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SUMMARY

The topics of performance-based fire safety engineering* and performance-based building
codes are the focus of significant discussion, research, and development worldwide. Although
the two topics are highly related, they are indeed separate concepts that can each stand alone.
This paper discusses the elements of performance-based fire safety engineering and outlines
a basic application of methodology. Special attention is given to identifying specific client
objectives that can be quantified in engineering terms as the basis for design.

INTRODUCTION
The movement toward performance-oriented fire
safety regulations, which began in earnest some
10 - 15 years ago, now involves at least 13 nations
worldwide and the International Council on Re-
search in Construction (CIB)l. These nations
include Australia, Canada, Finland, France, Great
Britain (England and Wales), Japan, the Nether-
lands, New Zealand, Norway, Poland, Spain,
Sweden, and the United States. In many of these
nations, the current development of performance-
based fire safety regulations is based in some part
on the ground-breaking documents BuildingRegu-
lations 1985 from the United Kingdom2, Total
Fire Safety Design System in Buildings3 from
Japan, and the Federal Fire Sa fety Act o f 1992 4 in
the United States.

Similarly, the development of performance-ori-
ented approaches to fire safety design has oc-
curred over several years. In this case, however,
efforts date back well over 20 years. With the

emergence offire safety science as a research field
unto its own in the 1950s and 1960s, the knowl-
edge base of fundamental fire science began to
increase dramatically, and fire safety engineer-
ing tools started to be introduced. By the 1970s,

a number of groups and individuals involved in
fire safety design began to investigate engineer-
ing approaches to fire safety evaluation and de-
sign as an alternate to the prescribed approaches
of the day.

In the United States, pioneering efforts were
made by a number of government, private agency,
and individual workers5,6,7,8,9. Similarly, work
in Japan 1°, Australiall, and in the United King-
doml2 has been instrumental in the evolution of
performance-based design. In recent years, ef-
forts by the International Organization for Stan-
dardization (ISO)13 and the CIB14 have brought
an international focus to the development of engi-
neering approaches to building fire safety design
as well.

Given all these efforts, however, there has been
only one widely available guide to the engineering
of fire safety published: the Fire Engineering
Design Guide 15. This guide, developed to assist
fire safety engineers in New Zealand, provides a
variety of useful quantitative design tools and
worked examples to assist in the design of fire
safety measures to meet the New Zealand Code.

In many of the documents referenced, however,
there seems to be a gap in describing the overall
approach, or framework of an engineered or per-
formance-oriented approach to fire safety design.
This is a significant concern, in that without a

* In this paper, the terms fire protection engi-
neering and fire safety engineering are used

interchangeably.
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comprehensive approach to the problem, the ap-
plication of useful tools and methodologies to only
selected parts of the problem may result in the
inadvertent omission of some factor critical to the
overall fire safety strategy.

Engineering fire protection measures for struc-
tures can be a challenging task, even under the
best conditions. From identifying probable occu-
pant conditions to selecting building materials,
the design process must consider a multitude of
parameters. Fortunately, for many buildings
that are &dquo;typical&dquo; in size, shape, and use, the fire
protection or fire safety engineer has available
prescriptive codes and standards. For the &dquo;typi-
cal&dquo; building, prescriptive codes and standards
provide the designer with sufficient guidance.

However, the &dquo;prescriptive&dquo; approach may not
meet the expectations of either building owners or
code officials, especially for more complex build-
ings or processes or where the potential exists for
extremely high property or life losses. Examples
of such occupancies include high-ceiling or large-
volume spaces, structures that house unusual

processes such as clean rooms, or other occupan-
cies, such as a telecommunication or power gener-
ating facility, in which a very small fire could
threaten continuity of operations and result in a
large loss. For these occupancies, the simple ap-
plication of prescriptive measures may not pro-
vide sufficient protection.

Occupancy-related (i.e., prescriptive) fire resis-
tance requirements, for example, may not con-
sider the effects that a large volume may have on
heat transfer to structural or compartment ele-
ments, such as walls or ceilings. In addition, little
(if any) consideration is given to the effects of fuel
control as a design approach in determining the
amount of fire resistance needed. Similarly, pre-
scriptive fire detection, fire suppression, and
smoke control requirements may not adequately
account for the range of thermal gradients and air
flow patterns within the design space, resulting
in delayed detection or suppression response, or
failure to control the movement of smoke. Fi-

nally, a single set of egress criteria may be inap-
propriate for spaces such as convention halls,
where travel distances and exit access configura-
tions may change frequently.

THE CONCEPT OF PERFORMANCE-
BASED FIRE SAFETYENGINEERING

Background

In general, the concept of performance-based de-
sign is to design fire protection measures to some
agreed upon level of performance. The concepts
and approaches presented in this paper are based
on materials developed by the authors for courses
on performance-based design16,17~ a series of
conceptual papers based on the coursesl8,19,
20,21,22~ and actual design experi-
ence23,24,25,26,27,28,29. Many of these concepts,
specific to fire detection system design, can be
found in the SFPE Handbook of Fire Protection
Engineering.

For the purpose of this paper, performance-based
fire safety engineering is defined as &dquo;an engineer-
ing approach to fire protection design based on (1)
agreed upon fire safety goals, loss objectives and
performance objectives, (2) deterministic and
probabilistic evaluation offire initiation, growth
and development, (3) the physical and chemical
properties of fire and fire effluents, and (4) quan-
titative assessment of design alternatives against
loss and performance objectives.&dquo; It is a system-
atic approach that considers fire as an integral
part of the structure, process or component being
protected, where one views fire growth and devel-
opment as a design objective, not simply a conse-
quence of a pre-determined design. Performance-
based fire safety engineering may also be called
performance-based fire protection design.

This is quite different from the way most fire
protection measures are designed today. Current
fire protection engineering practice is largely based
on the application of prescriptive requirements
whereby the engineer designs to predetermined
requirements based on generic occupancies or
classes of hazard or risk. Although such a &dquo;pre-
scriptive&dquo; approach is the norm for &dquo;standard&dquo;

applications in many engineering disciplines, fire
safety engineering differs in one significant way:
fire safety engineering currently lacks a gener-
ally accepted framework or process for alterna-
tively applying a performance-based approach.

An electrical engineer designing an amplifier for
use in a paging system, for example, would likely
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be given only a generic set of design parameters
including input signal strength, gain, distortion
level and frequency response. These parameters
would reflect the necessary requirements for the
intelligible amplification of a human voice in a
paging system installed in a building. The design
for the amplifier would then be carried out in a
laboratory or design office using information pre-
scribed in handbooks for such an application.
However, if the amplifier were being designed for
a specific application, such as music amplification
in Symphony Hall, the design would be depen-
dent on a much larger number of parameters,
including site specific variables such as the vol-
ume, interior finish and acoustics of the space. In

this case, it may not be possible to go directly to a
handbook to get the solution. Instead, specific
performance requirements for the amplifier must
be developed that reflect the specific needs of the
amplifier and the specific space where the ampli-
fier would be used. In other words, to meet the
goal of music amplification in Symphony Hall, the
design must be based on specific performance
objectives instead of generic requirements. This
is a performance-based design.

An example more closely related to fire safety
would be the structural engineer working to de-
velop designs to support given loads or stresses.
First, the engineer establishes the load or range of
loads as performance objectives (stress that the
structure must withstand). After including ap-
propriate safety factors, materials are selected
and preliminary designs are developed to with-
stand the stress (the needed strength). The de-
signs are then evaluated analytically and rejected
if the load bearing performance objective is not
met (i.e., the result is a predicted failure of the
system). Other design constraints such as size,
weight, maintenance and, ultimately, cost are
included in the process. From a practical stand-
point, much of this design today can be accom-
plished using handbook data, developed from
empirical and probabilistic analyses, and stan-
dard construction details. However, the engineer-
ing tools and methodologies are available so that
any given design parameter that falls outside of
the compilation of handbook data can be evalu-
ated analytically against the design load to deter-
mine potential failure and to establish safety
factors.

In fire safety design, one analog to structural load
(stress) would be thermal impact of the fire over

time (dT/dt). In this analogy, the strength would
be the failure resistance of the structure (or struc-
tural member) to elevated temperatures, or in
other words, the temperature at which the struc-
ture (or structural member) would be expected to
fail to perform its needed function (Trail)’ Units of
measurement in this analogy could be expressed
as a maximum temperature rise of a given mate-
rial (the stress, TmaX) at a given location relative
to the fire (the strength, Trail)-

Other fire induced loads include non-thermal
stresses such as production and distribution of
smoke and corrosive and toxic combustion prod-
ucts. The strength of the building and its occu-
pants would be measured in their ability to resist
the stress. Units of measurement are dependent
on the products being generated (e.g., optical
density [m-1], concentration [ppm], etc.), which in
turn can be related to fire characteristics such as

energy release rate ( (~ ), mass loss (Am) and mass
loss rate (kg/s).

Regardless of the load or stress being evaluated,
performance-based fire safety design requires
that they be defined and quantified in such a way
that they can be predicted and employed to evalu-
ate the response of candidate designs relative to
specific objectives and failure criteria. This is

important, for in addition to being loads or stresses
that can result in damage, fire products (e.g.,
smoke and heat) can be sensed and used to trigger
the response of measures designed to mitigate or
control losses. Along with measures that control
a fire after it starts, the likelihood of ignition and
the rate of growth following ignition can be part of
a performance-based design through analysis of
ignition sources and selection of materials on the
basis of fire-related and other engineering prop-
erties. With data available from standardized
tests such as ASTM E1321-9030 and ASTM
E 1354-9031, such analysis can easily become part
of the design process.

The availability and use of such test methods and
data reflect on the efforts of the past twenty years
or so. During that time, research into the factors
controlling the growth and spread of fire and the
performance of active and passive fire protection
systems has produced a body of engineering sci-
ence collectively known as fire dynamics. The
knowledge base of fire dynamics includes quanti-
tative descriptions of fire phenomena on a scien-
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tific basis32. Much of this knowledge is now
available in the literature33,34 and provides the
tools for the development of performance-based
fire protection design.

As in other engineering disciplines, performance-
based engineering and design offers the engineer
and the client a number of advantages over pre-
scriptive- based design_ Performance-based fire

safety design can specifically address unique as-
pects or uses of a building, as well as specific client
needs. A variety of tools are used in the analysis,
bringing increased engineering rigor. Perfor-
mance-based design results in a comprehensive
fire protection strategy in which all systems are
integrated, rather than designed in isolation.
This comprehensive engineering approach can
often provide more cost-effective fire protection
and improved knowledge of loss potential.

There are, however, a number of perceived disad-
vantages to performance-based design. Espe-
cially in the early stages of performance-based
fire safety engineering, Authorities Having Juris-
diction (AHJ’s) may be reluctant to approve de-
signs because of a lack of understanding or expe-
rience with the approach. This is due in part to
the lack of a generally accepted framework for
performance-based design and the uncertainty in
the applicability of tools used within the process.
In addition, the performance-based process re-
quires more engineering time (both in calculation
and documentation) than a &dquo;prescriptive design&dquo;
process. This may result in a potentially higher
initial cost to the client. However, potential
savings in the end can be many times that of
engineering costs. Finally, as in prescriptive
design, a change in occupancy or use may change
fire protection needs. This simply points to the
necessity for clear documentation of the perfor-
mance-based design, including all key assump-
tions made. This paper addresses many of these
concerns with the introduction of a framework for

performance-based fire safety design.

CONTRASTS BETWEEN PERFOR-
MANCE-BASED AND PRESCRIPTIVE
FIRE SAFETY DESIGN

Clear differences exist between performance-
based design and prescriptive design under the
current code structure. Prescriptive codes set

forth minimum requirements for protection and
are generic by occupancy. Examples include
occupancy-based spacing requirements for detec-
tors or sprinklers, or specified fire resistance.
While these may be appropriate for a general
minimum, the loss potential for a specific design
situation is unclear. As a result, in a prescriptive
design, one may know what the required sprin-
kler spacing and water supply requirements are,
or the total travel distance to the exterior of the

building, but one does not know, for example, the
extent of damage that may occur before sprinkler
activation occurs or the extent of fire effluent

spread within a building before the last occupant
is expected to have escaped. The latter are factors
that can be considered in a performance-based
design.

It should be noted, however, that some codes and
standards are becoming more performance-ori-
ented, a trend that is expected to continue. For
example, NFPA 92B, Guide for Smoke Manage-
ment Systems in Malls, Atria, and Large Areas,35
provides a calculation procedure for estimating
the height of a smoke layer above a fire in an
atrium, and NFPA 72, National Fire Alarm
Code36, provides a method for spacing heat
detectors to respond to a user-specified design fire
size. Useful as these approaches are, they are still
somewhat prescriptive in their application and
independent of other fire safety measures. (Little
is said in NFPA 72, for example, as to why a larger
or smaller design fire may be desired, or how
selection of the design fire influences, or is influ-
enced by, factors such as occupant reaction and
response.)

By contrast, performance-based fire safety engi-
neering considers the entire fire-building system
interaction and, as a result, often results in de-
signs that exceed individual code requirements.
Clients with high loss potential from small fires,
for example, may welcome protection that ex-
ceeds the &dquo;minimum&dquo; prescribed requirements
that are based on a larger fire. On the other hand,
performance-based design is application-specific,
thus more accurately reflecting the fire stresses
on the particular building. While this often re-
sults in fire protection measures exceeding pre-
scribed requirements, in some cases they may
not. The net result can be a lower total cost for fire

protection. Finally, performance-based engineer-
ing designs are based on an agreed upon loss
potential for the individual structure, process, or
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component being protected.

The tools for the two approaches to fire protection
are also quite different. Tools for prescriptive
design include the National Fire Codes of the
National Fire Protection Association; model build-
ing codes promulgated by the Building Officials
and Code Administrators International (BOCA),
International Conference of Building Officials
(ICBO), and the Southern Building Code Con-
gress International (SBCCI); state and local re-
quirements ; the requirements of insurance carri-
ers ; and engineering judgment.

Tools of performance-based fire safety design
include deterministic hazard analysis and proba-
bilistic risk assessment techniques, fire dynam-
ics, and fire modeling, as well as fire and building
codes, state and local requirements, the require-
ments of insurance carriers, and engineering judg-
ment. Although some may argue that risk assess-
ment, fire dynamics, etc. are &dquo;built-in&dquo; to the code
development process, the built-in component re-
mains relatively small and difficult to identify or
quantify when necessary. Furthermore, the cur-
rent codes- and standards-making processes es-
tablish only minimum requirements.

PERFORMANCE-BASED

ENGINEERING & PERFORMANCE-
BASED CODES

Performance-based engineering and performance-
based codes, while quite compatible, are far from
identical. In performance-based fire safety engi-
neering, as discussed in this paper, the &dquo;client,&dquo;
the AHJ, the fire protection engineer and other
interested parties (e.g., insurance representa-
tive) set the maximum acceptable loss objectives
(or loss threshold). In essence, this process estab-
lishes a level of risk acceptable to those parties
involved. The fire protection engineer then trans-
lates the &dquo;client’s&dquo; loss objectives into quantifi-
able engineering terms and proceeds to develop
and evaluate design alternatives (outlined later
in this paper) based on the agreed upon objec-
tives. (The term &dquo;client&dquo; is used to reflect any
person, organization, or entity that is receiving a
service.)

In performance-based codes, the code writers set

the client’s loss objectives by specifying fire safety
goals and performance objectives. In this case,
the code writers are essentially quantifying the
level of risk acceptable to society (the &dquo;clients&dquo; or
users of the code). This is much more difficult to
agree upon compared with quantifying the ac-
ceptable level of risk for an individual client.
Several countries developing or using perfor-
mance-based codes handle this issue by stating
fire safety goals as broad social objectives, such as
&dquo;safeguard people from injury due to fire&dquo; and

providing more detailed performance objectives
or functional objectives for how this might be met,
for example, &dquo;give people adequate time to reach
a safe place&dquo;3~, 38. The use of terms such as

&dquo;adequate &dquo; and &dquo;reasonable&dquo; permit flexibility in
design and provide some guidance regarding
society’s level of risk acceptance without stating
specifics (i.e., it is assumed that if a &dquo;reasonable&dquo;
approach has been taken in determining &dquo;an

adequate time to reach a safe place,&dquo; the recom-
mended safety measures will be &dquo;acceptable&dquo;).
The ultimate acceptability of such a code system
will depend in part on the scientific and engineer-
ing communities’ ability to develop &dquo;reasonable&dquo;
engineering tools and methodologies based on
sound scientific and engineering principles. This
paper discusses concepts of performance-based
fire safety design and proposes a framework within
which performance-based fire safety design can
be effectively carried out. This paper does not
discuss a performance-based code system or the
societal issues, such as risk acceptance, that the
code writers must be concerned with.

Another approach that is taken with codes is to
provide performance requirements within a pre-
dominantly prescriptive code. Although this may
make the resultant designs easier to review, such
provisions may not always consider a sufficiently
broad range of fire effects. For example, one
model building code39 in the United States speci-
fies a limiting height of the descending smoke
layer to a level of 6 feet above the highest floor
level of exit access to the atrium. This provision,
in effect, establishes the limiting height of the
smoke interface for a given building, i.e., a &dquo;pre-
scriptive&dquo; performance objective established by
the code writers. (In this case, the limiting height
is not based on an assessment of a specific client’s
loss objectives, but was established by the com-
mittee that developed the code.) For the design,
this model code calls for the use of the methods
cited by NFPA 92B to do the necessary calcula-
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tions. Although this type of approach makes it
easier for the AHJ to review a design, it does not
necessarily force the engineer or AHJ to consider
a wider range of concerns, for example: What is
the radiant energy at floor level when the smoke
interface is at 6 feet above floor level? Are danger-
ous levels of toxic combustion products produced
before the smoke interface reaches 6 feet? Al-

though these particular factors may not be a
concern in most designs, how would one know
without doing an analysis?

Consequently, fundamental differences between
performance-based fire safety engineering (and
design) and performance-based codes are; how
the client’s loss objectives are set, by whom and to
what level is the engineering analysis and design
required.

AN OVERVIEW OF PERFORMANCE-
BASED FIRE SAFETY

ENGINEERING

Goals

Fire protection goals and objectives are similar to
other kinds of goals and objectives. Goals are
often non-controversial (e.g., &dquo;motherhood and
apple pie&dquo;) statements that are measured quali-
tatively (if at all). For example, a Society of Fire
Protection Engineers goal is to &dquo;advance the art
and science offire protection engineering.&dquo; Obj ec-
tives, on the other hand, are specific (what, when,
and how many) and can be measured quantita-
tively ; objectives are often a series of actions
needed to meet a goal. As an example, &dquo;Deliver
short course Introduction to Performance-Based

Design for Fire Protection Engineers in May 1995
and November 1995&dquo; is an objective. It is specific,
can be measured quantitatively, and is an action
that supports a goal.

Fire protection generally has four goals:
. To provide life safety
. To protect property and heritage
. To provide for continuity of operations
. To limit the environmental impact of fire

protection measures.

Like other goals, these are generally easy to agree
with and qualitative.

Before beginning the performance-based design
process, the client, the AHJ, the architect and the
engineer work as a team and cooperatively order
the four basic fire protection goals. This ordering
is based on the client’s situation and the building
and occupancy involved. Life safety will likely be
more important in an office building, while prop-
erty protection will likely be more important in a
largely unstaffed public utility complex. In fact,
the order of the goals may vary for different areas
of a building or complex. As a result, it is impera-
tive that a team approach is taken and that all
interested parties are involved from the outset.
In many cases, this will include the fire service,
the insurance company and others in addition to
those listed above.

Note that while ordering fire protection goals is
important, this step does not define what consti-
tutes the goal or how much to provide. &dquo;Provide
life safety&dquo; could mean &dquo;no loss of life at all&dquo; or &dquo;no
loss oflife in the room of origin.&dquo; Furthermore, the
engineers and client still do not have any criteria
by which to judge the performance of a candidate
design.

The Performance-Based
Fire Protection Design Process

This performance-based fire protection design
process was designed to help the fire protection
engineer identify performance objectives and
quantify them as &dquo;loads&dquo; in engineering terms
that are suitable for evaluation of candidate de-

signs using available fire dynamics tools. As dis-
cussed in Reference 20, there are three basic
components to the process: background informa-
tion development, analysis and design and docu-
mentation and specification preparation. These
components will be discussed below.

Development of Background Infor-
mation

o Site or project information: This step is to
identify general information relative to the build-
ing, hazards, process or occupants. If the build-
ing already exists, there will be more constraints
on the fire protection design options with respect
to materials and construction types, partition
and egress layouts, etc. There may also be exist-
ing fire protection systems.

- Define client loss objectives: The &dquo;client&dquo; may
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range from the architect or building owner to the
insurance carrier or the building or fire officials.
Regardless of who carries the label &dquo;client,&dquo; the
important factor is determining what is accept-
able, or what the objectives are, for each party
involved in the process. The objectives stated by
clients are generally not in fire engineering terms.
Owners, for example may express an acceptable
loss in terms of down time or an amount of

physical damage reduced to monetary terms. On
the other hand, building or fire officials may use
terms such as travel distance or sprinkler spac-
ing.

Client loss objectives specify how much safety the
client wants or needs (and is ultimately willing to
fund). &dquo;No loss of life outside room of origin&dquo; is a
sample client loss objective or statement of the
client’s maximum acceptable loss. By accepting
this client loss objective, the client, the AHJ, and
the engineer are also accepting the fact that
someone in the room of origin may not be saved.
(Again, although this may be difficult, it is easier
to determine for a specific case in which a perfor-
mance-based design is being undertaken than in
a performance-based code that must cover the
broader needs of society.)

It is important to note that risk assessment plays
an important role in this step of the process. In
basic terms, risk is a function of the frequency of
an unwanted event occurring (e.g., fire in a build-
ing) and the consequences resulting from that
unwanted event occurring. It can also be consid-
ered a function of likelihood and severity. As a
simple example of the need to consider risk, as-
sume one asks the question &dquo;what are your life
safety objectives?&dquo; It is likely that most people
would respond with &dquo;no loss of life.&dquo; Can one

guarantee no loss of life will ever occur in an
occupied building? Probably not. As long as there
are ,conditions that can support a fire in the
building, and it is occupied, there is a likelihood
that a fire will occur and that someone could die.
That is a risk that everyone lives with every day.

That is not to say, however, that the level of risk
is the same for all occupants or that the level of
risk cannot be reduced for a large percentage of
the occupants. With this in mind, consider four
possible &dquo;locations&dquo; of an occupant: intimate with
the first materials burning, in the room of origin
but not intimate with the first materials burning,
outside the room of origin but in the immediate

area, and outside of the area of fire origin. The
risk to life of an occupant &dquo;intimate with the first
materials burning&dquo; is much higher than the risk
to life of an occupant &dquo;outside of the area of fire
origin.&dquo; (The occupant intimate with the first
materials burning has a higher likelihood [prob-
ability] of sustaining fatal injuries from a fire
[consequence] than an occupant remote from the
fire. )

However, one must also consider the likelihood of
an occupant being intimate with the first items
burning. If statistics show this likelihood to be
low, than the risk to the building owner of having
an occupant intimate with the first items burning
is low, and protecting against this risk may not be
feasible or economical. This type of analysis
should be performed until a life safety objective is
found that all can agree with, e.g., &dquo;no loss of life
outside the room of origin.&dquo; To assist with this
analysis, a number of good discussions on risk and
risk assessment are presented in the SFPE Hcznd-
book of Fire Protection Engineering40.

Clearly, client loss objectives are much harder to
agree on than basic fire protection goals. Since
the remainder of the performance-based fire pro-
tection design process flows from client objec-
tives, it is critically important the client, engi-
neer, and AHJ understand what the objectives
are. Focusing on the specific fire and life safety
issues of the property in question, and agreeing
on objectives, assumptions, responsibilities, and
consequences of the decisions made is central to

setting client loss objectives.

Analysis and Design

- Develop performance criteria: Quantification
involves determination of the type and degree of
fire stresses that equate to the stated loss objec-
tives or acceptable losses and establishing them
as performance criteria. The criteria may be

expressed as a radiant flux, a rate of heat release,
or a toxic or corrosive species concentration, or
ceiling jet velocity. If the client wants automatic
sprinklers or &dquo;equivalent&dquo; for life safety, part of
the quantification process would require predict-
ing the fire size (rate of heat release) at the time
of sprinkler operation and the level and distribu-
tion of smoke as related to occupant egress.

Consider the example above of &dquo;no loss of life

outside the room of origin.&dquo; Meeting that client
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loss objective requires (among other items), main-
taining tenable conditions in all egress paths
until all occupants outside the room of origin have
been evacuated to safety. In quantifiable fire
protection engineering terms, maintaining ten-
able egress paths may be expressed as heat radia-
tion (kW/m2), CO concentration (ppm), distance
of the smoke layer above the floor (m), visibility
(m) or other tenability parameters. Once safety
factor(s) are added, the result is engineering de-
sign objectives. (The development of safety fac-
tors will be discussed later.) An acceptable
design would control the fire or the distribution of
its products such that the agreed levels would not
be exceeded. An example of this concept is shown
in Table 1.

In much the same way, engineering design objec-
tives may be developed for a property protection
goal. A client loss objective of &dquo;no fire spread
outside room of origin&dquo; can be quantified in fire
protection engineering terms. Table 2 presents
example engineering design objectives for the
property protection goal. More stringent require-
ments would be needed if the objective were &dquo;no
smoke&dquo; outside the room of origin.

. Develop fire scenarios: A fire scenario41 is a
description of a specific fire from ignition to the
maximum extent of growth and resulting dam-

age. Development of fire scenarios should include
both deterministic and probabilistic consider-
ations (e.g., how likely is it that a fire will occur,
and if it does occur, how would it be expected to
develop?) Based on the existing or proposed
situation, the engineer should identify and con-
sider :

Pre-fire situation: building, compartment, condi-
tions.

Ignition sources: temperature, energy, time and
area of contact with potential fuels.

Initial fuels: state (solid, liquid, spray, vapor,
gas), surface area to mass ratio, rate of heat
release.

Secondarvfuels: proximity to initial fuels, amount,
distribution.

Extension potential: beyond compartment, struc-
ture, area (if outside).

Target locations: note target items or areas asso-
ciated with client loss objectives along the ex-
pected route of spread for flame, heat or other
combustion products.

Occupant condition: alert, asleep, self-mobile,
disabled, infant, elderly, etc.

Table 1: Example Engineering Design Objectives in Egress Path for Life Safety

Table 2: Example Engineering Design Objectives for Property Protection Goal
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Critical factors: ventilation (windows, doors), en-
vironmental, operational, time of day, etc.

Relevant statistical data: past fire history, prob-
ability of failure, frequency and severity rates,
etc.

9 Define design fires: The basic fire dynamics
tools used for performance-based design are based
on a constant heat release rate (Q) for steady
fires or on a heat release rate history for growing
fires. This can also be expressed as a mass loss

rate (~) or the mass loss over time and Q
determined from the relationship:

Mass loss rate is also used to determine produc-
tion rates of smoke and chemical species using
data for the mass of product produced per mass of
material burned42, 43.

The analysis should result in a number of design
fire curves based on the fire scenarios identified.

Producing a design fire curve requires knowledge
about the burning rate of the object or combina-
tion of objects involved. This can be obtained from
the literature44 or from intermediate scale tests
of free burning items using large calorimeters.
Full scale tests may also be used.

Where the fire scenario involves item-to-item

spread, a &dquo;composite&dquo; heat release curve can be
made by summing the heat release contributions
of each item in the areas where they are burning
at the same time or with a computer program
such as the &dquo;make fire&dquo; routine in FPEtoo145.
Where doubt exists regarding the accuracy of the
curve to predict the outcome of a given design fire,
higher burning rates should be selected in order
to be conservative. Probabilistic analyses can also
be employed in the development of design fire
curves. The resultant design fire curves are used
to evaluate design alternatives against the estab-
lished performance criteria.

Figure 1. Illustrative Design Fire Curve2°.
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Figure 1 illustrates a design fire curve. Figure 2
depicts a flow chart summarizing the design fire
development process. Note that if the scenarios do
not exceed the performance criteria (i.e., the fires
would not produce the damage equivalent to the
loss objective), the client objectives may have
been too high, and different criteria can be consid-
ered.

o Develop basic design alternatives: This activity
results in a set of preliminary design options that
are tested against the design fires. If there are
different design fires for different parts of a facil-
ity, specific design alternatives would be evalu-
ated only for their associated design fires. The
following are sample alternatives.

Existing fire protection if present: Evaluate the
existing protection. If it works for all acceptable
losses, no changes may be needed.

Prescriptive code option: Evaluating the prescrip-
tive requirements can assess the performance
capability of a complying prescriptive design as a
basis for determining equivalency for alternative
designs.

Figure 2. Development of Design Fires2°.

Ignition or fuel control: Use of one or both can
eliminate scenarios or substantially reduce some
design fires. Evaluate ignition sources and fuel
properties.

Rapid detection. notification and e-aress: Would
primarily provide life safety. Evaluate response
time needs of the detection and notification sys-
tem against time to untenable conditions in egress
path.

Suppression: Would provide property protection
and perhaps limited life safety protection (situa-
tion dependent). Evaluate response time and time
to agent application (automatic and manual)
against conditions representing performance re-
quirements (heat, smoke, etc.).

Compartmentation: Assumes burn out on fire
side and protection for the required time on the
other side for the required time. This is not neces-
sarily the same as the fire endurance rating.
Evaluate analytically.

Smoke management: Evaluate pressure differ-
ences due to fire and stack effect for life safety and
equipment damage due to combustion products

. other than heat.

o Develop ( do and Q cr for different design
alternatives: For a given firesafety design alter-
native or trial design, there will be a point (Q do)
on the selected design fire curve where the energy
and product release rates will produce conditions
representative of the design objective for that fire
scenario. Given that there will be delays in detect-
ing the fire and responding to it (i.e., notifying the
occupants, accomplishing evacuation, or initiat-
ing suppression actions), the fire will need to be
detected at some time in advance of Q do - In order
to account for these delays, a critical fire size 0 cr
can be defined as the point on a given design fire
curve at which the fire must be detected in order
to meet the design objectives for a given design
alternative. Figure 3 shows this relationship.

The location of Q cr on a design fire curve reflects
the safety factor, if one were selected during the
quantification of the loss objectives. However,
since each design fire may be different, it is

important to review the safety factors used in the
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Figure 3. Design Objective and Critical Heat Release2°.

context of the growth rate of each design fire
curve. For a given Q do, the (a cr would have to be
smaller (i.e., earlier in the fire) if the design fire
has a fast growth rate. Fires that take longer to
reach 4 do would have a higher Q cr. Another
approach would be to reduce the Q do by a suit-
able factor. It should be noted that with the

delays inherent in some designs (for example, 1
min delay in C02 discharge46), the loss objective
may be exceeded regardless of where Q cr is set
for a particular design alternative (indicating
that the design is not a good one for this applica-
tion).

SAMPLE PERFORMANCE-BASED
DESIGN APPROACH

To illustrate the integrated approach described in
this paper and outlined in Figures 2 and 4, con-
sider the following example. It should be noted
that this example has been simplified to illustrate
the process and is presented without calculations.
Similarly, although assumptions have been listed,
the bases for the assumptions are not explained in
detail. A compartment, 50 feet by 50 feet with an
8 foot ceiling height is being used as a computer-
aided-design (CAD) and computer work-station
facility within a large, three-story office complex.
The work areas within the compartment are ar-
ranged in an open-office format made up of indi-
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vidual work modules. The individual work units
consist of particle board and wood construction.
An evaluation of the situation reveals that the
level of fire protection provided for the compart-
ment complies with the applicable codes and
standards. This protection includes automatic
sprinkler protection, self-closing devices on each
of the two doors, fire dampers in the ventilation
system and appropriate fire-rated construction.
Discussions with the business owner, i.e., the
client, reveal that the CAD facility is a small,
independent business that performs contract work
for engineering and design firms within the office
complex and the surrounding area. Given the
economic climate and the level of competition, the
business depends on nearly all CAD stations

being in operation, with a high rate of project
turn-over to maintain the required cash-flow.
With this in mind, the client has questioned the
current level of protection against losses due to
fire. Specifically, the client’s concerns relate to
the continuity of operation of the business should
a fire occur within the compartment that is occu-
pied by the business.

Although the overall goal is to maintain the abil-
ity to continuously operate nearly all of the CAD
stations, more detail is required to further quan-
tify the level of loss in such a way that protection
alternatives can be adequately evaluated. After
additional discussion, it is determined that the
business could lose one CAD station and could be
down for a maximum of two business days and not
be irreparably damaged by that loss of business.
Also, it was determined that the CAD stations
and work-stations are highly susceptible to smoke
damage, especially in their data storage devices.
In the end, the loss objectives are identified as loss
of no more than one complete CAD station to fire
or its effects, no damage to CAD or work-stations
from smoke or products of combustion unless
intimate with the fire, and no fire-related damage
that would lead to downtime exceeding two days.

Having developed client loss objectives that are
quantifiable in terms of equipment loss, mon-
etary value, and downtime, it is possible to trans-
late these into performance criteria and design
objectives that are quantifiable in terms of engi-
neering criteria. This is an iterative process that
involves asking several questions concerning the
particular installation being evaluated. For ex-
ample : What size fire is required to cause the loss

of no more than a single CAD station? What is the
critical volumetric mass of smoke in the compart-
ment below which particle deposition on the elec-
tronic equipment and data storage devices will
not cause irreparable damage? What potentially
damaging species, such as HCI, can be produced
during pyrolysis or combustion ofthe fuels present
in the compartment? While answering questions
such as these, specific performance criteria are
developed.

For example, assuming that a fire is more likely
to initiate and develop in-and-around the indi-
vidual work module (as opposed to within the
CAD system itself) one performance criterion can
be to limit the maximum fire to a size less than
that required to cause the ignition and continu-
ous burning of an individual work module. This
criterion can then be further quantified into a
specific design objective, in terms of an energy
release rate, for example, to which a design alter-
native can be compared. In this case, data from
Walton and Budnick indicate that the fire size

necessary for ignition of a particle board com-
puter desk and bookcase (individual work mod-
ule) from a waste basket is on the order of 18
kW44. This design objective now provides the
basis for developing the design fire objective ( Q do)
and critical fire objective ( Q cr)-

Other performance criteria can be developed rela-
tive to the type and amount of combustion par-
ticles generated during a fire. In this case, the

guiding loss objectives are prevention of deposi-
tion of particulate and corrosive species on elec-
tronic equipment and data storage devices. Analy-
sis at this stage would include determination of
possible species development (given the present
equipment and furnishings) and the amount of
species and product generated during combus-
tion of the materials present. For simplicity in
this example, it is assumed that the analysis
revealed that the loss objectives will not be ex-
ceeded if the smoke layer does not extend further
than 1 ft below the ceiling level. In evaluating this
criterion, it is found that the 18 kW fire size

necessary for ignition of the individual work sta-
tion will not produce a smoke layer exceeding 1 ft
in depth. As a result, the evaluation process can
continue, based primarily on the 18 kW criterion
for Q do.
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Figure 4. Evaluation of Alternative Designszo,

At this point, a number of fire scenarios
can be evaluated using various design fires
that are probable under the circumstances
and are likely to grow to the Q do size of
18 kW. This is done following the ap-
proach described by the flowchart in Fig-
ure 4. In this step, each of the design
alternatives contemplated should be evaluated.
For this example, these could include the
following: the current prescriptive level
of fire protection provided in the compart-
ment, the addition of smoke detection and
alarm signaling with manual response and
suppression, the addition of smoke detec-
tion and alarm signaling with automatic
suppression (e.g., C02), increasing the ignition
resistance and lowering heat and smoke
release rates of the individual work mod-
ules by changing materials, or other ma-
terial control, fire prevention or fire pro-
tection measures that meet the design objective.

For each alternative, the design fire objective

( Q do) is 18 kW. However, the critical fire objec-
tive ( Q cr) varies with each protection alternative

evaluated due to the associated detection delays
involved. For the case of sprinkler activation, the
design fire objective and the critical fire objective
may be the same (activation and response almost
simultaneous). For smoke detection and auto-

matic suppression system response, 0 er will be
considerably smaller than f1 do (to account for the
fire growth time between activation of the smoke
detector and actuation of the suppression sys-
tem). With built-in delays that are common in
many smoke detection systems and required for
use with some suppression agents, this could be
several minutes. For the case of smoke detection

and manual response, Q cr may be even smaller
than the Q cr for automatic suppression if re-
sponse is from off-site.

Once the design alternatives have been evaluated
with regard to response characteristics and abil-
ityto meet the design objectives, reliability, main-
tenance, and cost factors should be considered. At
this stage, alternatives such as purchasing a
back-up CAD station, increasing insurance cover-
age for business interruption or other primarily
financial options can be weighed against the cost
of installing additional fire protection measures.
When all factors have been considered, a final
design can be selected, and if additional protec-
tion is warranted, specifications can be generated
and the design can be put out to bid.

It is important to note that in this simple ex-
ample, the AHJ was not a factor because the
installed level of protection met the local code
requirements. In most situations, the AHJ will be
an integral part of the decision making process,
especially in the stages of developing and quanti-
fying loss objectives and reviewing trial design
alternatives.

· Select ftnczl design(s): Selecting the final designs
is an iterative process in which trial designs are
tested against the performance criteria, such that
the client’s loss objectives are not exceeded. If
they are, the design is modified or a new trial
design is selected, and another evaluation is con-
ducted. If no reasonable or cost effective design is
found, the client loss objectives maybe unrealistic
and should be revisited and perhaps redefined at
a higher level or steps made to reduce the expo-
sure, perhaps by relocation or separation of fuels
or critical functions. Figure 4 is a flow chart that
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summarizes the evaluation process for trial de-

signs.

The fire dynamics used in the trial design evalu-
ations include calculations of upper layer tem-
perature, ceiling jet velocities, prediction of flash-
over or failure of structural elements, determina-
tion of detector or sprinkler operation times, and
the production and movement of smoke and other
products of combustion. Included also may be the
consideration of human response to toxic species
and their evacuation behavior.

The tools range from simple hand calculations to
the application of complex fire models. Many
calculation methods and sample problems appear
in the SFPE Handbook of Fire Protection Engi-
neering. Since most of the calculations are corre-
lations based on test data, engineers are advised
to review the limitations on their use with respect
to their particular design situation. A number of
computer models exist that are also useful. Their
basis and uses have been reviewed by Friedman47.

Fire models range in complexity from simple
descriptive models to complex numerical models
and finally to computer fire simulation models.
Regardless of the model used, a model is only an
engineering tool, and is not itself an engineering
method. The improper use of computer models,
alone or as part of an analysis or design, is a
significant concern that should not be considered
lightly 47~ 48, 49. Much needs to be known about
the model, its applicability, sensitivity to input
parameters, uncertainty and limitations before it
can be used.

In fact, the proper use of models is one of the
biggest concerns amongst those working with
performance-based codes and engineering meth-
ods : which models are acceptable, how they
should be used, what their limitations are and
what qualifications are necessary for the user.
These are topics currently being grappled with by
the International Organization for Standardiza-
tion (ISO), the International Council for Building
Research and Documentation (CIB), the SFPE,
and others (see Reference 1). It is hoped that
significant progress will be made by these groups
in the coming years.

Documentation and Specification
Preparation

The final step in the process is the preparation of
design documentation and equipment and instal-
lation specifications. The proper documentation
of a performance-based analysis or design is criti-
cal. When done correctly, it will provide a clear
record of the process, including assumptions, tools
and methods used, and results, and will likely be
an important factor in obtaining final approval of
the design. The documentation of the process
should start with the agreed upon goals and
objectives and continue through the final design
approval. Although the format of the final design
documentation (report) may vary depending on
the nature and scope of the analysis or design
project, the following information should be in-
cluded :

Participants in the analysis or design process:
who was involved in the process, what their func-
tion was, what their interests were, what their

qualifications are, and what their responsibilities
were in the process.

Obj ective(s) of the analysis or design : why was the
analysis or design undertaken.

Statement of design approach: a description of
the approach taken, why it was taken, what
assumptions were made, and what engineering
tools and methodologies were applied in the ap-
proach.

Site or project information: description of the
hazard analysis and the structure, process and/or
occupants, e.g., hazards, risks, construction, ma-
terials, use, layout, existing systems, occupant
characteristics, etc.

Statement of client goals and objectives: what are
the agreed upon goals and objectives of the perfor-
mance-based analysis or design, who agreed to
them and when.

Performance criteria: clearlyidentifyperformance
criteria and performance objective(s) to which
they relate, including any safety or reliability
factors applied, and support for safety or reliabil-
ity factors where necessary.

Fire scenarios: description of fire scenarios used,
bases for selecting and rejecting fire scenarios
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used (deterministic, probabilistic), assumptions
and restrictions.

Design fire(s): description of design fire(s) used,
bases for selecting and rejecting design fire(s)
(deterministic, probabilistic), assumptions and
limitations.

Design alternative(s): describe design
alternative(s) selected, bases for selecting and
rejecting design alternative(s) (deterministic,
probabilistic), assumptions and limitations. This
step should include the specific design fire objec-
tive (Q do) and the critical fire (Q cr) used, com-
parison of results with the performance criteria
and design objectives and a discussion of the
sensitivity of the selected design alternative to
changes in the building use, contents, occupants,
etc.

Engineering tools and methods used: description
of engineering tools and methods used in the
analysis or design, including appropriate refer-
ences (literature, date, software version, etc.),
assumptions, limitations, engineeringjudgments,
input data, validation data or procedures, and
sensitivity analyses.

Drawings and specifications:

Test. inspection and maintenance requirements:

Fire safety management concerns: contents,
materials, training, education, etc.

References: software documentation, literature,
reports, technical data sheets, fire test results,
etc.

Regardless of the format, the final report should
clearly identify the objective of the analysis or
design, the approach taken, tools and methods
used, the final design, and substantiation that
the design meets the project objectives. Any
calculations presented should have sufficient in-
formation to be verified. References should be

only to literature that has been widely circulated,
peer reviewed or generally accepted. Statements
ofuncertainty, sensitivity, assumptions and limi-
tations should be clearly presented. Finally,
output of computer models should be provided in
a manner acceptable to the AHJ for review.

When it is time to prepare specifications, it should
be remembered that although a performance-
based approach is taken for evaluation and de-
sign, the installation of equipment often needs to
be well-defined and tightly prescribed to ensure
the performance objectives are met. Given that
the entire purpose of the design is to limit fire to
a defined loss acceptance criteria, any test data or
test protocols used in the evaluation and design
should be included in the specifications as well. If
specific equipment is required it should be speci-
fied. If specific installation materials or methods
are required they should be specified.

Commissioning or acceptance tests for all sys-
tems should be clearly specified. If the design
requires specific functions from equipment, those
functions should be tested where possible. Where
the proper operation of multiple systems are
required, in series or parallel, the functions should
be tested in the manner required. Inspection,
maintenance and periodic testing requirements
should also be provided, along with any special
training needs identified. Finally, providing guid-
ance for procedures to be taken in case of change-
of-occupancy should be considered.

SUMMARY

Providing adequate fire protection for many struc-
tures and processes can be a challenging task. In
addition to considering the protection of people
and property, one must consider the impact of fire
and its products on continuity of business opera-
tions, the environment, and intangibles such as
heritage. Unfortunately, these considerations
are not always afforded the attention they de-
serve when a traditional design approach, based
on the minimum requirements provided in a pre-
scriptive code or standard, is taken.

To address these concerns, a performance-based
approach to fire safety evaluation and design is
recommended. Instead of simply trying to meet a
prescriptive requirement, this approach consid-
ers the protection of a structure, its contents, and
its occupants as important fire safety objectives.
Basic concepts of performance-based fire safety
evaluation and design have been discussed and a
framework for performance-based fire safety en-
gineering has been introduced. The concepts of
fire safety goals, performance objectives, design
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objectives, the design fire, and the critical fire
have been introduced in this context. Some engi-
neering tools and methods that can be a useful
part of an overall performance-based evaluation
or engineering approach have also been discussed.

As more countries move towards performance-
based fire safety codes and standards, the need
for appropriate fire safety engineering tools and
methods will grow. It is hoped that the introduc-
tion to performance-based engineering offered in
this paper will be useful to people beginning to
become involved in this emerging area.
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