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NOTICE

This report is an internal Forintek Canada Corp. ("Forintek") document, for 
release only by permission of Forintek. This distribution does not constitute 
publication. The report is not to be copied for, or circulated to, persons or 
parties other than those agreed to by Forintek. Also, this report is not to be 
cited, in whole or in part, unless prior permission is secured from Forintek.

Neither Forintek, nor its members, nor any other persons acting on its behalf, 
make any warranty, express or implied, or assume any legal responsibility or 
liability for the completeness of any information, apparatus, product or process 
disclosed, or represent that the use of the disclosed information would not 
infringe upon privately owned rights. Any reference in this report to any 
specific commercial product, process or service by tradename, trademark, 
manufacturer or otherwise does not necessarily constitute or imply its 
endorsement by Forintek or any of its members.



SUMMARY
Risk assessment can be used to establish equivalencies and to assess building 
code requirements. It is used to calculate two numerical parameters that 
assist in choosing the most appropriate design solution. In looking at 
equivalencies when selecting the most acceptable design, cost-effective 
decision-making criteria will be used, such that the existing levels of life 
safety implied by the code should be maintained or have a lower risk-to-life 
value than the risk-to-life value applied to buildings designed in compliance 
with code requirements. In writing NBCC requirements, it is used to select 
design philosophies which meet the level of life safety inherent in currently 
accepted code compliant designs. The two parameters calculated are:

(a)
( b )

Expected Risk-to-Life, and 
Fire Cost Expectation.
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1.0 OBJECTIVE

To compare fire risk in 3-storey combustible office buildings, as permitted in 
the National Building Code of Canada (NBCC), with that in 4-storey combustible 
office buildings, presently not permitted by the NBCC, in support of Canadian 
Wood Council (CWC) proposed revisions to the NBCC.

2 . 0  BACKGROUND

The NBCC is the model building code in Canada. It is essentially a code 
stipulating a level of minimum requirements for public health, fire safety and 
structural integrity. It was originally developed in an effort to ensure 
uniform building regulations across the country.
The code is maintained and developed through a consensus approach. Every 
effort is made to obtain representation from the major components of the 
construction industry and from as many diverse geographical regions as 
possible. Throughout the whole code-writing process, members of the public 
are invited to attend and participate in meetings. Normally twice during the 
five year code cycle, proposed changes to the code are published and the 
public is invited to comment on these changes through a process called the 
"Public Review Process". The comments received from the public are then 
evaluated by committees and are modified, approved or resubmitted for 
additional public comment.
Despite the care taken in the development and maintenance of the code, serious 
limitations exist. The major limitation is that code requirements are not 
formulated using rationalized decision making criteria. It is only recently 
that a mechanism which allows one to rationalize decisions affecting the 
building code has become available. A second limitation arises from the fact 
that the code is in a transition state moving from prescriptive requirements 
to performance-based requirements. Prescriptive requirements regulate 
roaterial and assembly types for particular applications while performance- 
based requirements set forth objectives which must be met in order to achieve 
the required levels of safety. When using only a prescriptive system, no 
allowance is made to accommodate alternative design solutions. Therefore, by 
switching to a performance-based system, authorities having jurisdiction can 
measure the outcome of a proposed design against the given objective for that 
particular application. This affords architects and engineers a greater level 
of flexibility when designing a building. Unfortunately, the current NBCC is 
still a hybrid of prescriptive and performance requirements.
With respect to fire, the building code's main objective is to protect people 
and buildings from the effects of fire in the built environment. In achieving 
this objective, the code implicitly establishes minimum levels of safety for 
the occupants of the building, the occupants of adjoining buildings, and fire 
department personnel.

Since a large portion of all building costs are directly attributable to the 
costs associated with achieving the minimum levels of fire safety implied by 
the building code, it is only natural to wish for a global system by which the 
cost effectiveness of all such features incorporated in the design of a 
building could be quantified. Fire risk assessment provides such a system.
The ultimate goal in fire research is to ensure an adequate level of fire 
safety. With that in mind, the potential for harm created by the presence of 
a material or an innovative building design in a fire environment must be 
modelled. Fire risk assessment computes the probability of fire loss within a 
specified period of time. It does so by modelling the relationship of fire
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growth and severity (required to determine the potential for harm) to the loss 
or cost (in both monetary and people terms) caused by the material or 
innovative building design.
Fire risk assessment provides a flexible framework for estimating the impact 
of any type of fire safety program in terms of losses - deaths, injuries, and 
property damage - which in turn can be compared to the costs of implementing 
the program and/or strategy. It can be used to examine whether or not the 
additional costs required to implement additional firesafety measures are 
warranted in terms of the reductions in deaths, injuries and property damage.
The fire risk assessment framework that will be used throughout this research 
program was developed by Dr. V. Beck, at the Department of Civil Engineering, 
Footscray Institute of Technology, Australia, and further refined at the 
National Research Council of Canada/National Fire Laboratory (NRCC/NFL) by 
Drs. Beck and Yung. Using this fire risk assessment methodology, it is 
possible to determine whether substantial cost savings can be achieved without 
a corresponding trade-off in safety.
The methodology uses a systems approach to quantify performance measures (much 
like the performance-based approach increasingly used by the code) which can 
be evaluated against a set of objectives. In this way the design most 
compatible with the objectives and offering an expected risk-to-life value 
similar to or lower than the code-imputed expected risk-to-life value (ie: a
building designed in compliance with code requirements) is the design most 
suitable for the application.
Risk assessment can be used to establish equivalencies and to assess building 
code requirements. It is used to calculate two numerical parameters that 
assist in choosing the most appropriate design solution. In looking at 
equivalencies when selecting the most acceptable design, cost-effective 
decision-making criteria will be used, such that the existing levels of life 
safety implied by the code should be maintained or have a lower risk-to-life 
value than the risk-to-life value applied to buildings designed in compliance 
with code requirements. In writing NBCC requirements, risk assessment is used 
to select design philosophies which meet the level of life safety inherent in 
currently accepted code compliant designs. The two parameters calculated are:

(a)
( b )

Expected Risk-to-Life, and 
Fire Cost Expectation.

3.0 STAFF

Name Title
A.A. Cornelissen Project Leader 

Research Scientist
L.R. Richardson Research Scientist
J.R. Mehaffey Research Scientist
R.P. Dubois Research Technician
B.E. McCuaig Department Secretary
J.C. Havard Department Manager
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4.0 NATIONAL FIRE LABORATORY ASSOCIATES

Name Title
David Yung Senior Research Officer
Hisa Takeda Senior Research Officer
George Hadjisophocleous Research Officer
John Letour Technical Officer
Betty Anderson Secretary

National Fire Laboratory
Ken Richardson Head

National Fire Laboratory
Igor Oleszkiewicz Senior Research Officer 

Canadian Codes Centre

5.0 PROPOSED APPROACH

This project was divided into several phases.
In Phase I, the educational foundation required for the project leader 
(Cornelissen) to analyze cost-benefit factors associated with fire risk was 
acquired at Worcester Polytechnic Institute (WPI) in their Master of Science 
in Fire Protection Engineering program. One of the requirements for that 
program is completion of a thesis.
In Phase II, the project leader (Cornelissen) will become conversant with the 
risk-cost assessment model under development at the National Fire Laboratory 
(NFL) of the Institute of Research in Construction (IRC), and its limitations 
with respect to mercantile (Group E) combustible construction. Currently the 
model is limited to non-combustible highrise residential buildings. This will 
be achieved by the project leader (Cornelissen) working in close cooperation 
with scientists at NFL under the National Research Council of Canada (NRCC) 
Industry Fellowship Program.
In Phase III, the project leader (Cornelissen) will modify those computer 
modules identified in Phase II that are applicable to low-rise, non- 
residential, combustible buildings. These modules could include modifications 
to the fire scenario, fire and smoke spread through boundary elements (walls, 
floors etc.), suppression and detection systems, and egress. In this phase, 
the project leader (Cornelissen) will provide technical data to support the 
proposed submission to the Canadian Commission of Building and Fire Codes 
(CCBFC) by CWC to include 4-storey sprinklered Group D and E combustible 
occupancies in the 1995 NBCC.
In Phase IV, the project leader (Cornelissen) will carry out sensitivity 
analyses on the model. In this phase, the model will be used to assess code 
change applications. At the same time, the model will be used to look at 
broader issues within the same occupancy classification in the building code, 
such as inconsistencies in effects of increasing height and area allowances, 
and changing fire separation requirements for floor/ceiling assemblies, etc. 
Subsequently the project leader (Cornelissen) will begin to address other 
occupancies.
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6.0 PROGRESS in 1991/92

All of the course requirements necessary for completion of a Master of Science 
Degree in Fire Protection Engineering were completed. A thesis topic was 
chosen and was approved by the thesis co-advisors. The topic is extending the 
applicability of the risk-cost assessment model under development at NFL, from 
noncombustible highrise apartment buildings, to combustible mercantile and 
office occupancies.
While at WPI, Cornelissen completed a project report entitled "Cost Benefit 
Analysis of a Three Storey Business Occupancy (Combustible versus Non- 
Combustible Construction)" (Appendix I). In this report, a very early version 
of fire risk assessment was used to demonstrate that the use of combustible 
construction for some non-residential applications does not pose a more 
serious threat to occupants than the use of non-combustible construction.
Cornelissen worked at NFL as a guest worker in July and August to obtain 
hands-on experience with the current version of the risk cost assessment 
model.
A detailed work plan (Appendix II) was prepared outlining the approaches to be 
taken for Cornelissen to work at NFL for three years through an Industry 
Fellowship program. In this way, Cornelissen would have access to all NFL 
support staff, and the actual transfer of "intellectual rights" would be 
clearly defined. Although Cornelissen's term at NFL was to commence January 
2, 1992, this has been delayed by negotiations on an agreement.
Throughout the course of this year, meetings were held among the Forintek and 
NFL scientists involved in the project. Topics discussed at these meetings 
included research being performed at other institutions and how that research 
could be coupled into the overall assessment of fire risk (eg. human 
evacuation patterns, smoke transport, fire endurance through gypsum/wood wall 
studs, etc.). On several occasions, the developer of the original concept for 
the NFL model, Dr. V. Beck of Australia, was present. Dr. Beck supported 
Forintek's project to extend the existing methodology to combustible 
nonresidential occupancies. On-going research in Australia and the 
possibility of collaboration between the Australians and Forintek were also 
discussed.
In order to stay abreast of industry needs, Cornelissen participated in 
Forintek's Task Force on Fire Research. This task force was charged with 
developing recommendations on Forintek's fire research programs. Some of the 
more pertinent recommendations and comments from the task force were:

• The scope of the fire risk assessment project should be 
expanded to include low rise Group A (assembly) occupancies 
such as restaurants, schools and theatres.

• Results of the fire risk assessment research should be 
published as they become available in journals that are read 
by building code and fire protection communities.

• Fire risk assessment is the wave of the future. It will 
provide the wood industry with an important marketing edge 
to increase the use of wood in construction in both overseas 
and national markets.

• A dialogue should be established with the Insurance 
Institute of Canada so as to get a better understanding of 
how insurance companies view risk.

• It is vitally important that collaboration between fire 
research organizations occurs in order to achieve the 
successful completion of research programs and technology 
transfer. The fire risk assessment program being undertaken
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by NFL and Forintek is a good example of what can be 
achieved through collaborative relationships.

Cornelissen attended the Conference on Firesafety Design in the 21st Century, 
held at WPI. While at this conference, the fire research community (including 
Fire Protection Engineers) developed a plan to overcome an "identity crisis". 
It was brought to the participants' attention that most engineering 
disciplines reduce the overall building construction costs through the use of 
innovative designs, materials, etc. Fire Protection Engineers on the other 
hand, always seem to suggest improvements that increase the cost of a 
building. In an effort to address this problem, participants at this 
conference were divided into four working groups; each group carefully 
constituted to reflect the diversity of backgrounds of participants. Each 
group was charged with the identification of major barriers and the 
development of strategies to educate the public, builders and architects about 
the role and responsibility (ie: the protection of life) of the fire
protection research community. Various avenues for technology transfer and 
adaptation of research for practical use were discussed.
Cornelissen submitted a paper to the Journal of Fire Science entitled "Smoke 
Release Rates: Modified Smoke Chamber versus Cone Calorimeter - Comparison of
Results" (Appendix III).
Cornelissen refereed a paper to be published in the Fire Safety Journal.

7.0 RECOMMENDATIONS

It is recommended that Phase I and Phase II be completed by the third quarter 
of 1992. Phase III should be initiated by 1993 so that it can be completed in 
time to provide the technical data to support the proposed CWC submission to 
the CCBFC for inclusion of 4-storey sprinklered business and mercantile 
combustible occupancies in the 1995 NBCC.
Cornelissen should attend meetings and respond to proposals of the Standing 
Committee for Part 3 of the NBCC. Cornelissen should make one or more 
presentations describing risk assessment modelling and her project at local 
chapter meetings of the Society of Fire Protection Engineers (SFPE).
Throughout this research program Cornelissen should publish the results of her 
fire risk assessment research in journals that are read by building code and 
fire protection communities.
Cornelissen should continue to coordinate this fire risk assessment project 
with other research projects underway at Forintek. For example, the outcome 
of the quantification of fire risk in wood buildings will have a direct impact 
upon spatial separation research in the project entitled "Fire Performance of 
Exterior Wall Assemblies and Finishes". Degrees of combustibility results 
will provide information on fire loads and rate of fire spread within 
buildings. Results from these research projects will be used as input into 
the fire risk assessment model. To account for the fire spread (in the fire 
risk assessment model) from the room of fire origin to other compartments 
within the building, results obtained from the project entitled "Development 
of Fire Endurance Models for Wood Stud Walls” will be used as input.
Cornelissen should remain abreast of initiatives and developments occurring 
throughout North America by active participation in NAWPFRC.
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Since the risk-cost assessment model will be used to address and rationalize 
code requirements and expand the use of wood construction in nonresidential 
applications, Cornelissen must remain active on codes and standards committees 
and participate in the Canadian Wood Products Coordinating Committee for Codes 
and Standards, ASTM, and Standing Committees of the NBCC. Cornelissen should 
become a member of ASTM's subcommittee for Fire Risk Assessment (E05-35); the 
National Fire Protection Association's committee on Fire Risk Assessment; and 
the International Standards Organization's working group dealing with Fire 
Risk Assessment.
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1.0 INTRODUCTION

There has been a growing concern over the years on firesafety issues applied to 
combustible and non-combustible buildings. This growing concern has led to many changes over 
the years with the BOCA National Building Code 1990 and has led to the development of many 
statistical fire data bases. Issues such as whether combustible buildings can be made safe when 
equipped with proper fire detection and/or suppressions system, and if so exactly how far must 
the owner go in making his/her building safe from fire hazard has been brought up time and 
time again over the years.

The inclusion of fire safety and protection features to satisfy building code requirements 
represents a significant portion of the cost of buildings in the United States. The objective of 
this project is to find a cost benefit analysis of combustible buildings versus non-combustible, 
specifically for three story office buildings. It is an evaluation of the two types of buildings and 
the fire protcetion system required by BOCA for each one.

Statistics from several data bases, cost from construction companies, and the BOCA 
National Building Code have been used in an appropriate evaluation of each building.

The evaluation used for this project is mainly from a cost- effective decision-making 
criteria. The evaluation of human life safety has been incorporated into this project by assigning 
a value on life derived from the NIST. Construction companies have been consulted throughout 
this project for cost estimates.

The purpose of the fire risk assessment methodology used throughout the course of this 
project is to demonstrate the capability of risk modelling techniques for the design of fire safety 
and protection facilities in buildings. This methodology is a very common one and can be used 
in evaluating any type of building.

It must be noted that for simplicity the firesafety features of this project are strictly 
derived from the BOCA National Building Code. There are many "trade offs" and incorporation 
of extra safety features possible which would result in a variety of options. The "trade offs" are 
dependent on the legal jurisdication and BOCA.



2.0 BUILDING CODE REQUIREMENTS

Building codes are created by various legislative bodies in order to regulate minimum 
required construction and firesafety features within various types of buildings. The two most 
common features that are regulated are the structural integrity of the building and the ability of 
the building to protect the occupants from the harmful effects of fire.

Every building must as a minimum have the ability to physically support itself, the weight 
of its occupants; and the weight of the building’s contents. In addition to the above, the 
building’s structural components must withstand forces that are subjected upon it by wind, snow, 
rain, and earthquake. Since the thrust of this paper is a cost-benefit analysis focusing upon 
firesafety design within two buildings made of different materials, no more will be discussed 
about required structural integrity except to state that each building will be designed to be 
structurally sound and the cost to achieve this will be included in the cost of construction for 
each building.

Firesafety is regulated by building codes to achieve primarily the four following goals:

1. To provide for the safety of the building’s occupants and to make provisions for their
evacuation or refuge during a fire.

2. To provide for the safety of fire fighters during a fire.

3. To prevent the spread of fire to adjoining structures.

4. To limit the spread of fire within the building itself.

Building codes have been around in one form or another since the days of the Roman 
Empire, but it was during the 1600’s in London after a spate of fires that a specific set of laws 
was passed that limited tha use of certain construction materials (i.e. roofs were required to be 
made of stone instead of thatched hay).

The objective of this paper is to evaluate if a building made of wood structural 
components along with a system of automatic sprinklers is more cost effective from a firesafety 
standpoint than a building made of concrete and steel components without a system of automatic 
sprinklers. The cost-benefit analysis was accomplished being mindful of the above four 
firesafety goals.

To perform the cost-benefit analysis, it was necessary to first establish some fundamental 
design criteria which will be used to design the two case buildings. The source of this 
fundamental design criteria was the 1990 Edition of the BOCA National Building Code. BOCA 
stands for Building Officials and Code Administrations and is a non-profit organization dedicated 
to building safety. The BOCA National Building Code is made available for adoption by local 
or state governments by legislative action. The widespread acceptibility of the BOCA National
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Building Code across the northeast area of the United States makes the use of the BOCA 
National Building Code an acceptable quantitative standard for minimum building firesafety 
requirements (goals) needed for the design of the two case buildings and because of its longtime 
acceptability, the basic design of the two case buildings may be similar to the basic design of 
the typical office buildings surveyed by the actuarial data. The fundamental design criteria 
provided bv BOCA were needed to lierrne the cost of the tw^case buildings - which in turn 
helped define tne cost of the building.

The first thing to do in establishing firesafety design criteria for the two case building 
was to review the BOCA code to establish the minimum/maximum restraints on certain building 
elements. This is illustrated in Table A. The concrete and steel (non-combustible) building is 
called Type 1A constuction. The wood (combustible) building is called Type 5B construction. 
The criteria listed in Table A have been deemed the most important design elements for 
firesafety within the case buildings by the project team. Table A imposes a minimum or 
maximum value upon each design element. For example, the area of a Type 1A building has 
no minimum limit but the Type 5B building with automatic sprinklers and maximum street 
frontage on the perimeter is limited to a maximum of 20,160 sq. ft. The final design of each 
case building design element must not exceed maximum limits nor fall below minimum limits. 
There are numerous building designs which will comply with these minimum/maximum criteria 
and the basic building floor plan is illustrated in this report.
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TABLE A - BOCA CODE REQUIREMENTS

DESIGN ELEMENT TYPE 1A TYPE 5B

USE BUSINESS BUSINESS

OCCUPANCY OFFICE OFFICE

HEIGHT (MAX.) NOT LIMITED 50 FT MAX.

STORIES (MAX.) NOT LIMITED 3 MAX.

AREA (MAX.) NOT LIMITED 20,160 SQ FT

EXITS (MIN.) 2 MIN. 2 MIN.

OCCUPANT 
LOAD (MAX.)

120 PERSONS 120 PERSONS

EXIT ACCESS 
TRAVEL (MAX.)

200 FT 250 FT

EXIT CORRIDOR (MIN.) 1 HR 0 HR

TENANT RATING (MIN.) 1 HR 0 HR

FLOOR/CEILING (MIN.) 3 HR 0 HR

EXTERIOR WALLS (MIN.) 0 HR 0 HR

ROOF (MIN.) 2 HR 0 HR

INTERIOR BEARING 
PARTITIONS, COLUMNS 
(MIN.)

4 HR 0 HR

EXITWAYS (MIN.) 1 HR 1 HR

STRUCTURAL MEMBERS 
SUPPORTING WALLS (MIN.)

3 HR 0 HR

CORRIDOR WIDTH (MIN.) 3 FT 3 FT

AUTOMATIC
SPRINKLERS

NO YES

FIRE ALARM (MIN.) MANUAL DET. 
AIR/HAND SMOKE 
CENTRAL STATION

MANUAL DET. 
AIR/HAND SMOKE 
WATERFLOW 
CENTRAL STATION

EXIT SIGNS 
EMERG. LIGHTS

YES YES
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Notes to Table A

U SE- The classification of a building or structure based on the purpose for 
which it is used - USE GROUP B

OCCUPANCY - The purpose for which a building, or port thereof, is used or intended to 
be used (office space).

HEIGHT - The vertical distance from grade to the top of the highest roof beams of 
a flat roof, or the mean of the highest gable or slope of a hip roof. 
Combustible building height is 30’. Non-combustible building height is 
28’ 6".

STORIES - That portion of a building included between the upper surface of the floor 
or next above. For each case building, the number of stories was three.

AREA - The area included within surrounding exterior walls. For each case 
building the area was 4,000 sq. ft.

EXITS - A continuous and unobstructed path of travel from any point in a building 
to a public way.

OCCUPANT 
LOAD - The total number of persons that are permitted to occupy a building. 

Each building can permit 120 persons maximum.

EXIT ACCESS 
TRAVEL - The maximum length of travel allowed to an exit.

EXIT
CORRIDOR - The enclosed (surrounded by walls) portion of the exit access.

TENANT 
RATING - The required fire resistive rating of a wall between different tenants within 

a building.

FLOOR/ 
CEILING - The required fire resistive rating of the floor or ceiling between stories.

EXTERIOR 
WALLS - The walls at the perimeter and their required fire resistive rating.

ROOF - The top most covering of the building and its required fire resistive rating.
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INTERIOR 
BEARING, 
PARTITIONS, 
COLUMNS -

EXITWAY -

STRUCTURAL 
MEMBERS 
SUPPORTING 
WALLS -

CORRIDOR 
WIDTH -

AUTOMATIC 
SPRINKLER -

FIRE ALARM -

EXIT SIGNS 
EMERGENCY 
LIGHTS -

FIRE RESISTANCE 
RATING -

TYPE 1A -

TYPE 5B -

Structural members which support the building internally. 

Stairway and their required fire resisti v e s tin g .

Columns or beams used to carry the load of a building. The fire resistive 
rating of these members must not be less than the rating of the wall.

The minimum width between exit corridor walls. Both buildings 
incorporated 44" as design.

A series of overhead piping designed to deliver water to a fire at a pre
determined temperature setting. Only the Type 5B building is equipped 
with sprinklers.

A system to detect and alert the presence of fire and smoke.

Signage to direct occupants to the outside of a building and lighting to 
keep interior areas of a building illuminated during a loss of normal 
electrical power.

The time in hours or fraction there of that materials or assemblies will 
resist fire exposure.

A construction category (non-combustible) where building structural 
elements and other design elements meet certain fire resistive 
requirements.

Same as above, except for combustible construction.
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3.0 DECISION TREE AND PROBABILITIES

Decision Tree

The probability tree developed through the analysis of possible fire scenarios can be seen 
in Figure 1. This is the most obvious sequence of events that will happen in case of a fire.

The tree begins with the decision of whether to build a combustible or non-combustible 3 story 
office building. From here on there is a sequence of possibilities; whether a fire will occur or 
not, if it does will it be detected by the minimum detection system which BOCA requires.

For the combustible building, BOCA requires (as seen from previous section) sprinkler 
systems for detection and suppression. If the sprinkler works, then the fire is assumed to be 
suppressed. It is assumed that if the sprinkler does actuate, the fire will be suppressed (i.e there 
is not enough fuel to over power the sprinkler system). The next step is if not detected by 
sprinklers, whether it will be detected by humans. If not, it is assumed that the building is lost 
to fire. If it is detected the next step is whether smoke is spread. If it isn’t, then the fire is 
assumed to be confined to area of origin. If not, the next step is whether flashover occurs or 
not. If it does not, then the fire is only confined to room of origin. If it does will the fire 
spread or not, is the next question asked. If fire does spread, then it is assumed that the 
building is destroyed by fire. If not, then it is assumed that the fire has only destroyed the room 
of origin.

For the non-combustible building will the smoke spread is the following step from 
detection. If the smoke does not spread, one may assume that the fire is contained. The 
following step in the tree is whether flashover will occur or not. If it does flashover, the tree 
ends with whether the fire spreads to the rest of the building. If it doesn’t then the flame will 
either spread to other parts of building and destroy the rest of the building, or it will not spread 
and result in the destruction of only the room of origin.
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Legend To Decision Tree

B u i l d  -  B u i l d  s t r u c t u r e

B u i l d  -  N o t  b u i l d  s t r u c t u r e
Comb. -  C o m b u s t ib l e  s t r u c t u r e

Comb. -  N o n - c o m b u s t i b l e  c o n s t r u c t i o n
F i r e  -  F i r e

F i r e  -  No f i r e
D e t .  -  D e t e c t i o n  o f  f i r e  b y  P e o p l e  

D e t .  -  No d e t e c t i o n  o f  f i r e  b y  P e o p le

D e t .  Supp. -  D e t e c t i o n  a n d  s u p p r s s i o n  o f  f i r e  b y  s p r i n k l e r s

D e t .  Supp. -  No d e t e c t i o n  a n d  s u p p r e s s i o n  o f  f i r e
F la s h .  -  F i r e  r e a c h e s  f l a s h o v e r  s t a g e
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Figure 01: Probability Tree
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Statistical Data Bases

The research in finding probabilities resulted in several sources of data which will be 
discussed in this section. Each source and the method with which it was used to derive the 
probabilities on the tree will be described.

NFIRS: The National Fire Incident Reporting System

The NFIRS was designed as a tool for fire departments to report and maintain 
computerized records of fires and other fire department activities in a uniform manner. It is the 
most representative national fire data base providing detailed information on individual fires and 
casualty. The structure of NFIRS, like that of most other national fire data bases, is based on 
reporting from local fire departments, who use categories defined in NFPA 901, Uniform Coding 
fo r Fire Protection. These categories with code numbers are used to describe incidents in this 
system. These descriptives are shown in Appendix I for your convenience.

The information obtained by NFIRS is only for the 1989 fires (302 fire incidents). It is 
based on 10 years of experience of fire data collection by 40 states and 30 metropolitan areas. 
It is supplied by one third of the nation’s fire departments and considered an excellent source 
of data of the nation’s fire incidents. It will become obvious that the majority of the 
probabilities on the tree come from the NFIRS database.

There are however disadvantages in using NFIRS. For example, since firemen are 
pressured to answer all questions on the fire incident report form, they sometimes put an 
inaccurate number on the form so as to have a value, rather than have a blank for a particular 
question.

NFPA’s Fire Incident Data Organization (FIDO)

The largest data base which uses exploratory data from a data base with sufficient 
validated detail to be useful is FIDO. It is an incident-based data base that combines information 
from fire departments, insurance companies, Federal and state safety agencies, and news 
sources. NFPA designs and operates FIDO to provide examples demonstrating fires with 
information on the performance of specific types of fire protection systems and features.

The importance of FIDO is the depth of its documentation and the sophistication of 
NFPA staff in using it. FIDO documentation is more reliable than just a second hand incident 
report. NFPA investigators document many key factors, including fire ignition (typically 
provided by the responding fire department); fire growth; and the role of building construction, 
interior finish, furnishings, and other features in containing or feeding the fire or providing 
major avenues of spread. The type and role of fire protection systems - including detection and 
suppression equipment- are also examined, as are the abilities, knowledge, and behavior of the 
occupants; fire fighting and rescue phases; and the magnitude of loss of life, health, and 
property.
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The data obtained from NFPA’s FIDO is for all office buildings (as opposed to three 
story office buildings obtained by NFERS). The data includes fire incidents for 1984 though 
1989. FIDO data base is used in obtaining probabilities of Det. on the

Fire Losses in Canada: Annual Report 1989

The annual report is compiled from information supplied by the Association of Canadian 
Fire Marshals and Fire Commissioners (ACFM & FC) and Statistics Canada. It includes 
information from different regions of Canada over the last ten years. It also provides detailed 
information by property classification which include number of fires, property loss, number of 
injuries, and number of deaths. Since Canadian fires may or may not be applicable to U.S. fires 
due to differences in climates, and social infra-structures, it was only used as a method of 
verifying the data obtained by NFIRS.

Historical Property Loss (HPL) Data Base

The HPL Data Base is classified according to a set of insurance risk occupancy 
categories. One of these is the office building occupancy. The data provided the number of fire 
incidents, the amount of property loss, the five leading causes of fires, and the five leading 
factors (such as lack of sprinklers, etc.) from 1968 - 1982. This data base is also used to verify 
NFIRS in case of discrepancies or illogical probabilities.

Probability Assignment to Tree

Comb. - According to NFIRS data, there are 8 categories of combustibility:

1. Fire Resistive - concrete or protected steel throughout (2 hour rating)

2. Heavy Timber - structural members of substantial timber construction; exterior wall 
of substantial masonry or timber

3. Protected
Non-Combustible - concrete or protected steel throughout (1 hour rating)

4. Unprotected 
Non-Combustible - Exposed steel throughout

5. Protected 
Ordinary - Protected wood roofs and floors (1 hour rating); exterior walls of 

substantial masonry

6. Unprotected 
Ordinary - Exposed wood roof & floors; exterior walls of substantial masonry

7. Protected Wood .
Frame - Wood roof, walls and floors protected by 1/2" gypsum board; 

exterior wall brick veneer over wood
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8. Unprotected
Wood Frame - Exposed wood throughout

Throughout this project, only category #1 was considered as non-combustible and cetgories #7 
& #8 were considered as combustible when NFIRS data was used in probability assignments.

Fire - The probability of a fire occurring was determined using the NFPA data and the Statistical 
Abtstract of the United States123. According to NFPA data for the years 1985-1989 (see 
Appendix I) the total of number of fires were estimated to be 35,370. The Statistical Abstract 
of the United States for 1986 statistics shows that 614,000 office existed in that year. Therefore 
the probability of a fire is the number if fires divided by the number of office buildings and the 
number of years. This will produce a probability of 0.0115. It must be noted that by doing 
this, there is an implied assumption that the probability of a fire is independent of the office 
building size. In other words, the probability of a fire for 3 story building is the same as any 
other size of office building.

To check the probability obtained above, the HPL data base has been used (see appendix 
I). According to FM, there has been 488 fires over the last 15 years. The office building 
category is classified as 7.0% risk. It has been estimated (see Appendix I) that the total 
population of risk in ’82 was 43,500. Therefore the number of FM customers under the office 
building category are 7% of 43,500 = 3045. The frequency of fires has been estimated as such:

f i e q . 488 f i r e s / 1 5  y e a r s  
(15 y e a r s ) (3045 c u s to m e rs ) 0.0107

There is a not large descrepancy between the two probability calculations is minimal. Since the 
NFPA data is a national data base, the probability used is 0.0115. The effects of this 
descrepancy will be shown in the sensitivity analysis.

Pet. Spr. - The probability of detection and suppression (sprinkers actuating) is derived using 
an expert judgement estimated by Dr. Robert Fitzgerald161.

Pet. - The probability of human detection has been determined through NFIRS. The following 
categories exist in method of alarm identification:

1. Telephone direct to the fire department.
2. Coded signal municipal fire alarm system.
3. Private fire alarm system.
4. Radio.
5. Direct report to a fire station.
6. No alarm received.
7. Telephone tie-line to fire department.
8. Voice signal municipal fire alarm system.
9. Method of alarm from the public not classified above.
0. Method of alarm from the public undetermined or not reported.

Categories #1, #2, #3, and #7 were chosen as human detection.
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Since the above data has been taken from NFIRS, suppression has been implied through all the 
probabilities.

Smoke - The probability of smoke spread to other areas of the building has been caculated using 
NFIRS. NFIRS has the following categories of smoke spread:

1. Confined to the object of origin.
2. Confined to part of room or area of origin.
3. Confined to room of origin.
4. Confined to fire-rated compartment of origin.
5. Confined to floor of origin.
6. Confined to structure of origin.
7. Extended beyond structure of origin.
9. No damage of this type.
0. Extend of smoke damage undetermined or not reported.

By assuming (in the Extent of Smoke Damage Category) that if the smoke is confined to the 
object of origin, to part of room or to area of origin, or to room of origin, then the probability 
of smoke spread to the other areas of the building was 1-probability of above.

Flash. - The probability of flashover is predicted using the Extent of Flame Damage in the 
NFIRS category. The 8 categories of flame damage are as follows:

1. Confined to object of origin.
2. Confined to part of room or area of origin.
3. Confined to room of origin.
4. Confined to fire-rated compartment of origin.
5. Confined to floor of origin.
6. Confined to structure of origin.
7. Extended beyond structure of origin.
0. Extent of flame damage undetermined or not reported.

It has been assumed that if the fire is confined to the object of origin, or to part of room or area 
of origin, then the room of origin will not flashover. Otherwise, it will flashover.

FS - The probability of flame spread beyond the room of origin is also predicted using the 
Extent of Flame Damage category as well. It has been assumed that if the fire is confined to 
the object of origin, part of the room or area of origin, or to the room of origin, then the fire 
will not spread beyond the room of origin.
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4.0 OFFICE BUILDING DESIGN, LAYOUT, and COST
SUMMARIZATION

Further assumptions by the project team were:

1. The structure is office usage by one singular corporation.
2. There are low hazard risks with this occupancy.
3. Due to the usage above, no public access other than no public access will be assumed 

and in turn, the recognition of handicap compliance is negated (i.e. no elevators).
5. The typical occupancy load is recognized at one person per 100 square feet of floor 

area.
6. All floor loading will be 100 pounds per square feet.
7. All materials in the building will be assumed to be properly stored.
8. All building criteria will be based on BOCA National Building Code.
9. The structure will be presumed to be properly distanced from the nearest structure.
10. Assume that there is a fire hydrant within 50 feet of the structure.
11. The structure has a 50 year life expectancy.

The following is a capsule summary of the two basic structures. Detailed construction 
requirements are set forth in Appendix I. For cost breakdown purposes, the combustible 
structure for which our model is based is of Type 5B, unprotected, wood framing. The structure 
has been designed by standard practice and by BOCA regulation. The major fire protection 
difference in this structure is the requirement of a complete wet sprinkler system to protect the 
main structure and a dry system to protect the attic area. All of the remaining systems such as 
pull station, horn, emergency lights, and light exit signs are standard for the two structures.

The non-combustible structure for which our model is based is a Type 1A protected. 
Also, designed within strict standards this building requires no automatic fire suppression 
system. All fire detection is manually based, with the exception of smoke detector elements 
being installed in each HVAC intake duct. These will be equipped with an automatic system 
shutoff in the case of a detection. The structure itself provides most of the fire protection. The 
building is compartmented from floor to floor with a strict two hour fire rating and also within 
each floor between offices and hallways with a two hour rating to help hinder the rate of fire 
spread. All doors are to be equipped with automatic closing devices and are also two hour fire 
rated. Unlike its comparative structure which has a 0 hour fire rating, this structure is designed 
towards containment.

The cost comparison is as follows:

The lump sum of the Type 5B structure is $442,766 ($36.9 per square foot).

The lump sum of the Type 1A structure is $544,429 ($45.37 per square foot).

This cost represents a 22.95% greater cost differential or $101,663 (See Appendix I for
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Figure 2: Office Layout
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detailed summary).

Insurance Comparison

For the Type 5B structure quoted $14,000fyr
For the Type 1A structure quoted $12,500/yr

The cost savings on a yearly basis are not significant as compared to the difference in 
cost incurred by the construction criteria.

Maintenanace

Standard maintenance on a yearly basis, without major problems occuring are fairly small 
($960 for Type 5B and $720 for Type 1A. These costs are for the structure alone, not the 
surrounding property (see Appendix I).

Value of Content

A typical office design on a per person basis was established. This accounted for 
computer systems, desk, chairs, work material, storage cabinets, a copy machine, and a buffer 
sum for miscellaneous items. The value for both building is similar at $232,000 (see Appendix 
I for details).

Cost of Moving Business and Relocation for 60 Days

A cost for a business interruption based solely on relocation and moving cost was 
established at $48,800. A cost of business lost was established by an expert panel (theoretical 
value used) due to the fact that we have not established a daily business worth (see Appendix 
I for details).

For calculational purposes several ratios were formed from the cost data:

Value o f Content: Total building cost
For Type 5B =  0.524
For Type 1A =  0.426 (see Appendix 1 fo r  details)

Cost o f business relocation 
For Type 5B =  0.210 
For Type 1A =  0.210

Demolition

In today’s market, the approximate cost of demolition disposal of either of these structure 
would be approximately 15% of the initial construction cost.
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Repair Costs

In the event of minor damage, the repair costs with all probability run about present cost 
of new construction plus 15%.

Building Replacement Cost

In the event of total building loss, the cost of rebuilding the entire structure would be 
approximately the cost of new construction plus 5 % due to the fact that it is being fitted to a 
specific foundation and set of conditions. The average increase on a yearly basis for the cost 
of new construction varies from about 8 to 12 percent.

Fire Protection Costs

Passive Active

For Type 5B $1000 $20,700
For Type 1A $63,260 $5,700

Active includes sprinkler system, electric fire protection, announciator.
Passive includes fire code gypsum, fire doors, closers, mineral fiber costing.

Capital costs minus fire protection costs:

For Type 5B $421,066 or $35.09 per square foot
For Type 1A $473,469 or $39.46 per square foot

Without fire protection measures the basic structures only have a 12.45% increase or 
$54,403.

It must be noted that the above cost estimations were obtained from the Priggen Steel 
Company.
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5.0 EXPECTED COSTS

The following equation has been used for the cost calculation of each option on the tree:

E x p e c t e d  C o s t = S t r u c t u r a l  C o s t  + M a in ./O p e r. + I n s u r .+FP Cost + P(F) [(ST) + (D e m o l i t i o n )
+ ( C o n te n t  R ep la cem en t) + (S t r u c t u r a l  C o s t F)
+ (d e a t h s  x  $ /  p e r  son) ]

where - Structural Cost is the initial investment in building the structure.
Main./Oper. is the annual maintenance cost.
Insurance is the annual insurance for the types of building.
FP Cost is the fire protection costs (sprinkles, etc.).
P(F) is the final probability for each option on tree.
BI is the business interruption costs.
Demolition is the demolition costs, in the cases where the entire building 
is destroyed.
Content Replacement is the cost of replacment of the contents of the 
building due to fire.
Structural CostF is the structural cost in the cases where fire damages the 
structure of the building.
death is the number of people that could die from a fire in office buildings 
in a year.
$/person is dollar value assigned to human life by NIST001. It is equal to 
$500,000.

From the cost estimates in the previous section the costs for each option on the tree has
been calculated. Other than the assumptions made in the previous section, the following
additional assumptions were made in calculating the cost:

1. 7% interest rate, therefore for 50 years (estimated life of the building, the (P/A, 7%, 50) 
is approximately 13.8.

2. 0% inflation rate.

3. If the fire spreads beyond the room of origin, the entire building is destroyed.

4. If sprinklers do actuate, the fire does not over power the sprinklers. Also, the maximum 
water damage from sprinklers (complete damage of the room) is assumed.

5. Since there are 45 rooms in the entire building, then if there is complete damage to only 
the room of origin, then the total content of the building and total reconstruction of the 
building is divided by 45.

6. Given that flashover has occurred, but there is no flame spread, the room of origin is
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completely destroyed, while the rest of the building has been left untouched by the fire 
(or only minimal damage).

7. Given that there is smoke spread, but flashover does not occur, there are minimal fire 
damage.

8. Given that the sprinklers did not actuate, there is still a chance for human detection.

9. Business interruption is accounted for in terms of cost of relocation. If the fire has not 
spread beyond the room of origin, then the business interruption costs are minimal.

The following results are obtained from the cost calculations (see Appendix HI for
details):

Options Expected
Cost

#1 $651,849
#2 $649,758
#3 $649,505
#4 $649,490
#5 $649,490
#6 $650,029
#7 $642,021
#8 $725,301
#9 $724,995
#10 $724,865
#11 $724,865
#12 $738,207
#13 $724,865

It must be noted that the above calculated # deaths was zero. According to NFIRS data 
base, there were no deaths for three story buildings in 1989. NFPA data base, however showed 
differently. In order to take both possibilities into consideration, the above calculations were 
repeated for the given number of deaths in NFPA data base. In NFPA data base for the 3,750 
number of fire incidents for non-combustible category (over the five years), there was 1 death. 
Therefore by dividing the number of persons by 5 years and by 3,750 fires, the number of 
deaths per year for non-combustible buildings is 5.33e(-5). Same method applies for the 5 
deaths in 6,150 fire incidents for combustible buildings, resulting in a 1.62e(-4) deaths per year. 
Just like the probability of fire calculations, by doing the above calculations the assumption that 
the number of deaths is independent of the size of the building is implied. The following results 
were obtained with the calculated number of deaths:
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Options Expected
Cost

#1 $651,861
#2 $649,759
#3 $649,505
#4 $649,490
#5 $649,490
#6 $650,029
#7 $642,021
#8 $725,301
#9 $724,995
#10 $724,867
#11 $724,867
#12 $738,207
#13 $724,865

* See Appendix III for details.

From the table above, one may deduce that the expected cost due to expected number of 
deaths is minimal when expected costs are considered. If there hasn’t been any flashover or 
Flame Spread, then it has been assumed that nobody has died.

6.0 RISK ADJUSTED COSTS

In examining the income of businesses with 3 story office buildings, there was not a 
decisive income which could be assumed for, therefore a range of office building income was 
assumed, resulting in a series of graphs instead of a series of data points. The first thirteen 
graphs (Figures #3-#15) on the following pages are the thirteen final branches calculated for 
assuming there was no possibility of death by fire in the buildings. In the second 13 graphs 
(Figures #16-#28) the number of deaths obtained from the calculations above was incorporated 
(see Appendix IV for details).
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7-0 SENSITIVITY ANALYSIS
The purpose of sensitivity analysis is to investigate the sensitivity of the results to 

variations in the model parameters (ie: input variables). The sensitivity of the various 
parameters is central to the understanding of the behaviour of the system. It is important to 
know how sensitive output variables (the decision making parameters) are to changes of, or 
uncertainties in, the model parameters, and which of the output variables are sensitive (or not 
sensitive) to which of the model parameters. Sensitivity analysis also determines the accuracy 
to which the model parameters must be determined.

There are several approaches to determine the sensitivity of the system. The first method 
is to solve the model over and over again by varying one parameter at a time, over a series of 
values, while holding all the other parameters fixed at specific values. (This is the approach that 
will be used in this project.)

The second method uses the Monte Carlo simulation procedure. This procedure can be 
adopted where a particular set of values is chosen for the model parameters. This set of values 
is used as input to the system model to obtain results for the decision making parameters. The 
set of input parameters are selected at random from a prescribed frequency distribution for each 
of the model parameters. However, it is important to realize that the frequency distribution must 
behave statistically in a normal and random manner.

A value of 0.1 was added to all parameters, except for probabilities which exceeded 1.0, 
in which 0.1 was subtracted from. The results from the sensitivity analysis has been tabulated 
on the next two pages.
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S e n s itiv ity  A n a ly s is

Option Alternated
Step

Final Probab. 
for Option

Recalc. Final 
Probab. for 

Option

% change

n Fire 1.104 e(-2) 1.107 e(-l) 903

Det. 9.89 e(-3) 10

n Fire 2.405 e(-5) 2.47 e(-4) 927

Det. Spr. 8.92 e(-5) 271

Det. Hum. 2.83 e(-5) 17

Smoke 2.89 e(-5) 20
- Flash 3.09 e(-5) 28

FS 3.57 e(-5) 48

#3 Fire 7.22 e(-5) 7.41 e(-4) 926

Det. Spr. 2.68 e(-4) 271

Det. Hum 8.49 e(-5) 17

Smoke 8.67 e(-5) 20

Flash 9.27 e(-5) 28

FS 1.07 e(-4) 48

#4 Fire 1.95 e(-4) 2.01 e(-3) 931

Det. Spr. 7.24 e(-4) 271

Det. Hum. 2.30 e(-4) 18

Smoke 2.34 e(-4) 20

Flash 2.38 e(-4) 22

#5 Fire 9.72 e(-5) 9.98 e(-4) 927

Det. Spr. 3.62 e(-4) 272

Det. Hum. 1.14 e(-4) 17

Smoke 1.44 e(-4) 48

#6 Fire 4.83 e(-5) 4.68 e(-4) 869

Det. Spr. 1.69 e(-4) 350

Det. Hum. 9.43 e(-5) 95
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#7 Fire 9.885 e(-l) 8.897 e(-l) 10

#8 Fire 3.39 e(-5) 3.28 e(-4) 868

Det. 3.02 e(-5) 11

Smoke 4.02 e(-5) 19

Flash 6.78 e(-5) 100

FS 9.04 e(-5) 167

#9 Fire 5.31 e(-4) 5.15 e(-3) 873

Det. 4.73 e(-4) 10

Smoke 6.30 e(-4) 19

Flash 1.06 e(-3) 100

FS 4.75 e(-4) 11

#10 Fire 5.09 e(-3) 4.93 e(-2) 869

Det. 4.53 e(-3) 9

Smoke 6.03 e(-3) 19

Flash 5.65 e(-3) 11

#11 Fire 4.81 e(-3) 4.67 e(-2) 871

Det. 4.28 e(-3) 11

Smoke 5.80 e(-3) 21

#12 Fire 1.035 e(-3) 1.00 e(-2) 866

Det. 2.185 e(-3) 111

#13 Fire 9.885 e(-l) 8.897 e(-l) 10
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8.0 CONCLUSIONS
This project has shown that if two three-story comparable office buildings are constructed 

according to BOCA code requirements, one combustible and the other non-combustible, che 
combustible office building does not pose a more serious threat to human- safety than does the 
non-combustible office building.

Further, in the event of a fire, since the combustible office building is less expensive to 
construct, and contains less expensive fire protection measures, it is more cost effective than the 
non-combustible office building. In the event of complete building destruction, the combustible 
office building is 12 % less expensive than the non-combustible office building.

Upon sensitivity analysis, it can be concluded that for combustible structures, the actual 
occurrance of fires is the major determining factor. In the actual case of a fire, the dependibility 
of the sprinkler detection and suppression is most crucial.

For non-combustible structures, the impact of the flashover is the largest. Although 
designed to contain flashovers to the room of origin, if the occurrence of flamespread beyond 
this point should happen, the factor too has a very high impact on the model.
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APPENDIX II
INDUSTRY FELLOWSHIP PROGRAM 

FIRE RISK ASSESSMENT FOR COMBUSTIBLE BUILDINGS 
PROJECT PLAN



Forintek
Canada
Corp.

800 chemin Montréal Road, Ottawa, Ontario K1G 3Z5 Téléphone (613) 744-0963 Télex 053-3606
Fax/Télécopieur (613) 744-0903

Eastern Region 
Région de l’Est

INDUSTRY FELLOWSHIP PROGRAM

Fire Risk Assessment for Combustible Buildings 
Project Plan

Specific Topic: Assessment of fire risk in generic sprinklered 3-storey combustible, and
4-storey non-combustible Group E (mercantile) and Group D (business) 
occupancies, presently permitted in the National Building Code of Canada 
(NBCC), and in 4-storey combustible Group E and D occupancies, 
presently not permitted by the code, using NFL/IRC risk-cost assessment 
methodology under development at NRC.

Proposed Program Duration:

January 2, 1992 to March 31, 1995 (thirty nine months). An extension to December 31, 
1995 is possible.

Proposed Project Plan:

The fire risk assessment project will be divided into three separate phases; each phase 
requiring completion prior to commencement of subsequent phases.

Phase 1: (anticipated completion date: December 31, 1992)

TASK: To become fully conversant with the NFL/IRC risk-cost assessment model
and its limitations with respect to extending its application to combustible 
mercantile and office construction.

This phase will satisfy WPI MSc. thesis requirements.

PLAN OF ACTION:

1) To become conversant with NFL/IRC risk-cost assessment model, work 
at NFL/IRC as guest worker from July 2 to August 16.

n - i

Research and Development for the Forest Industries of Canada / Recherches et Développement pour les Industries Forestières du Canada



(2) To complete MSc. thesis. The thesis subject is to describe the limitations 
of the risk-cost assessment model (presently under development at NFL/IRC) with 
respect to extending its application to Group E and D combustible occupancies 
(presently the model is limited to non-combustible highrise residential occupancy).

This initiative is in response to the restrictions placed on the use of combustible 
construction by the National Building Code of Canada. The project will supply 
technical data to support the proposed submission to the CCBFC by the Canadian 
Wood Council (CWC) to include the use of 4 storey sprinklered Group E and D 
combustible occupancies in the 1995 NBCC.

Dr. George Hadjisophocleous will act as external thesis co-advisor.

(3) To get hands on experience with the current version of the NFL/IRC risk- 
cost assessment computer model.

(4) To develop a concise project plan for phases 2 and 3 of this program. 
That project plan will contain details of work to be performed, schedules for 
completion, and deliverables (ie: papers to be produced, etc.).

(5) To review literature.

Phase 2: (anticipated completion date: June 30, 1994)

TASK: To complete modifications to those modules of the NFL/IRC risk-cost
assessment model that relate to low-rise Group E and D occupancies of 
combustible construction, as identified in phase 1 (fire scenario, egress, 
fire and smoke spread, etc.), with the intent of providing technical data 
in support of the inclusion of 4-storey sprinklered Group D and E 
combustible occupancies in the 1995 NBCC.

PLAN OF ACTION:

(1) To locate, gather (in useable form) and analyze statistical data relating to 
fires originating in combustible non-residential Group D and E occupancies. 
Statistical data bases to be searched will include (but not limited to):

US Fire Administration (USFA)
National Fire Reporting System (NFRIS) 
Office of the Ontario Fire Marshall 
National Fire Protection Association.
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(2) To review NBCC requirements for Group D and E occupancies with 
respect to egress, fire-rated separations for floor/ceiling and wall assemblies, etc.

(3) To develop and validate the models (stochastic and deterministic) required 
to modify the various modules identified in phase 1.

(4) To marry existing models (eg. structural fire resistance for walls/floors) 
into a modified fire risk-cost assessment model for low-rise Group E and D 
combustible occupancies.

(5) To provide CWC with the required documentation to support their 
proposed submission to the CCBFC to include 4 storey sprinklered Group D and 
E combustible occupancies in the 1995 NBCC.

(6) To write scientific paper(s) on such topics as:

a) fire statistics for Group D and E occupancies,
b) potential use(s) of the modified risk-cost assessment model, and
c) fire risk in Group D and E occupancies, etc.

Phase 3: (anticipated completion date: March 31, 1995)

TASK: To develop a document that provides the framework for the construction
of "safe" combustible buildings based upon rationalized building codes 
rather than prescriptive specifications. Assess risk-cost of existing 3 and 
4-storey Group D and E buildings using the modified model.

Use the model to examine broader issues within the NBCC such as the 
effects of increasing height and area allowances, changing the fire 
separation requirements, etc.

PLAN OF ACTION:

(1) To perform sensitivity analyses of the modified risk-cost assessment 
model.

(2) To obtain building plans of existing 3-storey combustible Group E or D 
occupancies, and run the risk-cost assessment model on these buildings.

(3) To compare risk-cost assessment of 3-storey combustible Group E and D 
occupancies with that of 4-storey non-combustible Group D or E occupancies.
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(4) To propose alternative designs for 4-storey buildings and re-run the risk- 
cost assessment model to determine the impact of the proposed changes to life 
safety of occupants.

(5) To examine some of the inconsistencies in levels of safety inherent in the 
NBCC and determine the impact of rectifying these inconsistencies on the life 
safety of occupants in these buildings.

(6) To write scientific paper(s) detailing the work of this program, its 
objectives and its achievements.

AAC
March 6/92
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SMOKE RELEASE RATES: MODIFIED SMOKE CHAMBER VERSUS CONE CALORIMETER -
COMPARISON OF RESULTS

A.A. Cornelissen
Forintek Canada Corp 
800 Montreal Road 
Ottawa, Ontario 
Canada, K1G 3Z5

ABSTRACT: ̂ In North America, some of the products used in building 
construction (e.g. resilient floor coverings, carpets and electrical 
cable) are regulated using ASTM E 662 Standard Test Method for Specific 
Optical Density of Smoke Generated by Solid Materials. However 
technicai shortcomings in this ASTM standard, as symbolized by its many 
limitations on use, cautionary statements and caveats, often renders 
results of E 662 smoke density tests meaningless. In recent years, many 
leading fire-scientists have suggested that the small-scale laboratory 
test most proficient in illustrating the propensity of materials to 
release smoke in larger fires is ASTM E 1354 Standard Test Method for 
Heat and Visible Smoke Release Rates for Materials and Products Using an 
Oxygen Consumption Calorimeter (cone calorimeter), and as a result this 

.pro<Tedure has b€en suggested as an alternative to E 662. 
Modifications were made to the smoke chamber and the procedure for 
reporting the resulting data so that static smoke generation data 
produced with the smoke chamber could be related to dynamic smoke release 
rate data from cone calorimeter tests. The values for peak extinction 
area for smoke released by four flooring materials (Douglas fir plywood 
oak lumber, carpet and resilient flooring) as determined using thé 
modified smoke chamber method were approximately one-half the values 
obtained from the cone calorimeter. However, when specified time 
intervals were considered, the values for specific extinction area were 
approximately equal by these two procedures. This suggests that values 
for specific extinction area are independent of the irradiance to which 
samples were exposed.

INTRODUCTION

Heat, smoke, toxic and/or irritant gases are produced during building 
fires. The majority of fire fatalities result from the inhalation of 
smoke and toxic gases rather than from burns, and nearly two-thirds of 
these fatalities occur in areas away from the room of fire origin [11. 
Although the total number of fires and the annual number of fire deaths
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are in a decline [2], the generation of smoke and toxic gases continues 
to be an issue of great importance to those concerned with fire safety.

Although ASTM E 662 Standard Test Method for Specific Optical Density of 
Smoke Generated by Solid Materials [3] was preceded by several other 
methods, it was one of the first methods to receive significant 
acceptance by regulatory officials for quantification of smoke generated 
by materials. Today, the standard is used in regulation of floor 
covering materials, insulation on electrical cables and aircraft 
furnishings. However, the current version of this standard contains many 
warnings, caveats, cautionary statements and limitations on the 
applicability of test results obtained using the procedure.

The E 662 standard exposes a 65 mm square specimen mounted in the 
vertical orientation to a 25 kW/m2 radiant heat flux from a small 
electric furnace in a sealed chamber (0.505 m3). For piloted ignition of 
test samples, a small multi-outlet gas burner is situated so that flames 
can impinge upon the lowest portion of the sample. The accumulation of 
smoke within the chamber is measured by the obscuration of light from am 
incandescent lamp positioned vertically through the chamber. Results are 
expressed in terms of specific optical density (D.) of the smoke as a 
function of time.

One of the most critical limitations in the E 662 standard is the lack of 
correlation between results obtained using the current test procedure 
with those obtained from large scale fire tests, small dynamic laboratory 
smoke measurement tests, and observations in real fires [3]. Reporting 
smoke measurements in terms of specific optical density after a test 
period of twenty minutes becomes meaningless if used in isolation of 
proper consideration of other test parameters.

When samples that melt or drip are exposed vertically, molten portions 
of the material escape the effect of the radiant heat, which means that 
this portion of the material does not burn during the test. Use of 
horizontal orientations would result in the burning of the entire sample 
and yield a more realistic result.

The design of the planar heater is based upon the coiled heating element 
in a dismantled electric coffee maker and is mounted vertically in a 
horizontal ceramic tube having an inside diameter opening of 76.2 mm. 
The element provides non-uniform radiation at an average heat flux of 25 
kW/m2 and is capable of dissipating 525 W. In addition, the gas pilot 
flame used in the flaming mode adds a localized source of heat upon the 
specimen surface.

The existing furnace and specimen support frame does not permit the 
inclusion of a load-cell. As a result, specimen mass loss is not
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monitored during E 662 tests. Only initial and final specimen mass are 
determined.

Some people have argued that smoke measurements using the E 662 chamber 
are not realistic since the chamber is a static box and smoke accumulates 
within a constant volume. However, Atkinson and Drysdale [4] have stated 
that smoke stream measurements made in the exit duct of the cone 
calorimeter where the fire gases are cooled by entrained air resulting 
in constant temperatures and concentrations, agree well with static 
measurements. Of course in static measurements only the maximum or peak 
specific extinction area values obtained before sedimentation occurs 
(after taking into consideration the reduction of light transmittance, 
length of the light path, sample mass loss, length of exposure and the 
volume into which the smoke is measured) are used. This is because peak 
values are considered more representative of a material than the specific 
extinction area value averaged over the duration of a test. It is also 
important to note that the optical density of relatively cool and well 
mixed smoke is of greater importance in fire safety than that of the hot 
undiluted smoke since heat rather than reduced visibility becomes the 
primary hazard in the latter situation.

To address some of these difficulties, a number of modifications were 
made to the E 662 smoke chamber at Forintek Canada Corp. These 
modifications included installation of a water-cooled load-cell beneath 
the sample holder so that specimen mass could be monitored throughout 
each test, replacement of the planar furnace with a temperature- 
controlled truncated cone heater identical to that used in the ASTM E 
1354 Standard Test Method for Heat and Visible Smoke Release Rates for 
Materials and Products using an Oxygen Consumption Calorimeter [5], 
replacement of the pilot burner with a spark igniter, and changes in the 
support assembly for the specimen holder and cone heater so that testing 
could be carried out in either vertical or horizontal orientations. In 
addition to the E 662 hardware modifications, changes were made to the 
procedures for collection of smoke generation data, calculation of 
results and the interpretation of smoke generation. This paper describes 
those changes, and reports the results of smoke tests on two wood 
materials and two synthetic floor coverings tested in the horizontal 
orientation.

MODIFICATIONS

The load-cell used in this study was a linear voltage displacement 
transducer with a maximum 2.5-kilogram loading capacity, and a total 
five-volt output. A high performance strain gage/RTD conditioner was 
connected to the load-cell to permit enhancement of the load-cell output 
signal. The load-cell was placed on a water-cooled plate to reduce the 
load-cell drift commonly observed in high temperature environments.
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The cone heater was identical in every aspect to that described in ASTM 
E 1354. This modification to the basic E 662 standard, in addition to 
changes in the support assembly for the heater and sample holder, 
permitted testing of specimens in either vertical or horizontal 
orientations, and exposure of samples to heat fluxes up to 50 kW/m2.

3he temperature of the cone heater was controlled by a 3-term controller 
(proportional, integral and derivative) with a thyristor unit capable of 
switching current up to 25 A at 240 V. The controller had an input range 
of 0 to 1000°C and a scale capable of being read to 2°C or better. The 
controller was equipped with a safety feature that would, in the event 
of an open circuit in the thermocouple line, cause the temperature to 
fall to near the bottom of its range.

Since it is imperative in all small laboratory fire tests that the heat 
flux to which samples were exposed be accurately controlled, if the 
resulting data is to have any significance; it was essential that cone 
temperatures required to produce desired heat flux levels be accurately 
determined. Therefore, separate calibration tables of heater temperature 
versus heat flux were made for horizontal and vertical specimen 
orientations. To construct these tables a foil type, heat flux gauge 
with a design range of 100 kW/m2 was employed. The target receiving the 
radiation was circular, flat and water-cooled. The accuracy of the gauge 
was within 3% and was checked against a second gauge. In generating 
these tables, it was essential that equilibrium temperatures (limited 
deviation on the deviation scale of the controller) be obtained at each 
calibration level and that the heat flux gauge in its holder be centred 
in respect to the cone heater.

À second thermocouple, capable of measuring a temperature of 200°C, was 
mounted within the smoke chamber with its junction secured to the 
geometric centre of the inner top wall panel of the chamber using a 
suitable insulation sheath to protect the thermocouple. The standard E 
662 thermocouple was fixed to the centre of the inner surface of the wall 
opposite the door.

Because the conical heater has a larger surface area releasing heat than 
the planar heater specified in E 662, the wall of the chamber directly 
opposite the heater face would become quite hot. To prevent excessive 
warming of this chamber wall, a ceramic-fibre refractory-bonded rigid 
insulation board, 25.4 mm thick and capable of withstanding temperatures 
up to 1260°C, was placed against the chamber wall facing the heater, so 
as to offer maximum protection to the area receiving thermal radiation. 
Although there was some absorption of smoke onto this refractory board, 
the deposition of smoke was deemed to be negligible in proportion to the 
overall smoke generation by the specimen. When the results of several 
tests performed without this ceramic fibreboard protection in the chamber
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were compared to those obtained with the board, the difference between 
the two sets of results was less than 4%.

External ignition of samples was accomplished by a spark plug powered by 
a 10 kV transformer. The spark plug gap was set at 3 mm. The transformer 
was of the type specifically designed for spark ignition use. The 
electrode length and the location of the spark plug were such that the 
spark gap was located 13 mm above the centre%of the specimen in the 
horizontal orientation. In the vertical orientation, the gap was located 
in the specimen face plane, 5 mm above the top of the holder. In either 
position the spark plug was removed by a modified sample mover knob 
attached to the spark plug handle once sustained flaming occurred. 
Specimen configuration in the horizontal and vertical orientation is 
depicted in Figures 1 and 2.

EXPERIMENTAL

Douglas fir plywood, red oak flooring, interior carpet made from a 
synthetic fabric, and a proprietary resilient floor covering were 
evaluated for smoke generation according to the general test procedures 
outlined in ASTM E 662. Deviations from the standard method were made in 
order to incorporate inclusion of the conical heater, load-cell, non
standard heat fluxes, horizontal test orientations and non-standard test 
durations of 5, 10, 15 and 20 minutes. In addition, modifications were 
made to the method of collecting, calculating and reporting of data from 
the smoke chamber in order to relate it to data generated in the cone 
calorimeter. This included conversion of smoke generation data from the 
smoke chamber into output units similar to those from the cone 
calorimeter. The most obvious and suitable unit to report smoke 
obscuration was the specific extinction area (om) which takes into 
consideration the reduction of light transmittance, length of the light 
path through the smoke over which the transmittance is measured, sample 
mass loss, length of exposure and the volume into which the smoke is 
accumulated or measured. It is calculated using the following formulae

where :

a) k = 1/L ln(100/T) m'1

b) om = k V t  m 2/kg
IHj lïïp

L is the length of the light path (m)
T is the percent transmittance
k is the smoke extinction coefficient (m'!) 
V is volume flow rate (m3/s)
t is the time (s)
mj is the initial specimen mass (kg)
%  is the specimen mass at time t (kg)
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11 s^°“ld ** noted that in cone calorimeter tests the standard method of 
reporting specific extinction area is as the average am over the length
!î. •entlre t®st‘ Tt ls determined by dividing the total smoke 
extinction area by the total specimen mass loss. In the equations
^ % T a etd t " T % ^  ls calculated using the lowest percent transmittance 

votaTe. ' chapter, "Vt" was taken to be the

a4r°,?na"ay Z  comparing data trcm  the two tests involves determining 
area under the extinction coefficient-k-time curve for the coni
2  " ?  C°“parison of ^  value with the maximum value obtained
nlth^nï cha^b e r after correcting terms for the length of the light 
path and flow volumes. This method was not employed because it was the

t 0 "°ffiPar,e reSUlts obtained from the modified sm^Ichamber to those obtained using the cone calorimeter; and, in the cone 
ca onmeter, smoke obscuration is reported in terms of specific
addition°n if^t-h rathef than extinction coefficient values. In 
d f arSa Under *** extinction coefficient curve wasdetermined, an average k value would be obtained, and am values would be
S r l S i f T Î? aVeJ ag\ k value- Since «n calculations obtained usin^
t o L ^  k v t i l - f  >  fre b3Sed °n l0West V * ™ * * transmittanclÆ  ™  k flues) / xt was on ly Pr°Per that am values be determined using 

• calorimeter in a similar fashion. As a result, rather than
fh1^ 1 9 / \ ln ^  C°n® calorimeter, as an average value taken overthe length of the whole test, calculations were reported using the lowest 
percent transmittance taken at time t.

RESULTS AND DISCUSSION

Generally, smoke generation measurements on Douglas fir plywood, red oak 
oormg, interior carpet, and resilient floor covering using either the

?°nh® ®al0rK1In1eter AS™  E 1354 test method or the modified smoke chamber 
in horizontal orientations exhibited similar results. As seen in Figures

;a iSPeCi iC .eXtinCti°n area Values foll°wed similar trends. Statistical calculations revealed that the trends are best described
using power expressions. A -best fit- line was drawn through the data 
points, and a regression slope calculated from this line (Table 1). 
Regression slopes for the two synthetic materials are not available

tWOUld !î?eCted that the rate °f smoke generation with 
ï®aP!f l  time would be significantly higher for them than was observed 

wood-based materials. This primarily can be attributed to 
the fact that the synthetic materials melted within 10 minutes at flux 
levels of 25 kW/m*, and within 5 minutes or less at flux levels of 40
, {? V k ^  a rasult' the duration of sample exposure was diminished 

while the rate of smoke generation increased. Since the number of data 
points was limited when synthetic materials were tested, regression 
analyses could not be performed.
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In the cone calorimeter, optical density of the combustion products is 
measured as they are drawn through a circular duct and the results 
integrated over the duration of the test. In the smoke chamber the 
optical density of the smoke is measured as it accumulates within the 
test chamber. Therefore, the question about which type of smoke 
measurement is more applicable to full-scale prediction needs to 
addressed. Using principles proposed by Atkinson and Drysdale in 1989, 
in which it was discovered that for similar materials and vent sizes, 
smoke measurements of the type performed in the cone calorimeter agreed 
well with static measurements (modified smoke chamber), peak specific 
extinction area values were compared using both methods (Table 2). Since 
peak values are considered more representative of a material then the 
specific extinction area value averaged over the duration of a test, in 
the static smoke measurements, only the maximum or peak specific 
extinction area values obtained before ageing and sedimentation occurred 
were considered.
An analysis of the data showed that peak specific extinction areas (based 
on lowest percent light transmittance) obtained from the modified smoke 
chamber were approximately one-haIf the values obtained from the cone 
calorimeter. When results of smoke tests with both instrument* were 
plotted against each other (Figure 5) , the slope of the regression line 
was 0.551, with a standard error of 0.31. This indicates that values 
obtained from the modified smoke chamber were approximately one-half the 
values obtained from the cone calorimeter.

When specified time intervals were taken into consideration ̂ in the 
calculation of test results, specific extinction area values obtained for 
Douglas-fir plywood, red oak flooring, interior carpet, and r^*ili«nt 
floor covering determined with the two instruments were found to be 
approximately equal. Because the synthetic materials were completely 
consumed within 10 and 5 minutes of exposure to radiant heat flux levels 
of 25 kW/m2 and 40 kW/m2, respectively, specific extinction area 
correlations based on specified time intervals after 10 and 5 minutes 
were not valid for these materials. In Figure 6, the results of both 
testing instruments were plotted against each other. The data points in 
the upper right quadrant are from the synthetic materials, while those 
in the lower left quadrant are from the two wood-based materials. The 
slope of the regression line is 1.0044 with a standard error of 0.04. 
This is close to unity and indicates that specific extinction area va ues 
(for specified time intervals) are independent of the irradiance level 
for which the specimens have been tested. These same data are tabulated 
in Table 3. Similar trends have been reported in a Swedish study y 
Ostman and Tsantaridis [7] using a version of the cone calorimeter.
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2) when specified time intervals were considered the specific 
extinction area values determined using both testing instruments 
were approximately equal. When data from both testing instruments 
were plotted against one another a regression line with a slope of 
1.0044 was obtained.

Although the smoke that is generated using the smoke chamber is 
accumulated in a static (closed box) environment rather than in a dynamic 
flowing stream of air, results obtained from the smoke chamber were 
correla‘tec3 with those obtained with a cone calorimeter. Babrauskas [9] 
has stated that if proper analysis is used the chamber can be used to 
predict full scale fire flows. Further, if only peak values are 
considered, which according to Atkinson and Drysdale (1989) are more 
representative of a material than the specific extinction area value 
averaged over the duration of a test, the modified smoke chamber has the 
capability of generating comparable values to those obtained with the 
cone calorimeter by multiplying these values by a factor of two.

This research has demonstrated the ability of a modified E 662 smoke 
chamber to generate data that can be correlated to data generated using 
the cone calorimeter and as a result has the potential of being used for 
modelling purposes. Since the E 662 smoke chamber is in wide use 
throughout North America, this method provides and an inexpensive 
alternative to the cone calorimeter for measuring smoke generation by 
materials.
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Table l. Regression Slopes

MATERIAL TEST
METHOD

HEAT 
FLUX 

(kW/m2)

SLOPE SAMPLE
STANDARD
DEVIATION

CORRELATION 
COEFFICIENT 

(r2 )
Douglas E 1354 35 -0.627 .565 .667fir 50 -0.891 1.109 .856E 662 25 -0.864 .348 .90135 -0.712 .601 .99540 -0.623 .601 .924red oak E 1354 35 -0.324 .555 .43350 -0.449 .637 .464E 662 25 -0.731 .348 .92635 -0.561 .601 .90240 -0.576 .601 .961
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Table 2. Peak Specific Extinction Area 
(based on lowest % T)

MATERIAL TEST HEAT PEAK SPECIFIC EXTINCTION AREAMETHOD FLUX (based on lowest % T)
(kW/m2) (m2/kg)

Douglas E 1354 50 921.20fir E 662 40 586.15E 1354 35 616.97E 662 35 329.63red oak E 1354 50 1174.86E 662 40 449.29E 1354 35 885.60E 662 35 296.43interior E 1354 25 1858.51carpet E 662 25 1119.79E 1354 40 1592.23E 662 40 866.99resilient E 1354 25 1550.90floor E 662 25 664.57covering E 1354 40 1617.35E 662 40 671.86
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Table 3. Specific Extinction Area

MATERIAL TEST
METHOD

HEAT 
FLUX 

(kW/m2)
Douglas E 1354 35fir E 662 35

E 1354 50
E 662 40red oak E 135 35
E 662 35
E 1354 50
E 662 40

interior E 1354 25carpet E 662 25
E 1354 40
E 662 40

resilient E 1354 25floor E 662 25covering E 1354 40
E 662 40

TIME SPECIFIC EXTINCTION AREA
(m’ /kg)

5 360.69
5 329.63
5 581.74
5 586.15
5 273.41
5 296.43
15 268.93
15 250.66
5 252.62
5 270.23
3 1167.34
3 1062.78
2 1248.39
2 1276.01
2 1478.35
2 1493.03
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