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SUMMARY

This report describes the progress achieved in the last year of Forintek's project on the development of fire 
endurance models for wood-stud walls. This work was conducted for the Canadian Forest Service under 
contract with Supply and Services Canada.

Research culminating in the development of models to predict the thermal and structural response of gypsum- 
board / wood-stud wall assemblies exposed to fire is summarized. The thermal and structural models have been 
coupled to provide a fire endurance model for wood-stud walls.
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1.0 OBJECTIVES

1.1 Program Objectives

To develop and validate mathematical models and design tools for the prediction of the fire resistance of 
wood-frame assemblies. *

1.2 1994/95 Goals

To incorporate AF&PA’s heat transfer model for wood studs into Forintek’s model predicting heat 
transfer through gypsum-board / wood-stud wall assemblies exposed to fire.

To develop a model to predict the structural response of wood studs exposed to fire and couple it with the 
heat transfer model to produce a fire endurance model for wood-stud walls.

To revise the algorithm for heat transfer across an air cavity in walls for use in floors.

To develop an algorithm for heat transfer through insulated cavities.

To convert the models into user-friendly design tools.

To employ the models to develop input data for Forintek’s project on fire risk assessment.

To promote the fire endurance program by preparing papers for presentation at conferences.

To participate in codes and standards activities related to fire endurance testing and modelling of wood 
construction assemblies.

To coordinate Forintek’s fire endurance program with the overall fire endurance efforts of the North 
American wood industry.

2.0 INTRODUCTION

To inhibit the spread of fire and prevent premature collapse, building codes require that fire separations 
and structural elements of buildings exhibit minimum fire-resistance ratings. While the traditional method 
for demonstrating a building element satisfies these requirements relies on fire tests, mathematical models 
are beginning to provide a more flexible and cost-effective alternative.

In response to initiatives taken by manufacturers of steel and concrete building products to prepare for the 
introduction of performance-based building codes, the North American Wood Products Fire Research 
Consortium (NAWPFRC) identified the development of fire endurance models for wood-frame assemblies 
as a high priority in 1988. The long range goal was to develop a sound understanding of the performance 
of wood structures exposed to fire and to demonstrate how fire-safe design could be accomplished. It 
would then be possible to assure that traditional markets for wood were protected from erosion by 
competing products. It would also be possible to propose extensions in the use of wood products into 
new markets where they could be demonstrated to perform adequately.
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Under the auspices of NAWPFRC, Forintek agreed to play a major role in the development of fire 
endurance models for wood-frame assemblies. Wood-stud walls were to be the first assemblies 
addressed. Forintek commenced activity in this project in 1998/89.

During 1991/92, Forestry Canada requested Forintek’s assistance in an initiative to permit construction of 
three-storey wooden apartment buildings in Japan. The initiative had met with some resistance within 
Japan. To realize a market expansion for Canadian wood products, it was recognized that there was a 
need to counsel the Japanese in revising their building regulations so that such buildings could be 
constructed not only in a fire-safe manner, but also in a cost-effective manner. An opportunity for getting 
this message across was provided by participating in meetings of the Japan-Canada-U.S.A. Building 
Experts Committee.

1994/95 was the seventh year in what was originally planned as a five-year project. As Forintek’s role in 
the Japanese initiative was not initially anticipated, the original work plan was revised in 1991/92 to 
include it and the project duration extended to six years. During the spring of 1993, Dr. Mehaffey 
reported to Forintek’s Western Laboratory. An agreement was struck with UBC whereby he assumed a 
position as Associate Professor in UBC’s new Fire Protection Engineering Program while continuing his 
duties as project manager of this project. The arrangement opened up possibilities for collaboration and 
technology transfer which would benefit both Forintek and UBC. It did, however, cause a delay in 
delivering a finished product so the project duration was extended until the end of 1994/95. In March 
1994, Dr. Hisa Takeda joined Forintek (Ottawa) as a fire endurance scientist to aid in completing the 
projective objectives.

This report provides an brief overview of work conducted in the project since its inception. It concludes 
with an introduction to Forintek’s fire endurance model for wood-stud walls.

Funding for the project has been provided under contract with Supply and Services Canada on behalf of 
Forestry Canada.

3.0 STAFF

J.R. Mehaffey Project Leader 
Research Scientist

H. Takeda Research Scientist

L.R. Richardson Research Scientist

J.-C. Havard Department Manager (Apr-Nov)

H.W. Gribble Department Manager (Nov-Mar)

B. McCuaig Department Secretary

A. Stewart Graphics Department

C. Wright Co-op Student

E. Halbig Co-op Student
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4.0 WORKPLAN

During the year, the following tasks were to be accomplished:

Incorporate a new algorithm to predict heat transfer through wood studs under development at AF&PA 
into Forintek’s heat transfer model for gypsum-board / wood-stud walls.

Finalize the model to predict the structural response of wood studs exposed to fire. Couple the heat 
transfer and structural models to produce a fire endurance model for wood-stud walls.

Revise the algorithm for heat transfer across an air cavity in walls to be relevant for wood-joist and 
wood-truss floors.

Develop an algorithm for heat transfer through cavities insulated with mineral wool and glass fibre. The 
algorithm will be incorporated into the fire endurance model for walls.

Convert the models into design tools for the prediction of the fire resistance of wood-frame assemblies.

Use the fire endurance models to develop input data for Forintek’s project on fire risk assessment.

Prepare a proposal for a four-year project on the fire endurance of wood-frame floor/ceiling assemblies.

Write a paper introducing Forintek’s fire endurance models for publication in Fire and Materials.

Prepare technical papers for presentation at the Wood Industry Fire Modelling Meeting (Ottawa, June), 
and Firesafety Frontier ’94, (Tokyo, October).

Coordinate research conducted at Forintek with the overall fire endurance research efforts of the North 
American Wood Industry.

Respond to requests related to the revision of Japanese building regulations to permit expanded markets 
for wood products.

To ensure technology transfer with codes and standards groups, contribute to deliberations related to 
testing and modelling of fire endurance of wood assemblies undertaken by the Standing Committee on 
Fire Performance Ratings (National Building Code of Canada), Underwriters’ Laboratories of Canada, 
ASTM E05, and the International Organization for Standardization (ISO) TC92.

5.0 RESULTS AND DISCUSSION

5.1 Mathematical Modelling

In 1990/91, the facilities of the National Research Council were employed to measure the thermophysical 
properties of gypsum board and to conduct 4 small-scale and 2 full-scale fire resistance tests on gypsum 
board / wood-stud walls. A heat transfer model to predict temperatures in gypsum board subjected to the 
fire resistance test was developed and validated.

In 1991/92, a paper, summarizing the above experiments and introducing the heat transfer model for 
gypsum board, was presented at and appeared in the Proceedings of a Fire and Materials Conference. A
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model to predict heat transfer across the cavity in a wood-stud wall was also developed. Comparisons 
between model predictions and the results of fire resistance tests indicated it was essential to develop a 
better treatment of water vapour generated during the dehydration of gypsum board.

In 1992/93, Forintek hired two co-op students, G. Carisse and P. Cuerrier, to assist in the project.
Models for heat transfer through gypsum board, across an air cavity and through wood studs were 
revised. Using the new component models, the first version of a model to predict heat transfer through 
walls was assembled. Model predictions for the temperature between exposed gypsum boards and studs 
agreed well with experiment; however, predicted temperatures on the unexposed side of the wall were 
low.

In 1993/94, a paper introducing the first version of Forintek’s heat transfer model for walls was presented 
at and appeared in the Proceedings of a Symposium on Computer Applications in Fire Protection 
Engineering. A more detailed version of the paper which appeared recently in Fire and Materials is 
included as Appendix I.

Also in 1993/94, Forintek hired two co-op students, P. Costanzo and E. Halbig, to assist in the project. 
Ms. Costanzo developed the second version of the model by introducing an improved description of 
radiative heat transfer across the cavity. This second version was found to yield good predictions for the 
time for insulative failure and the finish rating, but the rate of charring of the studs was overestimated.

Mr. Halbig developed a model to predict the deflection and eventual collapse of wood-stud walls exposed 
to fire. The model took into account the charring of studs, the reduction of strength properties of wood 
at elevated temperatures, and the eccentricity in load which develops as the studs undergo charring and 
deflection. The model predicted general features observed in fire resistance tests but further refinement 
was necessary before accurate predictions could be made.

In 1994/95, Drs. Mehaffey and Takeda met April 28 in Vancouver, June 14 in Ottawa, and November 18 
in Washington D.C. to coordinate activity in the project.

Drs. Mehaffey and Takeda presented papers at a meeting of the Fire Modelling Subcommittee of the 
North American Wood Products Fire Research Consortium (NAWPFRC) at Carleton University on June 
10 and 11, 1994. Dr. Mehaffey’s paper summarized progress in the project in 1993/94. Dr. Takeda’s 
paper introduced refinements he was developing to further improve the description of heat transfer in the 
cavity.

In 1994/95, Dr. Takeda developed a third version of the heat transfer model for gypsum-board / wood- 
stud walls exposed to fire. He introduced refinements which provide a better simulation of radiant heat 
transfer in the cavity, and mass transfer in the gypsum boards and wood studs. This third version was 
found to yield good predictions for the time for insulative failure, the finish rating and the rate of 
charring of the studs. Further development of the heat transfer model for walls is not necessary.

Also in 1994/95, Forintek hired a recent engineering graduate, C. Wright, to assist in the project. Mr. 
Wright had just completed a term position in the fire risk assessment project in Forintek’s Eastern 
Laboratory. Working under Dr. Mehaffey, he converted Forintek’s heat transfer model for gypsum- 
board / wood-stud walls into a boundary element model for the risk assessment project.

The gypsum industry is showing interest in Forintek’s model for gypsum-board / wood-stud walls. Dr.
P. Shipp of USG provided data on the variability of the properties of fire-rated gypsum board. The data 
were needed to develop the boundary element model.
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Mr. Wright completely reworked Forintek’s structural model for predicting the deflection and eventual 
collapse of wood-stud walls exposed to fire. In addition, he coupled the new structural model to 
Forintek’s heat transfer model generating a fire endurance model. A comparison of model predictions 
and the results of fire tests indicates that the fire endurance model does a good job of predicting both the 
thermal and structural response of wood-stud walls exposed to fire.

Mr. E. Saponaro, a fourth year student in chemical engineering at UBC chose to write his under-graduate 
thesis under Dr. Mehaffey’s supervision. He developed an algorithm to describe heat transfer through a 
cavity containing mineral-wool or glass-fibre insulation. The algorithm has been included in Forintek’s 
heat transfer model for gypsum-board / wood-stud walls but has yet to fully validated due to a shortage of 
test data.

5.2 Japanese Initiative

Over the last few years, the Council of Forest Industries (COFI) and the federal government have jointly 
participated in initiatives to foster construction of three-storey wooden apartment buildings in Japan. If 
successful, this could yield a significant market expansion for Canadian wood products. To ensure this 
market opportunity is realized, there is a need to counsel the Japanese in revising their building 
regulations so that such buildings can be constructed not only in a fire-safe manner, but also in a cost- 
effective manner. To assist in this process, J.R. Mehaffey was appointed to the Japan-Canada-U.S.A. 
Building Experts Committee.

During 1991/92, Forintek scientists participated in a test program conducted by the Building Research 
Institute (BRI) in Japan. Seismic and fire tests were conducted on a full-scale three-storey wood-frame 
apartment building to generate data on the spread and severity of fires in such buildings, and as a 
demonstration of the integrity of proposed legislation to permit construction of such buildings in Japan.
In addition, Forintek scientists participated in meetings of the Building Experts Committee.

During 1992/93, Forintek scientists continued to work with COFI as the Japanese revised their building 
regulations related to three-storey wooden apartment buildings. Assistance was provided on the design of 
wooden structures for fire resistance and the fire performance of North American gypsum board.

During 1994/95, Dr. Mehaffey was invited to participate in three meetings in Japan:

1. He was selected as Canada’s representative on Japan’s SOPRO Committee. The Committee is 
harmonizing Japanese fire-test methods with ISO standards and revising Japanese building 
regulations to reflect fire safety engineering principles. Due to a death in the family, he was 
unable to attend the first Committee meeting on September 28.

2. He presented a paper entitled "Fire Protection Engineering - Employing Scientific Principles to 
Design for Firesafety" at a Seminar on Improved Firesafety Systems in Developing Countries. 
The Seminar was convened by the United Nations Center for Regional Development in Tokyo 
on October 17. The paper is included as Appendix II.

3. He presented a paper entitled "Risk o f conflagration involving wood buildings after an 
earthquake" at Firesafety Frontier ’94 in Tokyo October 18-22. The paper, co-authored with 
L.R. Richardson, is included as Appendix III.
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Dr. Hasemi of BRI wrote to the Canadian Embassy (Tokyo) on behalf of the SOPRO Committee. The 
Committee expressed interest in the initiative to introduce the concept of degrees of combustibility into 
the National Building Code of Canada. As Canada’s representative on SOPRO, Dr. Mehaffey prepared a 
brief status report on the initiative on behalf of the Embassy.

A tour of Forintek’s Western Laboratory was organized for a Japanese Mutual Recognition Mission for 
the afternoon of August 22 by Dr. Mehaffey. The Mission was exploring the possibility of authorizing 
Canadian testing laboratories to conduct Japanese standard tests. The purpose of the visit to Forintek was 
to demonstrate that Forintek generates fundamental knowledge to 
address the safe use of wood products in Canada and abroad.

As a follow-up to the Mutual Recognition initiative, members of the Fire Window’s Association (Japan) 
visited Dr. Mehaffey on February 22. Their primary purpose was to learn how Canadian building 
regulations impact on the use of fire doors and fire-rated windows.

Plans have been made to have Dr. Mehaffey visit the site of the Kobe earthquake and conflagrations in 
April 1995.

5.3 Technology Transfer

During the year, efforts were taken to assure that the project addressed well-defined market access needs 
of the Canadian wood industry. To this end, several meetings were held with staff of the Canadian Wood 
Council and presentations were made to Forintek’s Board of Directors in April 1994 and to Forintek’s 
Technical Advisory Committee on Building Systems in January 1995.

On November 18, H. Takeda, J.R. Mehaffey and L.R. Richardson participated in a meeting of North 
American wood industry fire modellers at the offices of AF&PA in Washington, D.C. The meeting was 
called to coordinate the industry’s fire research programs. In particular, long-range plans for the wood 
industry’s research on fire resistance were drafted. Forintek scientists agreed to continue to play a major 
role in this initiative.

Direct participation in codes and standards writing activities provides for two-way technology transfer 
between Forintek and codes and standards writing bodies. In particular, it provides an avenue for 
adoption of fire endurance models under development by Forintek. The codes and standards activities 
reported in this section were conducted under Forintek’s project on Codes and Standards. They are being 
reported here to demonstrate how the research conducted in the project on Fire Endurance, although is 
yielding significant technology transfer benefits.

Dr. Mehaffey is a member of the newly formed Timber Subcommittee of the ASCE (American Society of 
Civil Engineering) Committee on Structural Design for Fire Conditions. The ASCE Committee is writing 
a consensus standard on fire resistance design methods for steel, concrete and timber construction. A 
Chapter is to be written by the Timber Subcommittee on "Standard Calculation Methods for Fire 
Resistant Timber and Wood Assemblies".

Dr. Mehaffey is active in the development of international fire test and fire modelling standards as a 
member of both ASTM E05 on Fire Standards and the Canadian Advisory Committee for ISO/TC92 on 
Fire Tests. He has been appointed convenor of an ISO working group which will provide guidance on 
the use of engineering methods (such as Forintek’s fire endurance model) for the prediction of fire spread 
beyond the room of fire origin.
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Dr. Mehaffey has accepted an invitation to continue to serve on the Standing Committee on Fire 
Performance Ratings (SCFPR) which is responsible for Chapter 2 of the Supplement to the National 
Building Code of Canada. This chapter has a major impact on the use of wood-based building systems.

5.4 Related Developments

On May 5, Dr. Mehaffey reported to Forintek’s Western Laboratory. An agreement had been struck 
with UBC whereby he assumed a position as Associate Professor in UBC’s new Fire Protection 
Engineering Program while continuing his duties as project manager of this project. The arrangement 
opens up possibilities for collaboration and technology transfer which will benefit both Forintek and UBC.

Dr. Mehaffey is a member of P. Lau’s Ph.D. Committee. To meet the requirements for his Ph.D. at 
UBC, Mr. Lau, an employee of Forintek, is generating data on the strength properties of wood at 
elevated temperatures: data which is needed for Forintek’s fire endurance project. During 1994/95, Dr. 
Mehaffey participated in the Ph.D. Comprehensive Examination of P. Lau on April 25, and in meetings 
of the Committee on November 10 and March 24.

Dr. Mehaffey was the UBC Faculty Advisor to Dave Tomas. Mr. Tomas, a co-op student in Civil 
Engineering, spent the summer of 1994 working with Protection Engineering, a local fire protection 
engineering firm. His report was on firestopping gypsum-board / wood-frame assemblies penetrated by 
building services. The subject is of concern to Protection Engineering for fire-rated assemblies in both 
new construction projects and renovations. The report demonstrated that acceptable firestopping is 
possible using existing technology.

In 1993/94 and 1994/95, Dr. Mehaffey presented three lectures to practising architects and professional 
engineers enrolled in UBC’s Certified Professional Program. Graduates of the Program qualify for fast- 
tracking of the building permit process in B.C. The first two lectures entitled "Characteristics of Fire" 
and "Relative Fire Behaviour of Materials and Structures" stressed performance-based design and 
encourage equitable treatment of all building materials. The third lecture was entitled "Principles of Safe 
Egress from Buildings".

Finally, Germany is considering relaxations in building regulations to permit for a wider use of structural 
wood elements. To assure themselves that the proposed regulations are sound, a series of full-scale fire 
tests are being planned. Dr. Mehaffey discussed the proposed tests with Dr. Dobbemack (Universitàt 
Braunschweig) during ISO/TC92/SC4 meetings in May 1994 and March 1995, and with Prof. Becker 
during the Fourth International Symposium on Fire Safety Science in June 1994.

6.0 CONCLUSIONS

This final report summarizes the progress achieved in Forintek’s project on the development of fire 
endurance models for wood-stud walls. Models have been generated to predict the thermal and structural 
response of gypsum-board / wood-stud walls exposed to fire. The thermal and structural models have 
been coupled to provide a fire endurance model for wood-stud walls.

The fire endurance model does a good job of predicting both the thermal and structural response of wood- 
stud walls exposed to fire. Of course, refinements can still be made. For example, when it has been 
completed, the AF&PA model for heat transfer through wood can be incorporated into Forintek’s model.
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Furthermore, when test data are available, the heat transfer model for insulated cavities can be further 
developed.

Efforts are being taken to promote the model. A paper will be written for publication in Fire and 
Materials. Abstracts have been submitted to the organizing Committees of two Conferences:

1. La Journée des Eléments Finis, May 12, 1995, Québec (see Appendix IV), (paper has been 
accepted), and

2. Society of Fire Protection Engineers Conference, Orlando, September 1995 (see Appendix V).

This then completes Forintek’s project on fire endurance models for wood-studs walls. A new project on 
floor/ceiling assemblies is commencing in 1995/96.
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FIRE AND MATERIALS, VOL. 18, 297-305 (1994)

A Model for Predicting Heat Transfer through 
Gypsum-Board/Wood-Stud Walls Exposed to Fire

J. R. Mehaffey, P. Cuerrier and G. Carisse
Forintek Canada Corp., 2665 East Mall, Vancouver, Canada V6T 1W5

To facilitate the development of cost-effective and flexible design options there is a need to develop models to predict 
the fire resistance of wood-frame building assemblies. Such assemblies often derive much of their fire resistance from a 
protective membrane composed of gypsum board. A simple two-dimensional computer model is presented to predict 
heat transfer through gypsum-board/wood-stud walls exposed to fire. Input data for the thermophysical properties of 
gypsum board were measured exploying standard bench-scale tests. Input data for wood were selected from the 
literature. Small- and full-scale fire resistance tests were conducted on gypsum-board/wood-stud wall assemblies 
to provide data for the validation of the modeL The model is shown to predict heat transfer through these walls 
rather well.

INTRODUCTION

To inhibit the spread of fire and prevent premature 
collapse, building codes require fire separations and 
structural elements in buildings exhibit fire-resistance 
ratings exceeding prescribed values. While the current 
practice for demonstrating that a building element com
plies with these requirements is based on fire testing, 
simple calculation methods for estimating fire resistance 
ratings are also permitted.1 Mathematical (computer) 
models offer an even more flexible and cost-effective 
alternative.

This paper summarizes progress in the development of 
a simple two-dimensional model to predict the fire resist
ance of wood-stud walls protected by gypsum board.2 
Model development is shown to have advanced to the 
point that predictions for finish ratings, for the time to 
onset of charring of the studs and for the time to failure of 
the assembly (due to heat transmission), are in good 
agreement with the results of small- and full-scale fire 
resistance tests.

Plans to introduce refinements in the description of 
wood studs and cavity are also discussed as are those to 
couple the model with structural models to address 
additional fire performance attributes, such as the ope
ning of joints and structural performance.

GYPSUM BOARD

Fire performance

As a first step in developing a mathematical model for the 
fire resistance of a gypsum-board/wood-stud wall assem
bly it was necessary to develop a model to describe heat 
transfer across the exposed gypsum board membrane. 
Gypsum board is a sheet product consisting of a non- 
combustible core, which is primarily gypsum, with paper- 
laminated surfaces. Type X gypsum board has a specially 
formulated core that provides greater fire resistance than 
regular gypsum board of the same thickness.3-4 Type C 
board is reputed to exhibit even better fire performance.

Until 1991 the Canadian standard3 required that the 
density of gypsum board be not less than 616 k g m '3. In 
the 1991 version of the standard,4 however, minimum 
density specifications were removed to foster ‘harmoniz
ation’ with American standards. Such changes are not of 
practical significance for fire-rated (Types X and C) 
boards as these must demonstrate minimum fire 
performance.3,4 It has been argued, however, that reduc
tions in density may result in poorer fire performance of 
non-rated (regular) gypsum boards. This raises concern 
because regular boards are often employed in fire-rated 
assemblies in Canada by use of the Component Additive 
Method.5 Models such as the one presented here can shed 
light on issues such as these.

Gypsum, the primary component of the core of gypsum 
board, is calcium sulphate dihydrate, CaS04-2H20 , a 
crystalline mineral that contains about 21% by weight 
chemically combined water. In addition, gypsum usually 
contains a small amount of absorbed free water.

As gypsum is heated to temperatures in excess of 80°C 
it begins to undergo a thermal degradation process 
known as calcination, in which the chemically combined 
water dissociates from the crystal lattice.6 The chemical 
equation for this process is

CaS04■ 2H20 ---- ► CaS04• l/2H 20  + 3/2H20  (1)
Calcium sulphate hemihydrate (CaS04 • 1 /2 H20) is com
monly known as plaster of Paris. The energy absorbed in 
the process is 100 kJ per kg of gypsum.7 By the time the 
specimen reaches a temperature of 125°C calcination is 
usually complete. Through continued heating, the re
maining water is released as the hemihydrate undergoes 
dehydration to form anhydrous calcium sulphate, 
CaS04.

Anhydrous calcium sulphate can also be produced 
directly from the dihydrate with the absorption of 
150 kJ k g '1 of gypsum. Of course, the water released will 
be in the form of steam. Under atmospheric conditions, 
the heat of vaporization of water is 2.26 MJ kg-1 of 
water. Assuming this value is relevant for water within 
gypsum and that gypsum is 21% by mass water, the 
energy absorbed in vaporizing the ‘water of dehydration’ 
is 475 kJ k g '1 of gypsum. Consequently, the heat ab
sorbed to dehydrate and vaporize water in converting
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CaS04 -2H20  to CaS04 is 150 + 475 = 625 kJ per kg of 
gypsum.

The chemically combined and free water in gypsum 
contribute significantly to the fire resistance of gypsum 
board. When the board is exposed to fire this water is 
released as steam in a process that requires the absorp
tion of a large quantity of heat. Heat transmission 
through gypsum is effectively retarded until calcination 
has been completed. Subsequently, liquid and vapor 
water must migrate through the board.

Thermophysical properties

To predict heat transfer through gypsum board it is 
necessary to know the board’s thermophysical properties. 
A literature review revealed wide variability in reported 
values of these properties.8 " 13 This may be due to the fact 
that the chemical formulation of the core of gypsum 
board varies from one manufacturer to another. For the 
purposes of this study tests were conducted at the 
National Research Council of Canada (NRCC) to deter
mine the thermophysical properties of two commercially 
available products:

a 12.7 mm in.) Type C board, and
a 15.9 mm (f in.) Type X board.

For each board, the temperature dependence of mass, 
apparent specific heat, thermal expansion (contraction) 
and thermal conductivity were determined.

Density (mass)

Figure 1 . Mass (density) as a function of temperature for gypsum 
board (Type X—solid line: Type C—dashed line) and for wood 
(dotted line).

The density of the 12.7 mm Type C board was 
732 kg m “ 3 (or 1900 lb per 1000 ft2 of surface) and that of 
the 15.9 mm Type X board 648 kgm~3 (or 2100 lb per 
1000 ft2 of surface). Changes in mass of small specimens 
(10-30 mg) with those in temperature were determined 
using thermogravimetric analysis. Specimens were condi
tioned at 40°C for 24 h in an attempt to drive off free 
moisture.14 It was found that only 0.5% of their mass was 
lost in this manner. They were subsequently tested in a 
thermogravimetric analyser at a scanning rate of 
20°C min-1.

The results of the analysis for the two boards are shown 
in Fig. 1. Between 100°C and 160°C the cores of both 
boards lost about 17.5% of their mass as water of 
crystallization and remaining free water were driven off in 
the form of steam. If a lower scanning rate had been 
employed, this mass loss would have occurred at lower 
temperatures. The cause of the mass loss at 650°C is not 
known by the authors.

Apparent specific heat

The apparent specific heat, Cp, of small specimens 
(10-30 mg) was determined employing differential scan
ning calorimetry. Specimens were conditioned at 40°C for 
24 h to drive off free moisture.14 They were then tested in 
a differential scanning calorimeter at scanning rates of 2 
and 20°Cmin~1. In a fire resistance test, the rate of 
heating of gypsum at most depths in the specimen would 
fall between 2 and 20°Cmin~1.

Figure 2. Apparent specific heat as a function of temperature for 
gypsum board (Type X— solid line: Type C— dashed line).

The results of the analysis for the two boards are shown 
in Fig. 2 for temperatures up to 200°C. For temperatures 
below the dehydration range, the specific heat of the 
boards was found to be 950 J (kg °C)~ ‘.

Large peaks appeared in the curves as a result of the 
dehydration of gypsum. Again, it should be noted that as 
lower scanning rates are employed, the peaks move to 
lower temperatures. The area under the peak in these 
curves is the energy required to drive the water of 
crystallization and any remaining free water from 
gypsum. Averaging these values from the four peaks 
yields a value of 500 kJ kg - ‘.

Combining the results of the thermogravimetric ana
lysis and differential scanning calorimetry it is found that 
at 20°C, 3.4% of the mass of the gypsum specimens is free 
water and 14.6% is water of crystallization. This suggests 
that the core of the boards is about 14.6/21.0 x 100% 
= 69.5% pure gypsum. (In Canada, the core of a gypsum 
board must contain not less than 65% gypsum.3,4).

In the differential scanning calorimeter, once the water 
of crystallization and free water have been vaporized, 
they quickly escape from the specimen due to the small 
specimen size. Since this does not happen in the larger 
samples encountered in fire resistance tests, the contribu
tion of the vaporized water of crystallization and free 
water must be added to the curves in Fig. 2. For the
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temperature range of interest in this papier this contribu
tion is assumed to be 2.1 kJ(kg °C)~‘ of water vapour.15

Enthalpy

An enthalpy formulation for heat transfer is presented in 
this papier. The enthalpy of gypsum board is given by the 
area under the apparent specific heat versus temperature 
curve:

H(r)=JJcp(r)dr (2)

where H(T) is the enthalpy in Jk g -1 at temperature T, 
CP(T ) is the apparent specific heat at temperature T,  T  
is the dummy variable of integration, and T, is the 
ambient (or reference) tempierature. In this expression, Cp 
is understood to include the contribution due to water 
vapiour discussed above.

The relationship between gypsum board’s enthalpy 
and tempierature as employed in this papier is given in 
Fig. 3. In deriving this relationship it has been assumed 
that the water of crystallization and free water are 
completely vaporized in the temperature range 
100-120°C and the resulting water vapour does not 
migrate.

Thermal conductivity

The thermal conductivities of the two gypsum boards 
were determined employing a commercially available 
thermal conductivity meter. Results of the measurements 
are presented in Fig. 4 along with those generated pre
viously for a Type C board at the NRCC employing a 
custom-built thermal conductivity apparatus.10

Because steady-state methods were employed to deter
mine thermal conductivities, the experimental results 
plotted in Fig. 4 are for ‘dehydrated board’. When pre
sent, water vapour increases heat transfer by augmenting 
thermal conductivity and by convection (mass transfer). 
These effects depend on the pressure and concentration of 
vapour in the board and the porosity of the board, neither 
of which are addressed in this paper. Furthermore, during 
testing, a lead weight was placed on the specimen to hold 
it in place. At temperatures above 500°C the weight

Figure 3. Enthalpy as a function of temperature for gypsum board 
(solid line) and for wood (dashed line).

Figure 4. Thermal conductivity as a function of temperature for 
gypsum board (solid line) and for wood (dashed line). Symbols are 
measured values for gypsum board: diamonds— Type X; triangles— 
Type C; and crosses Type C from reference 10.

caused some crushing of the specimen, preventing devel
opment of fissures and the resultant radiative heat trans
fer through them. The effects of water vapour and radia
tive heat transfer were treated empirically in this study 
and are lumped into an effective thermal conductivity. 
The solid curve in Fig. 4 was found to give good predic
tions for all tests employed in model validation.

Expansion/contraction

Figure 5 depicts the temperature dependence of the 
shrinkage of the two gypsum board cores as determined 
by NRCC. The Type C core experienced less shrinkage 
than the Type X core throughout the temperature range 
studied. In addition to shrinkage of the core, the thickness 
of the board is also reduced when the paper laminates on 
each side (with a combined thickness of about 1 mm) are 
consumed in the temperature range 200-350°C. To 
model heat transfer properly it is important to account 
for these significant reductions in thickness. In this study 
the combined effects of core shrinkage and paper burn-off 
are accounted for by assuming that board thickness 
varies with temperature as indicated in Fig. 5.

For both boards, shrinkage becomes significant at high 
temperatures. It is responsible for the development of 
fissures in the boards as well as for opening of joints 
between boards in full-scale test specimens, both of which 
may have a profound influence upon heat transfer 
through an assembly. These latter effects have not yet 
been incorporated into the model presented in this paper.

WOOD STUDS

Fire performance

Gypsum board protects the wood studs in a wall exposed 
to fire for a significant period of time. Eventually, how
ever the studs become heated. When the temperature of
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Temperature (°C)

Figure 5. Expansion (contraction) as a function of temperature for 
gypsum board (Type X—solid line: Type C—dashed line).

wood reaches about 100°C, free moisture contained 
within its cellular structure is vaporized. At higher tem
peratures, in the range 200-350°C, wood undergoes 
pyrolysis, a thermal degradation process in which wood is 
decomposed into volatiles and char. A layer of char 
begins to form on the side of the stud in contact with the 
fire-exposed gypsum board and on the sides in contact 
with the air cavity in the wall. Then the char layer begins 
to advance through the stud. The temperature at the 
interface between char and wood is generally assumed to 
be 288°C.16

Thermophysical properties

Modelling heat transfer and charring in wood is a 
complex task.16 It is rendered all the more difficult 
because values reported in the literature for the thermo
physical properties of wood and the kinetic parameters 
governing pyrolysis exhibit wide variability. As a conse
quence, a simple provisional model is put forth in this 
paper. The input data employed in the model are de
scribed in the next few sections.

Mass (density)

The wood studs employed in this study were of the species 
grouping SPF (spruce-pine-fir)17 and of Grade 2 (or 
better). SPF has a ‘green’ specific gravity of 0.40. (For 
wood products, ‘green’ specific gravity is defined in terms 
of its oven-dried mass and green volume.) When condi
tioned in accordance with fire resistance tests such as 
CAN/ULC-S10118 and ASTM El 19,19 the density of 
SPF can be assumed to be 470 kg m -3 with a free 
moisture content of 9.5%.20

Thermogravimetric analyses10' 21 of wood heated at 
5°Cmin_1, which is similar to the rate encountered in 
burning wood members, have shown the temperature 
dependence of wood’s mass (density) indicated in Fig. 1. 
The slow decrease in mass as temperature climbs to 
100°C results from the vaporization and migration of free 
water. Between 200°C and 350°C wood undergoes pyrol
ysis in which it is converted into char and volatiles. The

decrease in mass at higher temperatures results from char 
oxidation.

Apparent specific heat

In this study the treatment of the apparent specific heat of 
wood follows simple procedures employed for wood for 
some time now.21 The specific heat of oven-dried wood, 
Cw (J (kg °C) “ 1 ), is assumed to show some temperature 
dependence and, up to temperatures of 200°C, to be given 
by the expression22

Cw= 1110 + 4:27' (3)

where T is temperature in °C.
As with gypsum board, the specific heat of the free 

water in the wood is assumed to be 4190 J (kg°C)~‘, the 
heat required to vaporize it to be 2.26 M Jkg-1 and the 
specific heat of water vapour to be 2100 J(kg°C)_1.

Although controversy continues as to whether wood 
pyrolysis is endothermic or exothermic,21 in this study it 
is assumed to be endothermic and the heat of pyrolysis is 
assumed to be 370kJkg~l. Finally, the specific heat of 
wood is assumed to drop linearly from its value at 200°C 
to 690 J (kg°C)“ l at 350°C as the wood is converted to 
char.21 For temperatures above 350°C, the specific heat 
of char is assumed to remain at 690 J (kg °C) \  the value 
for charcoal.

Enthalpy

The relationship between the enthalpy of the wood studs 
and temperature was derived following the procedure 
used for gypsum board. The results are presented in 
Fig. 3. In deriving this relationship it was assumed that 
free water was vaporized in the temperature 
range 100-120°C and the resultant water vapour did not 
migrate.

Thermal conductivity

At room temperature, the thermal conductivity of wood, 
k (W(m °C)“ *), is given in terms of its specific gravity, S, 
at moisture content, M, as23

k = S x  (0.200 + 0.0404 x M) + 0.0238 (4)
Consequently, for SPF with S = 0.43 and M = 0.095, the 
room temperature thermal conductivity is k = 0.114W 
(m°C)_1. For higher temperatures the thermal conduct
ivity of wood (or char) was assumed to follow the 
relationship recommended in the literature21 and depic
ted in Fig. 4.

THE CAVITY

A simple description of heat transfer in the cavity is 
employed. Throughout the fire exposure the cavity is 
assumed to be filled with a grey gas formed of water 
vapour from the gypsum boards and studs, and soot from 
the wood studs and the paper on the gypsum boards. This 
gas is assumed to have a density of 1.206 kgm 3 and a
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specific heat of 1000 J (kg:C )"‘ throughout the temper
ature range of interest.24 A sensitivity analysis deter
mined that, because of the low 'thermal mass’ of the cavity 
gas, more precise values for these properties were not 
needed.

Heat is assumed to be transferred between the cavity 
gas and the gypsum boards and wood studs by both 
convection and radiation. The convective heat transfer 
coefficient was chosen to be 9.0 W (m2oC)_1, the value 
recommended for the unexposed side of assemblies ex
posed to standard fire resistance tests.25

Radiant energy leaving a solid surface is assumed to be 
first absorbed by the cavity gas and subsequently re
emitted to other surfaces. This assumption avoids the 
necessity of calculating view factors, an exercise which 
may become quite difficult for related assemblies such as 
protected wood-truss floor/ceilings. The cavity gas and 
solid surfaces (gypsum boards or wood studs) are as
sumed to be infinite parallel plates so that radiant heat 
transfer is governed by an effective emissivity.26 The 
emissivities of the cavity gas, wood studs and gypsum 
boards are all assumed to be 0.9.

MODEL DESCRIPTION

The enthalpy formulation

To ensure accurate predictions of the temperature his
tory within a gypsum-board/wood-stud wall exposed to 
fire it is necessary to develop a coupled heat and mass 
transfer model.27 However, as there are few data on the 
porosities, permeabilities and cellular structures of these 
two products, particularly at high temperatures, a de
tailed description of mass transfer has not been sought at 
this time. The heat transfer model proposed herein ac
counts for the heat absorbed in the dehydration of 
gypsum and wood, and the pyrolysis of wood, but does 
not attempt to account for mass transfer.

There have been several earlier attempts12-27,28 to 
develop a model for heat transfer through gypsum- 
board/wood-stud wall assemblies. Unlike these earlier 
models, the model presented in this paper is based on 
sound thermophysical data for gypsum board. It also 
introduces an enthalpy formulation, which considerably 
simplifies the modelling of the endothermic processes 
accompanying heat transfer in such assemblies.

Heat transfer through (hence the temperature distribu
tion within) the solid members (gypsum boards and wood 
studs) in the wall is governed by the two-dimensional 
partial differential equation:

PCuPdT/ôt = ô/ex[k dT/dx^+d/dy [kôT/ôy\+Q (5)
where T is the temperature (°C), p is the density (kg m “3), 
C, p is the ‘sensible’ specific heat (J(kg°C)_1), k is the 
thermal conductivity (W (m °C)“ 1 ), Q is the internal heat 
generation rate (Wm~3), t is time (s), and x and y are 
spatial co-ordinates (m). The description of heat transfer 
through the solid members is completed with the defini
tion of initial conditions and boundary conditions.

If a simple expression can be provided for Q, Eq. (5) can 
be solved using numerical methods to obtain the internal

temperature history within each member. In principle, it 
is possible to represent the heat generation (absorption) 
term Q for both the dehydration of gypsum and the 
pyrolysis of wood using an Arrhenius expression.27 How
ever, as the pre-exponential term and the activation 
energy for these two processes (particularly that for 
dehydration in gypsum board) are poorly known, an 
alternative approach has been employed.

When the heating of a solid is accompanied by a 
physicochemical change, the apparent specific heat meas
ured in differential scanning calorimetry can be written in 
the form10

CP = ClP — AHÔÇ/ÔT (6)
where CP is the apparent specific heat (J(kg °C)" 1 ), C, P is 
the ‘sensible’ specific heat (J (kg°C)_1), AH is the latent 
heat associated with the physicochemical change (J kg “ ‘), 
C is a reaction process variable ( 0 $ ( ^  1), and T is the 
temperature (°C). The term ÔÇ/ÔTin Eqn (6) is a measure 
of the degree of conversion of ‘products’ to ‘reactants’.

Substituting Eqn (6) into Eqn (2), the enthalpy can be 
expressed as

H (D  = J TC,p(T')dT' — AHK(7 ) - Ç(TJ] (7)

Using Eqn (7), an enthalpy versus temperature curve was 
developed for gypsum board by assuming that the heat 
required to vaporize the water of crystallization and free 
water is absorbed uniformly in the 100-120°C temper
ature interval (see Fig. 3). In a similar manner, an en
thalpy versus temperature curve was developed for wood 
by assuming the heat required to vaporize free water is 
absorbed in the 100-120°C temperature interval and the 
heat required to pyrolyse wood is absorbed in the temper
ature range 200-350°C (see Fig. 3). In addition, in devel
oping Fig. 3 the specific heat of wood is assumed to drop 
linearly from its value at 200°C to 690 J (kg°C)_1 at 
350°C as the wood is converted to char.

Differentiating Eqn (7) with respect to time and multi
plying by the density, the rate of change of enthalpy is 
found to satisfy the equation

pdH/dt = pCuPdT/dt-pAHdUdt  (8)
The last term in Eqn (8) is the internal heat generation 
rate; that is,

pAHdUet = Q (9)
Substituting Eqns (8) and (9) into Eqn (5), the rate of 
change of enthalpy is found to satisfy the equation

pdH/dt = d/dx Ik d T/êx] + d/ôy [kôT/dyl ( 10)

Equation (10) forms the basis of the model presented in 
this paper. Coupled with the enthalpy-temperature cur
ves in Fig. 3, this enthalpy formulation for heat transfer in 
the solid members of the assembly yields a more tractable 
treatment of internal heat generation (absorption) then 
does Eqn (5).

Equation ( 10) is solved subject to initial conditions and 
boundary conditions. The assembly is assumed to be 
initially at room temperature so that the initial conditions 
can be written

H(T:x. y.t =0) = 0
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and

7~(x, y ,t  = 0)=Ta ( 11)

The boundary conditions employed for simulating fire 
resistance tests are defined later in the paper.

The finite difference model

Figure 6 provides a cross-sectional view of a wood- 
stud/gypsum-board wall. Vertical wood studs, usually 
nominal 2 x 4’s (38 mm by 89 mm actual dimensions), 
form the backbone of the wall. They are typically spaced 
406.4 mm (16 in.) or 609.6 mm (24 in.) on centre. In this 
study, we consider symmetric walls in which both sides of 
the wood stud are protected by gypsum boards.

Heat transfer occurs primarily in the depth (x) and 
lateral (y) directions. Although convective currents in the 
furnace and cavity induce heat flow in the vertical (z) 
direction, the effect is of less significance and is ignored in 
the model.

Periodicity in the lateral (y) direction in the wall 
permits a further reduction in modelling complexity. 
Given our grey gas assumption within the cavity, there 
are two x-z planes through which there is no net heat 
transfer: one through the middle of the studs and the 
other through the middle of the cavity (see Fig. 6). Heat 
transfer in the lateral (y) direction need only be modelled 
between one set of these neighbouring x-z planes as 
depicted in Fig. 7.

A computer model has been written in Microsoft 
FORTRAN to solve the two-dimensional partial differ
ential equation presented in Eqn (10) within a segment of 
the wall section shown in Fig. 7. The numerical methods 
employed in writing the computer model are based on 
explicit finite-difference techniques.29 The nodes defined 
in the model are shown in Fig. 7 for a wall with one layer 
of 12.7 mm gypsum board affixed to each side of nominal 
2 x 4  studs spaced 406.4 mm on centre.

For all wall assemblies, the model sets the node spacing 
in the depth (x) direction at 3.175 mm ( | in.). In the lateral 
(y) direction the same spacing is employed within and 
near the studs where significant heat transfer in the y- 
direction can be expected. Within the gypsum board, ‘far’ 
from the studs, where lateral heat transfer is small, the 
spacing between nodes is increased to save on com
putation resources. Finally, the cavity is treated as a 
single node. For the 12.7 mm gypsum-board wall depic
ted in Fig. 7 there are 814 nodes. For a wall with two

Figure 6. A cross-sectional view of a typical wood-stud/gypsum- 
board wall.

Figure 7. Node positioning within the wall segment of interest. 
Gypsum board is assumed to be 12.7 mm thick.

layers of 15.9 mm(§ in.) gypsum board on studs 609.6 mm 
on centre 1690 nodes are generated by the model.

Simulations of fire resistance tests involving wood- 
stud/gypsum-board walls were undertaken using the 
model on an IBM-compatible 486 personal computer. To 
ensure stability of solutions generated by the model, a 
time step of 0.5 s was found to be necessary. The results of 
the computer simulations are presented following the 
description of the fire resistance tests employed in model 
validation.

FIRE RESISTANCE TESTS

The facilities of the NRCC were employed to conduct 
four small-scale and two full-scale fire resistance tests on 
gypsum-board/wood-stud walls. A summary of the tests 
is provided in Table 1. The gypsum boards were those for 
which thermophysical data had already been generated. 
Each assembly was instrumented with thermocouples 
and moisture probes to provide data for model develop
ment and validation.

In Tests 1 to 4, specimens of dimensions 0.74 m 
x 0.79 m were tested in an electrically heated small-scale 
wall furnace.30 As Fig. 8 indicates, the heating element 
(an inconel panel) was not able to follow the standard 
temperature-time curve defined in CAN/ULC-S10118 
and ASTM El 1919 for the first 10 min of the test. 
Nonetheless, as the gypsum boards remained in place 
throughout the tests, a simple and useful simulation of 
heat transfer in such assemblies was provided.

The assembly in Test 1, four layers of 12.7 mm Type C 
gypsum board, was included to provide data for valid
ation of the heat transfer model for gypsum board 
without having to account for the complexities intro
duced by the presence of wood studs and an air cavity. In 
Tests 2 to 4, the assemblies were constructed of one or two 
layers of gypsum board on each side of nominal 2x4 
(38 mm x 89 mm) studs 406.4 mm o.c.

Tests 5 and 6 were conducted in a full-scale propane- 
fired wall furnace. The assemblies were constructed of one 
layer of gypsum board on each side of nominal 2x4 
(38 mm x 89 mm) studs 406.4 mm o.c. During the tests.
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Table 1. Fire resistance tests
Test

1

Scale

Small

D escrip tion  o f w a ll assem bly

Four layers of 12.7 mm Type C gypsum board 
(no studs)

2 Small One layer of 12.7 mm Type C gypsum board on 
each side of wood studs

3 Small One layer of 1 5.9 mm Type X gypsum board on 
each side of wood studs

4 Small Two layers of 15.9 mm Type X gypsum board 
on each side of wood studs

5 Full One layer of 1 2.7 mm Type C gypsum board on 
each side of wood studs (loaded)

6 Full One layer of 1 5.9 mm Type X gypsum board on 
each side of wood studs (loaded)

Figure 8. Furnace temperature versus time curves (full-scale— 
solid line: small-scale—dashed line).

the assemblies were loaded in conformance with CAN4- 
S101.

SPECIFICATION OF BOUNDARY CONDITIONS

Before comparisons can be made between the predictive 
capabilities of the model and the results of the ex
periments, boundary conditions must be defined at the 
surface of the assembly exposed in the furnace and at the 
unexposed surface (that is, the surface exposed to the 
ambient). In simulating the small-scale tests, heat has 
been assumed to be transferred from the furnace to the 
exposed surface by radiation only. The inconel panel and 
exposed surface have been assumed to be infinite parallel 
plates (each with emissivity 0.9) so that radiant heat 
transfer is governed by an effective emissivity.26

In simulating the full-scale tests, radiative heat transfer 
between the furnace and exposed surface has been model
led in the same way as for the small-scale tests. In 
addition, heat is assumed to be transferred at this surface 
by convection characterized by a heat transfer coefficient 
of 25.0 W (m2 °C)"'.25

In simulating small- and large-scale tests heat is as
sumed to be transferred from the unexposed surface to the 
ambient by radiation and convection. The unexposed 
surface is assumed to be a grey radiator with emissivity 
0.9 and the convection heat transfer coefficient was 
chosen to be 9.0 W (m2 °C)~ '.25

COMPARISON OF THEORY AND EXPERIMENT

The model has been employed to simulate the fire resist
ance tests listed in Table 1. Temperature-time curves 
were calculated at each node in the finite-difference grid. 
As each assembly was instrumented with thermocouples, 
comparisons between model predictions and experi
mental results were made at several locations within each 
assembly.

For illustrative purposes, a direct comparison between 
temperature-time curves generated by theory and meas
ured in Test 3 are provided in Figs 9 to 11. Recall that 
Test 3 entailed a small-scale test of an assembly with one 
layer of 15.9 mm (f in.) Type X gypsum board on each 
side of wood studs. Such an assembly would achieve a 
one-hour fire resistance rating if testing in full-scale.31

In Fig. 9 the temperature-time curve at the interface 
between exposed gypsum board and a wood stud (point A 
in Fig. 7) is plotted. The dashed line represents the 
experimental points and the solid line the model predic
tions. Clearly, the model predicts the essential features of 
the curve rather well for temperatures up to 500°C. A 
better description of the flattening of the curve at 100°C 
could be attained if moisture migration were incorpor
ated into the model. Of particular interest at this interface 
are the finish rating and the time to onset of charring.

The finish rating is the time at which the temperature at 
this interface has risen by 139 Celsius degrees from its 
value at the beginning of the test.31 The model predicts 
the finish rating to be 21 min 50 s; while interpolation of 
test data suggests a value of 24 min 9 s. The accepted 
finish rating for full-scale assemblies is 22 min.31

The time to onset of charring is the time at which the 
temperature at this interface reaches 288°C. The model

Figure 9. The temperature-time curve at the interface between the 
exposed gypsum board and wood studs in Test 3 (point A in Fig. 7). 
Model— solid line: experiment—dashed line.

1 - 7



304 J R. MEHAFFEY. P GUERRIER AND G CARISSE

Figure 10. Temperature-time curves along the centre line of the 
cavity (points B, Cand D in Fig. 7). Model— solid line: experiment— 
dashed line.

Figure 11 . Temperature-time curves at the centre and side of a stud 
(points E and F in Fig. 7). Model— solid line: experiment— dashed 
line.

predicts the time to charring to be 27 min 53 s; while 
interpolation of test data suggests a value of 28 min 19 s.

In Fig. 10 temperature-time curves at three depths 
along the centre line of the cavity (points B, C and D in 
Fig. 7) are plotted. Dashed lines represent experimental 
points and solid lines model predictions. It should be 
noted that model predictions are high on the exposed 
gypsum board (point B) and low on the unexposed board 
(points C and D). This is a result of assuming that radiant 
energy leaving the exposed gypsum board is first ab
sorbed by the cavity gas and subsequently re-emitted to 
other surfaces. In reality, the transmissivity of the cavity 
gas is not zero and the model must be revised accordingly.

The assembly experiences an ‘insulation failure' when 
the temperature at point D has risen by 139 Celsius 
degrees from its value at the beginning of the test. The 
model predicts an insulation failure at 73 min 1 s; while 
interpolation of test data suggests a value of 66 min 40 s. 
For an equivalent full-scale assembly insulation failure 
occurs at a time exceeding 60 min.31

In Fig. II temperature-time curves at the side and 
centre of a stud (points F and E in Fig. 7, respectively) are 
plotted. As moisture migration is not included in the

Table 2. Comparison of model predictions and test results
Finish ra tin g  Time o f charring  In su la tion  fa ilu re

Test Test M o d e l Test M ode l Test M o d e l

(m m s) (m m s) (m in  s)

2 19:11 18:43 22:54 23:44 51 08 59:37
3 24:09 21 : 50 28:19 27:53 66:40 73:01
4 59:38 55:07 69:39 67:36 135:00 ’ 1 60 :002
5 16:11 16:15 20:00 21 : 34 5 0 :003 57.36
6 21 : 50 19:30 25:25 25:46 6 0 :004 70:52

(1 ) Test 4 was terminated at 135 min. Insulation failure had not yet 
occured.
(2) The simulation was terminated at 160 min. Insulation failure 
had not yet occurred.
(3) Test 5 was terminated at 50 min due to structural failure. 
Insulation failure had not yet occurred.
(4) Test 6 was terminated at 60 min due to structural failure. 
Insulation failure had not yet occurred.

model, no account is made of the accumulation of 
moisture at the stud centre as the test proceeds. Con
sequently, the model predicts a premature temperature 
rise (at 47 min) following vaporization of moisture at the 
stud centre.

Model predictions for the finish rating, time to charring 
and the insulation failure time are summarized for Tests 2 
to 6 in Table 2. In general, the model predicts the finish 
rating and time to charring rather well, albeit conserva
tively. On the other hand, the prediction of the time to 
insulation failure is not conservative due to the assump
tion of zero transmissivity for the cavity gases.

CONCLUSIONS

This paper described progress achieved in the develop
ment of a fire resistance model for wood-stud walls. 
Laboratory test data and a two-dimensional computer 
model characterizing heat transfer through gypsum- 
board/wood-stud walls were presented. Agreement be
tween the predictions of the model and the results of fire 
resistance tests is encouraging. In particular, predictions 
for finish ratings, for the time to onset of charring of the 
studs and for the time to failure of the assembly (due to 
heat transmission) were shown to be in a good agreement 
with results of small- and full-scale fire resistance tests.

Future refinements will entail developing an improved 
description of the pyrolysis of wood and of radiative heat 
transfer in the cavity. In the interim, the model will be 
coupled with a structural model for wood-stud walls to 
produce a fire resistance model for load-bearing assem
blies. The final stage will be to develop equivalent models 
for protected wood-joist and wood-truss floor/ceiling 
assemblies.
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Fire Protection Engineering -Employing 
Scientific Principles to Design for Firesafety

James R. Mehaffey

Introduction

Until recently, in developed countries the method for delivering fire safety in buildings was 
to ensure the building design was in compliance with national building regulations. For the most 
part, these regulations had evolved in a rather haphazard fashion in response to major fire 
disasters and perceived hazards. Although individual requirements usually had some scientific 
justification, scientific principles were not invoked on a global scale to intcr-rclatc the various 
requirements.

In most developed countries adequate fire performance was ensured by establishing strict 
requirements for construction type (combustible construction versus non-combustible 
construction), structural integrity (fire endurance), compartmcntation (fire endurance), 
flammability of interior finishes, escape routes, sprinkler protection, fire alarm systems, and so on. 
Such measures unquestionably improved fire safety.

However, as the requirements were prescriptive in nature, a designer was not permitted to 
taylor his design such that the protection afforded match the hazard expected. It was simply not 
possible to determine to what degree the national requirements taken singly or in combination 
improved fire safety.

As a consequence it was generally believed that the fire safety requirements contained in 
national regulations were often overly conservative. As they were being strictly enforced, it was 
also generally thought that the introduction of innovative cost-effective design options was being 
effectively thwarted.

Furthermore, until very recently, national regulations lagged behind the advances made in 
the fire sciences. Although building regulations were continually being revised to be more 
performance-based, the revisions seldom reflected the breadth of scientific knowledge available.

In the last two decades researchers have not only made great progress in our 
understanding of fire dynamics, but they have also developed engineering tools relevant for fire 
safety design. Mathematical models are available to predict the ignition of combustibles exposed 
to fire and the subsequent advance of flames across their surface. Computer models have been 
constructed to predict the course of a growing fire, the severity of a fully-developed fire, the 
structural response of assemblies exposed to fire, the movement of fire and smoke through a 
building, the actuation of sprinkler and fire alarm systems, the evacuation of occupants, and the 
tenability of areas within a building.
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These advances in fire science have fostered development of the emerging discipline of fire 
protection engineering in which fire safety is ensure by the application of engineering principles 
based on a scientific appreciation of fire and its effects, and the reaction and behaviour of people. 
Fire safety is accomplished by satisfying clearly stated objectives not by compliance with 
prescriptive building regulations. In fact, often a fire protection engineering approach that takes 
into account the total fire safety package can provide a more fundamental and economic solution 
than traditional approaches to fire safety.

Much attention is being paid internationally to developments in fire protection engineering. 
Some countries, such as the U.K., Japan and New Zealand, arc encouraging its use in the design 
of buildings. The International Organisation for Standardisation (ISO) is engaged in the 
development of guidelines for delivering fire safety using fire protection engineering methods.

Experience suggests that fire protection engineering enables a more precise design 
necessary for the assessment of large, expensive and/or complex projects. For many smaller 
buildings the old method of prescriptive requirements may be adequate. Yet it seems important to 
review the traditional requirements in view of the emerging technology.

Low -Cost Housing

In developing countries low-cost housing is often seen as a priority. It is important to 
design housing which is affordable and yet fire safe. Rather than simply importing prescriptive 
fire safety requirements from developed countries, it may be more beneficial to tavlor prescriptive 
requirements to the needs of the developing country.

As an example, consider the construction of 3-storey wood-frame apartment buildings 
commonly found in Canada. Such buildings arc constructed in compliance with the National 
Building Code of Canada. Apartments must be separated from one another by fire separations 
which exhibit a fire resistance rating of 45 minutes. Given the fire loads found in Canadian 
buildings, the layout of Canadian buildings and structural design practices this requirement has 
been found adequate to ensure there is ni premature collapse in the vent of fire and that fire in 
contained in the apartment of origin sufficiently long for all building occupants to escape in the 
event of fire.

In Canada, this requirement would be met by applying one layer of 12.7 mm Type X 
gypsum board to each side of 38 mm x 89 mm wood studs. The wood studs would be separated 
by 400 mm.

In other countries, however, other structural practices, such as post and beam 
construction, may be prevalent. It may also be the case that fire loads are dramatically different in 
developing countries than in Canada. It would be beneficial to develop prescriptive requirements 
which arc geared more to the needs of developing countries than to the practices of developed 
countries. Fire protection engineering tools should be used to determine what fire resistance 
rating is relevant in developing countries.
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Fire Resistance of Wood-Frame Walls

To demonstrate this principle a model for predicting the fire resistance of gypsum-board 
wood-stud walls is described. The model is currently being developed for use in Canada, but 
coupled with knowledge of expected fires in developing countries, it may prove useful there as 
well.

To inhibit the spread of fire and prevent premature collapse, Canadian building codes 
require fire separations and structural elements in buildings exhibit fire-resistance ratings 
exceeding prescribed values. While the current practice for demonstrating that a building clement 
complies with these requirements is based on fire testing, mathematical (computer) models offer a 
more flexible and cost-effective alternative.

This paper summarizes progress in the development of a simple two-dimensional model to 
predict the fire resistance of wood-stud walls protected by gypsum board1. Model development is 
shown to have advanced to the point that predictions for finish ratings, for the time to onset of 
charring (studs) and for the time to failure of the assembly (due to heat transmission) arc in good 
agreement with the results of small and full-scale fire resistance tests.

Fire Performance of Gypsum Board

As a first step in developing a mathematical model for the fire resistance of a gypsum- 
board / wood-stud wall assembly, it was necessary to develop a model to describe heat transfer 
across the exposed gypsum board membrane. Gypsum board is a sheet product consisting of a 
noncombustihlc core, which is primarily gypsum, with paper laminated surfaces.

Gypsum is calcium sulphate dihydrate, CaS04»2H20, a crystalline mineral that contains 
about 21% by weight chemically combined water. In addition, gypsum usually contains a small 
amount of absorbed free water.

As gypsum is heated to temperatures in excess of 80°C, it begins to undergo a thermal 
degradation process known as calcination in which the chemically combined water dissociates 
from the crystal lattice2. The heat absorbed to dehydrate and vaporize this water is 625 kJ per kg 
of gypsum.

The chemically combined and free water in gypsum contribute significantly to the fire 
resistance of gypsum board. When the board is exposed to fire, this water is released as steam in 
a process that requires the absorption of a large quantity of heat. Heat transmission through 
gypsum is effectively retarded until calcination has been completed. Subsequently, liquid and 
vapour water must migrate through the board.
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Thermophysical Properties of Gypsum Board

To predict heat transfer through gypsum board it is necessary to know the board's 
thermophysical properties. For the purposes of this study, tests were conducted to determine the 
thermophysical properties of two commercially available products:

a 12.7 mm (1/2") Type C board, and 
a 15.9 mm (5/8") Type X board.

For each board, the temperature dependence of mass, apparent specific heat, thermal expansion 
(contraction), and thermal conductivity were determined and arc employed in the model.

Fire Performance of the Wood Studs

Gypsum board protects the wood studs in a wall exposed to fire for a significant period of 
time. Eventually, however, the studs become heated. When the temperature of wood reaches 
about 100 °C, free moisture contained within its cellular structure is vaporized. At higher 
temperatures, in the range 200 to 350°C, wood undergoes pyrolysis, a thermal degradation 
process in which wood is decomposed into volatiles and char. A layer of char begins to form on 
the side of the stud in contact with the firc-cxposcd gypsum board and on the sides in contact 
with the air cavity in the wall. Then the char layer begins to advance through the stud. The 
temperature at the interface between char and wood is generally assumed to be 288°C3

Thermophysical Properties of Wood

Modelling heat transfer and charring in wood is a complex task3. It is rendered all the 
more difficult because values reported in the literature for the thermophysical properties of wood 
and the kinetic parameters governing pyrolysis exhibit wide variability. As a consequence, a 
simple provisional model is put forth in this paper. The input data employed in the model arc 
taken from a recent compilation of fire resistance data4

The Cavity

Heat is assumed to be transferred between the cavity gas, and the gypsum boards and 
wood studs by convection. In addition, heat is assumed to be transferred directly between the 
gypsum boards and wood studs by radiation.
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Model Description

To ensure accurate predictions of the temperature history within a gypsum-board / wood- 
stud wall exposed to fire, it is necessary to develop a coupled heat and mass transfer model5. 
However, as there arc little data on the porosities, permeabilities and cellular structures of these 
two products, particularly at high temperatures, a detailed description of mass transfer has not 
been sought at this time. The heat transfer model proposed herein accounts for the heat absorbed 
in the dehydration of gypsum and wood, and the pyrolysis of wood, but docs not attempt to 
account for mass transfer.

There have been several earlier attempts 5,6,7 to develop a model for heat transfer through 
gypsum-board / wood-stud wall assemblies. Unlike these earlier models, the model presented in 
this paper is based on sound thermophysical data for gypsum board. It also introduces an 
enthalpy formulation, which considerably simplifies the modelling of the endothermic processes 
accompanying heat transfer in such assemblies.

The two-dimensional partial differential equation is solved using numerical methods. The 
computer mode! is based on explicit finite-difference techniques8. For all wall assemblies, the 
model sets the node spacing in the depth direction at 3.175 mm (1/8"). In the lateral direction the 
same spacing is employed within and near the studs where significant heat transfer in the y 
direction can be expected. Within the gypsum board, "far" from the studs, where lateral heat 
transfer is small, the spacing between nodes is increased to save on computation resources. 
Finally, the cavity is treated as a si glc node.

Fire Resistance Tests

Four small-scale and two full-scale fire resistance tests were conducted on gypsum-board / 
wood-stud walls. A summary of the tests is provided in Table 1. The gypsum boards were those 
for which thermophysical data had already been generated. Each assembly was instrumented with 
thermocouples and moisture probes to provide data for model development and validation.

In Tests 1 to 4, specimens of dimensions 0.74 m x 0.79 m were tested in an electrically- 
heated small-scale wall furnace9. The heating element was not able to follow the standard 
temperature-time curve defined in CAN/ULC-S10110 and ASTM E11911 for the first 10 minutes 
of the test. Nonetheless, as the gypsum boards remained in place throughout the tests, a simple 
and useful simulation of heat transfer in such assemblies was provided.

The assembly in Test 1, 4 layers of 12.7 mm Type C gypsum board, was included to 
provide data for validation of the heat transfer model for gypsum board without having to account 
for the complexities introduced by the presence of wood studs and an air cavity. In Tests 2 to 4, 
the assemblies were constructed of one or two layers of gypsum board on each side of nominal 2 
x 4 (38 mm x 89 mm) studs 406.4 mm o.c.
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Tests 5 and 6, were conducted in a full-scale propane-fired wall furnace. The assemblies 
were constructed of one layer of gypsum board on each side of nominal 2 x 4  (38 mm x 89 mm) 
studs 406.4 mm o.c. During the tests, the assemblies were loaded in conformance with CAN4- 
S101.

Table 1. Fire Resistance Tests

Test Scale Description of Wall Assembly

1 small 4 layers of 12.7 mm Type C gypsum board 
(no studs)

2 small 1 layer of 12.7 mm Type C gypsum board on 
each side of wood studs

3 small 1 layer of 15.9 mm Type X gypsum board on 
each side of wood studs

4 small 2 layers of 15.9 mm Type X gypsum board on 
each side of wood studs

5 full 1 layer of 12.7 mm Type C gypsum board on 
each side of wood studs (loaded)

6 full 1 layer of 15.9 mm Type X gypsum board on 
each side of wood studs (loaded)

Comparison of Theory and Experiment

The model has been employed to simulate the fire resistance tests listed in Table 1. 
Temperature-time curves were calculated at each node in the finite-difference grid. As each 
assembly was instrumented with thermocouples, comparisons between model predictions and 
experimental results were made at several locations within each assembly.

A direct comparison between temperature-time curves generated by theory and measured 
in the tests are provided in a previous publication^. Of particular interest here arc the finish 
rating, the time to onset of charring, and the time to insulation failure.
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The finish rating is the time at which the temperature at the interface between the exposed 
gypsum board and the wood stud has risen by 139 Celsius degrees from its value at the beginning 
of the te s t^ . The time to onset of charring is the time at which the temperature at this interface 
reaches 288°C. The assembly experiences an "insulation failure" when the temperature on the 
unexposed side of the assembly has risen by 139 Celsius degrees from its value at the beginning of 
the test.

Model predictions for the finish rating, time to charring and the insulation failure time arc 
summarized for Tests 2 to 6 in Table 2. In general the model predicts all three rather well.

Table 2. Comparison of Model Predictions and Test Results

Finish Rating Time to Charring Insulation Failure

Test Test Model 
(min:sec)

Test
(min

Model
i.sec)

Test Model 
(min.sec)

2 19:11 18:25 22:54 22:34 51:08 51:52

3 24:09 21:59 28:19 27:14 66:40 65:41

4 59:38 54:22 69:39 65:07 135:0g1 135:002

5 16:11 16:15 20:02 21:34 50:003 49:57

6 20:50 19:30 25:25 25:46 60:004 63:40

1. Test 4 was terminated at 135 minutes. Insulation failure had not yet occurred.
2. The simulation was terminated at 135 minutes. Insulation failure had not yet occurred.
3. Test 5 was terminated at 50 minutes due to structural failure. Insulation failure had not yet 

occurred.
4. Test 6 was terminated at 60 minutes due to structural failure. Insulation failure had not yet 

occurred.
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Conclusions

This paper described progress achieved in the development of a fire resistance model for 
wood-stud walls. Laboratory test data and a two-dimensional computer model characterizing 
heat transfer through gypsum-board / wood-stud walls were presented. Agreement between the 
predictions of the model and the results of fire resistance tests is encouraging. In particular, 
predictions for finish ratings, for the time to onset of charring of the studs and for the time to 
failure of the assembly (due to heat transmission) were shown to be in good agreement with 
results of small and full-scale fire resistance tests. Future refinements will entail coupling the 
model with a structural model for wood-stud walls to produce a fire resistance model for load- 
bearing assemblies.

In developing countries other structural practices, such as post and beam construction, 
may be prevalent. It may also be the ease that fire loads arc dramatically different in developing 
countries than in Canada. The model presented in this paper can be reworked to predict the 
thermal response of wood-frame assemblies employed in developing countries. It would be 
possible to use the model to develop prescriptive requirements which arc geared more to the 
needs of developing countries than to Canadian practices.
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ABSTRACT
In this century alone, conflagrations following major earthquakes have 

caused catastrophic loss of life, injuries and property damage in a number of 
large urban centres. The best known of these disasters have occurred in San 
Francisco and Tokyo. The fire following the San Francisco earthquake of 1906 
remains the largest of all the U.S.A.'s fire losses (when losses are converted 
into 1992 dollars) . The fire following the Great Kanto earthquake of 1923 
resulted in large-scale destruction and devastating loss of life in Tokyo. The 
rapid development of conflagrations following an earthquake has been ascribed to 
a number of factors, several of which relate to construction materials. Concern 
has been expressed that buildings constructed with wood structural members and 
wood exterior components sustain significant damage and may collapse in an 
earthquake. The resultant rubble would then foster rapid fire spread once fire 
commenced. History suggests that once a conflagration gets started it is 
extremely difficult to stop. Recent years have witnessed improvements in the 
construction of wood-frame buildings. Buildings constructed employing platform 
framing techniques (so-called 2 x 4  construction) exhibit improved seismic and 
fire performance. In view of these improved building practices it is argued that 
one can expect a reduced risk of conflagration involving wood buildings following 
a major earthquake.

INTRODUCTION
Citizens in the south-west corner of British Columbia are regularly warned 

about the dangers of earthquakes1. The area is the most seismically active in 
Canada, experiencing some 300 earthquakes annually. Although most are minor, 
major earthquakes strike every 200 to 700 years, with the last one occurring 
around 1700 AD. Some seismologists feel a major earthquake (measuring above 8 
on the Richter scale and active for several minutes) could occur anytime causing 
billions of dollars of damage1.

These concerns have prompted citizens and governments into action. Guides 
have been published on what actions citizens should take before, during and after 
an earthquake to improve their chances of surviving2. Municipal, provincial and 
federal governments are investing in emergency planning complete with large-scale 
rehearsals. Finally, building codes are being scrutinized to ensure adequate 
seismic protection.

The greatest seismic threat for south-west British Columbia is the Cascadia 
subduction zone just off the coast. The area faces the triple threat encountered 
in the recent Hokkaido Nansei-Oki earthquake in Japan3. In the event of a major 
earthquake, the area will first experience severe ground shaking followed by 
tsunamis and fires. Although tsunamis cause significant damage3, it is the 
interaction between earthquakes and fires that is the subject of this paper.

Experience suggests that following moderate or major earthquakes fires 
often break out in buildings. These fires have all too often spread to involve 
neighbouring buildings and eventually large urban areas. In this century alone,
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conflagrations following major earthquakes have caused catastrophic loss of life, 
injuries and property damage. The fire following the San Francisco earthquake 
of 1906 remains the largest of all the U.S.A.'s fire losses (when losses are 
converted into 1992 dollars)4. The fire following the Great Kanto earthquake of 
1923 resulted in large-scale destruction and devastating loss of life in Tokyo.

The rapid development of conflagrations following an earthquake can, in 
part, be attributed to difficulties encountered in fire fighting. Because of the 
chaotic circumstances following an earthquake and/or the breakdown of 
communication systems, there are commonly significant delays in the reporting of 
fires. Even after being reported fire fighters may not be able to get to the 
scene of fire because debris blocks their access route. Furthermore, there are 
often multiple fires and fire departments simply do not have sufficient manpower 
or equipment to deal with them all. Finally, fire fighting can be severely 
hampered due to broken water lines. Under such conditions, fire departments can 
be overwhelmed. The usual manner for addressing these issues is through 
emergency planning.

The difficulties encountered in fighting fires can be compounded by the 
design and use of buildings. Fire can spread from building to building by fire 
brands, by radiant ignition of combustible exterior features or by radiant 
ignition of combustible contents through windows. The situation is further 
compromised if structures are located in close proximity to one another and/or 
combustible waste and shrubs are permitted to accumulate between structures. 
Spills of flammable gases or combustible liquids used for heating or cooking 
provide additional hazards. In fact, some of these factors play significant 
roles in wind-driven conflagrations in urban / wildland scenarios in the absence 
of earthquakes5.

In conflagrations, fire can spread from building to building whether the 
structures are wood-frame or reinforced concrete. In the Hokkaido Nansei-Oki 
earthquake, post and beam construction played no discernible role in the 
subsequent conflagration6. Nonetheless, experience has supported the position 
that buildings constructed with wood structural members and wood exterior 
components may sustain damage and collapse in an earthquake. The resultant 
rubble would then foster rapid fire spread once fire commenced. History suggests 
that once a conflagration gets started it is difficult to stop.

Recent years have witnessed improvements in the construction of wood-frame 
buildings. Buildings constructed employing platform framing techniques ( 2 x 4  
construction) exhibit improved seismic and fire performance. In this paper a 
review of some of these improvements is provided. Then, an argument is presented 
suggesting that, where these improved building practices are employed in 
conjunction with well thought out emergency planning, one might expect a reduced 
risk of conflagration involving wood buildings following a major earthquake.

WOOD-FRAME CONSTRUCTION
In North America, modern low-rise residential buildings are predominantly 

built of wood-frame construction using platform framing techniques7. Such 
buildings can be envisioned as being made up of box type structures formed by 
shearwalls and diaphragms. Strength is derived from the combined action of the 
main structural members (the framing) and secondary structural materials 
(sheathing or decking). Framing is commonly comprised of dimension lumber. 
Plywood and oriented strand board (OSB) panels are commonly used for sheathing.

The main advantage of the platform framing technique is that floors are 
built separately from the walls. During construction, each floor becomes a 
platform on which the walls for the next storey are assembled and erected. Walls 
are one storey high and consist of a top plate, studs, and a bottom plate. Along 
with the studs, the plates provide a nailing surface for sheathing and interior 
finishes (usually gypsum board) . The plates also act as fire stops that resist
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This building technique is efficient because members are easy to handle, 
load sharing among members results in strong but light-weight assemblies, and 
because lumber is economical to produce with modern methods of manufacture.

Although commercial buildings are often built of heavy timber or braced 
timber construction, the same wood-frame techniques used for residential 
construction can be used for commercial construction. In small residential or 
commercial buildings, those of limited height (3 storeys or less) and limited 
area, studs are often 38 mm x 89 mm (the nominal 2 x 4 )  and joists 38 mm x 235 
mm (2 x 10) both spaced 400 mm on centre.

In larger buildings, structural elements must be properly engineered. 
Adequate structural performance can be achieved in several ways. For load- 
bearing walls, studs may have to be increased to 38 mm x 140 mm (or larger) to 
accommodate larger loads and increased ceiling heights. For joists, it may be 
necessary to reduce spacing, use deeper dimension lumber or use wood I-joists. 
Similarly, dimension lumber headers and lintels may have to be supplanted by 
engineered wood products (parallam strand or laminated veneer lumber) to increase 
capacity.

the spread of fire from one floor to another through the cavity.

SEISMIC PERFORMANCE OF WOOD-FRAME CONSTRUCTION
Earthquakes exert lateral loads on buildings causing them to sway sideways. 

To prevent excessive sway, wood-frame roofs and floors are often constructed as 
diaphragms7. Diaphragms transfer the lateral load to end walls, which are built 
as shearwalls. These shearwalls (preferably constructed with plywood or OSB 
sheathing) transfer the lateral load to the foundation. Clearly, a good 
connection must be made between the wood-frame superstructure and the foundation. 
Not attending to these seismic design features can cause catastrophic failures 
as in the recent Northridge, California earthquake8.

For small buildings, the ability of the building to resist lateral loads 
imposed by seismic forces, is provided by the basic structure. Exterior
sheathing, interior panel wall finishes (usually gypsum board) and interior 
partitions all contribute rigidity. Furthermore, the use of many small fasteners 
rather than fewer large connectors, as in post and beam construction, translates 
into better seismic performance. Well constructed one and two storey wood-frame 
buildings usually perform well under extreme earthquake loads8,9.

In larger timber buildings, lateral forces can be substantial and therefore 
extra measures must often be taken to provide the shearwall and diaphragm effects 
necessary to strengthen the building. Forintek has entered into a five-year 
international collaborative research program on the lateral resistance of 
engineered wood structures to seismic loads. The purpose of the research is to 
provide better data and tools to design large timber buildings whether they are 
wood-framed or braced timber structures.

FIRE-SAFETY IN WOOD-FRAME CONSTRUCTION
In Canada, regulations governing the construction of new buildings or the 

renovation of existing buildings are based on the National Building Code of 
Canada (NBCC)10. The fire safety requirements spelt out in the NBCC are similar 
in structure to those in American and other international building codes. As in 
most countries, these requirements depend on the intended occupancy (use) and 
size of the building.

Fire, seismic and structural requirements for most small buildings are 
contained in Part 9 of the NBCC. Usually, these would be wood-frame buildings 
of 2 x 4  construction. They can be built by general contractors without the need 
for engineering expertise. Using residential buildings as an example and
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assuming an individual apartment area of just less than 100 m2, the largest 
apartment building that can be built using Part 9 would be 3-storeys in height 
and contain 6 apartments per storey.

For larger buildings the more stringent requirements of Part 3 (for fire 
safety) and Part 4 (for structural and seismic safety) come into play. Parts 3 
and 4 cover large timber buildings as well as large concrete or steel buildings. 
The critical point is that they must be designed by architects or engineers. 
Again assuming an individual apartment area of just less than 100 m2, according 
to Part 3, the largest apartment building that can be built using wooden members 
for the structure would be 3-storeys in height and contain 12 apartments per 
storey. On the other hand, if sprinklers are incorporated into the design, a 3- 
or 4-storey wood-frame apartment building can be constructed containing 24 or 18 
apartments per storey, respectively.

A brief review of fire safety requirements which relate to the choice of 
construction materials in timber buildings follows. NBCC requirements which 
relate directly to occupant safety, for example specifications for the means of 
egress or fire alarm systems, are not discussed in this paper.

Requirements for fire resistance are intended to ensure structural and 
compartmentation objectives are met. Load-bearing elements must exhibit a 
prescribed fire resistance rating to prevent premature collapse in a fire. 
Furthermore, to inhibit the spread of fire, buildings must be divided into 
compartments by fire separations with a specified fire resistance rating. In 
small timber buildings, a 45 minute fire resistance rating is commonly required; 
whereas, in larger timber buildings a 1 hour rating applies.

In an attempt to limit the rate of fire growth within compartments, the 
flammability (flame-spread rating) of interior finish materials employed on walls 
and ceilings is restricted. Although untreated wood products may be used on 
walls within suites in a building, they can not be used (without fire retardant 
treatment) in public corridors or exits.

To inhibit fire spread between buildings, the NBCC regulates the 
flammability of roof coverings, spatial separations between buildings and 
exterior wall construction. The integrity of these requirements is demonstrated 
by the fact that, in recent years, Canadian cities have rarely experienced 
conflagrations. Nonetheless, our confidence is tempered by American experience 
with fires involving urban / wildland interfaces in which dry weather, wind and 
debris between buildings have conspired to foster the development of 
conflagrations5.

COMBINED SEISMIC / FIRE PERFORMANCE
Conflagrations following major earthquakes have caused catastrophic loss 

of life, injuries and property damage in the past. The disastrous conflagrations 
in San Francisco in 1906 and in Tokyo in 1923 both followed earthquakes. Among 
other factors, the close proximity of heavily damaged buildings constructed with 
wood structural members and wood exterior components fostered rapid fire spread 
once fire commenced.

Modern buildings constructed employing platform framing techniques exhibit 
better seismic and fire performance than buildings constructed in the past. It 
is relevant to ask whether these improvements translate into a reduced risk of 
conflagration following a major earthquake.

To address this issue, the Building Research Institute of Japan (BRI) 
conducted seismic / fire tests on a 3-storey wood-frame house in 1987 and on a 
3-storey wood-frame apartment building in 1991. Test reports have been published 
in Japanese. The following description of the 1991 tests are based on 
observations made during the tests11. The conclusions drawn are those of the
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During the fall of 1991, BRI conducted a series of tests on a 3-storey 
wood-frame apartment building. The tests were intended to assess the integrity 
of building regulations which would permit the construction of such buildings in 
Japan for the first time. During November, the building was subjected to 
deformation tests simulating an earthquake. On December 4, the building was 
subjected to a fire test. The results of the tests offer insight into the fire 
performance of wood-frame buildings after they have sustained seismic damage.

Each storey contained an apartment of floor area 59.6 m2 and a neighbouring 
apartment of half the area. Exterior walls were constructed of 2 layers of 12 
mm regular gypsum board, 2 x 4  studs, glass-fibre insulation, 9 mm lauan plywood 
sheathing and a 12 mm cement-board cladding. Interior walls between apartments 
and within apartments were constructed of 2 layers of 12 mm regular gypsum board 
on each side of 2 x 4 studs. Cavities of the walls between apartments were 
filled with mineral wool insulation. Two layers of 12 mm Type X gypsum board 
were attached to the 2 x 10 floor joists. The fire resistance ratings of the 
walls and floors exceeded 60 minutes.

To simulate the damage caused by an earthquake. Hydraulic jacks induced 
a series of cyclic deflections along the third storey floor and, subsequently, 
along the second storey. The maximum intended deflections of + 2 5 mm were 
difficult to induce because the building was stiffer than expected. None of the 
windows, all of which were designed to withstand earthquakes, broke. All doors 
could be opened and closed although several were not square in their frames. On 
the first and second storeys, joint compound and wallpaper covering joints 
between gypsum boards on walls experiencing deflections in the plane of the wall 
developed fissures. However, none of the fire-rated assemblies appeared to 
sustain significant damage. In fact, air leakage tests suggested that the 
building remain rather air-tight following the seismic tests.

The fire was initiated by igniting a wooden crib in the living room of the 
first-storey apartment. Although fire gutted the contents of the living room, 
dining room, kitchen and tatami room, it had not spread to the rest of the 
apartment even after 1 hour. Damage to the structure was minimal at this point. 
After 1 hour, fire-fighters cut a hole in the ceiling above the tatami room and 
broke windows in the first storey. Subsequently, the fire spread to involve the 
entire apartment of fire origin including structural elements. At about 90 
minutes, the fire was extinguished.

The test building performed well. Occupants were given sufficient warning 
to escape. The fire itself was characterized by two phases: one involving the 
contents of the building and a subsequent one involving the structural elements. 
Fire was contained to the apartment of origin even after 90 minutes of burning. 
There appeared to be little threat of fire spread from this burning building to 
(hypothetical) nearby buildings.

authors and may differ from those of BRI scientists.

SUMMARY
A major earthquake can disable the normal functions of an entire region 

including water supply, electricity, transportation, and communication for up to 
3 days. With the number of potential ignition sources present in today's cities 
it seems inevitable that fires will be ignited following an earthquake. Multiple 
fires are bound to be a problem for fire departments due to limited personnel and 
equipment, debris blocking the access of fire-fighting equipment and limited 
water supply. The potential for conflagrations is significant.

One avenue for abating the problem is through proper emergency planning. 
Most cities in seismically active areas have or are developing emergency plans 
which include alternative water supplies and routes for fire-fighting purposes.
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The primary opportunity for mitigating the potential for conflagrations is 
through proper building design. Wood-frame construction can be made to exhibit 
superior earthquake performance by providing continuous diaphragms and proper 
shearwalls, and by ensuring structural redundancy and proper detailing. Small 
wood-frame buildings exhibit good seismic performance, but more research is 
needed to ensure similar performance for larger buildings. Finally, attention 
must be paid to the layout of communities. The density of structures should be 
held in check and the introduction of fire breaks considered.

Modern wood-frame buildings exhibit improved seismic and fire performance 
compared to their earlier counterparts. If proper community and emergency 
planning are ensured, one should expect a less significant risk of conflagration 
involving wood buildings following a major earthquake. It is to be hoped that 
with continued vigilance we will never see a repeat of the San Francisco and 
Tokyo conflagrations.
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A Model for Predicting Heat Transfer through
Gypsum-Board / Wood-Stud Walls Exposed to Fire

J.R. Mehaffey
Forintek Canada Corp. (Vancouver)

and
Fire Protection Engineering Program (U.B.C.)

ABSTRACT
To inhibit the spread of fire and prevent premature collapse, 
building codes require fire separations and structural elements 
exhibit fire-resistance ratings exceeding prescribed values. While 
the current practice for demonstrating that a building element 
complies with the requirements is based primarily on fire testing, 
calculation methods are also permitted.

To facilitate the development of cost-effective and flexible design 
options, Forintek is developing models to predict the fire resistance 
of wood-frame building assemblies. This paper summarizes progress in 
the development of a simple two-dimensional model for predicting heat 
transfer through a gypsum-board / wood-stud wall exposed to fire. The 
numerical methods employed in the computer model are based on explicit 
finite-difference techniques. Input data for the thermophysical 
properties of gypsum board were measured employing standard bench- 
scale tests. Input data for wood were selected from the literature.

Small and full-scale fire resistance tests were conducted on gypsum- 
board / wood-stud wall assemblies to provide data for validation of 
the model. Predictions for finish ratings, for the time to onset of 
charring of the studs and for the time to failure of the assembly (due 
to heat transmission) are shown to be in good agreement with the 
results of the tests.
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Predicting Heat Transfer through Wood Stud WalJs Exposed to Fire

J. R. Mehaffey* and Hisa Takeda**
Forintek Canada Corp.

*2665 East Mall, Vancouver V6T 1W5 Canada 
**1390 Prince o f  Wales - Suite 300, Ottawa, Ontario K2C 3N6 Canada

ABSTRACT

This paper reports improvements in a computer model1*  which had been developed to predict 
heat transfer through gypsum-board /  wood-stud walls exposed to fire. The model which was 
based on heat transfer equations with complete sets o f  thermophysical properties o f  wood and 
gypsum board, was shown to predict heat transfer through these walls rather well. However to 
better understand char formation in wood studs, a subsequent effort has been made to improve 
and refine radiation heat exchange within the wall cavity. The present paper describes the 
improved model and discusses model validation.

INTRODUCTION

As a first step in developing a fire resistance model for gypsum-board /  wood stud walls, a 
computer model1,2 was developed to predict heat transfer through a wall exposed to fire. The 
model was based on heat transfer equations with complete sets o f  temperature dependent 
thermophysical properties for wood and gypsum board, and simple radiation heat exchange 
equations within the cavity. The model predicted three important characteristic times rather well: 
the finish raring, the rime to onset o f charring o f the studs and the time to failure o f  the assembly 
(due to heat transmission).

Based on this model, a subsequent effort has been undertaken to improve and refine the prediction 
o f char formation in the wood studs and to develop sophisticated computer graphics as a design 
tool. The present paper introduces the improved model and compares the calculated results with 
test data.

IM PROVED M ODEL

The original model entailed simple radiation calculations within the wall cavity using three average 
view factors: w ood stud surface to gypsum board surface, gypsum board surfhee to gypsum board 
surface and gypsum board surface to wood stud surface. This treatment very much simplified the 
radiation heat exchange calculation, but overestimated the energy input at the comer o f  the 
exposed gypsum board and wood stud. In the present paper, a new treatment was introduced to  
estimate for radiation heat exchange: each element around a node (see Fig. 1) on the wood stud 
surface has a view factor to the gypsum board and the wood stud surface o f  the opposite side. 
Before starting the main calculation loop, all o f  the required view factors are calculated and 
tabled.
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Another improvement is a consideration o f  mass transfer in the wood stud. It is well known that 
wood density changes dramatically at temperatures between 200-350 C; that is, almost 80% o f  
mass is removed from w ood stud. The energy accompanied by this mass transfer is important. 
The improved model includes this energy transfer.

The third improvement in the model structure yields faster CPU time. Only four minutes are 
needed for a 50 minute simulation, when using 486(50MHz) machine. Also the improved version 
includes sophisticated real time graphics, showing how the char layer grows in the stud and how  
the temperature increases in the wall at various points.

Furnace (Fire)

♦

\
Gypsum Cavity

Board '

z
■

Ambient

B

Pig. 1 Node positioning within the wall (gypsum board /  wood assembly).

CO M PARISO N O F PREDICTED AND EXPERIM ENTAL RESULTS

The improved model was employed to simulate the fire resistance tests listed in Table 1. 
Temperature-time curves were calculated at each node in the finite-difference grid. As each test 
assembly was instrumented with thermocouples, comparisons between model predictions and 
experimental results were made at several locations within each assembly. Figures 2 and 3 show  
an example o f  the simulation o f  the small scale test (TEST 2: one layer o f  12.7 mm Type C 
gypsum board on each side o f  wood studs - see Table 1). Solid lines show the theoretical
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predictions and dashed lines show the test data. The thermocouple positions A to H  are shown in 
Fig. 1. The temperature at the point A  is slightly underestimated, but the others are good 
agreement with test data. Figure 4 shows char formation in the wood stud in TEST 2. Char is 
spreading mostly along the wood surface at first and then gradually penetrating inside, and that is 
well simulated in this figure. Figure 5 is the case o f  fulMscale test (TEST 5 - see Table 1) showing 
similar char formation as in Fig. 4. Figures 6 and 7 are for the full scale test (TEST 6). The 
predictions at the point A, F, G and H show very good agreement with the test data, although the 
predictions at B and C are higher than the test data.

CONCLUSION

The improved model predicts heat transfer through a gypsum-board /  w ood stud wall very well. 
The model is being coupled with a simple structural model to generate a fire-resistance model for 
wood-stud walls.
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Table 1. Summary o f  fire resistance tests for gypsum board /  wood assembly.

TEST SCALE DESCRIPTION OF ASSEMBLY

1 small 4 layers 5/8*“ Type X  gypsum board <»•

2 small 1 layer 1/2" Type C gypsum board

3 small 1 layer 5/8" Type X  gypsum board

4 small 2 layers 5/8" Type X  gypsum board

S full 1 layer 1/2" Type C gypsum board (loaded)

6 full 1 layer 5/8" Type X  gypsum board (loaded)
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Fig. 2 Temperature-time curves for the small scale test (TEST 2) at nodes, A, E, F, G and H.

Fig. 3 Temperature-time curves for the small scale test (TEST 2) at nodes, B, C and D.
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Fig. 4 Char profile for the small scale test Fig. 5 Char profile for the full scale test 
(TEST 2) at various times. (TEST 5) at various times.

V- 5



800i

Fig. 6 Temperature-time curves for the full scale test (TF.ST 6) at nodes. A, F, G and H.
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