

Test no. 87-
729-6 (FIIC) 
and 4141-
87-729-13 
(FSTC), 
Maxxon 

Corporation 
(2013) 

 

1. 1.5-m X 1.5-m, 9.5-mm Porcelain 
Tile with Mapei Ultraflex and 
grouted with Kera Color S Grout 

2. 25-mm Gypcrete 2000 with MR 
reinforcement 

3. Enkasonic HP underlayment 

4. 18.5-mm plywood 

5. 400-mm deep wood trusses at 
600 mm O.C. 

6. ClarkDietrich RC deluxe resilient 
channels at 400 mm O.C. 

7. 400-mm sound absorption 
material in cavity 

8. One layer of 15.9-mm Type C 
gypsum board  

62 58 

Test no. 
F13-133 

(FIIC) and 
22612-5 
(FSTC), 
Maxxon 

Corporation 
(2013) 

Same as above, except for using 
9.5-mm EarthWerks Vinyl Plank over 
Henry 640 Adhesive  

 59 

Test no. 
F13-132, 
Maxxon 

Corporation 
(2013) 

Note:  
The floors tested were located in wood-frame condominiums in the U.S.; the fire resistance of the floors was 
designed to meet U.S. building code requirements.   

The APCHQ, published the Guide en acoustique du bâtiment (Building Acoustics Guide) in 
2009. This guide provides FIIC ratings of wood-frame, floor/ceiling assemblies measured in 
several condominiums in the Montréal area, based on a field study. Some assemblies did not 
satisfy the occupants, so only those performing satisfactorily are listed in Table 19. The guide 
did not provide FSTC and fire resistance ratings, but the assemblies that satisfied the occupants 
should have a good FSTC rating, at least above 55, and meet the NBCC requirement for fire 
resistance.   
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Table 19 Solutions for field wood joisted floor/ceiling assemblies tested in occupied 
buildings with satisfactory impact and airborne sound insulation  

Side view of cross-section  
of assembly Details from top to bottom FIIC Source 

 

1. 8-mm laminated flooring 
2. 3-mm ETHAFORM® membrane 
3. 38-mm concrete of 77 kg/m2 
4. 13-mm fibre Enermax panel 
5. 18-mm OSB 
6. 302-mm wood trusses at 400 mm O.C. 
7. Fibre cellulose in cavity 
8. Polyethylene film 
9. Rubber ring at the connection of 

trusses and RC 
10. RC at 400 mm O.C..(1) 
11. Two layers of 15.9-mm Type X 

gypsum board 

61 

Floor no. 1 from 

APCHQ guide 

(2009) 

 

1. 18-mm hardwood flooring 

2. 15.5-mm plywood at 45 degrees 

3. 18-mm felt (S-125) 

4. Black paper 

5. 38-mm concrete of 77 kg/m2 

6. 11-mm wood fibreboard 

7. 11-mm OSB 

8. 241-mm wood trusses at 483 mm O.C. 

9. Fibre cellulose in cavity 

10. RC at 400 mm O.C..(1) 

11. Two layers of 12.7-mm Type X 
gypsum board 

58 
Floor no. 2 from 
APCHQ guide 

(2009) 

 

1. 18-mm hardwood flooring 

2. 15.5-mm plywood at 45 degrees 

3. 9.5-mm Superdura® 

4. 38-mm concrete of 77 kg/m2 

5. 13-mm wood fibreboard 

6. 18-mm OSB 

7. 302-mm wood trusses at 400 mm O.C. 

8. Fibre cellulose in cavity 

9. Cali® System 

10. 22-mm metal channels at 400 mm O.C. 

11. Two layers of 15.9-mm Type X 
gypsum board 

63 
Floor No. 5 from 
APCHQ guide 

(2009) 

Note:  
(1) Caution should be taken when selecting RC to attach gypsum board to studs, because the RC vary from product 
to product, and the variation in RC affects their effectiveness in improving sound insulation. More data is needed to 
quantify the effects of various RC products on floor sound insulation. 
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7.9 SOUND INSULATION OF WOOD ELEVATOR SHAFTS 
The 2015 NBCC requires that dwelling units next to an elevator shaft or a refuse chute have an 
STC of no less than 55. If other types of wood walls, except wood stud walls, are used for the 
shafts, designers should check pertinent sources for the acoustic designs to achieve the 
recommended STC or FSTC ratings, or conduct tests to measure the STC or FSTC of the 
designed assembly. It is recommended that where the elevator shafts are not required to resist 
seismic forces or building lateral loads, elevator shafts should be decoupled from the building 
structures.   

7.10 SOUND INSULATION OF WOOD STAIRWELLS 
Occupants in the units next to the stairwells have raised concerns about footstep noise 
transmission through the walls of stairwells, when people are walking on the stairs. This is a 
common concern that occurs not only in wood multi-family buildings, but also in concrete and 
steel buildings.  

The issue is related to the poor impact sound insulation of the stairs and the connections 
between the stairwell and the supporting walls. The 2015 NBCC does not specify requirements 
for sound-insulated stairs. Walls between stairways and apartments should be highly-insulated, 
with a minimum STC rating of 60 or ASTC (FSTC) rating of 55. It is recommended that where 
the stair walls are not required to resist seismic forces or lateral loads, the stairs should be 
decoupled from the walls.   

7.11 SOUND INSULATION OF STEPPED-STOREY WOOD BUILDINGS 
Figure 9 shows an example of stepped-storey buildings. Given the fact that extreme activities on 
the terrace floors may occur, the design for the impact and airborne sound insulation of the 
terrace floors and the airborne sound insulation of the roofs of the units below the terrace should 
have an ASTC/FSTC and FIIC of 55 or above. The low-frequency footstep noise should be 
seriously considered in the terrace floor acoustic design. It is also recommended that the terrace 
floors be decoupled from the roofs of the units under the terrace. Controlling all the flanking 
paths around the wall-floor and wall-roof junctions, etc. will ensure that the target ASTC/FSTC 
and FIIC are achieved. The development of design examples for the terrace floors decoupled 
from the roofs of the units below the terrace is underway.   
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Figure 9 Stepped-storey building 

7.12 CONCLUDING REMARKS 
This Chapter compiles current knowledge, data, and experience in noise management in light 
wood-frame buildings, including multi-family wood buildings. Issues surrounding low-frequency 
footstep impact noise transmission through light wood-frame floor/ceiling assemblies, however, 
are not yet fully understood and resolved. 

The following points should be considered:  

 At the design stage, when selecting a solution that takes sound insulation into account, a 
trade-off is often required between material and labour costs, ease of installation, and 
impact on other performance aspects, such as those related to serviceability, fire, thermal 
insulation, and structural integrity. 

 Onsite quality control related to flanking sound transmission will require to successfully use 
the proposed solutions listed in this Chapter. The solutions cannot guarantee the same 
ratings if best practices are not followed during the construction process. 

 Best practices for noise control consist of three components: a) flanking sound transmission 
control; b) field measurement of FSTC/ASTC and FIIC/AIIC ratings of floors and walls after 
the project is completed and application of corrective measures if needed; and c) subjective 
evaluation by promoters, developers, architects, engineers, and producers, using the 
procedure described in this Chapter. If the evaluators are not satisfied with the level of 
sound insulation, it is likely that the occupants will not be either. Therefore, the problem 
should be remedied before the occupants move in.  
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8.1 INTRODUCTION 
Durable and energy-efficient building enclosures, also called “building envelopes” and 
“environmental separations”, are important for all buildings, regardless of height. This Chapter 
considers the heat, air, and moisture control functions of the envelope, and highlights those 
enclosure design issues that merit extra attention for five- and six-storey wood-frame 
construction compared to four-storey (and lower) constructions. 

Heat, air and moisture control are dealt with primarily in the Environmental Separation section 
(Part 5) of the National Building Code of Canada (NBCC). These provisions apply to all 
buildings and simply require that the materials, components and assemblies that separate 
dissimilar environments or that are exposed to the exterior have sufficient capacity and integrity 
to resist or accommodate the environmental and structural loads. In this regard, there are no 
special requirements for five- and six-storey wood-frame structures compared to their four-
storey counterparts. As long as the components and assemblies responsible for controlling 
moisture (where moisture includes vapour diffusion, precipitation, surface water, and ground 
water), heat flow, and air leakage are capable of achieving their respective functions, the 
envelope complies with NBCC, Part 5. 

While there are no specific building envelope provisions pertaining to five- and six-storey 
buildings compared to four-storey ones, some typical envelope construction practices used in 
lower-storey structures may not be applicable to taller buildings. When designing a building 
height of five- or six- storeys, it’s important to recognize that: 

1. Wind and interior (stack effect) pressures are greater as the buildings get higher, 
requiring stronger materials and assemblies to resist the higher loads. This means 
ensuring air barriers, weather barriers (also called water-resistive barriers and sheathing 
membranes), cladding systems and cladding attachments, windows, and roofing are 
strong enough.   

2. Wind-driven rain loads, just as wind pressures, are higher. Greater rain loads on the 
exterior walls require more attention to water management and drainage systems, 
particularly for the walls and windows. The possibility of longer construction periods for 
taller structures (and therefore longer exposure to the elements) means that protecting 
building materials during construction is important. 

3. Gravity and seismic loads are often higher, resulting in increased structural framing in 
the exterior walls compared to lower structures, reducing the thermal resistance. 
Coordinating structural engineering requirements with building envelope needs is 
important to achieve efficient design. 

4. The upper levels of five- and six-storey buildings are not accessible by ladder and 
therefore are not as easily maintained and repaired as lower height structures. Design 
and selection of materials and components should be durable and accessible to 
minimize maintenance requirements and costs.  
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5. The total shrinkage of the structure is greater, requiring enclosure materials and details 
that can accommodate movement. Cladding, insulation, and weather barrier all need to 
account for movement, as does the mechanical equipment. The greater total shrinkage 
of the structure is a result of not only the taller structure, but also the possibility of the 
higher moisture content in the wood due to prolonged exposure to moisture during 
construction. This topic is covered in Chapter 5 of this Handbook, entitled Design for 
Vertical Differential Movement, and will not be elaborated upon in this section.   

 

Figure 1 A five-storey, wood-frame building under construction 
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8.2 DESIGN FOR HIGHER WIND AND STACK EFFECT PRESSURES 
Wind loads acting on the upper wall components for a six-storey building are approximately 
10% higher than that for a similar four-storey building (Figure 2). Accounting for the increased 
wind and rain loads typical of five- and six-storey buildings is critically important. Under-
estimating the loads can result in a compromise of structural integrity (for example, inadequately 
fastened cladding systems), wet assemblies, or unacceptable air leakage levels.   

Air barriers, weather barriers (sheathing membranes), cladding systems and cladding 
attachments, windows, and roofing must all be designed to accommodate the higher wind 
pressures associated with higher building heights. 

 

Figure 2 Increased wind load on a six-storey building compared to a four-storey building 

The air-barrier system of the building enclosure acts as the main line of defence for controlling 
air leakage. Some non-adhered, sheet-type membranes on the outside of sheathing may be 
particularly vulnerable to high wind suction loads because there is a potential for the wind to tear 
the membranes around the fasteners or attachment materials. Care must be taken to ensure 
that adequate structural support is provided in the upper levels, particularly if there is a capillary 
break/gap between the air barrier and cladding. Adhered sheet membranes and liquid-applied 
membranes are gaining in popularity and do not have the same structural support issue.   

OSB and plywood meet the air permeability requirements of air-barrier materials, and are robust 
enough to withstand the higher pressures of five- and six-storey structures. It is important to 
ensure that the additional components making up the air barrier, such as sealing tapes, are 
compatible and strong enough to withstand the pressures for the design service life.  

10% increased wind 
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Figure 3 New air-barrier approaches 
(LEFT: A rigid, interior air-barrier approach using taped plywood sheathing at the inside of the  

wall assembly is common in Europe and in many Passivhaus designs with highly insulated  
wood-frame walls (prefabricated and site built). RIGHT: At this three-storey wood-frame recreational 

building, self-adhered vapour permeable membrane is applied directly over plywood to form the air-barrier 
system. Self-adhered membranes may improve detailing and provide a more rigid and durable air-barrier 

system than sheet-applied and taped membranes and are capable of resisting the higher pressures 
typical of five- and six-storeys.)   

 

Figure 4 Use of sheathing membrane as air-barrier 
(Use of tapes to seal the sheathing membrane for this five-storey building. Rigidity and support of the 

membrane will be added in the form of vertical wood strapping to create the cavity for the rainscreen wall 
assembly. However, at five and six storeys, a more robust sheathing membrane may be required.) 
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Consideration must also be given to the cladding type 
and the attachment of the cladding through the air 
barrier, from the perspective of the barrier. For example, 
non-combustible cladding, such as masonry veneer, 
may increase the probability of tearing exterior air-
barrier materials because brick relies on metal ties that 
produce localized penetrations of the barrier, and that 
produces concentrated loads at the ties. More evenly 
distributed loads can be achieved by using tightly 
spaced strapping to secure the membrane (Figure 5). 
Also, using more robust membranes with higher 
strength and tear resistance would be a wise choice to 
resist the higher loads. Self-adhered and liquid-applied 
membranes make the sheathing and membrane an 
integral, rigid air-barrier material.  

   

Figure 5 Load distribution on sheet air-barrier 
(LEFT: Exterior sheet air-barrier membrane with concentrated 

load at metal ties. RIGHT: Exterior sheet air-barrier 
membrane with vertical wood strapping or metal girts, more 
evenly distributed loads and deflection of the membrane.) 

Cladding itself has additional challenges in upper levels. 
Higher wind means that cladding may need to be 
secured differently from that on lower buildings to 
ensure the connection can resist the higher suction. 
Higher wind loads also impact the exposure of building 
components to the weathering effects. The design of the 
structure should consider future maintenance, repair, or 
replacement of upper areas, since access by ladders 
will generally be impossible.   

  

All air-barrier materials must be 
properly joined and sealed to achieve 
airtightness. The air control system, 
including air-barrier materials and 
components, must comply with a 
number of design requirements (Finch 
et al., 2013): 

- All the elements (materials) of the 
air-barrier system must be 
adequately air-impermeable (less 
than 0.004 cfm/ft2 (0.02 L/s∙m2) at 
75 Pa, based on the typical 
definition in codes and standards). 

- The air-barrier system must be 
continuous throughout the building 
enclosure. It must span across 
dissimilar materials and joints. It 
must be sealed around penetrations 
such as ducts and pipes. Clearly 
identify all air-barrier components of 
each enclosure assembly on 
construction documents and detail 
the joints, interconnections and 
penetrations of the air-barrier 
components. 

- The air-barrier system must be 
structurally adequate or be 
supported to resist tearing by 
maximum negative and positive air 
pressure forces due to peak wind 
loads, sustained stack effect or fans. 

- The air-barrier system must be 
sufficiently rigid or be supported 
so that displacement and relative 
movement under pressure do not 
compromise its performance or that 
of other elements of the assembly. 

- The air-barrier system should have 
a service life as long as that of the 
wall and roof assembly components 
or alternately be easily accessible 
for repair or replacement (be 
durable). 
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Higher wind loads result in higher uplift forces on the edges of roofs of five- and six-storey 
buildings. As a result, some roofing applications that are commonly used in low-rise buildings, 
such as asphalt shingles, may not be appropriate to some sites. 

While winds generally create the highest peak pressure difference across the enclosure, on an 
annual basis, wind pressure does not cause the most air leakage because the wind is not 
sustained. Continuous stack pressures and mechanical forces usually create the most overall 
air movement and have the most impact on air flow within the building (Figure 6). 

Stack pressure force is caused in heating climates by the density difference between heated 
indoor air and cold outdoor air (and the other way around if the outdoor air is warmer than the 
indoor air, such as during the summer or in hot climates). In the winter, as warm interior air 
rises, this stack pressure creates positive pressure on the enclosure at ceiling and upper wall 
levels (forcing air out), and creates negative pressure at the lower portions of the building 
(drawing air in).    

Pressures due to stack effect increase with greater building height and higher indoor/outdoor 
temperature differential. Breaches in the air-barrier system of any building are detrimental, but 
as the height of the structure increases to five- and six- storeys, especially in extreme hot and 
cold climate conditions, air-barrier leaks can be very destructive, as large amounts of indoor 
moisture-laden air pushes through the leaks and into the wall assembly. It is imperative to 
ensure the air-barrier system is robust and adequately installed to resist these loads. 

 

Figure 6 Stack effect forces across the exterior enclosures, and airflow  
within a multi-unit building  

(When exterior temperatures are colder than the interior. Pressure forces and flows will be opposite when 
the exterior temperature is warmer than that of the interior.) 
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8.3 MOISTURE MANAGEMENT: WATER CONTROL 
Good moisture management during construction and in-service is important to ensure long-term 
durability performance of a mid-rise, wood-frame building, particularly in coastal areas where 
the potential for wetting is greater. There are two main moisture sources that should be 
considered during the design process of the building that are specific to mid-rise construction: 
the moisture accumulated during construction and the exterior climate (rain, snow, and 
groundwater). 

8.3.1 Construction Moisture Management 
It is important to limit the amount of wetting that wood-frame assemblies receive through 
shipping, on-site storage, and construction stages, until the susceptible building materials are 
protected from the climate. This becomes even more critical where engineered wood products 
(such as parallel strand lumber (PSL), laminated strand lumber (LSL), and laminated veneer 
lumber (LVL)) or built-up products (such as nail-laminated lumber) are used, because these 
massive wood elements may absorb and store more moisture than dimension lumber when 
exposed to liquid water sources, but dry more slowly. Moreover, it is difficult for highly insulated 
wood-frame assemblies to dry out after the insulation is installed. 

 

Figure 7 Appropriate on-site moisture protection  
(Taking steps to properly protect wood during construction is important. Appropriate preventative 

measures should be used, such as installing temporary or permanent water-resistant barriers on walls 
and roofing/waterproofing on horizontal surfaces as soon as wood framing is built. Such measures will go 

a long way in reducing construction delay and costs associated with drying out wet wood during 
construction in wet environments.) 
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During the construction of five- and six-storey buildings, the detrimental effects of moisture 
(such as deterioration of wood products and the difficulty of ensuring dry substrates for 
installation of water-proofing materials) are accentuated because of the greater height of 
exposure as well as the greater potential duration of exposure to wetting due to the potential 
extended time of construction for a taller and larger building. Mitigating the amount of moisture 
in building materials during the construction phase (see sidebar) is key to reducing moisture 
problems once the structure is built. Further information can be found in CWC (2004) and 
Wang (2015). 

8.3.2 Exterior Moisture 
Management 

The higher wind loads on five- and six-storey buildings 
means the higher storeys are exposed to more wind-
driven rain than in low-rise structures. Another pressure 
to contend with comes from stack effect, as discussed 
earlier. However, from the perspective of controlling 
water penetration, pressures created by strong winds 
are of the most concern because they are generally of 
much higher magnitude than those caused by stack 
effect or mechanical systems. 

Windows 

Driving rain wind pressure (DRWP), the wind load that 
is coincident with rain, is determined based on the 
geographic location of the building. Like wind pressure, 
DRWP—which is used to determine an appropriate 
water penetration performance class for windows—will 
also increase by approximately 10% for a six-storey 
building, compared with a four-storey building. From a 
window perspective, the increase in loading means that 
some window assemblies that have been used in low-
rise wood-frame buildings may not provide adequate 
performance in five- and six-storey buildings.  

Walls 

In low-rise buildings, wind-driven rain predominately 
wets upper roof edges and corners of buildings. On 
these low-height structures, overhangs can dramatically change wetting patterns–even small 
overhangs can greatly reduce rain deposition on exterior walls.  

  

Construction moisture can be managed 
by employing a range of strategies 
covered in detail in other publications. 
These strategies may be briefly 
summarized as follows: 

1. Where possible, scheduling wood 
framing and assembly enclosure 
during a dry season. 

2. Purchasing kiln-dried lumber and 
engineered wood products that are 
dry as a result of the manufacturing 
process. 

3. Keeping material wrapped and off 
the ground as much as possible 
during transport, storage and 
construction. 

4. Prefabricating framing greatly 
improves construction efficiency 
and reduces on-site exposure time. 

5. Sequencing the construction 
process to minimize exposure of 
materials and systems to ground 
water and precipitation. 

6. Where cost effective, providing 
temporary tent protection to the 
structure during construction. 

7. Forced drying of the building interior 
before enclosure in a wet season. 
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However, the extra height of mid-rise buildings will 
mean more water impacts on the walls and windows 
during wind-driven rain events and accumulations as it 
runs down the building to grade level. Features such as 
drip flashings encourage surface water to drip away 
from the building, minimizing the impact of wetting on 
the components and materials below. Still, in many 
cases, there will be more water accumulating on the 
lower levels of walls and windows in six-storey 
buildings when compared with similar four-storey 
buildings (Figure 8). This accumulation of run-off 
should be considered in designing the water shedding 
surface features of the building enclosure. 

 

Figure 8 Cumulative effect of rainfall on an 
exterior wall (courtesy of RDH Building Engineering) 

To protect walls from rainwater, two critical barriers 
must be adequately designed: a water shedding 
surface, and a water-resistive barrier (Figure 9).   

4 Ds concept developed by 
FPInnovations scientists (Hazleden 
and Morris, 1999) 

Deflection 
Use of components and features to 
limit exposure of assemblies to rain 
like overhangs and flashings. 
Deflection of rain is the first priority 
in assuring moisture removal. If 
deflection is well achieved, then the 
efforts that put on drainage, drying 
and durability are minimized. 

Drainage 
Drainage from roof and walls,  
e.g., by using a sloped roof and a 
drained and ventilated wall 
assembly. 

Drying 
Provision of features that speed the 
drying of wet materials/assemblies. 
The drying ability of a given system, 
notably an insulated wood-frame 
one, will depend on many factors, 
such as enclosure composition, air 
and vapour control strategies or 
permeability characteristics of 
materials. 

Durability 
Using and combining materials with 
appropriate durability. The long-
term performance of any building is 
dependent upon the conditions to 
which materials are exposed. 
Durability requires that the material 
accommodates the moisture load 
until it drains or dries without 
degrading. 

For further information on the 4 Ds, 
refer to the Canadian Wood Council’s 
publication entitled BP1 – Moisture and 
Wood-Frame Buildings (CWC, 2000), 
and the building enclosure design 
guides published by FPInnovations 
(Finch et al., 2013) and HPO (2011). 

http://cwc.ca/wp-content/uploads/publications-BP1_MoistureAndWoodFrameBuildings.pdf
http://cwc.ca/wp-content/uploads/publications-BP1_MoistureAndWoodFrameBuildings.pdf
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The water-shedding surface is the outer surface of assemblies, interfaces, and details that 
deflect and/or drain the vast majority of the exterior water from the assembly. For wall 
assemblies, the water shedding surface is the cladding. The building code calls this the first 
plane of protection.   

The water-resistive barrier is the surface farthest from the exterior that can accommodate 
moisture without incurring damage to interior finishes or materials within the assembly, and it is 
intended to prevent liquid water from travelling further to the interior. For many wall assemblies, 
the water-resistive barrier is the sheathing membrane in combination with flashing and sealants 
at penetrations. In exterior-insulated assemblies, this may be the surface of the insulation if it is 
taped and sealed, or it may be a sheathing membrane installed behind the insulation. In building 
code terminology, this would be the second plane of protection. See examples of critical barriers 
in Figure 10 (more detailing in Finch et al., 2013).  

 

Figure 9 Water shedding surface and weather-resistant barrier 

Water shedding  
surface (cladding) 

Water resistant barrier  
(sheathing membrane) 
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Figure 10 Example of critical barrier analysis for exterior insulated  
wood-frame wall detail at parapet roof and rim joist  

(The rim boards may or may not be covered with exterior sheathing, depending on  
the performance requirements of a certain project. When the exterior sheathing does not contribute  

much to the structural performance except for being a base for installing exterior sheathing  
membrane and for attaching cladding, rigid vapour permeable insulation, such as mineral wool  

or wood fiber-based insulation, in the thickness to make the exterior surface flush  
with other areas of the exterior walls, may be used to cover the rim boards.) 

Water shedding surface  
Water-resistive barrier 
Air-barrier 
Thermal barrier 
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The amount of water that reaches the water-resistive barrier in an assembly depends on a 
variety of factors that are affected by the exterior environment (see rainfall exposure map in 
Figure 11) as well as on the effectiveness of the water-shedding surface. In assemblies where 
the water-shedding surface and water-resistive barrier are distinct layers, the assembly has two 
lines of defence against water penetration. Even better control of water penetration can occur 
when two lines of defence are provided with a drainage space between them and when an air 
barrier is incorporated to control driving forces. Fundamentally, this is the definition of a 
rainscreen water-penetration control strategy. It is the rainscreen strategy that greatly improves 
the durability of all wall systems in locations of moderate to extreme rain exposure. 

 

Figure 11 Rainfall exposure map of Canada and the United States  
(Image by RDH Building Engineering Ltd., adapted from several sources including Lstiburek (2006), 

Environment Canada, the National Oceanic and Atmospheric Administration  
and from Canadian and U.S. atlas maps) 

Although incorporating a rainscreen wall assembly in all buildings is a recommended practice in 
wetter climates and is even required by prescriptive regulations in certain codes, designers of 
mid-rise wood-frame buildings may want to consider a rainscreen wall assembly regardless of 
the rainfall exposure to ensure long-term durability.   
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To elaborate, a rainscreen is a rain-penetration control strategy that relies on the deflection of the 
majority of water at the cladding, but also incorporates a cavity that provides a drainage path for 
water that penetrates past the cladding. Water that passes through the outer surface is driven 
either by gravity, capillary action, or air pressure differences. Water tends to run down the back 
side of the cladding, where it can be intercepted and drained back to the outside at a cross-cavity 
flashing location. These features mean that the amount of water reaching the inner surface of the 
cavity and remaining in contact with potentially moisture-sensitive materials is greatly reduced.   

The cavity creates a capillary break to prevent water from migrating further into the assembly in 
addition to an opportunity for air movement to facilitate drying. Openings provided at the 
perimeter of the cladding allow for diffusion and mixing of cavity and outdoor air to dry the 
assembly (drained and vented rainscreen). If these holes are large enough and are arranged to 
encourage air movement through the cavity, then the assembly can be considered to be 
ventilated and has a much-improved drying capability (drained and ventilated rainscreen). If 
some attention is paid to the details of cavity size, the compartmentalization and stiffness of the 
cladding as well as the air barrier, then some degree of moderation of the wind-induced 
pressure drop can be achieved, and therefore less water will penetrate past the cladding 
surface (drained, ventilated and pressure moderated rainscreen). 

A basic rainscreen includes: 

 a continuous water shedding surface; 

 an air space behind the cladding that is vented to the outside to facilitate drainage and drying; 

 a water-resistive barrier, such as a sheathing membrane, placed on the exterior face of the 
wall sheathing (water-shedding surface and water-resistive barrier are separated); and 

 drain holes or gaps through the cladding so the water can leave the cavity, with flashing at 
wall base doors, and windows, etc., to direct the water to the outside. 

Designers of five- and six-storey buildings may want to consider more robust rainscreens with 
the following features:  

 A rainscreen wall assembly that includes a continuous air-barrier system at the water-
resistive barrier to improve the control of rainwater penetration. 

 A ventilated rainscreen, with larger openings arranged to encourage air movement, rather 
than just a vented rainscreen with minimal openings at the perimeter of the cladding (for 
brick cladding, this typically means openings only at the bottom of the wall). Ventilated 
cavities will have an improved drying capability compared to vented cavities.   

 Compartmentalizing the rainscreen, by blocking the cavity vertically (resisting horizontal flow) 
at building corners and possibly at some intermediate locations as well. Compartmentalizing 
can assist in moderating the pressure drop over the cladding. Compartmentalization efforts 
should never compromise drainage and ventilation capacity.   

A wall assembly incorporating a rainscreen is also a proven strategy for reducing inward vapour 
drive and the potential for condensation of exterior air within enclosure assemblies. 
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8.4 THERMAL DESIGN: CONTROLLING HEAT FLOW AND 
COMPLYING WITH ENERGY REGULATIONS 

While heat transfer is dealt with in the Environmental Separation section (Part 5) of the NBCC, 
the provisions simply require that the responsible components and assemblies be capable of 
resisting heat transfer such that condensation does not occur in—or on—the envelope, and 
thermal conditions be suitable for the occupants. However, the designer must also comply with 
energy regulations and meeting those regulations may require different strategies for five- and 
six-storey structures compared to four-storey ones. 

Five- and six-storey buildings are designed using the same energy regulations as four-storey 
buildings (either the National Energy Code of Canada for Buildings (NECB, NRC, 2012) or 
ASHRAE Standard 90.1 (ASHRAE, 2010) is usually followed). Both NECB and ASHRAE 90.1 
define energy performance requirements based on climate zones, where colder climates 
generally require more insulation than warmer climates.   

 

Figure 12 Climate zones in Canada (courtesy of NRC) 

Building enclosure compliance under both NECB and ASHRAE 90.1 essentially requires the 
determination of effective thermal insulation (Reff). This means the thermal resistance 
contributions of all materials in the assembly are calculated. For a wood-frame wall, the thermal 
resistance of studs and cavity insulation are therefore combined into a framing/cavity effective 
thermal value; this is then added to the thermal resistance of the remaining continuous materials 
inboard and outboard of the framing/cavity to provide an effective thermal resistance value 
(sometimes called the assembly thermal resistance value). The term “framing factor” is used to 
express a percent of the total wall area occupied by framing members.  
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In other words, the calculation of effective insulation accounts for the heat flow that bypasses the 
less conductive insulation and flows through higher conducting framing. Even though wood has 
natural properties that limit its ability to conduct heat (wood has an R-value of about 1.2/inch), the 
bypassing heat (or thermal bridging) through the wood somewhat reduces the overall 
effectiveness of the cavity insulation (about R-3.0 to R-6.0 per inch) to resist heat flow. While 
thermal bridging through wood framing is not nearly as significant as through steel framing (steel 
is 400 times more conductive than wood), if the wood framing-to-insulation ratio increases, the 
effective insulation decreases. This becomes a significant design consideration for five- and six-
storey structures.  

Since taller structures accumulate more loads at the base (the accumulated gravity loads and 
seismic overturning loads at the base increase as the number of storeys increases), it is not 
uncommon to see large stud packs (five to eight or more studs) and tie-down rods to resist 
overturning forces, deeper and more closely spaced studs to resist gravity loads. All of this extra 
framing reduces the available cavity between framing and ultimately lowers the effective thermal 
insulation values in walls at lower levels. This means that insulating five- and six-storey 
structures in the way that low-rise structures are typically insulated may not be practical. 

 
Figure 13 Denser framing at lower storeys of mid-rise wood-frame construction 

(With five- and six-storey wood-frame structures, their greater height creates a need for more  
structural framing, particularly at the lower floor levels. Stud packs of built-up 2x6 or larger 4x6 

stud/columns may be utilized to meet seismic and gravity load-carrying requirements. In these larger 
buildings, framing factors of 40% or higher would not be unrealistic and would reduce the effective 

thermal resistance of the wall. In many of these walls, the use of exterior-insulated assemblies may be 
more efficient than insulating what is left of the stud cavity.) 
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Figure 14 Fibreglass insulation placed between wood framing in  

a five-storey building under construction  
(The effective thermal resistance of the wall assembly is less than  

the nominal batt insulation due to thermal bridging through framing.) 

One solution is to use exterior insulation in order to adequately insulate the wall assemblies 
(Figure 15). Another solution is to mitigate the load on the exterior walls in order to facilitate 
more typical framing (for lower-rise structures) and therefore more insulation. This might be 
possible if the walls between units and corridor walls are designed to take the majority of the 
gravity and shear loads, allowing exterior walls to be framed with more typical stud spacing. 
This highlights the fact that it is important to coordinate the building enclosure design with the 
structural engineering requirements to achieve an efficient design.  

 

Figure 15 Exterior insulation added to a wood-frame wall to achieve  
better thermal performance 
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8.5 DURABILITY AND MAINTENANCE 
The upper levels of five- and six-storey buildings are of a height that ladder access is generally 
not possible. It therefore becomes necessary to consider access methods that are more 
common for high-rise buildings, such as suspended access equipment (swing-stages and 
bosun’s chairs) or boom lifts to access upper levels for maintenance and repair. Structural 
considerations for such attachments to the building should be analysed in the design phase in 
order to minimize the costs of incorporating them.   

The design, components and materials should be durable to minimize maintenance 
requirements and costs. The materials used must be able to take the higher wind pressures and 
the harsher rain loads described earlier. Compatibility of building enclosure membranes, 
adhesives, and sealants should be verified to reduce the probability of early replacement. 
Materials requiring regular maintenance and inspection should be located where they are 
accessible. If wood is used to enhance the exterior, choosing the best treatments (including 
coatings) available would mitigate the need for frequent re-treating. 

More information about wood, durability, and treatments may be found at www.durable-
wood.com. 

8.6 CONCLUDING COMMENTS 
This Chapter provides brief guidance to assist practitioners in designing energy-efficient and 
durable building enclosures of mid-rise wood-frame construction in the Canadian climates. It 
emphasizes the consideration of increased environmental loads, such as exposure to wind and 
rain, on a five- and six-storey building, compared to four-storey buildings and the major 
solutions for addressing these loads with robust building enclosure systems. Nevertheless, 
these guidelines are not intended as a substitute for the input of a professional building 
enclosure engineer or architect. Such input may, in fact, be required in some jurisdictions and is 
recommended as good practice for all areas. More detailed guidelines may be found in 
references provided in Section 8.7, Further Information.  

 

http://www.durable-wood.com/
http://www.durable-wood.com/
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Figure 16 A six-storey, multi-unit residential building constructed in Vancouver 

8.7 FURTHER INFORMATION  
Further information and elaboration on many of the concepts and design practices in this 
Chapter are included in the following two recent publications:   

 Guide for Designing Energy-Efficient Building Enclosures for Wood-Frame Multi-Unit 
Residential Buildings in Marine to Cold Climate Zones in North America, Finch at al. (2013), 
free download. Note: lots of information as well as graphics above come from this guide; 

 Building Enclosure Design Guide, BC. Homeowner Protection Office, Branch of BC Housing 
(2011). 
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Other relevant publications include:  

 APEGBC Technical and Practice Bulletin: Structural, fire protection and building envelope 
professional engineering services for 5 and 6 storey wood-frame residential building projects 
(Mid-rise Buildings), APEGBC (2009); 

 Best Practice Guide on Wood-Frame Envelopes, CMHC (1999a; 1999b); 

 Building Envelope Thermal Bridging Guide, Morrison Hershfield Ltd. (2014), free download; 

 Builder’s Guide to Cold Climates, Lstiburek (2000); 

 Building Science for Building Enclosures, Straube and Burnett (2005); 

 CLT Handbook, Gagnon and Pirvu (2011); Douglas and Karacabeyli (2013), free download. 
Chapter 10: Building Enclosure design of CLT construction; 

 Pathways to High-Performance Housing in British Columbia, FPInnovations (2014), free 
download; and  

 Technical Guide for the Design and Construction of Tall Wood Buildings in Canada, 
Karacabeyli and Lum (2014). Chapter 6: Building Enclosure Design, Wang and Finch 
(2014). 

These publications address many important issues related to thermal improvement and best 
design and construction practices and should also be consulted for fundamentals on heat, air 
and moisture control.  
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9.1 INTRODUCTION 
Elevator shafts and stairwells are vertical shafts that share many design requirements. In this 
Chapter, the discussion will be focused mainly on elevator shafts. 

In general, elevator shafts in wood-frame buildings may be constructed with the following 
options: 

1) Noncombustible construction -  Shafts constructed with reinforced concrete masonry 
units (CMU), concrete walls or steel frames. 

2) Combustible construction - Shafts constructed by means of frame walls with 
gypsum, solid laminated dimension lumber, structural 
composite lumber (SCL), or cross-laminated timber 
(CLT). 

3) Hybrid construction - Shafts constructed by means of assemblies of 
noncombustible and combustible construction. 

As wood-frame buildings are allowed to be constructed up to 6 storeys, the traditional 
construction of stiff elevator shafts built from CMU or concrete must be reviewed for 
compatibility of both vertical and lateral movements between the stiff shafts or stairwells and the 
surrounding ductile wood-frame elements. Other materials, such as wood or steel for elevator 
shafts and stairwells, may be used to overcome the incompatibility of material performance, 
where allowed by local building codes. 

The design and integration of both elevator shafts and stairwells within a wood-frame 
construction is complex and requires that several disciplines be involved, such as structural, fire, 
sound, architecture, and building envelope. There are many design challenges involved, 
depending on the type of shaft chosen, and all details should be carefully developed. This 
Chapter documents the relevant code requirements for elevator shafts and stairwells, and also 
identifies the various aspects that affect the choice of material for their construction. It is the 
responsibility of the design team to take all the variables into consideration in reaching a 
collective design that accounts for building shrinkage, lateral drift, and the interaction of load 
and movement between shaft walls and the building structure at both service loads for wind and 
ultimate loads for wind and seismic. 
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9.2 DESIGN CODES FOR ELEVATOR SHAFTS AND STAIRWELLS 
Each province in Canada has its own building code. Most of the provincial building codes are 
modelled after the National Building Code of Canada (NBCC). British Columbia has allowed 5- 
and 6-storey wood-frame buildings in April 2009. Since 2013 and January 2015, 5- and 6-storey 
wood-frame buildings have also been allowed in Québec and Ontario, respectively. Although the 
provincial building codes are similar, each one has its own unique requirements for 5- and 6-
storey wood-frame construction. For example, in Ontario and Quebec, only shafts of 
noncombustible construction are allowed for 5- and 6-storey wood-frame buildings, whereas in 
BC, combustible construction is allowed.  

In this Chapter, the focus of the discussion will be based on the 2015 NBCC and BC Building 
Code (BCBC), which governs the design of buildings in BC. Elevator shafts have to meet the 
safety and serviceability requirements specified in the Code. The building code, however, 
addresses only the fire protection and sound control aspects of the elevator shaft explicitly. It 
does not address the structural design requirements of the elevator shaft separately, as it 
considers the elevator shaft to be part of the structural system. 

To help the design of mid-rise wood-frame buildings in BC, the Association of Professional 
Engineers and Geoscientists of British Columbia (APEGBC) published a document entitled 
“Structural, Fire Protection and Building Envelope Professional Engineering Services for 5 and 6 
Storey Wood Frame Residential Building Projects” in 2009. The initial document was revised in 
March 2011, and later in June 2013 (APEGBC, 2013). Within this APEGBC document, specific 
structural design guidance has been provided with regard to the compatibility of CMU shafts 
within buildings of wood-frame construction. 

The BCBC does not explicitly cover the connection design requirements between the elevator 
and the shaft. It references the Elevating Devices Safety Regulation of the BC regulations 
Safety Standard Act for the design, construction and installation of elevators. It also stipulates 
that the elevators shall meet Appendix E of ASME A17.1/CSA B44, “Safety Code for Elevators 
and Escalators”, for people with a physical disability. 

9.2.1 2015 NBCC and 2012 BC Building Code 
The 2012 BCBC does not restrict construction materials for elevator shafts as long as the shaft 
assembly meets the fire protection requirements. According to 2015 NBCC and 2012 BCBC, the 
minimum fire-resistance rating for elevator shafts is 1 hour for buildings with a 1-hour fire-
resistance-rated floor assembly. With regard to sound control, NBCC and BCBC require that the 
construction separating a dwelling unit from an elevator shaft has a sound transmission class 
(STC) no less than 55. Based on the above, as long as the shaft meets the fire-resistance rating 
and the sound transmission rating, the elevator shaft may be constructed using any material 
permitted in the Code. 
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9.2.2 APEGBC Bulletin Requirements 
The APEGBC bulletin (APEGBC, 2013) provides more detailed guidance to designers working 
with mid-rise buildings of wood-frame construction. In Section 3.6, the document addresses the 
shrinkage issues related to these buildings. The bulletin listed limitations in moisture content of 
wood as a way of minimizing wood shrinkage. In clause 3.6.8, the document further reminds 
designers to make an allowance for the axial shortening of wood construction built adjacent to 
vertical structural elements made of steel, concrete, or masonry. 

Under lateral loads, the wood-frame portion of the building will deflect more than the stiffer 
traditional CMU elevator shaft. In Section 3.7, the APEGBC bulletin cautioned designers about 
the stiffer CMU shaft (3.7.1.a) and recommended the use of wood-based shaft walls (3.7.1.g). 

The fire protection and building envelope issues of mid-rise wood-frame construction are 
addressed in Chapters 6 and 8 of this document, respectively. 

9.2.3 ASME A17.1/CSA B44 
The elevator shaft construction and the details of the elevator construction are governed by 
ASME A17.1/CSA B44-10 “Safety Code for Elevators and Escalators” (ASME, 2007). This 
Elevator Standard addresses the connection requirements between the elevator and the shaft. 
Clauses pertaining to guide-rail brackets, their fastenings and support are reproduced in 
Appendix 9A. 

9.3 SHAFTS OF NONCOMBUSTIBLE CONSTRUCTION 
Noncombustible construction materials may include cast-in-place concrete, CMU and steel. 
CMU are traditionally used as a material for elevator shafts in low-rise wood-frame structures to 
provide structural support for elevator rails and cabs. Although not commonly employed, 
structural steel is another material that may be used for elevator and stair shafts for buildings of 
wood-frame construction. 

9.3.1 CMU Shafts 
CMU elevators and stairwell shafts meet fire separation and structural requirements. However, 
CMU construction and wood-frame construction exhibit different structural behaviours and 
therefore, may have compatibility issues. Figure 1 shows the detail of a typical CMU elevator 
shaft and the surrounding wood-frame construction with a gap. 

9.3.1.1 Shrinkage Considerations 
CMU are relatively stable with very little dimensional changes after installation. Although this 
characteristic is desirable for meeting the connection requirements according to ASME 
A17.1/CSA B44, for the support of the elevator rails and cabs, it will result in vertical differential 
movement between the CMU shaft and the surrounding wood-frame elements as the wood 
elements shrink over time.  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 9 – Design for Elevator Shafts and Stairwells 
4 

The wood-frame construction surrounding the CMU shaft is a natural material and the dimension 
of the wood elements will change as their moisture content (MC) changes. If a building is 
constructed with 2x10 dimensional lumber joists along with two top and two bottom wall plates, 
the building may shrink in height as much as 11.6 mm per floor, based on the assumption of 19% 
initial MC, 7% equilibrium moisture content (EMC) and a 0.0025 shrinkage coefficient. The 
detailed estimate of wood shrinkage is provided in Section 5.3 of this Handbook.  

  

Figure 1 CMU shaft with wood frame surrounding the shaft 

To reduce vertical differential movement, clause 3.6.5.b of the APEGBC Technical and Practice 
Bulletin Guideline (APEGBC, 2013) states that for buildings exceeding 4 storeys of wood-frame 
construction, the floor joists on the top two storeys and the roof may be constructed with 
dimensional lumber, while the remaining floor joists shall be constructed with wood products 
that have a MC of 12% or less. Further details on how to reduce and accommodate differential 
movements are provided in Chapter 5, Section 5.4 of this Handbook. 

Differential movements between a CMU shaft and the surrounding wood-frame elements may 
require re-levelling of the floor or other re-levelling adjustments once the building is in service. 

9.3.1.2 Lateral Load and Deflection Considerations 
The CMU elevator shaft is a stiff and brittle structural element that requires steel reinforcement 
to provide vertical continuity and lateral resistance. Wood-frame buildings with wood shear walls 
surrounding the shaft are considered to be a ductile structural system.  

In accordance with Table 4.1.8.9 of the NBCC for “nailed wood-based panel shear walls”, the 
ductility modification factor Rd = 3.0 and the over-strength modification factor Ro = 1.7. For 
masonry construction with “moderately ductile shear walls”, the Rd = 2.0 and the Ro = 1.5. In the 
NBCC, CSA S304 “Design of Masonry Structures” is referenced (CSA, 2014). CSA S304 
permits the use of Rd = 3.0 and Ro = 1.5 in masonry design; however, the requirements to meet 

Gap 

a) Front view b) Rear view 



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Design for Elevator Shafts and Stairwells - Chapter 9 

5 

the design criteria using Rd = 3.0 are quite restrictive, with much higher reinforcement detailing 
and design requirements. The same system is now introduced in the 2015 NBCC. 

Between the CMU shaft and the wood-frame construction, designers have the option of either 
connecting the floor and roof diaphragms to the CMU shaft walls or separating the two systems. 

9.3.1.2.1 Floor/Roof Diaphragms Connected to CMU Shafts 

If the floor and roof diaphragms are rigidly connected to the CMU shaft walls for resisting lateral 
forces, the connection of the wood diaphragms to the CMU wall must have a vertical slip joint to 
allow for the vertical differential movement between the CMU and the wood-frame construction.  

At the same time, this connection is required to bind the wood diaphragm and the CMU wall 
horizontally to act as an integrated unit, so that the masonry wall and the wood diaphragm will 
move laterally as a unit in a seismic event. In order for the walls and diaphragms to move 
together as a unit horizontally, the CMU shaft walls will have to be part of the seismic force 
resisting system (SFRS), in addition to the wood-based shear walls. In this way, the building will 
have a combined wood and masonry seismic force resisting system.  

In accordance with NBCC 4.1.8.9.(3), for buildings with combinations of different types of SFRS, 
the lowest RdRo corresponding to the systems shall be used to calculate design base shear 
force of the building. Clause 3.7.3.a of APEGBC Bulletin Guideline (APEGBC, 2013) 
recommends that when the diaphragms are connected to the CMU walls, the seismic forces 
carried by the walls shall be calculated on the assumption of rigid diaphragms. Clause 3.7.3.b of 
the Guideline further states that “Tied elevator walls shall be connected to diaphragms with drag 
struts for the forces in accordance with 4.1.8.15.(1) of the BCBC”. 

9.3.1.2.2 Floor / Roof Diaphragms Isolated from CMU Shafts 

It is common practice to isolate the CMU shaft from the wood-frame portion of the building, so 
that the forces generated by the shaft under seismic conditions are independent of the wood-
frame portion of the building. In this case, attention should be paid to prevent pounding between 
the CMU shafts and the surrounding wood-frame construction. NBCC 4.1.8.14.(1) states that 
the gap between adjacent structures shall be equal to at least the square root sum of their 
individual deflections calculated in accordance with 4.1.8.13.(2). Figure 2 shows examples of 
the separation between a CMU shaft and the surrounding wood-frame walls. 

     

Figure 2 Separation between CMU elevator shaft and wood-frame construction 
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For example, the gap between the CMU shaft and the wood-frame building could be filled with a 
strip of plywood, as shown in Figure 3. This strip of plywood floor around the CMU shaft will not 
be damaged in case of wind or a moderate earthquake, but will become dislodged and allow 
differential horizontal movements between the wood frame portion of the building and the CMU 
shaft in severe earthquakes. The strip of plywood around the CMU shaft is considered to be a 
fusible link between two distinctly non-compatible systems for seismic loads. 

 

Figure 3 Details of wood framing around CMU shaft with plywood infill strip 
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9.3.1.3 Elevator Connections to Shaft Design Considerations 
The connection design requirements between the elevator guide-rail brackets to the elevator 
shaft are listed in Sections 2.23.5.2 and 2.23.9 of the elevator design standard (ASME, 2007). 
For a CMU elevator shaft, it is required that the elevator guide-rail brackets be connected to the 
shaft in order to resist the horizontal seismic forces in Zone 4 (high seismic region). For a single 
cab, the horizontal seismic force typically ranges from 8 kN (1800 lbs) to 8.9 kN (2,000 lbs). 

9.3.1.4 Fire Separation Considerations 
With the typical CMU elevator shafts, the fire-resistance rating is met according to Appendix D, 
Table D-2.1.1 of NBCC and BCBC. 

9.3.1.5 Sound Considerations 
Around the CMU elevator shaft, a wood wall is framed, as shown in Figure 3. In accordance 
with NBCC, the surrounding wood walls shall have a sound transmission class rating no less 
than 55. Wall details for achieving the required STC rating are provided in Chapter 7 of this 
Handbook. 

9.3.2 Structural Steel Shafts 
Although uncommon in practice, elevator and stairwell shafts may be constructed with structural 
steel members. Structural steel is considered an option because it is a ductile material. With the 
appropriate system, it can be designed and fabricated relatively compatibly with a wood shear 
wall system in terms of seismic design. 

9.3.2.1 Shrinkage Considerations 
As in CMU, structural steel construction does not shrink after installation; therefore, vertical 
differential movement will occur between the structural steel shaft and the surrounding wood-
frame elements. As the issues are the same for CMU and a structural steel shaft, readers are 
referred to Subsection 9.3.1.1 for details regarding shrinkage considerations. 

9.3.2.2 Lateral Load and Deflection Considerations 
Several steel SFRS systems, such as tension-compression braces, tension-only braces and 
moderately ductile moment-resisting frames, have similar Rd and Ro values for seismic design to 
those of the wood-frame shear walls. For a steel brace system, the RdRo value may be 3.9 
according to Table 4.1.8.9 of the NBCC, which is lower than the 5.1 for a wood shear wall 
system. The base shear force of the building with this system will be approximately 30% higher 
than that of a wood shear wall system, if the floor and roof diaphragms are connected to the 
steel brace system.  

If a moderately ductile moment-resisting frame is used as the shaft construction, the RdRo value 
will be 5.25, which will be higher than that of the wood shear wall system. In this case, the wood 
shear wall system will govern the base shear force calculations. 
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When mixed horizontal systems are used, design engineers need to pay attention to the 
compatibility of the maximum lateral displacements between the systems. Only when both 
systems have similar lateral displacements can energy dissipation occur simultaneously.  

As the resulting shear forces from the different steel systems are quite similar to that of the 
shear forces generated from the wood shear wall system, connecting the floor and roof 
diaphragms to the structural steel shaft is a logical choice. The requirement for connection as 
prescribed in the NBCC and BCBC shall be followed as discussed in the Section 9.3.1.2. 

9.3.2.3 Elevator-to-Shaft Connection Considerations 
Elevator guide-rail supports including brackets connecting to the steel shaft shall follow the design 
requirements as specified in ASME A17.1/CSA B44-10, Sections 2.23.5.2, 2.23.9 and 2.23.10. 

9.3.2.4 Fire Separation Considerations 
The frame of the structural steel shaft may be in-filled by means of light gauge metal studs with 
Type X (or Type C) gypsum wall boards in order to achieve the required 1-hour fire-resistance 
rating in accordance with Appendix D-2.3 of the NBCC. 

9.3.2.5 Sound Considerations 
Similar to a CMU elevator shaft, a wood wall is required to be framed around the fire-rated steel 
shaft in order to support the wood structure. The surrounding wood walls may be used to 
achieve the required STC rating specified in the Building Code. Wall details for achieving the 
required STC rating are provided in Chapter 7 of this Handbook. 

9.4 SHAFTS OF COMBUSTIBLE CONSTRUCTION 
To overcome the incompatibility of material performance between CMU shafts and wood-frame 
construction, wood elevator shafts are favoured for 5- and 6-storeys wood-frame construction. 
In the NBCC and BCBC, wood-based elevator shafts are allowed as long as they meet the 
structural, fire separation and sound requirements, as specified in the Building Code.  

Several solutions that include elevator shafts and stairwells of combustible construction and that 
may be used are given below: 

1. Laminated wood or SCL shaft; 

2. Wood-frame shaft; and 

3. Cross-laminated timber (CLT) shaft. 
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9.4.1 Laminated Wood Shaft 
As per Table D-2.4.1 of the Building Code, laminating 2x6 with 101-mm (4 in.) long nails spaced 
at 400 mm (16 in.) on centre meets the required 1-hour fire-resistance rating; therefore, it may 
be used for elevator shafts and stairwells in wood-frame construction. Figure 4 shows the 
general arrangement of a wood elevator shaft constructed with laminated 2x6 wood studs. 
Figure 5 shows a laminated wood shaft under construction, while Figure 6 is a section detail of 
the laminated wood shaft. 

    

 a) Front view b) Rear view 

Figure 4 Laminated wood shaft with wood-frame surrounding the shaft 

 

Figure 5 A laminated wood-frame elevator under construction  
(courtesy of GHL Consultants Ltd.) 
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Figure 6 Section of laminated wood shaft and connection details 

9.4.1.1 Shrinkage Considerations 
As shown in Figure 6, the wood shaft wall assembly at each floor level is constructed similar to 
the surrounding floor and wall assemblies of the wood-frame construction. With the same 
number of wall plates at each floor level for both the wall assemblies and the shaft, it is 
expected that the vertical differential movement between the shaft and the building will be small. 
As such, the problem of uneven floors after completion will be less of an issue with wood shafts 
versus CMU shafts. 

9.4.1.2 Lateral Load and Deflection Considerations 
For the laminated wood elevator shaft system, the shaft walls are normally not used as part of 
the SFRS of the building. Since the shaft is attached to floor framing members, it is expected 
that it will follow the deflection of the main structure during a seismic event. 
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9.4.1.3 Elevator-to-Shaft Connection Considerations 
According to Section 2.23.5.2 of ASME A17.1/CSA B44, the supporting elements, including the 
wall, shall have less than 3 mm of lateral deflection under normal operation. Section 2.23.9.2.1 
of the same Standard requires that the guide-rail brackets be secured to their supporting 
structure by one of the following means: 

(a) bolts or rivets; 

(b) clip fastenings to mount brackets to the building structure, provided that:  

 (1)  the friction force of such clips has a minimum factor safety of 10; 

 (2)  an additional means, having a safety factor of no less than 5, of resisting horizontal 
shear is incorporated; and 

(c) welding. 

Given the stringent requirement for allowable horizontal deflection as well as the strength 
requirements for a high safety factor in the connection of the rail support to the shaft, it is 
important to design the shaft to be as stiff as possible and have a proper design in the bolted 
connection of the rail support through the wood shaft wall.  

For wood shafts supporting a constant dynamically-loaded elevator cab, there is no data on the 
long-term performance of the wood shaft and the rail connections. For wood elevator shafts, 
bolted connections should be used to connect the elevator rail supports to the shaft, as per the 
elevator code. The elevator rail clips should have slots to allow movement due to shrinkage of 
the wood shaft. 

9.4.1.4 Fire Separation Considerations 
As previously mentioned, Table D-2.4.1 of the Building Code states that the minimum thickness 
of solid wood walls for a 1-hour fire-resistance rating shall be 140 mm. A solid wall for this 
application should consist of 38-mm thick members, with edges fastened together with 101-mm 
long common wire nails spaced no more than 400 mm on centre and staggered in the direction 
of the grain.  

In addition to the laminated wall, a sheet of fire-retardant plywood or gypsum board is 
recommended to be installed to the inside face of the elevator shaft in order to reduce the flame-
spread rating of the shaft. 

9.4.1.5 Sound Considerations 
Similar to a CMU elevator shaft, a wood wall is framed around the laminated wood shaft. The 
surrounding wood walls may be used to achieve the required STC rating specified in the 
Building Code. Wood framed walls achieving the required STC rating are provided in Chapter 7 
of this Handbook. 
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9.4.2 Wood-Frame Shafts 
Elevator and stairwell shafts may also be constructed using wood-frame studs. Although CMU 
shafts or laminated wood shafts have been typically used in BC, wood-frame shafts and 
stairwells, typically constructed with 2x4 or 2x6 studs spaced at 300-400 mm on center 
(12-16 in. o.c.) have been commonly used in the U.S. and Alberta. Figure 7 shows examples of 
wood-frame shafts and stairwells. 

   

 a) Wood-frame stairwell b) Wood-frame elevator shaft 

Figure 7 Wood-frame stairwell and elevator shaft 

9.4.2.1 Shrinkage Considerations 
Similar to the laminated wood shaft, the wood-frame shaft at each floor level is constructed 
similar to the surrounding floor and wall assemblies of the wood-frame construction; therefore, 
the magnitude of shrinkage of the wood-frame shaft is expected to be the same as in the 
surrounding wood-framed portions of the building. As such, the serviceability of the floor around 
the elevator shaft would not be an issue. 

9.4.2.2 Lateral Load and Deflection Considerations 
A wood-frame shaft may be connected to the roof and all floor diaphragms and become part of 
the overall structural system of the wood-frame construction. In this case, the wood-frame shaft 
may be considered to be part of the SFRS of the building. When the wood-frame shaft is used 
as part of the SFRS of the building, the same construction details and design methods may be 
used as for typical wood-frame construction. Attention should be paid to horizontal load transfer 
between the floor/roof diaphragm and the wood-frame shaft. When the wood-frame shaft is not 
used as part of the SFRS of the building, information provided in Subsection 9.4.1.2 of this 
Chapter may be used. 
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9.4.2.3 Elevator-to-Shaft Connection Considerations 
As shown in Figure 7, the built-up column within the wood-frame shaft is constructed to support 
the elevator guide rail. To maintain the stability of the guide rail, a large steel plate is mounted 
into the built-up column for the guide rail (Figure 8). 

 

Figure 8 Divider beam and guide-rail support steel plate in a double elevator shaft 

9.4.2.4 Fire Separation Considerations 
Fire protection of the wood-frame shaft is required to meet a 1-hour fire-resistance rating 
according to the NBCC. Figure 9 shows an elevator shaft lined with gypsum wall board to 
achieve a 1-hour resistance rating and all edges of the steel elements are sealed with fire-stop 
materials. 

 

Figure 9 Fire protection and fire caulking applied to the wood-frame shaft 

Steel divider 
beam for  

two elevators 

Steel plate  
for guard-rail  
of elevator 



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 9 – Design for Elevator Shafts and Stairwells 
14 

9.4.2.5 Sound Considerations 
Sound control for wood-frame shafts is similar to Section 9.4.1.5 of this Chapter for laminated 
wood shafts. The surrounding wood walls may be used to achieve the required STC rating 
specified in the Building Code. Wall details for achieving the required STC rating are provided in 
Chapter 7 of this Handbook. 

9.4.3 Cross-laminated Timber Shafts 
As nailing and laminating 2x6 studs into a solid wall is challenging and cumbersome, the use of 
cross-laminated timber (CLT) to create a solid wood elevator shaft is gaining popularity. By 
using CLT for the shaft walls, the connections between perpendicular walls can be better 
defined and their quality and consistency are less dependent on workmanship. Figure 10 shows 
a CLT elevator shaft during construction. 

   

Figure 10 CLT elevator shaft during construction  (courtesy of Nordic Engineered Wood) 

9.4.3.1 Shrinkage Considerations 
CTL is made of three or more layers of wood planks stacked crosswise on top of one other and 
bonded with structural adhesive. Swelling and shrinkage is minimal due to cross-lamination. 
Because of this, vertical differential movement between the CLT elevator shafts and the 
surrounding wood-frame construction due to shrinkage may occur. Design recommendations for 
dealing with differential movement are provided in Subsection 9.3.1.1 of this Chapter as well as 
in Section 5.4 of this Handbook. CLT elevator shafts may be continuous over the height of the 
building, as they can be manufactured in long lengths. 
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9.4.3.2 Lateral Load and Deflection Considerations 
Neither the NBCC nor the provincial building codes specifies the ductility modification factor Rd 
and over-strength modification factor Ro for CLT as Seismic Force Resisting System (SFRS). It 
is anticipated that design provisions for CLT will be implemented in the 2016 supplement to the 
2014 edition of CSA O86. Based on the Canadian edition of the CLT Handbook (Gagnon and 
Pirvu, 2011), CLT walls may be safely assigned the ductility modification factor Rd = 2.0 and 
over-strength modification factor Ro = 1.5 for seismic design. It should be noted, however, that 
those values were derived from single CLT panel tests intended for use in platform-type CLT 
construction and may not apply to balloon-type construction such as CLT shafts.  

Designers have the options of either connecting the floor and roof diaphragms to the CLT shaft 
walls or separating the two systems. Design methods for these two options are provided in 
Subsection 9.3.1.2. 

9.4.3.3 Elevator-to-Shaft Connection Considerations 
Elevator guide-rail supports including brackets connecting to the CLT shaft shall follow the 
minimum connection requirements listed in ASME A17.1/CSA B44-10, Sections 2.23.5.2, 2.23.9 
and 2.23.10. Design considerations for elevator connections to the shaft are provided in 
Subsection 9.4.1.3. Examples of connection details between the elevator rails and the CLT shaft 
are shown in Figure 11 (Osborne and Dagenais, 2014). 

 

1. CLT wall + 2-layer, 
5/8” type X gypsum 

2. Elevator rail 
3. Elevator rail support 

bracket 
4. Bracket connection to 

CLT wall 
5. Joint component – fire-

rated 
6. Fire-retardant-treated 

plywood, cement board 
or GWB 

 
 

1. CLT wall + 2-layer, 
5/8” type X gypsum 

2. Elevator rail 
3. Elevator rail support bracket 
4. Bracket connection to CLT 

wall. Recessed plate to allow 
gypsum to run continuously 
over. 

5. Gypsum board to run over 
bracket connection. Fire-stop 
gaps. 

6. Fire-retardant-treated plywood, 
cement board or GWB 

Figure 11 Example of elevator connection details for CLT shaft 

9.4.3.4 Fire Separation Considerations 
CLT can easily achieve the required 1-hour fire-resistance rating for elevator shafts. Based on 
the results of a fire test conducted in accordance with CAN/ULC S101, CLT walls under load 
can achieve a 2-hour or 3-hour fire-resistance rating, especially when one or two layers of 
16-mm (5/8 in.) Type X gypsum board protection is used (Osborne et al. 2012). 

  

2 2 
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9.4.3.5 Sound Considerations 
Sound insulation can be achieved by following the same method as in Section 9.4.1.5 of this 
Chapter for laminated wood shafts. Separated walls around the CLT shaft are constructed with 
batt insulation to achieve the required STC rating of more than 55. An acoustic consultant 
should be hired to provide details in order to ensure that the 55 rating is achieved. 

9.5 SHAFTS OF HYBRID CONSTRUCTION 
Both CMU and wood elevator shafts within buildings have their advantages and disadvantages. 
A recent proposal includes a combination of the two materials to take advantage of the positive 
aspects of both systems. Figure 12 presents the general arrangement of the system. As shown 
in Figure 12, it is recommended that the side walls of the elevator shaft be constructed with 
CMU, while the front and rear walls be constructed with solid wood walls. 

 

Figure 12 Combined wood and CMU shaft 

9.5.1 Shrinkage Considerations 
In this design, the diaphragms are linked to the CMU walls with a specially designed connector 
that is anchored into the CMU wall. The connection allows the wood diaphragm to slide in both 
the vertical and horizontal direction parallel to the plane of the CMU wall. This will allow vertical 
differential movement between the CMU walls and the surrounding wood-frame construction. 
The front and rear wood-frame portion of the shaft is expected to have similar vertical 
movement to the rest of the wood-frame construction. The details of the connector are shown in 
Figure 13. Figure 14 shows the application of the hybrid shaft in a real building. 
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 a) Front view  b) Rear view 

Figure 13 Connector between CMU wall and wood diaphragm 

 

Figure 14 Special connector on CMU side of shaft 

9.5.2 Lateral Load and Deflection Considerations 
In this design, it is considered that the CMU wall does not contribute to the seismic force 
resisting system in the out-of-plane direction of the wall. As such, the base shear force 
calculation for the building is based on the wood-frame shear wall system.  

A separation between the wood floor and the front and rear of the elevator shaft needs to be 
provided, as shown in Figure 2. Readers are referred to Subsection 9.3.1.2.2 of this Chapter for 
more details. 
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With the connectors as shown in Figures 14, the floor can move independently in the direction 
of the plane of the CMU wall. With the CMU wall being isolated from the floor system, the CMU 
wall is not part of the seismic system. As such, a normal wood-frame shear wall is used as the 
SFRS for the whole building. 

9.5.3 Elevator-to-Shaft Connection Consideration 
With the side wall being constructed using CMU, the anchorage of the elevator rails will meet 
the Elevator Code and long-term performance in the operation of the elevator is proven. The 
connection of the elevator guide rails and their supports should follow the requirements included 
in the Elevator Standard, as discussed in Subsection 9.2.3 of this Chapter. 

9.5.4 Fire Separation Considerations 
The fire protection of the hybrid shaft is the same as the protection of the shafts made of 
combustible construction in the front and rear portions of the hybrid shaft and have been 
previously presented. Construction of the shaft with combined CMUs and wood will require 
more detailing at the vertical joint connection between the CMU and the laminated wood for fire 
protection. It is important to ensure that all gaps or openings between dissimilar materials that 
might allow the flow of smoke or hot gases be sealed using an appropriate method, such as fire 
stop caulking. 

9.5.5 Sound Considerations 
As in previous sections, separated walls around the hybrid shaft are constructed with batt 
insulation to achieve the requirement of a STC rating of more than 55. It is recommended that 
an acoustic consultant be hired to confirm the construction details. 
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APPENDIX 9A 
 

Clauses of ASME A17.1/CSA B44-10  
pertaining to guide-rail brackets, fastening and supports 
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2.23.5.2 Brackets, Fastenings, and Supports. The guide-rail brackets, their fastenings, 
and supports, such as building beams and walls, shall be capable of resisting the horizontal 
forces imposed by the class of loading (see 2.16.2.2 and 8.2.2.6) with a total deflection at 
the point of support not in excess of 3 mm (0.125 in.). 

2.23.9 Guide-Rail Brackets and Building Supports 

2.23.9.1 Design and Strength of Brackets and Supports 

2.23.9.1.1 The building construction forming the supports for the guide rails and the 
guide-rail brackets shall be designed to: 

(a) safely withstand the application of the car or counterweight safety when 
stopping the car and its rated load or the counterweight; 

(b) withstand the forces specified in 2.23.5.2 within the deflection limits specified.  

2.23.9.1.2 Walls of bricks, terra-cotta, hollow blocks, and similar materials shall not be 
used for attachment of guide-rail brackets unless adequately reinforced.  

2.23.9.1.3 Where necessary, the building construction shall be reinforced to provide 
adequate support for the guide rails. 

2.23.9.2 Bracket Fastenings  

2.23.9.2.1 Guide-rail brackets shall be secured to their supporting structure by one of 
the following means: 

(a) by bolts or rivets; 

(b) by using clip fastenings to mount brackets to the building structure, provided 
that: 

(1) the friction force of such clips has a minimum factor of safety of 10; 

(2) an additional means, having a safety factor of no less than 5, of resisting 
horizontal shear is incorporated; and 

(c) by welding conforming to 8.8. 

2.23.9.2.2 Fastening bolts and bolt holes in brackets and their supporting beams shall 
conform to 2.23.10. 

2.23.9.3 Slotted guide-rail brackets having single-bolt fastenings shall be provided with 
an additional means to prevent lateral movement of the rail bracket. Such means shall 
have a factor of safety of no less than 5.  

  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Design for Elevator Shafts and Stairwells - Chapter 9 

23 

2.23.10 Fastenings of Guide Rails to Rail Brackets 

2.23.10.1 Type of Fastenings. Guide rails shall be secured to their brackets by clips, 
welds, or bolts. 

Bolts used for fastening shall be of such strength as to withstand the forces specified in 
2.23.5.2 and 2.23.9.1.  

Welding, where used, shall conform to 8.8. 

2.23.10.2 Size of Bolts for Fastening. The size of bolts used for fastening the guide rails 
or rail clips to the brackets shall be no less than as specified in Table 2.23.10.2.  

2.23.10.3 Bolt Holes for Fastenings. The diameter of holes or the width of slots for 
fastening bolts shall not exceed the diameter of the bolt by more than 2 mm (0.08 in.). 

 



 

 
 
(Page couverture)  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 10 – Prefabrication 
ii 

Table of contents 

10.1 INTRODUCTION ............................................................................................................. 1 

10.2 PREFABRICATED SYSTEMS ......................................................................................... 2 

10.2.1 Overview of Prefabricated Systems Suitable for Mid-rise Wood-Frame 
Construction ........................................................................................................ 4 

10.2.2 Panelized Building Elements ............................................................................... 4 

10.2.3 Modular - Volumetric Systems ............................................................................. 6 

10.3 PRECONSTRUCTION PROCESS .................................................................................. 7 

10.4 MANUFACTURING ........................................................................................................10 

10.4.1 Wall Panels ........................................................................................................12 

10.4.2 Floor Panels .......................................................................................................14 

10.4.3 Roof Systems ....................................................................................................16 

10.4.4 Inter-panel Connections .....................................................................................17 

10.4.5 Modular Construction .........................................................................................18 

10.5 TRANSPORTATION .......................................................................................................19 

10.6 INSTALLATION AND SITE PROCEDURES ...................................................................19 

10.7 CERTIFICATION STANDARDS ......................................................................................20 

10.7.1 CAN/CSA Z240 MH Series-09 - Manufactured Homes .......................................20 

10.7.2 CAN/CSA A277-08 Procedure for Factory Certification of Buildings ...................21 

10.7.3 Qualification of Manufactured Buildings (Modular) .................................................21 

10.7.4 CAN/CSA A277-015 Procedure for Certification of Prefabricated Buildings, 
Modules and Panels ...........................................................................................22 

10.8 SUMMARY .....................................................................................................................22 

10.9 REFERENCES ...............................................................................................................23 

 

  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

Prefabrication - Chapter 10 
iii 

List of figures 

Figure 1  Transportation of floor and wall panels ................................................................ 5 

Figure 2  Site installation of prefabricated wall, floor, and roof ............................................ 5 

Figure 3  Construction phases of a panelized mid-rise wood-frame building ...................... 6 

Figure 4  Installation of multiple modules of a multi-storey residential building ................... 7 

Figure 5  Automated machinery for panel production and multi-function bridge .................10 

Figure 6  Architectural drawing (left), floor structural layouts (centre) and  
3D modeling (right) .............................................................................................11 

Figure 7  Wall panels and 3D rendering .............................................................................11 

Figure 8  CAD/CAM output and shop drawing of floor (left) and wall (right) panels ............12 

Figure 9  Wall panel production line – window (left) and siding (right) installations ............13 

Figure 10  Wall panel production line with rigid insulation ....................................................14 

Figure 11  Wall panel production line – window (left) and siding (right) installations ............14 

Figure 12  Floor panel production line .................................................................................15 

Figure 13  Framing station (left) and sheating station (right) ................................................15 

Figure 14  Roof panels assembled on ground (left) and lifted onto walls (centre and right) .16 

Figure 15  Roof panels assembled in plant (left), shipped (centre) and  
installed on site (right) ........................................................................................17 

 

List of tables 

Table 1 Routine permit limits for oversized loads ............................................................19 

 

 



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Prefabrication - Chapter 10 

1 

10.1 INTRODUCTION 
Traditionally, platform wood-frame buildings have been site-built. With ever increasing pressure 
on project schedules, economic factors including rising land and construction costs, there has 
been an evolution towards using more offsite constructed elements. This shift towards the use 
of offsite constructed subassemblies has been naturally occurring, with scopes of work that 
were traditionally built on site are now commonly constructed offsite. Examples of these include 
engineered trusses, windows, curtain wall assemblies, cabinets and pre-hung doors. These 
solutions are now considered the norm as they are built with higher quality and tighter 
tolerances demanded by consumers, while speeding up the construction process and achieving 
a lower cost for better quality than what would be possible on site. 

Prefabrication of larger building elements at an offsite factory setting is simply a natural 
evolution in the construction process towards the use of modern methods of construction much 
like other subassemblies as noted above. This Chapter will use three main categories for 
classifying prefabricated building elements or factory-built wood building systems: components, 
panelized assemblies, and volumetric modules. The systems range in level of complexity and 
completeness with components and open panels the most simple, and volumetric modules the 
most complete. All of these systems are potential approaches to midrise construction. This 
Chapter will focus on panelized and volumetric modular solutions as they are the most likely to 
be used.  

For building owners or developers’ planning to construct a mid-rise building, it is worth reviewing 
the project in detail to see if prefabrication would shorten the project schedule, meet quality 
needs, reduce construction costs or reduce material waste, or meet other material requirements 
of the project. To realize a successful project, it is important to recognize that using a 
prefabrication system needs appropriate planning, design integration, and a clear understanding 
of the nature of the system under consideration. Consideration of any prefabrication approach 
should include an evaluation of strengths and weaknesses of the proposed system, the potential 
suppliers of the system(s), and the capabilities of the professional team to integrate the building 
system into the project. This should be done with an understanding of the final product and any 
regulatory frameworks at the project site.  

This Chapter provides a review of the various factory-built systems, their advantages, 
certification and quality control during manufacturing. The structural, fire, serviceability and 
building envelope performance issues of these systems are addressed in other chapters of this 
Handbook. 
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10.2 PREFABRICATED SYSTEMS 
The prefabricated systems this Chapter will focus on combine offsite constructed elements that 
are shipped to the mid-rise building project, installed and combined with varying amounts of site 
work to complete the project.  

Prefabrication provides benefits by moving production of the building elements to a more 
environmentally controlled indoor factory environment that is not affected by adverse weather 
conditions. There are many other benefits of moving appropriately selected element 
construction to an indoor environment. The natural advantages of factory construction include 
improved productivity, more predictability and ability to concurrently construct building elements 
offsite without interrupting site works (i.e., foundation construction), improved quality through 
process management, and construction processes that allow materials to be installed in near 
optimal conditions. With a well-managed factory and coordinated efforts with the building site, 
there should be improvements in project schedule and quality, with a potential to reduce overall 
project costs or improve financial returns due to quicker occupancy. 

The growth of the prefabricated sector was accelerated by the introduction of Metal-Plate 
Connected (MPC) wood roof trusses. The MPC wood trusses proved to be an economical 
alternative to site-built roof framing. With the advent of advanced roof designs and computer-
controlled manufacturing machinery for wood trusses, they have now almost completely 
replaced the traditional roof framing systems in housing. 

By extension, there are well-managed certified factories across Canada and the US that are 
capable of producing building elements. The factories that produce building components, panels 
(roof, wall and floor systems) and sub-assemblies range from low tech manual processes, to 
semi-automated to fully automated. For example, modular is typically produced in a more labour 
oriented type of operation, though this is changing as more processes are becoming automated 
where the investment in equipment provide sufficient flexibility and/or return to the 
manufacturer. In each case, the elements (component, panels or volumetric) built offsite are 
designed and engineered to meet the functional, structural, building code and municipal 
requirements of the project.   

Although offsite prefabrication in a manufacturing environment has many advantages, the 
majority of new houses in North America are still framed on-site using conventional “stick-built” 
method due in part to tradition and lack of understanding of the benefits of a well-executed 
prefabrication strategy. Besides the well-accepted wood trusses, the Canadian home building 
sector is now making slow and steady progress towards accepting prefabricated buildings and 
components.  

By contrast, in Sweden and Finland, which are similar to Canada with abundant forest 
resources and a wide range of forest products, offsite construction has become the standard for 
housing. Almost all new houses built in Sweden are factory-built, with 95% wood-frame 
panelized systems and only 5% modular. In Finland, about 60% of the residential housing starts 
are prefabricated. Finnish manufacturers typically have design and engineering inside their 
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operations to incorporate customer preferences or project requirements, and design for 
manufacturing, transport and installation to produce custom-designed houses and multi-family 
buildings. What might not be apparent is that, in Canada, most companies producing 
prefabricated elements used in constructions complying with Part 9 of the National Building 
Code of Canada (NBC) also have in-house design and engineering teams. These teams can 
either coordinate the complete project or can work with other knowledgeable professionals to 
ensure the building elements can be manufactured, transported and installed to meet what was 
envisioned.   

In the above-mentioned European countries, the wood industry is also supported by an 
extensive R & D network involving universities and research institutes like FPInnovations. The 
manufacturing process and building systems have been developed over the years with the 
focus on energy efficiency and high quality assemblies. Hence, the products produced today are 
mostly closed wall panelized systems which are typically finished with exterior finishes, exterior 
building wrap, doors and windows installed, electrical and mechanical chases, vapour barrier 
and interior lining (drywall or other system) installed in the factory. These closed wall systems 
dramatically speed up the project by enabling the project to quickly progress to the lock up 
stage and onto the finishing stage. Because the systems are pre-assembled when received on 
site, the quality needs to be assured by a certification system that follows a recognized 
consensus standard representing the interests of building regulators, industry, consumer and 
interested stakeholders. A quality system meeting such a standard will require a rigorous 
product certification system, supervised quality control at the factory, and supervision at the job 
site to ensure that components or assemblies are installed as designed.   

Many European factory-built housing manufacturers now produce prefabricated home kits with 
closed wall panels which, as noted above, are virtually complete from the outside to the inside 
of the wall assembly. This increased level of prefabrication has also been extended for 
commercial construction (of which mid-rise is included) to include other structural assemblies 
(walls, floors and roof) which allows builders to erect the building (or home) in a fraction of the 
time of site-construction. In Canada, most manufacturers produce open wall panels for 
panelized building solutions, though there are several companies well along in their 
development of a certified closed wall solution.  

This system of offsite prefabrication in the Northern European countries has continued to evolve 
into a mature system with supply, manufacturing and installation network which includes 
components (post and beam solutions), panels (closed type wall, floor, roof sections) and 
volumetric modular (stick style and CLT) building systems for their wood constructed multi-story 
housing. In Canada, there are also numerous modular builders some of which have completed 
multi-storey residential buildings and are likely capable of mid-rise construction. Worth noting is 
though most volumetric modular companies in Canada use light frame materials (including 
engineered materials as the project requires), there are a few very progressive builders that are 
working on volumetric CLT building systems.   
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10.2.1 Overview of Prefabricated Systems Suitable for Mid-rise 
Wood-Frame Construction 

Components (trusses, including post and beam, mass timber and precut systems) 

Components are the most flexible prefabricated building system though it requires the most site 
effort. Although this solution is viable for mid-rise construction, it requires the most site effort 
and it is harder to realize material benefits besides quality and some time savings. In European 
and Japanese markets, this system is used as there are multiple solutions and suppliers. In 
North America there are limited suppliers (except for metal plate connected trusses) so it will not 
be explored until additional capacity is known.  

Panelized building elements (walls, floors, ceilings in open and closed wall systems) 

These elements provide a flexible building system that can be adapted to a wide variety of 
building forms and there are numerous companies across Canada and the U.S. (depending on 
location) that can provide this level of prefabrication. Check your area and your local truss 
companies as they may offer panelization as part of their building solutions.  

Modular (volumetric systems) 

Volumetric systems are fully erected three-dimensional modules that typically include, floor, 
walls (exterior and interior depending on layout) and ceiling (or roof). This is the most complete 
form of prefabrication as it can include most of the interior finishes, insulation, plumbing, 
electrical, cabinets, appliances, windows, doors and in some cases exterior finishes when 
delivered to the project site. Some manufacturers suggest up to 85% complete but this should 
be confirmed with manufacturers in a 800 kilometer radius on what is possible.  

10.2.2 Panelized Building Elements  
This system essentially breaks down a building into wall, floor and roof elements that are 
possible to manufacture, ship and install. Panelization provides a high level of flexibility with 
components that are custom manufactured to suit the project needs, comply with specific 
structural size requirements relevant to the specific location of the site and the layout of the final 
building. All panelized assemblies must be designed and installed in accordance with 
appropriate provincial building codes to ensure that the final buildings are safe, energy code 
compliant, and functional. Depending on the system, inspections are either on site (for open 
systems that expose all framing systems) or done at the factory through a plant certification (see 
also Subsection 10.7, Certification Standards) and can be supplemented by inspections by 
building professionals at various stages and/or municipal officials.    
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As panelized assemblies are generally two-dimensional elements, they are transported more 
easily because they do not exceed transport limitations, which may become an issue with 
volumetric modular systems (Figure 1).  

   

Figure 1        Transportation of floor and wall panels  
(courtesy of Landmark Building Solutions) 

Once the panelized assemblies reach the job site, they are lifted off the transportation trucks by 
cranes, ready for placement onto the framing, to begin the construction process (Figure 2). 

     

Figure 2        Site installation of prefabricated wall, floor, and roof  
(courtesy of Brockport Home Systems) 

The trade-off for panelized buildings is that a substantial amount of on-site construction work is 
still required to complete the building for open panels as additional work will require installation 
of insulation and services, such as electrical wiring, plumbing components and final finishing. 
The amount of on-site work will be less for closed panels and will depend on the degree of 
services pre-installed in the factory. 

The following construction sequence of a mid-rise 5+1 wood-frame project (Figure 3) 
demonstrates the effective erection of the building with prefabricated panels. The job site has 
little or minimal cutting of framing members. 
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Figure 3        Construction phases of a panelized mid-rise wood-frame building  

(courtesy of Walsh Construction) 

10.2.3 Modular - Volumetric Systems 
Modular buildings are built with three-dimensional modules that are produced and shipped to 
the building site in large sections to sit on full foundations. The modules are combined on site to 
make one, two or three storey building by attaching them side by side, or stacked to produce 
buildings of any size (Figure 4). They can be up to 95% completed to include insulation, 
air/vapour barrier, plumbing, electric wiring, exterior siding, drywall, trim, flooring, cabinets and 
other construction details. On-site finishes may require a few weeks, depending on the style and 
additional features, before they are ready for occupancy. Once completed, modular buildings 
can be detailed to be virtually indistinguishable from site-built buildings. 
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Figure 4        Installation of multiple modules of a multi-storey residential building  

(courtesy of Maple Leaf Homes) 

Modular buildings do not have axles or a sub-frame, meaning that they are typically transported 
to job sites by means of flat-bed trucks. Transportation of modular sections presents a major 
challenge due to restrictions on road width and height limitations. Special traffic permits may be 
required for transportation purposes. As a result, there are restrictions on distance over which 
these manufactured homes may be shipped, and locations such as inner city or town. Cranes 
and their swing space may be required and should be taken into consideration at the planning 
stage. 

10.3 PRECONSTRUCTION PROCESS 
There are many items that need to be considered when using prefabrication as part of the total 
project construction plan. To be able to well execute an off-site project, the following items 
should be reviewed and incorporated into the planning process. During these reviews, areas 
identified as critical for manufacturing should be clearly identified and confirmed that they have 
not been compromised prior to factory construction.  

To realize the benefits of using offsite construction as part of the build strategy, it is critical to 
have:  

 A project leader who will coordinate all site and offsite construction activities. This person 
could be the project architect, the owner’s project manager, or the offsite constructor. The 
person should be familiar with the building design and expectations, and have experience in 
applying prefabrication.  

 A design and construction team that is highly collaborative to ensure suitable well developed 
scopes of work are developed that take into account all the necessary details for site and 
offsite construction and anticipate potential conflicts. 

  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 10 – Prefabrication 
8 

The goal is to develop a comprehensive and detailed scope of work for site, factory and 
installation which should include a through and comprehensive review of: 

 The building design for constructability (if developed without consultation with an offsite 
manufacturer) site review; 

 The transportation, site, and installation logistics; and 

 The capacity and capabilities of the manufacturers that will be needed to meet the project 
schedule and budget. 

It is also critical to agree on when a design freeze can be established prior to the factory portion 
of the work beginning. This involves ensuring architectural, interior design, mechanical (HVAC 
and plumbing), electrical, and structural design have been completed, and that the location and 
strategy for tie-ins, the exterior and interior finish strategy, and installation of all these items are 
worked out in advance of factory or site construction. Because the pace in a factory is much 
quicker than site construction, interrupting the flow to change or reconsider items can cause 
major cost and scheduling issues, which will compromise the project results.  

Another critical step is to agree on a payment process that suits the unique nature of splitting 
the scope of construction work between site and a factory. The processes should be 
coordinated and agreed to by project owner, professionals involved with payment draws, 
manufacturer lenders, and project insurers. Typically, a manufacturer will require advance 
payment in the form of a deposit, payment at factory completion, and final payment upon 
installation. Though different than site construction where usually arrival and installation on site 
would facilitate payment, the way most building owners, lenders, etc. gain comfort is to have the 
project leader or the person certifying for the payment schedules review all the factory work 
prior to release of funds and shipment to site. There may also be inspections by the municipal 
inspectors and other professionals at the factory if wall assemblies are enclosed at the factory. It 
is important to establish in advance that the Authorities Having Jurisdiction or AHJ 
(i.e. municipalities and building officials) where the building is to be located have regulations that 
allow for the use of prefabrication and are comfortable that the quality program implemented by 
the prefabricator meets the AHJ needs for review and inspections.    

Architectural Design  

 The project architectural team needs to understand or become familiar with the type of 
prefabrication under consideration, devise an appropriate layout that maximizes the benefits 
of the off-site construction system under consideration. Overall the design team provides the 
spatial layout of the building and surrounding grounds within the project development 
boundaries meeting the developer’s development plan and goals. Additionally during the 
design process, considerations include having a clear understanding of the relevant site 
conditions (topography, geography, flood plain, water table, etc.) and restraints (existing 
above-ground telephone and power lines, rail tracks, etc.) that may affect the shipping, 
transport and installation of the building elements.  
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 The professionals typically do not design to the manufacturing level of the building as it may 
not be in alignment with the processes used by the manufacturer. However, if there are key 
critical details, the design team should make sure the manufacturer is able to execute them 
or develop a suitable alternative solution.   

Structural Engineering - Manufacturing 

 A specialized structural engineer may be involved to provide specific structural engineering 
design for the offsite constructed elements. The project may require a structural engineer 
that understands off-site construction to ensure transportation, lifting and connection details 
are suitable. Site logistics should also be confirmed. Considerations include, for example, 
sufficient site access for deliveries, staging areas, laydown areas (if needed), crane sizes 
and access. 

Structural Engineering  

 The project engineer will coordinate the complete engineering including, the off-site 
constructed elements, foundation design and connection of the units or components into a 
cohesive system. A common parallel is engineered trusses; these are included in the 
complete project package which includes foundation and superstructure.   

Geotechnical Engineer  

 Geotechnical engineer may be required depending on project needs and soil conditions. 

Electrical Engineering  

 Factory produced elements with electrical components will require additional coordination 
for panel or module connections. Open panels should also be reviewed by electrical team to 
ensure connection points are in locations that are suitable. 

Mechanical Engineering (including Plumbing) 

 Factory produced elements with mechanical systems require detailed coordination for panel 
or module connections as it takes up the largest amount of building space and design of 
mechanical systems typically lags other disciplines.    

 Open panels should also be reviewed by mechanical design and construction team to 
ensure connection points are in locations that are suitable. 

 It is highly recommended that mechanical engineering be involved in design reviews as 
location of services can easily create conflicts that are difficult and costly to resolve.   

Fire Protection  

 It is a good practice for the project architect to consult with a fire protection engineer to 
design adequate fire protection for the users of the building after completion as well as 
provide a plan for fire safety during construction. 

 The construction site must comply with the local applicable fire code for fire flow and fire 
hydrants, Fire Department apparatus access roads; removal of construction debris from 
project site, and other fire safety requirements. 
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10.4 MANUFACTURING  
In Canada, panelization has been gaining support for the past few years, with large builders and 
manufacturers committed to major investments in equipment and manufacturing facilities.  

The factory-built wood housing industry in Western Europe is well advanced, especially in 
Austria, Finland, Germany and Sweden. In Europe, advanced factory-built technology solution 
providers, such as Swedish company Randek BauTech and German companies Hundegger 
and Weinmann, manufacture automated machinery for wood building production and are 
instrumental in helping to drive the factory-built housing and building industry in Europe and 
worldwide. Figure 5 shows manufacturing systems marketed by Randek and Weinmann. 

  
Figure 5        Automated machinery for panel production and multi-function bridge 

(courtesy of Randek BauTech (left) and Weinmann (right)) 

Besides the benefits described in Subsections 10.2 and 10.2.1, modern panelized building 
systems have the following advantages: 

 Preplanning and optimized engineering and cost efficiency through use of computerized 
programs like Building Information Modeling (BIM), AutoCAD, and other software programs 
(CAD/CAM) that enhance factory productivity and reduce on-site labour costs.   

 Precision construction of the floor, wall and ceiling components as they are measured and 
cut precisely according to specifications conforming to a specific range of moisture content 
to provide a strong and precisely-fitted structure;  

 Weather protected construction as components are built in the factory without exposure to 
weather elements, thereby minimizing dimensional changes in wood;  

 Greater control over the building process, resulting in predictable delivery schedules; 

 Better cost control for builders, due to more stable pricing and better lumber quality; 

 Improved energy efficiency (with closed wall panels) through increased ability to ensure an 
air-tight, well-insulated envelope. 
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The modern panelization plant focuses on the design and manufacturing of the panels. 
Panelized construction starts with design. For other forms of factory-built homes, it might be 
possible to stick build under the roof. However, for a panelized system, components are built 
individually and then assembled together on site, requiring sophisticated BIM and CAD tools to 
ensure the wall, floor and roof components are properly designed and accurately prefabricated. 

   
Figure 6        Architectural drawing (left), floor structural layouts (centre) and 3D modeling (right) 

(courtesy of Landmark Building Solutions) 

Various types of commercial CAD design software are available to the panelization industry 
(Figures 6 and 7). As these are mainly based on construction practices in Europe or the U.S., 
significant customization is needed for Canadian panelized system manufacturers to meet the 
requirements of local building codes and specific construction details. The design team can 
deconstruct existing structure and value-engineer for optimum panel performance and 
efficiency. All parameters of the architectural and structural specifications are fed into the 
program and can resolve all architectural issues prior to construction and incorporate all the 
framing members in correct and proper location by 3D modeling or through the use of BIM. With 
such software, it is now possible for custom roof, floor, and walls to be designed and 
manufactured accordingly, without commitments to large production runs anymore. 

  
Figure 7        Wall panels and 3D rendering (courtesy of Brockport Home Systems) 

  



Mid-rise Wood-Frame Construction Handbook 
First Edition 2015 

 

 
Chapter 10 – Prefabrication 
12 

The steps involved in panelized system design are as follows: 

 Building architectural/structural drawings provided by builders; 

 Structural design by engineering software; 

 BIM or 3D modeling using manufacturing CAD/CAM software; 

 Deconstructing the house/building into panels (panelizing the building) using CAD/CAM software; 

 Configuring panel members, such as studs, joists, sheathing, nailing and openings/holes 
with CAD/CAM software (Figure 8); 

 Generating panel layout and shop drawings for manual work and site erection using 
CAD/CAM software; 

 Optimizing the production sequence and generating the data file for automatic CNC 
machines by CAD/CAM software. 

 
 

Figure 8        CAD/CAM output and shop drawing of floor (left) and wall (right) panels 
(courtesy of Landmark Building Solutions) 

10.4.1 Wall Panels 
These are assembled through either a manual, semi-automated or fully automated process in a 
factory environment. Detailed information on plates, studs, windows/doors, backing, structural 
sheathing, drywall, nails and openings can be built into the design of the wall system. There are 
two basic forms of prefabricated wall panels these are: open and closed wall panels. 

Open wall panels typically include lumber studs and sheathing panels while some panelized 
system manufacturers produce panels with more value-added contents such as insulation, 
windows and doors, and even siding. Though open panels can be built at or near a job site with 
framing tables, these are not included in this discussion on prefabrication, except to note that 
this strategy has been used in some markets. Though this may be seen as advantageous, it 
does not achieve the other benefits from off-site production in a manufacturing facility. 
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Closed wall panels include elements found in open wall panels, both the exterior sheathing 
(OSB/plywood) and interior sheathing (gypsum board), and all elements inside the wall cavity, 
such as insulation, vapour and air barrier(s), electrical wiring or conduits and plumbing pipes.  

The use of Computer-Aided Design (CAD) for the design of prefabricated wall panels is 
common practice in the industry. The software can generate the schematic views of the 
panelized wall panel to ensure precise fit and dimensions, optimize the spacing of the lumber 
used in the wall panel, and generate the material list and dimensions of the lumber and 
sheathing for production purposes. The material preparation, such as cutting of lumber studs 
and sheathings, is usually a separate and independent operation.   

In a semi-automated plant, the lumber studs are placed in the jigging systems with the 
sheathing placed over the studs. The bridge with nail guns will roll over the studs/sheathing and 
insert the nails at the precise and pre-set locations.  

In the fully-automated plant, placement of lumber and sheathing is usually handled and placed 
by machinery into laser-guided layout tables. The computer-controlled jigs will ensure walls are 
square, plumb and level, and that studs are precisely spaced. The wall sheathing is then applied 
and fastened using automated computer-controlled machinery. Window and door openings are 
framed and installed, and exterior finish, such as siding, is added to the wall panels (Figure 9). 

  
Figure 9        Wall panel production line – window (left) and siding (right) installations 

(courtesy of Landmark Building Systems) 

Additional details and materials are necessary for closed wall panels, such as inclusion of 
insulation, air barrier and others. Plants using rigid foam insulation can incorporate it into the 
assembly process (Figure 10), while others using spray foam insulation may include this step as 
an off-line process (Figure 11). If done properly, the spray foam insulation can also function as a 
seamless vapour barrier. With an automated process, a high level of customization can be 
easily incorporated into the production line.  
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Figure 10        Wall panel production line with rigid insulation (courtesy of Barrette Structural) 

   
Figure 11        Wall panel production line – window (left) and siding (right) installations  

(courtesy of Landmark Building Solutions) 

For braced wall panels, the recommended sheathing thickness is 9.5 mm for studs at 400 mm 
on centre and 12.5 mm for studs at 600 mm on centre. Although NBCC provides prescriptive 
details for different wood stud sizes, spacing and height, these provisions are typically only 
applicable to exterior/interior walls that support a maximum of one roof plus up to two floors, 
i.e., a 3-storey building. For mid-rise buildings, however, engineering designs are required to 
ensure adequate strength for the panelized shear wall systems to resist lateral and gravity 
loads. 

10.4.2 Floor Panels 
Similarly, prefabricated floor panels are assembled through either a semi-automated or fully-
automated process in a factory environment (Figures 12 and 13). Detailed information on 
beams, rim boards, joists, lateral bracings, blocks, adhesive, sheathing, and nailing is 
considered in the design of the floor system. 

The use of BIM and CAD software for the design of prefabricated floor panels is common 
practice. The automated plants have machinery that is computer controlled with real time 
information on the assembly line. The software can generate the schematic views of the floor 
panel to ensure precise fit and dimensions, optimize the spacing of the floor joist members in 
the floor panel and generate the material list and dimensions of the floor joist members and 
sheathing for production control purposes. 
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Figure 12        Floor panel production line (courtesy of Brockport Home Systems) 

NBCC specifies the minimum subfloor sheathing thickness for wood-frame construction 
(15.5 mm for floor joist spacing of 400 mm – 500 mm and 18.5 mm for floor joist spacing of 
600 mm). Some Canadian producers of prefabricated floor panels use thicker floor sheathing 
panels for better vibration performance. The floor joists are either solid sawn lumber or 
engineered wood products, such as wood I-joists and wood floor trusses. This is another 
example illustrating that customization can be built into an automated manufacturing process. 

  
Figure 13        Framing station (left) and sheating station (right)  

(courtesy of Landmark Building Solutions) 

Floor span charts are presented in Table A-1 of NBCC. For example, the standard 38 mm x 
184 mm (2x8) SPF No. 1/No. 2 grade joist can span 4.12 m (13’-2”) @ 300 mm (12 in.) spacing, 
3.75 m (12’-0”) @ 400 mm (16 in.) spacing and 3.27 m (10’-5”) @ 600 mm (24 in.) spacing. 
Panelized manufacturers have the flexibility to optimize the joist spans and joist spacing to 
trade-off between the height of the floor systems against the desired span and/or spacing of the 
structural component. It is also possible to provide pre-drilled holes and duct openings for 
services in the floor panels without site recall issues due to improper and structurally 
unacceptable holes/notches in joists and openings made on-site. 
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10.4.3 Roof Systems 
As mentioned earlier, the MPC (Metal-Plate-Connected) wood roof truss is now the most 
common method of roof framing in Canada. MPC wood roof truss is an engineered assembly 
greatly benefiting from the advancement in computers and manufacturing technologies. All 
wood roof trusses in Canada are prefabricated in a factory with a formal quality control program. 
The use of a truss concept for the roof will allow for all shapes, sizes and spans for the roof. 
MPC trusses are designed in accordance with the engineering analysis procedures published 
by the Truss Plate Institute of Canada (TPIC), which are recognized in NBCC Parts 9 and 4, via 
recognition in CSA O86 "Engineering design in wood".   

Roof trusses are shipped in special delivery trucks. It is quite common for trusses to be shipped 
to sites a few hundred miles away. The traditional approach to install roof systems is for framers 
to lift an individual truss and anchor it with fasteners to the supporting wall plates. This step is 
repeated until a few trusses are in installed. Roof sheathing panels are then fastened to the 
trusses. It is crucial to have the roof sheathing installed immediately to provide stability to the 
installed trusses.  

In the traditional practice of applying roof sheathing, there is an element of risk and danger to 
the framing workers, due to the height and hazardous weather conditions. The latest innovation 
for roof systems involves installing sheathing panels onto the roof truss on the ground level in 
order to form the complete truss system. The whole truss system is then lifted onto supporting 
walls as shown in Figure 14. This minimizes the fall hazard faced by the roof framing workers 
and addresses the installation-related safety issue. 

   
Figure 14        Roof panels assembled on ground (left) and lifted onto walls (centre and right) 

(courtesy of Brockport Home Systems and Landmark Building Solutions) 

Panelization of the roof system can also be carried out in the fabrication plant, whereas the roof 
trusses are assembled on the ground with roof sheathing applied. The assembled sections can 
then be shipped to the site and lifted onto the supporting wall framing (Figure 15). Care in 
planning for the trucking must be exercised to ensure conformance to the height limitations of 
bridges and overpasses along the transportation route.   
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With a completed roof panel system, installation can now be more precise and controllable. The 
integration of heavy equipment in panelization assembly allows for a reduced cycle time with a 
turnkey installation operation. The advantages of this construction approach are better job-site 
safety and reduced construction schedule delays.  

   
Figure 15        Roof panels assembled in plant (left), shipped (centre) and installed on site (right) 

(courtesy of Landmark Building Solutions) 

10.4.4 Inter-panel Connections 
Inter-panel connections are crucial structural elements for panelized wall and floor systems. For 
an open panel system, the connection details are similar to site-built construction and must 
conform to the detailing based on engineering design. The installation needs to be well-planned 
and in the right sequence. Installation is generally done by specialized workforce with proper 
skill and safety training. Connection details for the closed wall system are more complicated and 
should be engineered accordingly. Specific reviews of constructability, intended performance/ 
aesthetics, and how panels/components are installed should also be included in the 
manufacturing and installation drawings. 

The design of connections varies between manufacturers and needs to take into account the 
seismic and wind requirements of the building location. Common fasteners, such as nails and 
screws, can resist, to a certain extent, the typical in-service loads to which they are subjected. 
Mid-rise wood-frame construction will certainly place higher loads on connections than in low-
rise construction. In anticipation of these needs, connector manufacturers have developed 
innovative fasteners and connectors, such as hold-down anchors and self-tapping screws. A 
comprehensive review of design and hardware will identify the most efficient type of connection 
system for a specific application. Technical specifications for proprietary fasteners and 
connectors may be obtained from manufacturers’ literature and code approval reports.  

The structural design should address gravity load as well as lateral loads due to wind and the 
seismic force of the entire building. As part of the lateral load-resisting system, shear panels 
must transfer the loads from floor diaphragms via connections to the supporting members and 
down to the foundation. The design engineer should determine the load path for the mid-rise 
building and design the connections and anchors accordingly. 
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10.4.5 Modular Construction  
Modular or volumetric construction requires the same project planning strategies and processes 
used for panelized construction. Some notable differences are a higher level of prefabrication, 
and planning up front is critical to ensure all facets of the three dimensional modules are 
constructed so that the installed modules achieve high tolerances. The critical elements of 
preconstruction as noted in Section 10.3 are key to project success. During a factory review, 
what would be apparent is the typical modular construction process is more manual and less 
automated than modern panelized factories as up to 95% of the module is completed in the 
factory. When combined with site construction, up to 85% of the project (depending on design 
requirements) is possible to construct off-site.    

The typical modular manufacturer, like the panelized manufacturer, would develop in 
conjunction with the project architect a layout for the building that is possible to manufacture 
using a CAD software system. Once the design has been completed, the general sequence of 
construction is:  

 Construction of the floor system; 

 Exterior and interior wall panels are constructed (inside out (gypsum first) or conventionally 
with exterior sheathing) as a sub assembly and when completed hoisted onto the completed 
floor system; 

 Roof is constructed and when complete hoisted to the floor, wall assembly; 

 Windows, doors installed; 

 Electrical and mechanical systems installed; 

 Walls, floors and ceilings insulated; 

 Gypsum (or lining) installed, taped filled and painted; 

 Cabinets and interior finishes installed; 

 Exterior finishes as per project requirement are installed; and 

 Modules prepared for transport typically including wrapping to protect from road dirt. 

Though this may vary from one manufacturer to the other, typical completed modules take up to 
three weeks (15 production days) to be completed, although many manufacturers are capable 
of 2-3 modules a day. Check with your local manufacturers as these time-lines may vary 
depending on their operational capacity and approach. For large projects, it is necessary to 
coordinate the off-site portion of the project to ensure there are enough completed modules 
when installation is underway. The start of production and completion of the modules will be 
affected by the manufacturers’ capacity and production backlog and should be verified to avoid 
surprises or a partially completed project at site.  

It is highly likely that modules will be completed well in advance of the installation. There should be 
sufficient measures taken to ensure the modules are prepared to provide weather resistance and 
that sufficient space and a suitable location is available for storage either prior to final installation.  
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10.5 TRANSPORTATION  
Transportation of prefabricated panels, and volumetric modular sections is a major 
consideration due to restrictions on road width and height limitations. Special permits may be 
required for transportation purposes. As a result, there are economic and logistic restrictions on 
distance over which prefabricated elements can be shipped. When considering prefabrication, 
one should consider the location to understand the necessary logistics of transportation.  

There are provincial/territorial/municipal regulations governing transportation-related issues, 
such as maximum load weight, dimensions, licensing of transporter and permits. Some 
examples of the Normal shipping, oversized and super loads are noted in Table 1. 

Table 1 Routine permit limits for oversized loads 

Province  Width  Height Length  Notes 

BC  14'6" 15'6" 101' In some cases, up to 16' wide 
depending on the route 

AB Depends on route and load 17'  Depends Heights route dependent 

SK No set maximums - depends on load and routes 

MN 15'  15'  98'6"   

ON 16' 16' 131'   

QC 16' 16' 131'   

NB 16'4"  16' 100'   

NS 18'  15' 8"  100'   

YK No set maximums - depends on load and routes 
Notes:  
Height - Includes truck deck height make sure to deduct from overall component or module height. 
Length - Includes tractor length make sure to deduct from total component or module length. 
Supersized shipping is specific to the region, check ahead as will depend on provincial regulations and route logistics.  
Source: http://www.heavyhaultrucking.co/canada-oversize-permits/ 

10.6 INSTALLATION AND SITE PROCEDURES 
Installation of the completed components requires extensive coordination with the site works. 
Most of the steps to be taken will have been defined during the preconstruction process, as 
described in Section 10.3. Inevitably, other activities at the site might create conflicts that will 
require additional attention just prior to assembly. These typically include: 

 Sufficient oversight to ensure the foundation system is constructed to tolerances that match 
the components constructed offsite. 

 Sufficient space on site to stage and deliver completed components or modules.  
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 Suitable crane capacity is available. If a mobile crane is required, there is sufficient space to 
pick and place the components. This is especially critical when modular components are 
installed to ensure the crane has enough reach to set the modules into place properly.  

 A crane rigging strategy to ensure the components are not damaged or distorted during 
installation.  

 A weather protection strategy for components that would be affected by adverse weather 
during installation and prior to final envelope close up. For closed wall panels and modular, 
a temporary roofing system should be included to minimize potential damage and rework. 

 Particular attention should be paid to the building envelope to ensure that the modules allow 
for crane rigging (installation and removal), that all fire blocking is included, and that the 
modules finished size is consistent. Some manufacturers suggest allowing ½ in to ¼ in 
tolerance in installation for each module. Though the exterior finishes can be field installed, it 
is very difficult to cover up or hide modules that are not consistent in size and shape. In 
addition, installation information on items such as ensuring continuity of the vapor barrier 
should also be provided. 

10.7 CERTIFICATION STANDARDS 
All construction must conform to pertinent requirements of the relevant national or provincial 
building codes and local amendments. Building occupancy and size dictate the relevant parts of 
National Building Code of Canada (NBCC) or local building codes with which the prefabricated 
or modular buildings must comply. In addition, manufacturing and construction of factory-built 
houses must also comply with the following CSA Standards in Canada: 

 CAN/CSA Z240 MH Series -09 Manufactured Homes ; and 

 CAN/CSA A277-08 Procedure for Factory Certification of Buildings. 

10.7.1 CAN/CSA Z240 MH Series-09 - Manufactured Homes 
This standard specifies general requirements for manufactured homes and as such is not 
typically applicable for Midrise construction (Part 3) buildings. Worth noting is this standard 
includes quality requirements and requirements on equivalency of performance, interior 
marking, and provision of printed instructions. These are practices that would be valuable to 
have when prefabrication is utilized for mid-rise construction, even though it is not a regulatory 
requirement. Steps are being taken to expand the scope of this standard so that it can be 
applied to other types of construction. 

CAN/CSA Z240 MH Series-09 consists of the following parts: 

 Z240.0.1-09 General requirements for manufactured homes; 

 Z240.1.1-09 Vehicular requirements for manufactured homes; 

 Z240.2.1-09 Structural requirements for manufactured homes; 
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 Z240.4.1-09 Installation requirements for gas-burning appliances in manufactured homes; 

 Z240.5.1-09 Installation requirements for oil-fired appliances in manufactured homes; 

 Z240.9.1-09 Load calculation and duct design requirements for heating and cooling of 
manufactured homes; and 

 Z240.10.1-08 Site preparation, foundation and anchorage of manufactured homes. 

NBCC 2010 Part 9 has code references to CAN/CSA standards Z240.2.1-09 and Z240.10.1-08 
in the body of the code. Z240.2.1-09 sets specific structural requirements for manufactured 
homes, as they must be moved over roads—an issue not addressed in NBCC. There is 
guidance in Division A of the NBCC in Appendix A: Explanatory Material Clause A-1.1.1.1.(2) 
with regard to Z240 MH series. As CAN/CSA Z240 MH series is mentioned in an appendix note, 
a reference is included in Table A-1.3.1.2.(1). 

10.7.2 CAN/CSA A277-08 Procedure for Factory Certification of 
Buildings 

This Standard specifies an approved in-factory certification procedure, applicable to 
manufactured buildings, modular buildings, and components for panelized buildings, that 
complements required on-site inspections and testing. It specifies requirements for 
(a) certification of the factory quality program; (b) certification of the built product; (c) auditing of 
the factory quality program; and (d) in-factory inspection of the built product. 

CAN/CSA A277 describes a factory certification procedure that defines the requirements for 
certification of the factory quality program and the product built, auditing of the program and 
inspection of the product in accordance with relevant standards and codes.  

NBCC applies the same requirements to site-built and factory-built buildings. A factory-
constructed building must be inspected in the factory for compliance with the Code, since the 
assemblies are closed in so the components cannot be inspected at the building site. For 
residential, commercial and industrial buildings, CAN/CSA A277 provides a procedure whereby 
an independent certification agency can review the quality control procedures of a factory and 
make periodic, unannounced inspections of its products at the factory. 

10.7.3 Qualification of Manufactured Buildings (Modular) 
All factory-built buildings and components must be labelled before they leave the factory. The 
label identifies to the municipal building officials that the buildings and components are 
manufactured in accordance with the appropriate code and standards. The officials need only to 
inspect the work done on site. In the case of mid-rise construction, this information (if provided) 
can be checked by the engineer of record. 
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For manufactured (mobile) homes built to the CAN/CSA Z240 standard, the label will bear the 
CSA-Z240 label. All others will bear the CAN/CSA A277 labels. The Specification Name Plate, 
referred to as a data sheet, is usually attached to the building. The label lists the manufacturer, 
model, serial number of the building and the CSA standard mark. Additional information, such 
as year of manufacture, ground snow and roof design load, thermal resistance of insulation, list 
of appliances installed in the factory, electrical rating and applicable building code, may be 
found on the certification label. This information is required for modular housing as the building 
may be moved and re-located to a jurisdiction that differs from the original location. 

10.7.4 CAN/CSA A277-015 Procedure for Certification of 
Prefabricated Buildings, Modules and Panels 

Developed with the active participation of the panelization industry, CAN/CSA A277 will be 
updated to meet the anticipated challenges of mid-rise wood-frame construction. Specifically, 
the procedure for the certification of prefabricated buildings, modules and panels has been 
completely revised and will be incorporated into the next edition of the standard, which is 
scheduled for publication in 2015.  

The changes clarify that the standard applies to all forms of prefabricated systems, including 
panelized construction, and buildings of all occupancies. They will focus on compliance 
markings, such as labels, stamps and specification sheets, to identify factory-produced panel 
products. There will be additional requirements for markings to identify the design of wind and 
seismic loads, mostly for manufactured homes, and for sections and panels. 

Specification sheets will be extensive, with information pertaining to the manufacturer, design 
information and specifications. If a factory-constructed panel bears the label of an accredited 
certification agency indicating compliance with CAN/CSA A277 requirements, the accepting 
authority will have assurance that the concealed components are acceptable, without requiring 
re-inspection on site. There is also additional information and instructions for installing 
connections of prefabricated buildings, modules and panels which must be inspected on site. 

10.8 SUMMARY 
The Canadian panelization sector has excellent growth potential. The sector has reinvented 
itself through the adoption and incorporation of advanced software as well as investments in 
automated machinery for the manufacturing process. With the adoption of mid-rise wood-frame 
construction across Canada and the need for higher quality requirements, the 
prefabricated/panelized building system approach that utilizes the latest in computerized design, 
precision machining tools and automated fabrication, coupled with certification and in-plant 
quality control, is best positioned to meet the challenge. It is now an accepted fact in Europe 
that high-quality, energy-efficiency wood buildings can be consistently achieved through factory-
built construction, especially with sophisticated automation technologies in manufacturing. This 
Chapter provides information that designers and developers can consider to take advantage of 
prefabrication to reduce costs yet deliver a high quality mid-rise building. 
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