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Abstract 
Computer fire modelling is an important high-tech tool in fire safety engineering and fire science.  The 
transition to objective-based building codes means that these models will find application in performance-
based fire-safety design of wood structures.  Accordingly for more than a decade, fire researchers at 
Forintek strove to develop heat-transfer models for wood-frame assemblies exposed to fire.  Dubbed 
WALL2D, the model developed by Forintek’s researchers predicts heat transfer through simple non-
bearing wood-stud walls filled with thermal/acoustical insulation in the stud cavities and gypsum board 
on the two faces.  Then, in 2001 Forintek elected to outsource all future development of these models.  
This project provides funding, direction and oversight for the outside development of these design tools.  
 
A paper by H. Takeda and L.R. Richardson entitled A Heat Transfer Model to Simulate Japan's 1+3 Fire 
Endurance Test for Wood-Framed Wall Assemblies was presented at the IAWPS 2005 Conference 
organized by the Japan Wood Research Society (JWRS) and the International Association of Wood 
Products Societies (IAWPS).   
 
A paper by H. Takeda and L.R. Richardson entitled A Model to Simulate Japan’s ‘1 + 3’ Fire Endurance 
Test was submitted for presentation at the 31st International Symposium on Combustion (2006) in 
Heidelberg, Germany on August 6-11, 2006.    
 
A Japanese-language paper by H. Takeda roughly translated as Wood-Frame Wall Fire Resistance 
Simulation Model was published in Wood Industry 60(3)134-137.  The Journal is published by the Wood 
Technological Association of Japan.  
 
Through the efforts of researchers and students at Carleton University, and with funding assistance from 
the Ontario Centres of Excellence, development of computer models to predict the response of wood-
frame floor assemblies to fire attack, including both the thermal and the structural response of such 
assemblies, and models to predict the probability of failure of wood-frame building elements during fire 
continued.   
 
As part of his PhD studies, S. Craft undertook a directed studies project which investigated the behaviour 
of gypsum board and wood at elevated temperatures.  His goal was the development of sub-models which 
better address the kinetics of calcination of gypsum board and the pyrolysis of wood.  To more effectively 
model heat transfer though wood and gypsum board, Forintek established a collaborative contract with 
the material testing division of the National Research Council Canada (NRC) to provide additional 
thermal analysis test data (differential thermal analysis {DTA}; thermal-gravimetric and analysis {TGA}; 
and differential scanning calorimetry {DSC}) for gypsum board and spruce wood.  Based upon his 
analysis of the data, Craft submitted a Directed Studies Report to Carleton University entitled Modelling 
the Thermal Degradation of Gypsum Board and Wood Using TGA.  A poster presentation by J.R. 
Mehaffey, S. Craft, G. Hadjisophocleous and B. Isgor entitled Fire Response of Gypsum Board and Wood 
Framing was given at the 8th International Symposium sponsored by the International Association of Fire 
Safety Science.  Finally, a paper by S. Craft, G. Hadjisophocleous, B. Isgor and J. Mehaffey entitled 
Predicting the Fire Resistance of Light-Frame Wood Floor Assemblies was submitted and has been 
accepted for presentation at the 4th International Workshop on Structures in Fire (SiF’06) on May 10-12, 
2006 at the University of Aveiro in Portugal.   
 
In August 2005, Forintek established an agreement with SwRI whereby researchers at SwRI would assess 
the feasibility of utilizing commercially available finite element analysis (FEA) programs to model wood 
members (e.g. heavy-timber beams and columns) exposed to fire conditions.  The fire resistance of a 
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glulam beam was modeled in two-dimensions using five different FEA programs commonly used to 
predict the response of structures exposed to elevated temperature.   The output of each model was 
compared with experimental data for wood beams from tests conducted in 1997 at SwRI.  Following the 
completion of this research, a paper by B. Badders (SwRI) and J.R. Mehaffey and L.R. Richardson 
(Forintek) entitled Using Commercial FEA Software Packages to Model the Fire Performance of Exposed 
GLULAM Beams was submitted and has been accepted for presentation at the 4th International Workshop 
on Structures in Fire (SiF’06) on May 10-12, 2006 at the University of Aveiro in Portugal.  
 
While this project officially ended on March 31, 2006, many of the activities underway at that time will 
continue as components of other Forintek research projects or through the activities of the Carleton 
University Industrial Research Chair in Fire Safety Engineering.   
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Appendix I   A Heat Transfer Model to Simulate Japan’s ‘1 + 3’ Fire Resistance Test for Wood-framed Wall 
assemblies 
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1 Objectives 
Expand markets and extend wood use through technology, domestically and internationally, through the 
development of those heat transfer models for wood-frame assemblies that will become the key tools for 
delivery of performance-based fire-safety design of wood structures by:  
 
• Completing development of Forintek’s heat transfer models for wood-frame exterior and interior wall 

assemblies. 
 
• Developing computer models to predict the response of wood-frame floor assemblies to fire attack, 

including both the thermal and the structural response of such assemblies. 
 
• Developing models to predict the probability of failure of wood-frame building elements during fire. 
 
 

2 Background 
“Performance-based fire safety engineering” was defined by Custer and Meacham in their book 
Introduction to Performance-Based Fire Safety as “an engineering approach to fire protection design 
based upon (1) agreed upon fire safety goals and design objectives; (2) deterministic and probabilistic 
evaluation of fire initiation, growth and development; (3) the physical and chemical properties of fire 
effluents; and (4) quantitative assessment of the effectiveness of design alternatives against objectives” 
[1997].  They went on to note that beginning with the British and Japanese in the mid-1980’s and gaining 
worldwide attention through the Warren Centre Report from Australia [1989], the move towards 
minimizing prescriptive constraints and maximizing design flexibility in building codes had become 
increasingly widespread.  Finally, they observed that by 1996, there were at least 13 countries (Australia, 
Canada, Finland, France, Great Britain, Japan, The Netherlands, New Zealand, Norway, Poland, Spain, 
Sweden and the United States) and two international organizations (The International Organization for 
Standardization [ISO] and the International Council for Building Research and Documentation [CIB]) 
using or actively developing performance-based codes, and related engineering tools and methods. 
 
In 1984, research scientists at Forintek foresaw the advantages that building code acceptance of 
performance-based design would provide manufacturers of wood-based building products by maximizing 
flexibility in building design and by levelling the playing field with competing non-combustible building 
materials.  Many of the historical biases against combustible wood construction within the fire-safety 
specifications of prescriptive building codes would no longer pose an impediment to the consideration of 
wood-based materials when designing buildings provided it could be demonstrated using valid 
engineering tools that building designs offered code-mandated levels of fire safety.  Focus 2000 – Fire 
Research Challenges in the Last Decade of the 20th Century [Richardson, 1989] and Performance 2010 – 
Fire Research Challenges for Canadian Wood Products Under Performance-based Building Codes 
[Richardson, 1999], the two long-term fire-research plans which have guided Forintek’s fire-research 
program since the mid 1980’s included, as one of their major goals, development of fire-safety-
engineering tools which facilitate performance-based design of wood-frame buildings.  Those research 
plans envisioned Forintek researchers developing heat transfer models for various wood-frame assemblies 
which, once each model was validated, could be turned over to structural engineers who would “couple” 
the heat transfer model to structural models and thereby create some of the engineering tools needed for 
performance-based fire-safety design of wood-frame buildings.   
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Heat transfer models utilize thermo-physical property data for the various materials making up the 
assembly being modelled; and mathematical algorithms and computer programs to calculate the radiant, 
conductive and convective flow of heat from a (hot) fire environment into and through a construction 
assembly.  In addition, the models predict thermal, physical and chemical changes in the assembly and its 
various components resulting from those heat flows.   
 
In 1998 Forintek completed development of a “first-generation” heat transfer model for symmetrical 
wood-frame walls (partitions).  Dubbed WALL2D, this model predicts two-dimensional heat transfer 
through simple non-loadbearing wood-stud walls filled with thermal/acoustical insulation in the stud 
cavities and protected by gypsum board on the two faces.  In addition to predicting temperatures at 
various locations within walls, WALL2D provides the following information about the effects of a 
“defined” fire exposure on the assembly: 
• assembly “finish rating” (see Takeda, 2003 for definition of terms used with WALL2D),  
• “insulation failure” of the assembly 
• time to the onset of char formation in the studs, 
• depth of char in the studs, as a function of time, 
• dimensional shrinkage of the gypsum board, 
• opening of joints between adjacent sheets of gypsum board, 
• the time when the gypsum board falls from the studs, and 
• dimensional shrinkage and melting of any insulation between the studs. 

 
The defined fire to which the wall is assumed to be subjected by the WALL2D model is the time-
temperature exposure specified in ASTM E 119, CAN/ULC-S101 or ISO 834.   
 
Forintek scientists published information about WALL2D in a comprehensive March 2000 Forintek report 
[Takeda, 2000], scientific journals [Takeda, 2003; Takeda and Mehaffey, 1998; and Mehaffey, Cuerrier 
and Carisse, 1994] and in the proceedings for a number of scientific conferences.  While WALL2D took 
more than a decade to develop, there were still a number of important factors that were not incorporated 
into the model and thermo-physical effects that were not fully addressed. Nevertheless, in 2001 Forintek 
made an about-face and elected to cease all in-house development of heat-transfer models.  This decision 
was not made lightly.  Forintek’s scientists and management still considered computer fire modelling to 
be an important high-tech tool in fire-safety engineering and fire science, and an essential marketing tool 
for the wood industry.  However, development of WALL2D had demonstrated that Forintek’s limited 
resources were insufficient for timely delivery of the requisite models for all wood-frame construction 
assemblies through in-house efforts alone.  Since the amount of resources that Forintek would be able to 
bring to bear on this work was unlikely to change in the foreseeable future, Forintek decided to outsource 
their development.  Accordingly, a new research project was included in Forintek’s research program, 
commencing in April 2002, to provide funding, direction and oversight for outside development of those 
heat transfer models.   This report describes progress achieved in that research in 2005-2006.   
 
With funding support from the Canadian wood industry (primarily Forintek) and the National Science and 
Engineering Research Council, in 2001 Carleton University established an Industrial Research Chair in 
Fire Safety Engineering.  The focus for the Chair’s research program is the development of fire-safety-
engineering tools for non-residential wood-frame buildings.  Through their post-graduate thesis and 
directed studies, students enrolled in fire safety engineering studies offered at Carleton University 
provided Forintek with a valuable resource pool for development of heat transfer and other fire models 
which the wood industry needed.   Many of those endeavours are reported in Forintek reports for Project 
2400: Fire Safety of Non-residential Buildings (Mehaffey, 2006) and Project 4478: Support for Fire 
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Research Studies (Mehaffey, 2006).  Because, to a great extend, they overlap with the goals of this 
project, they are also described here.   
 
 

3 Research Plan 
3.1 Strategy 

Forintek’s acknowledgement in 2001 that it did not have the necessary resources to deliver the requisite 
heat transfer models for all wood-frame assemblies in a timely efficient manner meant that the 
establishment of alliances and partnerships with other research organizations was essential.  Forintek also 
recognized that assistance from the one individual most familiar with the engineering principles and 
computer-code and software in Forintek’s WALL2D heat transfer model, Dr Hisahiro Takeda, would also 
be essential if “reinvention of the wheel” was to be avoided.  Therefore, Forintek elected to contract the 
services of Dr Takeda whenever it was necessary to enhance the predictive capabilities of WALL2D or to 
create new heat transfer models based upon the WALL2D computational frame, and to collaborate with 
other research organizations when entirely new models were to be devised.   
 
3.2 Organization of the Research 

The heat transfer modelling focused upon four principal construction elements of buildings:  
1. Exterior wood-frame walls meeting the performance requirements for Japanese buildings in Quasi  
 Fire Protection Zones exposed to fire on the exterior façade, 
2. Wood-frame walls meeting the Japanese performance requirements for buildings in Fire Protection  
 Zones,  
3. Wood-frame interior partition walls, and 
4. Wood-frame floor-ceiling constructions. 

 
In addition, Forintek intended to pursue other practical fire modelling opportunities that might arise.   
 
3.3 Heat Transfer Model for Exterior Walls of Houses in Japanese Quasi Fire 

Protection Zones 

In an effort to enhance export markets for Canadian housing technology and for Canadian wood products, 
both the Canadian government represented by National Resources Canada and the Canadian wood 
industry have been promoting Super-E energy efficient construction systems in Japan and in other Asian 
countries.  Because Canadian officials identified construction of wood-frame buildings in Japan as an 
important market priority, and the fire performance of exterior wood-frame walls with exterior foamed-
plastic insulation and ceramic-siding rain screens as one of their biggest hurdles in capturing a larger 
share of that market, Forintek commenced development computer models for prediction of heat transfer 
through those types of assemblies.   
  
3.4 Heat Transfer Model for Wood-Frame Walls of Buildings in Japanese Fire 

Protection Zones 

Japanese building regulations permit construction of wood-frame (combustible) buildings within the high-
density urban centres (Fire Protection Zones) of their larger cities if the major loadbearing elements in 
those buildings meet special requirements for fire resistance.  The specifications for fireproof construction 
have been dubbed the “one-plus-three” test requirements because, for “low-rise” wood-frame apartment 



Development of Heat Transfer Models for Wood-Frame Assemblies - Progress in 2005-2006 

 
 

 
 
  4 of 13 

 

buildings and large houses, they include exhibiting one-hour of fire-resistance when tested in accordance 
with ISO 834, and continued load-bearing capacity when the test assembly is maintained under structural 
load with the fire-test furnace in-place against the side of the assembly, but turned off, for an additional 
three hours.   
 
As noted above, Canadian officials identified construction of wood-frame buildings in Japan as an 
important market priority.  However, the Japanese “one-plus-three” fire-resistance requirements for 
structures within Japanese Fire Protection Zones was a major impediment to the acceptance of Canadian 
wood products for construction of buildings in large Japanese cities.  Therefore, Forintek began 
developing heat transfer models capable of predicting the thermal response of walls subjected to the fire 
(thermal) exposures specified in Japan’s “one-plus-three” test method, including the prolonged period of 
time during which exposure temperatures slowly decay.  Initially, this effort focused on upgrading of 
Forintek’s WALL2D heat transfer model.  Later, it was decided to base this work on a different computer 
programming platform.   
  
3.5 Enhancement of WALL2D Model for Wood-Frame Walls 

The limited capabilities of the desk-top computer systems (speed and memory) and computational 
software programs in the early 1990’s when Forintek’s WALL2D model was first devised, necessitated 
many simplifications in the engineering assumptions and computational algorithms in the model.  These 
resulted in a number of limitations in the model’s predictive capabilities.  With newer computer systems, 
many of those simplifications were no longer needed.  For example, users of Forintek’s WALL2D heat 
transfer model faced two significant handicaps when attempting to analyze the thermal performance of 
wall assemblies: the model did not provide users any options to the default, thermo-physical material-
property data assigned to the principal materials in walls, or to the default, standard ASTM E 119 fire 
exposure.   
 
Analysis of the thermal response of assemblies for performance-based design entails assessment of the 
response of walls to design fires having separate growth, fully-developed, and decay phases.  The initial 
version of WALL2D assumed a continually increasing severity of exposure.  Consequently, WALL2D 
could not be used to analyze the thermal responses of the gypsum board covered walls in the houses 
during the 2001 fire tests in Kemano, BC (Richardson, 2002).  Therefore, Forintek began efforts to 
modify WALL2D so that users would be able to define specific fire exposures to be used in any analysis 
of the thermal response of walls, including those exposures involving a decline in fire temperatures, and 
to have the option of inputting key thermo-physical material-property data for the principal materials in 
walls.  In many ways, this was to be a simple extension of the modifications to WALL2D described above 
to predict the thermal response of walls subjected to the fire (thermal) exposures specified in Japan’s one-
plus-three test method.   
 
3.6 Heat Transfer Model for Wood-Frame Floor/Ceiling Assemblies 

Prior to the 2001 decision to cease in-house development of heat-transfer models, researchers at Forintek 
had commenced work on modelling the fire performance of steel gusset plates used in the fabrication of 
metal-plate-connected wood trusses.  However, little progress had been achieved in developing a heat 
transfer model for wood-frame floors.  Since this was a priority, Forintek began pursuing the development 
of these models in collaboration with Carleton University.  With funding support from the Canadian 
wood industry (primarily Forintek) and the National Science and Engineering Research Council, in 2001 
Carleton University established an Industrial Research Chair in Fire Safety Engineering.  The focus for 
the Chair’s research program was the development of fire-safety-engineering tools for non-residential 
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wood-frame buildings.  Students enrolled in the university’s engineering program began developing heat 
transfer models for floor assemblies as the research component of their Doctoral theses 
  
3.7 Other Fire Models 

As noted above, Forintek would pursue other practical fire modelling opportunities that might arise. They 
are discussed throughout the remainder of this report as these opportunities presented themselves.  
 
 

4 Staff 
Leslie R. Richardson Project Leader, Research Scientist 
 Group Leader, Fire Research Group 
J.R. Mehaffey, Ph.D. Research Scientist, Fire Research 
Richard Desjardins, P.Eng., M.Sc. Program Manager, Building Systems Department 
Caroline Mancuso Secretary, Building Systems Department 
 
 

5 Accomplishments (2002-2003) 
A detailed description of the accomplishments in 2002-2003 can be found in Richardson, 2003. 
 
5.1 Heat Transfer Model for Exterior Walls of Houses in Japan 

Forintek contracted the services of Dr. Takeda to travel to the Japan Testing Center for Construction 
Materials (JTCCM) in Tokyo to gather the information necessary for the successful development of a heat 
transfer model for exterior wood-frame walls with exterior foamed-plastic insulation and ceramic-siding 
rain screens, when exposed to fire on the exterior face.  Then, with the information obtained from the 
JTCCM in-hand, Forintek proceeded to contract the services of Nortak Software Ltd. to complete the 
development of Forintek’s heat transfer model for exterior walls.  In March 2003, Nortak delivered to 
Forintek a heat transfer model which predicts the thermal response of wood-frame exterior walls 
constructed with exterior EPS insulation and ceramic-siding rain screens when subjected to standard fire 
exposures on the outside face.  Comparisons between the model’s predicted outcomes and the results of 
tests carried out by the JTCCM show very good agreement (Richardson, 2003).   
 
A paper entitled Fire Resistance of Wood-Framed Exterior Walls: The Effect of an External Air Cavity 
and External Insulation was presented by J. Mehaffey at the 7th International Symposium on Fire Safety 
Science in Worcester, MA. 
 
5.2 Heat Transfer Model for Interior Wood-Frame Partition Walls  

Dr. Takeda was contracted to annotate WALL2D’s source code with appropriate commentary statements.  
Those annotations identified the function of each line or group of lines in the source code and described 
the engineering assumptions, algorithms, default thermo-physical property values employed in the model 
and reference sources for each.  While not overly useful in the end, the work was completed and an 
electronic copy of the annotated source code delivered to Forintek. 
 
A paper entitled A Model to Predict Fire Resistance of Non-load bearing Wood-stud Walls by H. Takeda 
was published in Fire Mater. 27(1):19-39.   
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5.3 Heat Transfer Model for Wood-Frame Floor/Ceiling Assemblies 

With the encouragement of Forintek, in 2002 one of the students enrolled at Carleton University, Steven 
Craft, chose as the topic for his PhD thesis the reliability of wood-frame floors in fire.  One of the tasks 
that Craft would have to carry out for his thesis was the development of a heat transfer model for floor 
assemblies constructed with solid-wood joists.  Therefore, Forintek agreed to provide technical assistance 
and some financial support to Craft for this research. 
 
 

6 Accomplishments (2003-2004) 
A detailed description of the accomplishments in 2003-2004 can be found in Richardson, 2004. 
 
6.1 Heat Transfer Model for Exterior Walls of Houses in Japan 

As noted above, in March 2003, Forintek acquired a heat transfer model which predicts the thermal 
response of wood-frame exterior walls constructed with exterior EPS insulation and ceramic-siding rain 
screens when subjected to standard fire exposures on the outside face.   While the construction of exterior 
walls with exterior foamed-plastic (EPS) insulation is commonly used in Tokyo and surrounding 
communities where 30-min or 45-min fire-resistance-rated construction is mandated, in other areas or 
when one-hour fire-resistance-rated construction is specified, semi-rigid glass-fibre insulation panels are 
often used as the exterior insulation.  Therefore, in June 2003, Forintek contracted the service of Dr 
Takeda to make further refinements in Forintek’s heat transfer model for exterior walls with exterior 
insulation and non-combustible rain-screens.  The modifications provided users with the option of 
selecting either exterior EPS insulation or exterior semi-rigid glass-fibre panel insulation.  In addition, Dr 
Takeda obtained the necessary thermo-physical property data for semi-rigid glass-fibre insulation boards 
required for the model, and test data from full-scale tests carried out by the JTCCM on such assemblies.  
The latter information was incorporated into the model for both demonstration and validation purposes 
and in January 2004, Nortak delivered to Forintek, a heat transfer model which predicts the thermal 
response of wood-frame exterior walls constructed with either exterior EPS insulation or exterior semi-
rigid glass-fibre panel insulation and ceramic-siding rains screens when subjected to standard fire 
exposures on the outside face (Richardson, 2004).    
 
6.2 Heat Transfer Model for Wood-Frame Walls of Buildings in Japanese Fire 

Protection Zones (Walls that Comply with Japanese “one-plus-three” 
Specifications for Fire Resistance) 

In August 2003, Forintek contracted the services of Nortak Software Ltd. to modify Forintek’s WALL2D 
heat transfer model to predict the thermal response of walls subjected to the fire exposures outlined in the 
“one-plus-three” specifications for construction in Japanese Fire Protection Zones.  However, before that 
work could be started, a great deal of information was required about the procedures followed when 
Japanese laboratories carry out such tests and about the thermo-physical properties of the materials 
commonly used in Japan for construction of walls complying with the requirements: specifically of 
gypsum board panels manufactured in Japan.  Therefore, in August, L. Richardson traveled to Tokyo and 
the Building Research Institute in Tsukuba to gather more information about “one-plus-three” testing 
procedures (Richardson, 2004).  In October, 2003 Dr Takeda traveled to Japan to obtain the thermo-
physical property data for the gypsum board products manufactured in Japan.  The information that 
Takeda brought back indicated that the key thermo-physical properties of gypsum board manufactured in 
Japan are superior to those for gypsum board manufactured in Canada and the United States.  In fact, 
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because the material property data for gypsum board manufactured in Japan were so different from the 
default values imbedded in the WALL2D model, successful completion of the revisions to the WALL2D 
model would be much more difficult and require much more time than either Forintek, or Dr Takeda had 
originally anticipated.  Therefore, following discussions with Dr Takeda, the contract with Nortak was 
deferred until 2004-2005 so that we could rethink the best approach to use.   
 
6.3 Heat Transfer Model for Interior Wood-Frame Partition Walls  

As noted earlier, in August, 2003, Forintek contracted the services of Nortak Software Ltd. to modify 
Forintek’s WALL2D heat transfer model to predict the thermal response of walls subjected to the fire 
exposures outlined in “one-plus-three” fire tests.  Then, in October Forintek, with concurrence of Nortak 
and Dr Takeda, agreed to defer much of that work until 2004-2005; and for the remainder of 2003-2004, 
to modify WALL2D so that users of the heat transfer model, as it then existed, would have the option to 
use either the default ASTM E 119 standard fire exposure built into the software or of inputting other fire 
exposures to be defined by up to eight separate points on a time temperature curve.  Also, the 
modifications would allow users to choose either the default thermo-physical property data built into the 
model for the key components of walls, or to choose, within reasonable ranges, to input (using sliders 
incorporated into the model’s user interface) user-specified values for those properties.   
 
6.4 Heat Transfer Model for Wood-Frame Floor/Ceiling Assemblies 

As noted earlier, one of the students enrolled at Carleton University, Steven Craft, chose as the topic for 
his PhD thesis the reliability of wood-frame floors in fire and one of the tasks that he was carrying out for 
his thesis was the development of a heat and mass transfer model for floor assemblies constructed with 
solid-wood joists.  However, in April 2003, Dr Hadjisophocleous, the Chair in Fire Safety Engineering at 
the university, and Craft’s thesis advisor, submitted a proposal to the Ontario Center of Excellence 
(OCE), which would leverage Forintek’s financial support to Craft and enable Hadjisophocleous to build 
an entire research program around Craft’s thesis research.  OCE accepted the proposal and in December, 
Forintek, Carleton University and OCE signed the requisite agreement (OCE Project DE40096).   This 
OCE project commenced on January 1, 2004 and would be completed 27 months later.  The proposed 
work dealt with the development and validation of computer models which predict the response of 
timber-frame floor assemblies to attack by fire.  The models would calculate the thermal response of the 
assemblies to standard and “realistic” fire exposures (as defined by specific time-temperature curves), as 
well as the structural response of the assemblies as a result of deteriorating material properties at elevated 
temperatures and the charring of wood structural members.  A second model would also be developed to 
predict the probability of failure of timber-frame building elements.  The research would be conducted by 
three post-graduate students and Craft, and would include three full-scale fire-resistance tests to provide 
experimental data for validation of the models.   
 
   

7 Accomplishments (2004-2005) 
A detailed description of the accomplishments in 2003-2004 can be found in Richardson, 2005. 
 
7.1 Heat Transfer Model for Exterior Walls of Houses in Japan 

In June 2004, Dr H. Takeda presented a paper, coauthored with L. Richardson, entitled Fire Resistance of 
Wood-framed Exterior Walls: Model and Full-scale Test at the 8th World Conference on Timber 
Engineering (WCTE 2004) in Lahti, Finland.   
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7.2 Heat Transfer Model for Wood-Frame Walls of Buildings in Japanese Fire 
Protection Zones (Walls that Comply with Japanese “one-plus-three” 
Specifications for Fire Resistance) 

Except for publication and presentation of papers about this research, for a number of reasons outlined in 
Richardson, 2005, a decision was made to put this work on hold for at least one year.   
 
7.3 Heat Transfer Model for Wood-Frame Floor/Ceiling Assemblies 

One of the tasks that Steve Craft, a student enrolled at Carleton University, commenced carrying out for 
his PHD on the reliability of wood-frame floors in fire was the development of a heat and mass transfer 
model for floor assemblies constructed with solid-wood joists.   
 
Ling Lu, another of the students enrolled at Carleton University commenced developed a finite-element 
model which would predict the structural behaviour of a protected wood-joist.  Another student, Eman 
Elewini, was analyzing the results of fire resistance experiments on wood-joist floors, while a fourth 
student, Ning Wang, was modelling the probability of failure of floor and walls assemblies during fire 
exposures.   
 
One full-scale and three intermediate-scale fire resistance tests were conducted by researchers at the 
National Research Council Canada / Institute for Research in Construction in order to develop data for 
validation of the models being developed by Carleton University students.  The assemblies were 
constructed with nominal two-by-ten wood joists (SPF No. 1 and No. 2 S-DRY), floor sheathing 
consisting of two layers of nominal ⅝" OSB and ceilings consisting of two layers of 12.7-mm Type X-C 
fire rated gypsum board.  There were no structural loads applied to the assemblies during the 
intermediate-scale fire tests.  The assemblies were subjected to the maximum loads permitted by 
Canadian design (CSA-O86) during the full-scale test.  The fire exposure used in the full-scale and two of 
the intermediate-scale fire tests was that described in ASTM E 119 and CAN/ULC-S101.  The fire 
exposure employed in the third intermediate-scale fire test was intended to represent something akin to a 
“real” fire.  Temperatures in the furnace increased at a faster rate and reached higher levels than in 
standard fire tests, but the duration was less.   One more full-scale test is to be carried out in April using 
this same exposure.   
 
7.4 Other Fire Models 

7.4.1 Model for Char Formation in Timber 

While working for the American Forest & Paper Association in the mid 1990’s, Dr. Marc Janssens 
developed a simple (DOS-based / QBasic) one-dimensional computer model for predicting char formation 
in large timber members exposed to fire: CROW (Char-Rate-of-Wood).  CROW was validated by 
comparison with ASTM E 119 data for Douglas fir glulam beams.  CROW does not model moisture 
transport during fire exposure but the effects of moisture transport on the overall energy balance are 
accounted for by the assumption that only a fraction of the moisture content of the wood evaporates and 
leaves the exposed boundary of the timber.  This fraction is species dependent and is determined on the 
basis of ASTM E 119 charring rate data for slabs with differing moisture contents.  In other words, to 
predict performance of timber slabs during fire exposures, the model had to be calibrated by 
measurements of char formation in timber slabs of that particular species when exposed to ASTM E 119 
fire exposures.  As a result, CROW was not practical for either design or research purposes.  Therefore, in 
2004, Dr Janssens, then the Director, Department of Fire Technology at the Southwest Research Institute 
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(SwRI), submitted a proposal to the American Wood Council (AWC) to assess the ability of 
commercially available finite-element thermal analysis programs to model wood members exposed to fire 
conditions and their ability to handle and appropriately model varying thermal properties, shrinking char, 
energy associated with moisture evaporation, mass transfer and thermal feedback from flaming 
combustion on the surface of the wood.  The thermal conductivity and specific heat for the wood would 
be derived from CROW and empirical data developed by Dr Robert White at the USDA Forest Products 
Laboratory.   
For a number of years, fire scientists at the USDA Forest Products Laboratory and Forintek had discussed 
various ways to complete the development of CROW into a practical design and research tool.  Members 
of the AWC Subcommittee on Fire Performance of Wood acknowledged there would be many 
applications for such a model, and since AWC did not have the necessary resources to do it, the 
Subcommittee recommended that Forintek work with Dr Janssens to complete CROW’s development as a 
usable tool for both research and design.   
 
 

8 Progress (2005-2006) 
 
8.1 Heat Transfer Model for Wood-Frame Walls of Buildings in Japanese Fire 

Protection Zones (Walls that Comply with Japanese “one-plus-three” 
Specifications for Fire Resistance) 

A paper by H. Takeda and L.R. Richardson entitled A Heat Transfer Model to Simulate Japan's 1+3 Fire 
Endurance Test for Wood-Framed Wall Assemblies was presented at the IAWPS 2005 Conference 
organized by the Japan Wood Research Society (JWRS) and the International Association of Wood 
Products Societies (IAWPS).  The conference was held Yokohama, Japan on November 27-30, 2005.  
The Abstract for the paper can be found in Appendix I.   
 
A paper by H. Takeda and L.R. Richardson entitled A Model to Simulate Japan’s ‘1 + 3’ Fire Endurance 
Test was submitted for presentation at the 31st International Symposium on Combustion (2006) in 
Heidelberg, Germany on August 6-11, 2006.    
 
8.2 Heat Transfer Model for Interior Wood-Frame Partition Walls  

A Japanese-language paper by H. Takeda roughly translated as Wood-Frame Wall Fire Resistance 
Simulation Model was published in Wood Industry 60(3)134-137.  The Journal is published by the Wood 
Technological Association of Japan.  
 
8.3 Heat Transfer Model for Wood-Frame Floor/Ceiling Assemblies 

Through the efforts of researchers and students at Carleton University, and with funding assistance from 
the Ontario Centres of Excellence, development of computer models to predict the response of wood-
frame floor assemblies to fire attack, including both the thermal and the structural response of such 
assemblies, and models to predict the probability of failure of wood-frame building elements during fire 
continued.   
 
As part of his PhD studies, S. Craft undertook a directed studies project which investigated the behaviour 
of gypsum board and wood at elevated temperatures.  His goal was the development of sub-models which 
better address the kinetics of calcinations of gypsum board and the pyrolysis of wood.  However, to more 
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effectively model heat transfer though wood and gypsum board, it was concluded that additional thermal 
analysis test data (differential thermal analysis {DTA}; thermal-gravimetric and analysis {TGA}; and 
differential scanning calorimetry {DSC}) for gypsum board and spruce wood was required.  Since the 
data was also needed by George Hadjisophocleous for his NSERC/Forintek supported research program 
at Carleton University and by researchers at the National Research Council Canada (NRC) for theirs, it 
was agreed that the three organizations would establish a collaborative contract with the material testing 
division of NRC to obtain the requisite thermal analyses.  In July, Forintek established that agreement.  
Four gypsum board materials and eastern white spruce were tested at 2, 5 and 20ºC/minute heating rates 
in air and in a nitrogen atmosphere.  The work was completed and the data delivered to Forintek.  Based 
upon his analysis of the data, Craft submitted a Directed Studies Report to Carleton University entitled 
Modelling the Thermal Degradation of Gypsum Board and Wood Using TGA.  A copy of Craft’s paper 
can be found in the Forintek Progress Report for Project 4478 entitled Support for Fire Research Studies 
by Engineering Students (Mehaffey, 2006).  A poster presentation by J.R. Mehaffey, S. Craft, G. 
Hadjisophocleous and B. Isgor entitled Fire Response of Gypsum Board and Wood Framing was given at 
the 8th International Symposium sponsored by the International Association of Fire Safety Science on 
September 18 to 23, 2005 in Beijing,.  That presentation was based in part upon Craft’s analysis of the 
thermal analysis data obtained from NRC.  Finally, a paper by S. Craft, G. Hadjisophocleous, B. Isgor 
and J. Mehaffey entitled Predicting the Fire Resistance of Light-Frame Wood Floor Assemblies was 
submitted and has been accepted for presentation at the 4th International Workshop on Structures in Fire 
(SiF’06) on May 10-12, 2006 at the University of Aveiro in Portugal.  The paper is also based upon Crafts 
analysis of the thermal analysis data obtained from NRC.      
 
8.4 Other Fire Models 

8.4.1 Model for Char Formation in Timber 

In August 2005, Forintek established an agreement with SwRI whereby researchers at SwRI would assess 
the feasibility of utilizing finite element analysis (FEA) programs to model wood members (e.g. heavy 
timber beams and columns) exposed to fire conditions.  The assessment would be based upon, but not 
limited to, the FEA program’s ability to handle and appropriately model varying thermal properties, 
shrinkage of the char, energy associated with moisture evaporation, mass transfer and thermal feed back 
from flaming combustion on the surface of the wood member.  The thermal conductivity and specific heat 
for wood was derived from the one-dimensional computer model for predicting char formation in large 
timber members (CROW – Char Rate Of Wood).   
 
The fire resistance of a glulam beam was modeled in two-dimensions using five different FEA programs 
commonly used to predict the response of structures exposed to elevated temperature.   The output of each 
model was compared with experimental data for wood beams from tests conducted in 1997 at SwRI in 
order to analyze the capability of each FEA program.  The programs used were ABAQUS, COMSOL, 
FIRES-T3, SAFIR and TASEF.  The density, thermal conductivity and specific heat for wood and char 
were derived from the computer model CROW, previously developed by Janssens. 
 
It was found that each of the FEA programs was capable of generating predictions that were in reasonable 
agreement with the test data.  The input data and boundary conditions had to be adjusted to account for 
changes in thermal properties as a function of temperature, for moisture evaporation and migration, doe 
char contraction and for thermal feedback from the flame to the surface.  The extent of these adjustments 
varied from one program to another, depending on the features included in the model. 
 
While each program had advantages and disadvantages in respect to both use and appropriateness, 
COMSOL was selected for a more detailed analysis because of unique features which it offered.  One of 
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those unique features was the ability to create variable sub-domain boundaries that can be set up as a 
function of a dependent variable such as time or temperature.  This made it possible to simulate the 
different sub-domain layers and the thermal feedback from the flame to the wood. 
 
A paper by B. Badders (SwRI) and J.R. Mehaffey and L.R. Richardson (Forintek) entitled Using 
Commercial FEA Software Packages to Model the Fire Performance of Exposed GLULAM Beams was 
submitted and has been accepted for presentation at the 4th International Workshop on Structures in Fire 
(SiF’06) on May 10-12, 2006 at the University of Aveiro in Portugal.  

 

 

9 Publications and Presentations (2002-2006) 
Badders, B.; Mehaffey, J.; Richardson, L.  2006.  Using commercial FEA software packages to model the 

fire performance of exposed GLULAM beams.  To be presented: 4th International Workshop on 
structures in Fire (SiF’06).  10-12 May 2006; University of Aveiro, Portugal.   

 
Craft, S.; Hadjisophocleous, G.; Isgor, B.; Mehaffey, J.  2006.  Predicting the fire resistance of light-

frame wood floor assemblies.  To be presented: 4th International Workshop on Structures in Fire 
(SiF’06).  10-12 May 2006;  University of Aveiro, Portugal.   

 
Craft, S.  2005.  Modelling the thermal degradation of gypsum board and wood using TGA.  Directed 

Studies Final Report - Carleton University Department of Civil and Environmental Engineering.  
Ottawa, ON.  Available from Carleton University.   

 
Mehaffey, J.; Craft, S.; Hadjisophocleous, G.; Isgor, B.  2005.  Fire response of gypsum board and wood 

framing.  8th International Symposium, sponsored by the International Association of Fire Safety 
Science; 18-23 September 2005; Beijing, China. 

 
Takeda, H.; Richardson, L.R.; Yusa, S.  2005.  A heat transfer model to simulate Japan’s ‘1 + 3’ fire 

resistance test for wood-framed wall assemblies.  IAWPS2005 International Symposium on Wood 
Science and Technology.  2005 November 27-30; Yokohama, Japan [English] 

 
Takeda, H.  2005.  Wood-Frame Wall Fire Resistance Simulation Model.  Wood Industry 60(3)134-137. 

Published by the Wood Technological Association of Japan.  [Japanese] 
 
Takeda, H.; Richardson, L.R.  2004.  Fire resistance of wood-framed exterior walls: model and full-scale 

test.  8th World Conference on Timber Engineering; 2004 June 14-17; Lahti, Finland. 
 
Takeda, H.  2003.  A model to predict fire resistance of non-load bearing wood-stud walls.  Fire Mater. 

27(1): 19-39. 
 
Takeda, H.  2002.  Fire resistance of wood-framed exterior walls: the effect of an external air cavity and 

external insulation. Proceedings, 7th International Symposium on Fire Safety Science; 2002 June 16-
21; Worcester, MA.  
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10 Conclusions/Recommendations 
While this project officially ended on March 31, 2006, many of the activities underway at that time will 
continue as components of other Forintek research projects or through the activities of the Carleton 
University Industrial Research Chair in Fire Safety Engineering.  The 1984 vision by fire research 
scientists at Forintek of the advantages that building code acceptance of performance-based design would 
provide to manufacturers of wood-based building products holds as true today as it did more than twenty 
years ago.  And, while many of the goals of the research projects initiated by Forintek to bring that vision 
to reality remain unfulfilled, if one takes a step back and looks at the “big picture”, it becomes readily 
apparent that great advances have been made down that road over the last 22 years.  Forintek must stay 
the course and maintain its focus on development of fire safety engineering tools which facilitate 
performance-based design; however there is no longer a particular need for this project.  Finally, Focus 
2000 – Fire Research Challenges in the Last Decade of the 20th Century [Richardson, 1989] and 
Performance 2010 – Fire Research Challenges for Canadian Wood Products Under Performance-based 
Building Codes [Richardson, 1999], the two long-term fire-research plans which have guided Forintek’s 
fire-research program since the mid 1980’s have served their purpose.  New, updated visions are required.   
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A Heat Transfer Model to Simulate 
Japan’s ‘1 + 3’ Fire Resistance Test  
for Wood-Framed Wall Assemblies 

 
H. Takeda* and L.R. Richardson 

Forintek Canada Corp. 
and S. Yusa 

Center for Better Living (Japan) 

 
The author has developed computer models to predict heat transfer through wood-framed partition walls1, 
external walls2 and floor / ceiling assemblies3 during standard fire-resistance tests.  The results predicted 
by those models have been compared to full-scale fire-resistance tests and very good agreement has been 
observed.  The present paper describes a new model which predicts heat transfer through walls during 
exposure to Japan’s Fire-Resistance Verification Method for Fireproof Construction, the so-called “one-
plus-three” fire resistance test.   
 
Japanese building regulations permit construction of wood-frame buildings within Fire Protection Zones 
of cities if the major load-bearing elements in those buildings meet specific requirements for fireproof 
construction.  Those requirements have been dubbed the “one-plus-three” fire resistance test because for 
wood-frame buildings they include exhibiting one-hour of fire-resistance when tested in accordance with 
ISO 834, and continued fire resistance without structural collapse when the test assembly is maintained 
under structural load with the fire-test furnace in-place against the side of the assembly for an additional 
three-hour cooling period.   
 
The following figure shows furnace temperatures as a function of time during a “one-plus-three” test, 
including both the one-hour heating and three-hour cooling periods. 
 
 
 
 

 

Heating period Cooling period 

 
 
The wall assembly evaluated in this test was constructed with nominal 2 x 4 wood studs (38-mm x 89-
mm, SPF) and finished with two layers of gypsum board on each side.  The face layer of gypsum board 
was 21-mm thick: the base layer was 15-mm.  The gypsum board was manufactured in Japan and had a 
density of 770 kg/m3.  Glass-fiber insulation (12 kg/m3) was installed in the stud cavities.  The thickness 
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of the insulation was 50-mm: there was a 39-mm wide airspace between the insulation and gypsum board 
on the fire-exposed side of the assembly.   
 
The model assumes that the heat from the furnace is transmitted by radiation and convection to the 
surface of the gypsum board: 
 

- ks (∂T/∂x) = hf(Tf  - Tsf) + εff σ(Tf
4  -  Tsf

4)     (1)  
 
Where ks is the thermal conductivity of gypsum board, hf is the heat transfer coefficient between the 
furnace gases and surface of the gypsum board, εff is the effective emissivity of gypsum board surface, σ 
is the Stephan-Boltzmann constant, Tf is the furnace gas temperature and Tsf is the surface temperature of 
the gypsum board. 
 
The flow of heat within the gypsum board, wood studs and insulation is calculated by a two-dimensional 
heat conduction equation: 
 

Cpρ(∂T/∂t) = ∂/∂x (k∂T/∂x) + ∂/∂y(k∂T/∂y)     (2) 
 

Where k is the thermal conductivity, Cp is the specific heat, ρ is density, t is time, and x and y are the 
spatial coordinates.  Heat transmission through the airspace in the stud cavity can be calculated by 
radiative and convective heat transfer equations.   
 
The results of “one-plus-three” fire tests can be significantly different from those for standard fire 
endurance tests due to the reaction of test specimens during the three-hour “cooling period”.  The 
temperatures within the wall assembly continue to increase following the “heating period” and the wood 
studs start to burn (thermally decompose).  At the same time, the gypsum board on the fire-exposed side 
will for a time continue to thermally shrink and deform.  This new heat transfer model accounts for those 
changes in the wall’s components during the three-hour cooling period and predicts the overall fire 
resistance of the walls. 
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