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Abstract
The advent of performance-based codes in the Unizt@stinderscores the need for a

thorough, systematic approach to the docuateon and accomplishment of a
performance-based design. This pobj has three objectives: a@momic analysis of
performance-based codes from a social view point, dociatiem of a peormance-

based design, and an example application ol@ Performance-Based Code to high-

rise office building. Economic issues explored include the externalities, insurance, and
liabilities assoated with peformance-based codes. Docuntaion of a pegormance-

based design includes delineation of the scope and goals with agreement between the
designer, architect, building owner, andhauity having jurisdiction, examination of the
relevant code statutes, development gbraprate fire scenarios which meet the
requirements of the performance matrices, thorough dodatienof all design tool and
calculation assumptions and liions, and a clear demonstration of satisfactory
accomplishment of stated goals and objectives. Finallyformeance-based design
alternatives to a prescriptively-designed 40 story office building were developed. There
were three major design alternatives. The first design feature was the evacuation of
occupants using elevators. The second alternative was the use of the assured fire safety
system, which combined emerging technologies in f&ecton, alarm, and suppression.

The final design alternative was the routing of the domestitemsipply through the
sprinkler riser in order increase the reilip of the sprinkler system and save design,

material, and installation costs associated with the domestic wadely gisers. Finally,
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this progct analyzed the specific life-cyclemmic impact of the design alternatives

when compared to the prescriptive design.
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Introduction

Performance-based codes have long been advertised as being beneficial to parties
involved in the construction of buildings when compared to traditional prescriptive codes.
The building owner may benefit through the lower total cost of building construction and
operation. The arcta@ct may be allowed tpursue more innovative artbctural designs

if the fire protection engineer can show the subsequent design meets the fire safety
performance oleictives. The party whose job potentially becomes more difficult and time
consuming is the building official charged with approving the building design. With
prescriptive design, the official had only ensure that the building met the intent of the
code. In order for the building official to ensure that the desigatsnthe less explicit

goals of the performance-based code, engineering calculations and judgments are

necessary to ensure fulfillment of fire safetyeaiives.

Scope and Objectives

There are three major objectives within the scope of this thesigidigss significant
economic issues pertaining to the implementation of rfoppeance-based code in the
United States; 2) develop a framaw for the presemtion of a pdormance-based
design; and, 3) comple a pgormance-based design whielscomplishes the case study
objectivesfor presetation to the ¥ International Conference on Performance-Based
Codes as well as demorates the equivalency and fleily of the ICC Draft

1
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Performance-Based Code. The first twoeshiyes spport thorough completion of the

latter objective.

The first objective is to determine the totabeomic impact of the pormance-based
codificationprocess. The total cost of performance-based design is the sum of the private
costs and the social costs. While the quantification of private cosdglnssaed through

the building process, the determination of total social cost is nouatad for by current
market forces. Subsequently, if performance-based codes without regulatory adjustment
for total social costs are implemented, the full potential social benefit of performance-
based codes will benrealized. Economic issues such as externalities, development of an
insurance market given new technologies aechniques using quantitative risk and

failure techniques, and optimization of @ie costs aredaressed.

Second, a temate for the documetation and presentation of a rflmance-based
design is developed and justified. Careful, consistent documentation ofoamaace-
based design is a critical step towards assuring achievement of social design goals. Proper
documentation includes explicit listing of design goals andhaus, calculation

procedures, assumptiodisjitations and uncertainties, and achievement of design goals.

Finally, the progct demonstrates how the flekly of the ICC code allows for the
infusion of newtechnologies into building design that are not encouraged in a prescriptive

regime. New technologies evated here include elevator egress and ‘smart’ detection,
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alarm, and suppression systems. To dematesthe use of these tewlogies to raet the

fire safety objectives of thECC performance-based code, a 40-story, mixed-occupancy
office building, containing several underground parking levels is analyzed. The building
selection satisfies the caseidy requirements for the"2International Conference on

Performance-Based Codes.

Each of the three sections combinegaion a robust analysis of the performance-based
movement in the United States. The results of paraffelte at the National Fire
Protection Associaton, the International Code Council, conferences such as the
Conference on Performance-Based Codes, dndars efforts in the global fire

community should help mimize transition time and costs.



Economic Analysis of Performance-Based Codes

The justification of pgormance-based codes often depends to a significant extent upon
economic savings being realized by the constituents of the building process. There exists
little incentive for owners and engineers to pursue a performance-based design unless the
unique design achieves either significant cost savings or an innovative, aesthetic design.
There are two distinct components ttefmining the total social costs of afpemance-

based design: optimization of pate costs associated with therfpemance-based
building design process and accurate cacting of non-priate, or social, costs.
Performance-based codes, when analyzed from an economic viewpoint, however, are
difficult regimes to accurately estimate total social costs. There are several distinct

components of total social costs asatenl with any regulaty structure:

1. Optimization of Priate Costs
2. Externalities

3. Distributional Equity

4. Best Available Technology

5. Proballity and Magnitude of Failure

Optimization of Private Costs

Optimization of priate costs is the mogublicized component of economic efficiency
realized by the advent of performance-based codesateroosts include ter, material,

and overhead costs associated with the construptiocess, in addition to continuous
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management and maintenance costs upon building completion. Performance-based codes
often focus upon the dptization of private costs because they are the easiest to
guantify. This ection wil review a model to examine building cpanents for life-cycle

cost. Further, each cqonent of the design process can then be analyzeet¢ondne

the economically optimal design.

ALARM 1.0% is a computer program designed to imize the cost-effctiveness of fire
code compliance. ALARM uses the equivalency provision irLifeeSafetyCode 7 for
health care occupancies. While the ALARM software is not direct applicable to analysis
of a 40 story office building, the general framework provides insight into sezessary

to fully evaluate the private costs and savings ofrbopeance-based design. The
premise of the program is simple: &g code-compliant building design options until
minimum cost is realized. The success of this methodology is contingent upon full
knowledge of the available options as well as the costs assdavith each opgin. The
equivalency provision in thieife SafetyCode/ provides a rigorous framework that is not
readily applied to all performance-based designs, but provides a starting point. The
optimizationprocess requires that all available options be identified. The options can
then be estimated by a constructnject manageior initial and life cycle costs.
Additional requirements stipulated by avolved party may change the simple
requirement that the design simply be equivalent to the prescriptive requirements.

Property preection required by the ownebave and beyond the prescriptive mandate
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changes the nature of the comparison somewhat. Optimization affepcostsipon

differing design options, eaclk@ressing equivalency to a particular standard, lends itself
to computer programing, such as the one developed in ALARM. Such analysis can be
standardized with a robust model such that subsequemtizgiton requires significantly

less effort than the initial pregt.

Externalities

Externalities are events that, due to the actions of one entity, impipgasheactivities

of another in a manner that is not explicitly or implicitly accounted for by market forces.
Externalities are often the most critical, least-understood component of a thorough cost-
benefit analysis. A classic example of the effect of externalities on decision making can
be seen by looking at an example from a maciufring facility. Sppose, for example,

that a manufacturing facility cggroduce their widget using a new production process for
50% of the cost of the previous method. The company can reducellitheg m&ce of

widget by some percentage less than 50% and realize a healthy profit, while lowering the
price of the widget to the consumer. The action seems like a situation where society
benefits by having more widgets at a lower price until the total social costs of the process
are analyzed. The costs of the new production lireernals, and laor are priate costs,

and are relatively simple to calculate. The externality, in this case, is the increase in air
pollution caused by the new production process. The total social cost is the sum of

private costs and externalities. The cost of externalities is often difficult to determine,
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even if they are identified, which is not always the case. For example, society must either
pay the costs associated withesses due to air pollain, or pay the cost of cleaning up

the polluted air. If a proper economic analysis was used to price the widgets which
accounted for the pollution from the beginning of the production process, the price of the
widgets would be higher to account for air pollution. The higher price wamddrately

reflect the optimal level of widget outpiar society. The price of the air pollution would

be absorbed by the company through lost income and by society through higher prices,
and hence, fewer widgets. In other words, the cost of externalities should be internalized
to the people making the decision to create the externality. People who chose not to
consume widgets would not be affected by phaduction of widgets, as they would be if

the widget manufacturer were allowed to pollute the air. Performance-based codes
should account for all foremeable externalities and identify rhetls to internalize
associated costs. It is portant to note that externalities are not by definition costs.
Externalities can be benefits to society. Prescriptive codes may create external benefits
as part of the mutual reciprocity of advantage of a regulatory regime. The engineer,
failing to account for external advantages, may oetes the true value of an
“equivalent” design. Externalities, henceforth, however, shall refer to external costs and

a reduction of external benefits.
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Externalities of Performance-Based Codes

The true social cost of a performance-based design can onleteemthed by an
accurate aamunting of externalities, in addition to the total jpttie costs. Total private

costs will beaccounted for by the parties involved in the design process since total private
costs are inherently internalized. Private costs faréher discussed on page 4.
Therefore, identifiation andproper valuation of externalities becomes critical from a
societal viewpoint. There are several distinct regimes of externalities that arise as a result
of performance-based codes. The first is loss. The next is the tetd swmrket and
another externality regime is public fire safety. Finally, liabilityeates social
externalities. These factors combine to create an inefficient market structure, which

effectivelylimit the social savings pformance-based codes offer.

The first, and arguably the most important, externality regime is loss. Loss consists of
two distinct components: occupant loss and owner loss. Occupant loss is difficult to fully
measure. Parts of occupant loss include lost work, property, and quality of life including
injury and/or @ath. While lost wages and property are relatively straightforward
estimates, valuing injuries or deaths is extremely diffitultAllocative efficiency is
precluded by large ranges of injury aneath settlements. Owner loss refers to such
immedate costs aproperty and rent, but may include long-term losses includiniijtirab
beacuse of legal negligence of thepassihlities as an owner. The reason that owner
and occupant costs are grouped under lossdause these costs are most ofteorles!

not by the individual, but by insurance companies. While the insurance market can be
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considered a free market force, insufficient levels of insurance are often carried by
owners and occupants. Meeks and Brannigan #itestthe case of the DuPont Plaza
Hotel fire. “The DuPont Plaza Hotel...carried only 1 million dollars in insurance, despite
operating with hundreds ahillions of dollars in human risk.” A simple solution is for
building owners and occupants to provide proof of adegjinsurance iorder to eceive

an occupancy permit.

The second component of social externality is the reakeesnarket. There are two
aspects of the real estate market. The first aspect is standardization and the second
aspect is riformation costs. Prescriptive codes stpelthe requirement®r many

building components. Stipulations result in product standardization and economies of
scale. Performance-based codes reduce dependence of the designer upon standard
equipment and increase the necessity of various performance requirementsildor s
products. Performance-based codes can resuthilarsbuildings having different levels

of fire safety to a greater degree than existder a prescriptive regime. Fire safety
levels include distance to the fire department, the age of the building, choice of interior
furnishings, fire safety systems, bo#itctive and passive, and the choice of building
materials. While the ptormance-based design process should preclude any design from
falling below anacceptable level of safety, varying levels of safety and cilsexist.

The result is two buildings with identical fire safety performance,ano®mplished at a

reduced cost leading to lower rents, etc., or two building with identical cost and different
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levels of fire safety performance. The result is increased information costs for firms

seeking office spce. The companies must now factor in levels of fire safety into their

cost analysis.

Public fire protection is a societal cost often taken granted under any regulatory
regime, whether prescriptive or performance-based. There are tectsasppublic fire
protection: regulatry and suppression. The regulatory agency is responsible for
approving all building designs and assuring the public that all buildings within its
jurisdiction meet minimum standards. rfdemance-based codes increase the cost of
establishing and enforcing regulatory requirements as well a®cimsgp buildings.
Inspection costs increase due to the fact that inspectimaer the prescriptive
regulations required standardized checks for code violations. With performance-based
designs interspersed among traditional designs, ensuring continued code compliance
becomes highly individual to buildings. A building in a performance-based design may
receive a “variance” due to anpressed compliance with some set of assumptions. The
building inspector must nowm perpetuityensure that the owner and occupants are aware

of the assumptions and that the assumptions are not violated, thereby compromising the
safety of the occupants and surrounding area. Additionally, the cost of verifying a
performance-based design, from the viewpoint of a building code official, is significantly
increased, particularly if the official reviewing the calculations is not a qualified fire
protection engineer, as most buildmifjcials are not. The design vedétion then either

becomes a long tedious process for a potentially unqualified reviewer, or requires review

10
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by a non-partisan third party engineer. Fleming further addresses the problems of the

building code official with regards to performance-based codes.

The final component of social externalities is iligh Liability occurs when there is a
loss and is partially addressed through the existing legal system, however one could argue
that the current legal system is fraught with inconsistency aneédiviy. Monetary
settlements, indeed, even guilt, vary @cling to circumstances beyond the control or
prediction of the designer, making full accounting of ililBbin an emnomic sense
difficult. Liability refers to the fault of a party in an engineering failure and the degree to
which that party is to be held financially or criminally pessible for the failure and
ensuing consequences. Performance-based codes increase the level of ii#gponsib
incurred by the engineer who designs the firdgartion systems. Rather than being able
to rely on the prescriptive requirements to deflecpoasihlity for building failure,
responsibity rests chieflyupon the engineer, if none of the assumptions inherent in the
calculation procedures weratér violated. Thus, a new insurance marfat the
protection of engineerBom design responglity evolves. This is an additional cost

associated with peormance-based design, although netessarily an externality.

Best Available Technology

For society to realize one hundred percent efficient use of resources, the best available

technology must be implemented. While the best availkaalknology may often incur

11
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large up-front costs, the efftive lifetime costs may be lower than otherhtemlogies.

Additionally, better teknology can be assumed to save lives through increases in
performance levels. The value of a life saved by impleatem of a better témology
may be measured not only in the legal valuation of the particular life, but also the loss of

benefits that person is no longer able to contribute to society.

Probability and Magnitude of Failure

A significant barrier to achieving both cost savings and increased safety involves
guantification ofprobaliity and magnitude of failure in a germance-based design.
While sophisttated modelswarently exist to address the quatiiion of failure and the
resulting magnitude of the damage, the underlying tenets of the model are based upon
technology and regulatory procedures of the prescriptive market. For example, if one
were to calculate thprobaliity of smoke cetector failure, theinderlying assumptions of

any available historical data wouldroathe bias of a prescriptive design. The use of
such data may be ippropratefor a performance-based design if amagtbr leading to

the potential failure of a smoke detector were designed differently than would otherwise
exist in the prescriptive design. New technology presents an eeategrchallenge to
anyone performing a risk/consequence analysis. First, teetyvnology provides no
historical datafor the engineer to predict performance levelaatual fire onditions.

While the laboratory testing procedures should provide guidance, products or systems

may perform differently in a real fire scenario. Secondly, neghnology often has

12
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unanticipated consequences. The behavior of one systgroduct may agct the
behavior or operation of another system or product. The level of uncertainty in the

analysis is significantly increased.

Conclusions
The promised land of performance-based codes should be traversed with an appropriate

blend of caution and optimism. The total consequences of code changes can not always
be fully anticipated, or even accounted for. Most buildindjscantinue to be designed

using prescriptive codes, for many reasons, including designeliafdty, economy for

simple designs, and ease of implementati Performance-based designs have significant
design costs and can require negotiation between the design team fzorityabaving
jurisdiction. Social costs including externalities and insurance markets further reduce the
net savings to society. However, performance-based design can result in significant
private and social savings when implemented im@aadugh, delibeate manner, taking

into account more than just paite costs.
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Documentation of Performance-Based Design

The primary objective of the pgermance-based design is to resolve the paradox of
building design: maximize safety and costeetiveness. The effectiveness with which a
particular design satisfies both requirements measures the value of the design. The value
must be compared to the prescriptive design and shown to either enhance life safety at
minimal cost increase or provide equivalent life safety at substantial cost savings in order
to justify the additional design time and expense associated witbripance-based
design. The additional time and expense refers to not only the fire protection engineering,
but also the review by the local authority. The performance-based design must clearly
demonstrate that all facets of life safety have been satisfactddigssed. This includes

a statement of thproblem. The designer, reviewer, and building owner must all agree
which problems are to be addressed by the design. Taetiwbg of the design needs to

be clearly delineated. The desighosld then address all of the important building
features, building materials, contents, and thgpreprate characteristics of the
occupants. The building owner should cleatdtes his/her fire and life safety goals. The
engineer should then clearly show how the desitdinsatisfy society’s, as well as the
owners, fire and life safety goals. This includes a clear description of the performance
criteria that were selected to assess the fire safety goals and objectives. Satisfaction of
the criteria should be met through a fire safety design approach, further described herein.
This approach includes setion of design fires and fire safety measures. The fire safety
measures range from equipment criteria and performance standards ectivexjto

personnel and occupant responses. The performance criteria discushtyteioab
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occupants, active and passive fire detection amgbression datures, capabilities, and
performance exgctations, compartmentat, fire performance of the structural frame,

the expected extent of fire related damadesn heat and smoke to water, and the
expected time to ratn to normal business operation. Any design tools and calculations
used to analyze the design should be clearly discussed and referenced. Discussion of
post-design management respottigés includes raterial control, change of occupancy
requirements, education and training, and system maintenance and testing. Finally, the
performance-based design should be compared to the prescriptive design in order to
guantify the total expected savings over the entire life of the building resitiimgthe
performance-based design, the relative, comparative, or absolute contrast in risk to life ,
as well as a comparison of the performance-based desigctiobs and the prescriptive
requirements. While this list is by no means completandterscores the high level of

detail which a performance-based design must address.

Scope of Project Design

The definition of the scope of the peof provides a summary of the building
characteristics to an Abrity Having JurisdictionAHJ), a reviewer, or interested party.
The nature of the pregt must first be described. The nature ofghgect characterizes
whether the prect is new construan, renovation (including whether or not there will

be a change in occupancy) or upgrade of an existing facility, or repair of a structure

damaged by fire, earthquake, or other event. A general description of both the existing
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structure (if applicable) and the proposed finished structure frames the discussion. Many

important details must then be delineatednder for the subsequent analysis to occur in
the proper context. Thesetdils include the type of construction and building materials,
location and general characteristics of theraunding properties, fire servicecktion
and response timeetermination of the quality of the waterpply, security, assumptions
which affect the management, design, or regulation of the building, antualggtary
constraints imposed during the design and construction prodeéash characteristic

combines to define the scope of the gct}

Goals of the Design Process

The goals of a fire safety design must be clearly specified in order that performance
criteria are developed and the overall fire safety of the building is evaluated. A fire safety
goal is a broadtatement that reflects society’s expectation of the level of fire safety
provided in a buildin§. The fire safety goals must be qualitative, yet allow evaluation
using accepted mebds. Examples of goals include, “safeguard people froilness

when evacuating a building during firégr “safeguard people from injury due to loss of
structural stabilityduring fire and prtect household units from damage due to structural

1l

instability caused by fire?” There are two types of fire safety goals: societal goals and
client goals. Client goals are only considered if the goals exceed societal goals. Examples
of client goals, which are not addressed asesakcgoals, includ@roperty preservation,

business continuity, and insurance mitigation. For example, a building may satisfy

16
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societal goals witout a sprinkler system. Adding the sprinkler system may result in lower
insurance, protection @roperty and increased life safety, as well as decreased likelihood

of business interruption.

Clients of a fire protection engineer can be a variety of petpl®, archtects and other
engineers to building owners or an AHJ. Careful quaatibn of the goals of the client
increases communication between what the client wants and what the engineer is
delivering. Explicit statement of fire safety goals ensures that the building meets societal
requirements and allows for evaluation of fire safetye@ffeness using accepted

methods.

Functional Objectives
A functional objective is a quantifiable statement intended to satisfy a fire safety goal.

Functional objectives mustldress both soetal and client goals. For example, a societal

goal for a museum may be to ensure that people can safely egress the building in the case
of a fire. A functional objectivéor this goal may be to “give people not inéite with the

initial fire development adequate time to reach a safe plat®uwtibbeing overcome by

the effects of the fire* An example of a client goal may be to provide for business
continuity. The functional objective may be tprotect the piece of equipmentrioom

X against the effects of fire such that auratto full operation can occur within 24
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hours.® The distinction between a goal and a functional objective is the ready

guantification of the latter.

Performance Criteria and Design  Objectives

A performance requirement is a quawsfiion of the level of péormance which a
building material, assembly, system, qmment, designafctor, or construction method
must satisfy in order that the buildingest the all goals established by society and the
clients. A performance criterion is a metric which buildingtenials, etc., are evaluated
on their ability to nreet specific pgormance requirements. An example of a performance
criteria includes, “the deflection of rdorced concete structural members shall not
exceed that permitted by AC318."° The method of performance analysis will
determine the requirechputs, including occupancy hazards, construction requirements,
size and geometry of the building, as well and process. Several issues necessary to
identify in performing a proper analysis include the level asfcuracy required,
limitations, assumptions, and sensitivity of thehudi justifcation, safety &ctors, design
redundancies, and dasement of the wrent design or configuration. Performance
criteria applicable to the present design must be included in the documentatiaierin
benchmark the evaluation procedure. Subsequently, the desgiivabjs the quantified
statement that satisfies the requirements of tlréopeance criteria. Several design

objectives may satisfy a given ni@mance criteria, depending on the context of the
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applicaton. The following example developed byeltham illustrates the relationship

between each step of the degigocess.

» Thefire safetygoalis to protect those people not intimate with the
first materialsourning from loss of life. This is easy to agree with,
yet difficult to quantify.

« Onefunctional oljectivemight be to provide people with adequate
time to reach a safe place out being overcome by the eéits of
the fire. One could infer that protection mustdrevided against
heat, thermal radiain, and smoke.

» A performance requiremembay be to limit the fire spread to the
room of origin. If the fire does not leave the room, people outside
the room of origin W not be &posed to thermal radiation or
extreme temperature, and their exposure to smokke b&
minimized.

e One could then establish tiperformance criteriorof preventing
flashover in the room of origin. This is based on thet that fire
spread beyond the room of origin almost always occurs after
flashover when the upper gases ignite and spread the fire front.

« Finally, to satisfy this criterion, the engineer might establish a
design objectivethat the upper layer temperature notceed
500°C, a temperature below which flashover is unlikely to occur.

Development of Fire Scenarios and Evaluation of Bu  ilding Perfo rmance

A shortcoming of traditional fire scenario development is summarized by the following
warning:

“Keep in mind that there are always fires too severe or

not severe enough to be consider€d.”
Fire scenario development encourages the engineer to consider the most common and

most severe fires to be reasonably expected in the particular building. The traditional

" However, as seen in fires such as the MGM Grand and the Dupont, smoke exposure may not be zero and
fatalities may resullt.
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approach relies substantially upon the judgment of the engineesteéonmine what the

common and most severe fire exposures are in a given occupancy. ICC performance-
based code approach explores the range of fire scenarios, from small, frequent fires to
high-intensity, very rare fires. Additionally, the graph shows where on the range of
hazard assessment the current design lies and whaictioesf of safety are, as well as the
relative importance of parameter changes in the desmress. In order to develop the
performance curve, however, the engineer must have design tools with which to evaluate
both the range of possible fires as well as whether or not the performaactvelsjhave

been satisfied.

The analysis of where the current design lies along the performance curve should be as
robust as possible. All quantifiablactors which can affect the fire growth rate and fire
spread through the building should be addressesackiar lists factors which should be

taken into account when developing the likely fire scenarios encountered in the analysis.

» Pre-fire conditions: building, compartment, environmental conditions

« Ignition sources: temperature, energy, time and area if contact with
potential fuels

« Initial fuels: state, wface area to mass ratio, rate of heat release,
toxicity potential

« Secondary fuels: praxity to initial fuels, area, same asave

« Extension potential: beyond compartment, building, or area

« Target locations: note target items included in societal or client loss
objectives along the expectealite of fire and product spread

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

» Critical factors: ventilation, environmental, operatiomat,.

e Relevant statistical data
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Design Tools
Many design tools exist to assist the engineer in evaluating the fire safety of a building
and to determine the germance level of the current design. Design tools also allow
iteration of multiple design options to determine the most desi(afilen interpreted as
cost-effective) design alternative. The most simple,liggted, tools available to the
engineer are the correlations, equations, and methodologies compiled by the Society of
Fire Protection Engineers the SFPE ldndbook of Fire Prtection Engineeriné2 The
handbook is presently in the second edition and is available from the National Fire
Protection Associaton. Many correlation and methodologies are presented in the
handbook to calcate phenomena rangingom smoke dtector activation times to
prediction of second item ignition to design of alarm and suppression systems. Most
equations and methodologies presented contamtations, which the user must
understand and document when presented in a performance-based environment. Other,
more sophistiated, design tools also exist, the most common being fire models. In
general, two types of fire models exist to predict fire conditions in a variety of

environments: zone and CFD models.

Zone Fire Models
Zone fire models assume that each compartment in the hazard analysis can be divided

into two or more control volumes. Anyone who has observed a compartment fire

probably noticed that often, the hot gases and smoke stayed neaititige wkile the
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area near the floor remained cool and relatively smoke-free. Most zone fire models

divide a compartment into these two layers. A commonly used zone fire model is CFAST
(The Consolidted Model of Fire Growth and Smoke Tnaog), produced by the
National Institute of Standards and Technology’s Building and Fire Research Laboratory.
Presently, CFAST is configured to caletd the fire envonment of up to 30
compartments. Experimental results and a comparison to model results for a seven story
building are contained in the CFAST technical reference (Chapter 5 ‘0étidfn of the
Model"), although the model has not been verified for 30 compartrfierZsne models
generally solve conservation of mass and energy equations for transfer between the upper
and lower layers, as well as between compartments should vents exist between them.
Vents include doors, windows, leaks, and HVAC amtions. The advantage of zone
modeling of large buildings is that the model input requires relatively little time to set up
and the numerical solver usually takes between a few minutes and a couple of hours to
run, except in highly comglated scenarios where the numerical solver can slow and the
simulation may be measured in days. In theses exceptional cases, the assumptions and
design of the scenario must be evaluated to ensure the integrity of the results. Typically,

many fires and design alternatives can be considered within a short period-ttime

Model Input
Zone models require three important inputs: the geometry of the various compartments,
the size of the fire, and the vent flows between each compartment. Compartment

properties can subsequentlyeadt the fire pgormance of a building. Properties include
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wall, floor, and céding materials, combustible contents, and the subsequeftrpance
characteristics of the materials and structural memlogen exposure to a fire.
Compartment geometry is generally limited tctangular parallelepipeds. While the
number of compartments varies from model to model, simgtibns by the model user

can dramatically reduce the number of compartments analyzed. The fire input requires
either the specification of a “standard” t-square fire or a combination of two of either the
heat release ratpyrolysis ate, or heat of combush. The specifiation of the vents is
dependent upon the type of vent. If the vent is either a door or window, it requires input
of the height of the sill and#fit, whether there is a positive or negative wind exposure,
and the width of the opening. Additionally, other parameters may be entered into the
model, such as species yields (CO, 2C@oot, etc.) and detection andppression

equipment locations.

Model Output

The specific output of a zone model varies between models. Generic parameters,
however, summarize the fire environment. Thatirelease rate, species yields, including
smoke, carbon monoxide, and carbon dioxide, and the pyrostsisatl summarize the
characteristics of the fire. The eromment withineach compartment includes the
oxygen level, upper and lower layer temperaturest Hlux determination to various
surfaces, optical density of tlugper layer, calculation ofetlector and activeuppression

device operation, and tenktly criteria. A given geometry and fire combination will
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result in relative levels of importance for differing criteria. Therefore, the measure of a

parameter change can be readily ascertained by a zone model sensitivity analysis.

Limitations of Zone Fire Models

The major disadvantage of the zone-type fire model is the generality and uncertainty of
the results. It is often important during the analysis of a desigeteyndine the exact

result of a small-scale phenomena at a particular location in a compartment. CFD models
predict small-scale phenomena and small regions of compartments much more accurately
than zone-type models. For example, a CFD model véllemhnine the vertical
temperature gradient through the upper layer, whereas a zone nibdedtarmine the
average upper layer temperature. Additionally, the uncertainty of the particular result
may be significant. For example, it may be important to determine the temperature at a
given height below the ceiling in theom of fire origin. Since the zone model considers
only an upper and the lower layer, the temperature of the point in question is simply
determined by the location of the point in either tipper or lower layer. A point one
meter &dove or below, if contained in the same layeil] e reported as the same
temperature. Additionally, the upper and lower layer temperatures are simply averages
across the vertical cross section of the layer. The temperature may vary significantly as
the point approaches the boundary conditions. Another shortcoming of the zone model is
the assumption of instantaneous plume spread upon impingement of the plume with a
ceiling. If a compartment isufficiently large (a warehouse, for example) or long (a

corridor, for example), the assumption of instantaneous voliimg may be vioated. It
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is well documented that a lag time exists between plume impingement upiingaarel

arrival of the caling jet at the ends of the corridor. While many

assumptions and lifgitions exist in a zone fire model, it is ultimately up to the engineer
performing the analysis to understand and document lingt&tion and ensure thabne

of the assumptions have been violated, or that the assumption violation has not

subsequently invalidated the resulting conclusion.

There are several important considerations regarding use of the CFAST zone model. The
first limitation is the fact that alooms are modeled agatangular parallelepipeds.
Actual geometry may include irregular shapes and curves. There are a large number of
unknown paramters, each having nmor uncertainties. Taken together, however, these
parameters can have a significant efigobn the model results. The following listtdils
uncertainties associated with fire modeling in general and are not indicative of CFAST

uncertainties in particular:

« Uncertainty in physical parasters. For example, thermabrauctivities,
limiting oxygen percentages, and emissivities.

» Numerical solution techniques. Differential equations solved by the Runge-
Kutta mehod may yield slightly different answers than differential equations
solved by the Bulisrch-Stoer method. The Newton-Raphson and other

techniques have been shown to exhibit chaos under certain circumstances.
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Software error. Even a long-existing zone model such as CFAST is known to

have potentially serious “bugs” in the code. Updates to fix old “bigs” or
improve the model may introduce unantatipd erors.

Hardware error. The hardware may misinterpret software instructions. The
Pentium chip was documented to contain extraordinarily small calculation
errors. This is most likely the smallest source of error.

User error. The user may either make an input error or misinterpret the
output.

Entrainment coefficients are measured experimentally and the associated
predictive equations are empirically derived. Empirical equations are subject
to the boundary conditions of the test methods, which are not always explicitly

enumerated and can subsequently be exceeded or viblated.

Vent flows are also empirical, although conservation equations generally

bound the errors. Flow through large openings pose particular problems

for orifice flow equations as the boundary conditions break down.

« Smoke concentrations in the lower layer may be undera&gtthas mixing
along wall, vent, and interfaceraces is not wellinderstood.

« Upper layer temperatures may be overestimated in CFAST as radiation
from the upper layer to the lower layer is actounted for.

« Additionally, by making the wall and ceilingidaces adiabatic, energy

normally transferred to bounding sacks is trapped in thgoper layer.
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Clearly, the user must comprehend the equations, variables, and numerical analysis of a

fire model in order to implement it safely in the performance-based code design process.

Computational Fluid Dynamics (CFD)
Several computational fluiddynamics codes exist to predict the behavior of a

compartment to a fire environmenEach model solves the Navier-Stokes equations for

the conservation of energy, mass, and momenturadoh grid point in a compartment.
Compartment in a CFD model has a different coatian than in a zone-type model, for

CFD modeling allows analysis of small-scale phenomena and irregular shapes. A
compartment, whether it is a duct, or a room, or a warehouse, is divided into thousands of
tiny cubes. Each cube is a control volume. For a given time step, the CFD model will
calculate the heat, mass, and momentum equattwnsach control volume. In some
codes, it is possible to vary the grid size at different locationsrder to more fully
understand phenomena at a given region of a compartment. The cost of such refinement,
however, is often prohibitive. CFD codes can cost thousands of dollars and require days

to complete a single simulation using high speed computers.

Model Input
Developing the boundary conditions for a CFD model is significantly more czatgxdi

than for a zone-type model. Days are often requiredeterchine the grid spacing,

boundary conditions, aterialproperties, and sub-model pameters necessary ton the
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model. The cost of increased input flelp is increased compdation and time

expenditure.

Model Output
The results of a single CFD model simulation can often take days to complete. Once the

simulation is complete, significant pgstocessing of ata is necessary with most models.

The model returnsata streams$or each control volume at each time step, resulting in
millions of pieces of data, few of which are relevant to the analysisrat. h@he learning

curve for CFD modeling is significantlyeeper than that of a zone model. However,
small scale results, such as local velocity profile and temperature gradients at a given time
in the simulation can be graphically displayed and lend invaluable insight into the nature
of a fire problem. Additionally, irregularly shapedasps and situations which are not

well understood intuitively can be explored using a CFD model.

Limitations of CFD Models
The most significant lination of the CFD model is the cos€onventional CFD models

do not require the sophistition of apyrolysis or combustion model. The chemistry and
physics of the combustion process is extremely caai@d. Thus, CFD models which
predict fire scenarios are significantly more expensive than a conventional CFD code.
Additionally, in business, time is money, and CFD modeling is extremely time intensive,
not only involving human resources, but also involving significant CPU time on big
computers. Additionally, the training necessary to effectively implement a CFD model is

significant. The initial purchase cost of a CFD model is also considerable, often running
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thousands of dollars to commercial customers. Andimeration of the model is that the
output is only as good as the input. Often required patens are simply noknown.
Some of these parameters are critical to the model results. Statistical techniques can

identify the uncertainty and work to reduce it, however thidimigation of all models.

Small and Real Scale Testing

The application of pgormance-based design most often occurs in unusual design
scenarios. In circumstances where the building design is generic, economics generally
dictate a prescriptive design. Unusual design scenarios often regfoirsmdtion not
generally available in the engineering database. Theifoperties of new aterials or

the performance of a new fire safety device often requires small or real scale testing in
order to genate or validate datéor the modeling process. Additionally, by testing
components of a design assembly, the individual contributions may be identified in order
to determine the relative contributions to hazard assessment. Small scale reshes i
testing of individual or groups of components using apparatus such as the cone
calorimeter or the LIFT. The advantages of small scale testing afeldw First, small

scale testing is significantly less expensive than full scale testing. Second, individual
materials can be tested to determine theirgh@perties. Groups of amerials may then

be combined to form a composite fire. However, small scale testing casteomahe a
composite fire with the accuracy of large scale testing. Interaction and radiation
feedback between burning elbjs can significantly affect the fiproperties of individual

objects, thus increasing or decreasing the totalrdazA composite fire compiled from

29



Jason D. Averill
the accumulation of individual small-scale tests must have an uncertainty range

associated with it. Large scale testing reduces the uncertainty of the design outcome,
particularly where a battery of tests isrfjpemed. Inteactive effects can be
demonstrated that may not be anticipafiedn a compilation of small-scale tests. For
example, in a large scale cubicle fire test, the rate of heat release increases dramatically
when a shelf collapses. This Is because a significafdce area of papers piled on the

shelf is then exposed to fire conditioris. Large-scale tests, however, are extremely
expensive and time consuming. The net result of small and real scale testing is the
improvement and/or validation of model results which predict the fire performance of the

structure.

Qualifications of the Engin  eers

A final component of the documition is the qualification (certificatn) of the
engineers performing the analysis. The most important catidn is that of the
Professional Engineer (P.E.). The engineering analysis presented in this report was
performed by Jason D. AMrEIT under the supervision of Richard W. Bukowski, P.E.
(lllinois license 62-32829, Maryland 10202) and Prof. JonathaneBarfRofessional
licensing is the primary method by whidiates qualify desigprofessionals. Further,
every state has an ethics code to which the desajessionals are bound, that prohibits
practice in area(s) in which tipeofessional is not qualified by training and experience.

Resumes are included in Appendix D.
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® “Performance Based Design.” Draft Summary of Steps to Perform in a Performance-Based Design compiled
by the Society of Fire Protection Engineers.
® Meacham, Brian J. “Concepts of a Performance-Based System for the United States. Report of the 1996
Activities of the SFPE Focus Group on Concepts of a Performance-Based System for the United States.”
Society of Fire Protection Engineers, Boston, MA, January 1997.
"The Building Regulations, 1992. New Zealand. Clause C3.1.
8 The Building Regulations, 1992. New Zealand. Clause C4.1 (a) and (b).
® Meacham, Brian J. “An Introduction to Performance-Based Fire Safety Design” National Fire Protection
Association Research Foundation Fire Risk and Hazard Assessment Symposium, June 23, 1996.
°The BOCA National Building Code, 1993. Section 1604.5.1.
" Draft Version of the Executive Summary of Performance-Based Design Guide. Produced by the IFC
Performance Drafting Committee, September 1997.
2 The SFPE lndbook of Fire Protection Engineeringd by DiNenno, et al. National Fire Protection
Association: Quincy, MA, 1995.
B Quintiere, James G. “Compartment Fire Modeling.Tihe SFPE ldndbook of Fire Protection
Engineering, ¥ Edition. Chapter 3-5. Ed. by DiNenno, et al. National Fire Protection Association:
Suincy, MA, 1995.

Peacock, Forney, Reneke, Portier, Jones. “CFAST, the Consolidated Model of Fire Growth and Smoke
Transport.” NIST Technical Note 1299, 1993.
*Beard, Alan N. “Limitations of Fire Models.Journal of Applied Fire Scienc®olume 5, No. 3, 1995-
1996, pp. 233 — 243.

31



Fuel Characteristics of Office Occupancies

One of the most important aspects of analyzing the fire safety of a building is
characterizing th@robable combustible contents of the use group. While the case study
building analyzed later contains many different occupants and uses, the largest percentage
of tenants will be classified as aiffice occupancy. Thereforeetérmining the fuel
characteristics of the typicaffice occupancy W help establishprobable fire scenarios.

It is important to note that simply characterizing the fuel characteristics obftice

space is ingfficient. Smces such as trasmer rooms, storage apes, and atrium must

also be addressed. The following fuel ataeristic descriptiont®uld be repatedfor all
approprate spaces within the building. Table 2 summarizes fuel load deffigitisgny
different occupancie¥. Fuel load density is the average quantity of total heat released
per unit area. There are several distinct fuel packages which represent a potential fire

hazard in an office occupancy.

Work Station Fires
The National Institute of Standards and Technology’s Building and Fire Research

Laboratory, in conjunction with the U.S. General Services Administration, ctedia
survey of typical office fuel packages. The four main fuel packages we¢eentdned to
be

1. Reception areturnishings

2. Office furnishings

3. Workgations



Performance-Based Codes: Economics, Documentation, and Design

4. Maintenance carté

The worksations (office cubicles) had the highestte of heat release. Three

configurations of worksitions were tested, each out measuring the af€t of

sprinklers: two-sided, three-sided, and four-sidedch vorkgation is composed of wall

panels with a shelf assembly, a desk, a chair, a computer terminal and keyboard, and

paper and notebooks. The tests showed that radiation from the wall partitions

significantly augments the peak heat release rate, by a factor of twofoursided

workgation demonstrates a fire growth ratgpeoximated by a fast t-square fire until

about 7 MW. The fire load for this particular test is shown in Table 1.

WorkStation Fuel Package Components Weight (kg)
Particle Board Work Surface 58.2
ABS Padded Bucket Chair 15.9
Computer Terminal with Keyboard 15.5
3 Partitions, Cloth Covered, Fiberglass Core 103.6
4 Boxes with Paper 36.4
2 Boxes Computer Paper, One on Table, One Under Table 22.7
3 Phone Books 2.3
Newspaper 0.9
Publications 2.3
Paper for Notebooks and Files 29.5
Notebooks and Files 3.6
Total 290.9
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Table 1: Workstation Fuel Package Components and WeigHts

Most new-construction high-rise office buildings in the Uniteatés are required by local

law to have full coverage automatic sprinkler systems, installed in compliance with NFPA
13. Therefore, the eftt of automatic sprinklergoon the bat release rate of any item or
assembly must not be ignored, as automatic sprinkler systems have a very high degree of
functional reliability. The efct of sprinklersupon workgations was subsequently

studied by Madrzykowski and Vettdfi.

Shielded Office Fires
An important characteristic of the fuel load affice buildings is that the arrangement

often includes large surface area objects such as desks and tables which may
subsequently block, or shield, the sprinkler spray froreaibjwhich may ignite beneath

the obstruction. While it may be assumed that the fires would eventually be extinguished
by the sprinklers in the absence of shielding, the fuel load characteristitfse$ often
includes storage of files, computers, and other combustibles under desks and tables in
order to makmize available spce. Lougheed, et al, at the National Rese&wotncil
Canada performed small, medium, and large scale fire tests which quantifyeitiet et
shielding has on the heat release rate of fires in a sprinkieffext building.19
Additionally, Madrzykowski and Vettori condted tests at NIST measuring the heat
release rate of variowdfice assemblies with and without sprinkiestivation'® The heat

release rate data oforkgationsfrom the Madrzykowski and &ttori experiments and the
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shielded office furniture fires condted by Lougheed, et al., can be compared, albeit
with a degree of caution. The goal of the Madrzykowski aetiovi experiments was to
develop an algorithm with which to predict the effect of sprinklgran the kat release
rate of the fire. Lougheed, et al., attempted tpraduce or quantify the ef€t of
shielding upon the endage of the fire, including heat release rate, snwkeluction, fire

spread, and pressure changes within the office.

Other Office Furnishing Fires
In addition to a fully involved workation scenario, another exampleoffice furnishing

fire is necessary for robustness. Henri Mittler at the National Institute of Standards and
Technology has performed fire tests of photocopy machinealhile yet unpublished,

the heat release rate data reveals the tydicahing mttern of standardoffice
furnishings. Notice that the pealedt release rate ofpproximately 1.2 MW is
significantly lower than that associated with therkgation, as the copier fire is a single

unit in isolation.
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. FRACTILE

OCCUPANCY AVERAGE

80% 90% 95%
Dwelling 780 870 920 970
Hospital 230 350 440 520
Hospital Storage 2000 3000 3700 4400
Hotel Bedroom 310 400 460 510
Offices 420 570 670 760
Shops 600 900 1100 1300
Manufacturing 300 470 590 720
Mfg and Storage 1180 1800 2240 2690
Libraries 1500 2250 2550 -
Schools 285 360 410 450

Table 2: Fuel Load Densities for Various Use Group Occupancies

1% ougheed, G. D., J. R. Mawhinney, and J. K. Richardson. “Draft Version of Probability of Occurrence and
Expected Size of Shielded Fires in Sprinklered Buildings — ASHRAE RP-838 — Phase 1.” Report No. A-
4201.5, National Fire Laboratory, National Research Council Canada, 16 June 1995.

Y Madrzykowski, Daniel. “Office Work Station Heat Release Rate Study: Full Scale vs. Bench Scale.” in
Conference Proceedings of the Seventh International Fire Science and Engineering Conference, Interflam '96,
Interscience Communications Limited, London, England, 1996, pp. 47 — 55.

18 Madrzykowski, Daniel and Robert Vettori. “A Sprinkler Fire Suppression Algorittdodrnal of Fire

Protection EngineeringSociety of Fire Protection Engineers, Volume 4, No. 4, 1992, pp. 151 — 164.

9 Lougheed, G.D., D.W. Carpenter, and J.K. Richardson. “Probability of Occurrence and Expected Fire Size
of Shielded Fires in Sprinklered Buildings, ASHRAE RP-838 — Phase 2, Full-Scale Fire Tests.” National
Research Council Canada, Report No. A-4201.10, 17 January 1997.

 Mittler, Henri. Personal Communication. 1998.

" Fire Load Density in (MJ/fh
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Historical Summary of Major High-Rise Office Fires
The first major high-rise fire in New York City occurred in 1898 at the Home Insurance

Company building. While the fire started in an adjacent buildimgprdected glass
windows allowed the fire to spread from the building of origin to the Home Insurance
Company building. Subsequently, New York City required that all new high-rise
buildings contain ¥%-hour fireated wire glass widows> “Design by disaster” is how the
codificationprocess in fire safety is often described. By analyzing the fault structure of a
fire, engineers and code-officials captermine how to design safer buildings in the

future.

High-rise office buildings present unique challenges to a fireeption engineer. The
magnitude of the structures amplifies potential problems. Large numbers of occupants,
the height of the floors above grade level, and the large square footagelofloor
contribute to the fire safety problem. The purpose of thetian is to examine three

major high-rise office building fires ancetérmine the failure mechanisms to ensure that

the failure mode is addressed in subsequent high-rise fire safety designs. There are three
major high-rise office occupancy fires which occurred esent years: One Meridian

Plaza Fire in Philadelphia, PA, First Interstate Bank Building Fire in Los Angeles, CA,
and the PeachtreetQBuiIding Fire in Atlanta, GA. Each fireilvbe analyzed sepately

and common failure modes will betgrmined in the conclusions.
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One Meridian Plaza Fire

The Building
One Meridian Plaza is an unsprinkle*r,eﬂ8-story office building loated in Philadelphia,

Pennsylvania. It is the eighth tallest of apprately 500 high-rise buildings in
Philadelphia. Using the 1949 Philadelphia Building Code, the structure was ctatstru
in 1968 — 1969. The structure consists oftgeted steel-beams and concrete over
metal pan thors. The curtain wall is composed of granite slabs set in e@npanels, and
glass. Horizontal members were protected by spraye cementitious, fire-resistive
material and had a code compliantotihour fire rating. Importantly, the vertical
members were encased in plaster and gypsum and had a four-hour fire ratiogssof
the required three-hour fire rating. The building measures @8 dy 94 feet, which
provides 16,700 squaredt of opennon-compartmentalized, leasablease plus4,000
square feet of core space. The resulting occupancy p@exarately 2,500 people.
There are three stairwells, east, west, and central containing a two-hour fire rating. The
standpipe system contains non-regetl pressure reducing valvgsv). Finally, the
electrical system shares a common verticéityushaft in the buildings core angrovided

for no redundancy in power supgfy.

The Fire
The fire began on the Ffloor in a priate office due to the improper storage and self-

ignition of linseed-soaked rags that were being used to restore and clean wood paneling.

" Only floors 30, 31, 34, 35, and the below grade levels were protected by automatic sprinkleg altho

complete retrofit was planned.
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The fire spread to other combustible materials &ndishings within the office and
subsequently throughout the floor of origin. At appratety 8:23 p.m. on Satday,
February 23, 1991, the buildings automatic fiegedttion system alerted a guard and a
maintenance worker ¢ated at the first-flor guards desk, as well as a remote, monitoring
service. The remote service called the building to verify the alarm. The maintenance
worker took the building elevator to the"28oor, whereupon he was confronted by heat
and dense smoke. By dropping to the floor of the elevator andatmg the guard via
radio, the elevator was brought to the main floor remotely. The fire was not reported to
the fire department until the validity of the alarm signal was verified by the maintenance
worker?® The first fire department notification aated at 8:27 p.m. when a person
from the steet rgported smoke coming out of the building. This resulted in a critical fire
department response delay. Four fire engines, two ladder trucks, and two chiefs
responded to the first-alarm. The building command post was established in the lobby
and the logistics and staging area was established on "Tritoap>? By the time that the

first fire fighters reached theofbr of origin, they reported that the fire had already
reached the stairwagoor. Investigators assumed that the fire had spread through the
open area of the floor by that time. Theatticalroom, Iccated 60 feefrom the fire

origin, was compromised early in the fire, resulting in a loss of power, both main and
emergency° The main problem confronting the fire department regarding the manual
suppression efforts was the standpipe eations. The pressure reducing vdl@s’s) in

the building were incorrectly installedhrough either human error or negligence. The
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resulting pressure at the nozzle tip of the fire fighters lines was between 40 and 50 psi.

Not only was this insufficient to control the fire, the fire fighters spent significant time
and energy ensuring that there was not a problem with their lines anelctons. The
fire spread rapidly to floors above the floor of origin, predominantly by autoexposure
through the curtain wall and flame passage outside the building. The fire suppression
efforts were suspended at approaiely 7 a.m. on Hmuary 28 11 hours after
suppression efforts began, largely due to concerns about the structural integrity of the
building. Eisner and Manning describe the extent of the structural problems:

There was continual movement and cracking in all three towers. In one

stair tower, what had been a two-inch crack in the concrete wall had

grown to a fist-sized opening. Floors had moved as much as #detelf

beam flanges were cracked. Fire-resistive material on the beams in the

stairways had fallen off, and the now-unjgected members were twisting,

moving, and starting to elongate. Main structural elements were beginning

to fail.**
The burning continued unated until the 30 floor. Klem reported that, in all, 10
sprinklers activated and controlled the fire. Eisner and Manning, howeperieé that
9 sprinklers, 7 along the perimeter and two in the interior of the building activated and
controlled the fire. Regardless of the number, the value of automatic sprinklers has never
been more dramatically displayed.
Failure Modes Contributing to Fire

The following failure modes, compiled from the Eisner and Manning report, as well as the

Klem report, contributed significantly to the ulame severity of the fire:
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Lack of automatic sprinkler system on theofl of fire origin allowed the fire to grow
unchecked until the fire department arrived. 9 (or 10) sprinkler heads controlled a
fire, which the Philadelphia fire department could not. While not a strictly fair
relative comparison given extenuating circumstances imposed upon the fire
department, it is a valid absolute comparison.

Rapid vertical fire spread through the curtain wall cooapéd containmentferts.
Miscalibrated pressure reducing valves at the fire departn@miections to the
buildings standpipe reduced nozzle tip pressure to the extent that manual suppression
of the fire was impossible.

When the building alarm notified the central monitoring station and the building
personnel, they did natnmedately notify the fire department as the code requires,
thus causing delay during the critical early stages of the fire.

Auto-ignition of linseed-soaked rags, or any other hazardaasrial, is a&known fire

hazard and contributed, not only the cause of the fire, but also to the rapid growth and
spread of the fire.

Falling glass severed manypply lines at the base of the building. This can be
remedied by protecting lines with plpad sleets.

Primary and secondary (emergency) power should not be routed through the same
vertical shafts unless there is a redundancy built-in at a renuat&olo.

Open interior access stairways whiadnnoect 3 or lessdbrs are allowed by the code.

However, two such stairwells contributed to the rapid vertical spread of the fire.
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First Interstate Bank Fire

The Building
The First Interstate Bank building is the tallest building in the state ofo@ed and is

located in Los Angeles. Built i1973, this unsprinklered high-rise office building
contains 62 above-ground stories, a basement, garage, and pedestrian tunnel. The tower
measures 124ett by 84 feet and containpmoximately 17,500 net squareeét of
leasable office spce, built aound a central core. Esttes of thepopulation of the
building range between 3,500 pe&ﬁland 4,000 peopﬁ The frame is structural steel
with sprayed-on fire-resistive cementitious coating. Several articles refer to the quality of
application of the firproofing and the positive inggt it hadupon the structural integrity

of the building throughout the fire. The curtain wall is composed of glass and plastic
windows set in aluminum lintels and sills. Fiberglass sdpdrthe widows from the
horizontal members. The floor system is lightweight cetecset in fluted steel deckif.

The stairwells contained 1-% howateddoors constrated of wood exterior and gypsum
interior. As the wood burned away, the gypsum was left with no structural strength

thereby collapsing when open€d.

The Fire
The fire began at sometime between 20:25 and 20:27 at a row of computdaatiamrks

The first alarm was a detector which activated and notified buildingeties at 20:30.

The alarm was subsequently reset by the building monitor as the fire protection systems
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were presently being upgraded and thus prone to false alarm. After numerous other
alarms and resets, a building maintenance engineer was dispatched to determine the cause
of the alarm$? At 20:37, three sepate 9-1-1 calls wereeaceivedfrom people outside

the building reporting a major fire at the First Intate Bank building?®> At the same

time, the maintenance worker is heardirog for help over the radio system. As the
elevator doors opened onto the fire floor, the car wasedately flled with hot smoke

and gases. Nelson estimates that the smoke temperatureritez was exposed to was

in excess of 26 (SOO’F).26 It is important to note that the elevator opening is located

on the opposite end of the floor from where the fire béganThe body of the

maintenance worker was found at appradiety 04:00.

The fire department arrived on the scene at 20:40. There were two major modes of
vertical fire spread: a return air shaft (ras) and an interstigalespetween the end of the
flooring and the outer skin of the building. The ras for the HVAC system extended from
the 12" floor (the floor of fire origin) to the mechanical equipment room on the fedr.

As the fire severity increased on the"1or, fire damper was overcome and the fire
spread through the ras to thé"Ed 14 floors via shaft wall failuré? The second mode

of vertical fire spread involved the outer skin of the building. Virtually all of the exterior
curtain wall, comprised mainly of glass and aluminum, was destroyed in the fire. The
glass subsequently fell to the ground, where it cut hose lines and presented a hazard to the

fire fighters and public in generd. This led to autoexposure of the upper floors.
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Additionally, open space between the exterior curtain wall and twirfy system

allowed rapid vertical fire spread. The fire eventually burned to involve the¢ht@ugh
15" floors, as well as part of theL@oor. Credit is given in athccounts of the fire to the
Los Angeles Fire Department and the heroic efforts they made to stop the faetical
decision was made to make a stand on tf&flaér. The 18 floor was a logical decision
for many reasons:

« The fire had not yet fully involved the % @oor.

« Lower fire load than other floors

« High level of compartmentation assisted manuppsession eéctiveness.

» Exhaustion of fuels on lower levels.

« Advancement of suppression efforts on lower flgdrs.

The fire was knocked down at approxitaly 02:1%°

Failure Modes Contributing to Fire
The following failure modes contributed significantly to the ultimate severity of the fire:

The lack of automatic sprinklers allowed the fire to spread.

« High fuel load, particularly on the T3loor allowed rapid fire spread.

» Open floor office plan allowed rapid full floor involvement and hampered manual
suppression efforts.

» Personnel checking a fire should never go to the fire floor. Personnel should go two

floors below a trouble alarm and use the stairwells to get to the trouble floor.
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Delay in notification of the fire department allowed the fire to grow uncheftkeah
extended period of time. All alarms should be routed to the nearest fire department.
The early stages of a fire are the most critical relative to ease of suppression.

Internal access stairs whiclormect only 2 or 3 flors are a major avenue for the
spread of smoke and fire.

Stairwell doors composed of wood on either side and gypsum on the inside failed.
The wood was consumed by the fire, subsequently leaving the gypsum interior with
no structural strength.

One stairwell should always be desiggdfor evacuation and kept clear from heat
and products of fire combustion.

Fire dampers should lactivated on both the inside anddt side of the shaft. Fire

was allowed to spread to upper floors through the return air skaftube the fire
damper had fusible links which activated on tlo®iflside of the shaft and therefore
never closed during the fire.

Building personnel were not rfaliar enough with fire procedures and building fire
protection features to adequately assist the fire department incident manager.
Building-specific information should be the respoiliggpbof a building fire safety
director and they should be able to answer any and all questions regarding fire

operations of the building.
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Peachtree 25" Building Fire

The Building
The Peachtree ﬂl"ouilding is an H-shaped building with two conneci€dstory towers.

The population of the building is approxately 1,500 people. Each tower measures
approxinately 250 feet by 65 feet, with theoonection measuring 70 feet by 80 feet. The
occupancy is mixed (commercial and office) on the first floor, and strictly office on floors
2 through 10. The exit shafts provided 2-hour faied protecton, while the doors
provided 1-% hours fire ptection. The exterior of the building is composed of a glass
facade. The interior partitions wen®n-rated gypsum on steel stud constrcti The
wall-finish materials were multi-layer and varied by locati Generally, a combination of
vinyl and/or plywood composed the finish. The fire tpation systems included
automatic detection (smoke alarnm@noected directly to the fire department), building
alarm system activated by manual pull stations, as well asndpgbe system. The

building was not equipped with a sprinkler systém.

The Fire
The fire began on the"&floor of the south tower at approxately 10:30 a.m. Friday,

June 30. The ignition of the fire adtributed to an electricianatking on an ectrical
switchbox. He waattempting to retrn power to aexction of the tor by replacing a 200
ampere fuse when severe arcing occurred. The arcing had sufficient energy tetalelt m
and ignite the interior-finish aterials in the hallway. The electrician was severely injured

and would later die, dbugh not as a dict result of the arc, which was estimated to last
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60 seconds or more. This fire scenario involves unique and severe conditions and would
be characterized as a very rare ignition scenario. The fire growth rate was extremely high
and the fire spread was rapid. Multiple layers of wall covering promoted extraordinary
fire spread rates, which is not anfamiliar fire hazard to fire investigatof&*° The wall
coverings had completelyurned out when the fire department arrived on the floor, only
seven minutes after notificati. Occupants of the floor of origin, about 40 initially, were
quickly trapped by the intense black smoke. Most occupants found a room and closed
the door behind them, breaking out windows to vent incoming smoke and waited to be
rescued. At some point, one woman jumped frofl #06r window and sustained severe
injuries. The fire department was not notified until a manual pull-station was activated by
an occupant of the building from a remote floor, which occurred at ap@atetyml0:30

a.m. Most occupants of the building were leaning out of the windows in ordezathér

when the fire department arrived on the scene at appateiyn10:34 a.m. 14 occupants
were rescued via ladder truck and 14 people down the stairwells. In all, five people died

as a result of this fire, the first multiple fatality high-rise office building fire in 17 y&ars.

Failure Modes Contributing to Fire
The following failure modes, compiled from the Isner report, contributed significantly to

the severity of the fire.
» Lack of automatic sprinklers failed to control the spread of the fire. Clearly, the

ignition source was so severe that a fire in the electrimam was inevitable.
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However, automatic sprinklers may have controlled the fire spread and prevented the

five fire deaths.

Multiple-layer, combustible interior-finishes contributed to the rapid spread of the

fire.

The electrician did not folloyproper procedure when changing the fuse, resulting in

the arc which ignited the wall linings and electrical equipment.

NumerousLife SafetyCode (LSC) violations may have prevented occupant egress

from the building.

« The common path of travel was greater than 75(fiet feetfor Suite 600).

« No flame spread tests were performed ttedmine the p#ormance of the
multiple layers of interior finish used in the building.

« Suite 600 did not have proper firated protecton, including door and wall
assemblies.

Delay in notification played a mor role, as the delay was not long. However, the

growth rate of the fire was very highunderscoring the importance of early

notification of the fire department. Notificatiohauld come from theetectors and

not the manual pull stations, as time may passreesomeone remembers to pull the

alarm.

The partitions and doors in the building did not serve ascefke barriers against

smoke and heat as most residents trapped in the building wposeel to life-

threatening anditions.
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Common Failure Modes of Major High-Rise Fires
Analysis of the failure modes associated with the three previous majerigegfires

reveals several recurring themes which should be addressed in future high-rise office
building design pr@cts, particularly when executing arfmemance-based design. The
first and foremost design solution is installation of automatic sprinklers in all high-rise
office buildings. Jennings investitpd the effectiveness of sprinklers and
compartmentation in hiigrise office buildings andedermined:
“...the presence of sprinklers is very clearly associated with lower
numbers of injuries to firefighters, less damage to building contents, and
fewer demands on the fire department in terms of hoselines used,
apparatus responding, and time spent on the scene. Fires in high-rise
office buildings are significantly less severe as measured by the variables
noted than are fires in non-sprinklered (compartmented) high-rise office
buildings.”°
The effectiveness of automatic sprinklerpintecting life angroperty is underscored by
the fact that there has never been a multiple-death fire irhaibeyoffice building which
was fully sprinklered. A study by Powers examined theatiffeness of automatic
sprinklers in fighting high-rise fire¥. Of the 254 high-rise office building fire which
occurred between 1969 and 1978, 96 &€tivated five heads or less. Additionally, the

fire department required hose lines in only 20% of the fires occurring in fully sprinklered

high-rise office buildings.

Clearly compartmentation alone is uffiscient to prevent the spread of fire. The

Peachtree fire incident contained a relatively high degremmfiated compartmentation,
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yet allowed very rapid fire spread. However, the open-floor office plan was cited as a

contributory fctor in the severity of the First Interstate Bank and Meridian fires.
Compartmentation arks most eftctively when oupled with an automatic sprinkler
system in controlling the growth and spread of fire. Thirdly, the designanastnt for

all modes of vertical fire spread. All vertical ducts, pipe and wiring chases, access stairs,
and cable openings must be protected with fire rated encloga@s, or partitions. The

main mode of vertical fire spread in the 1975 World Trade Center fire was through cable
openings in telephone closets that were not firestof)]pelelresently, prescriptive codes
allow open stair connections between three or lessdlin a high-rise structure to allow
tenants with multi-floor offices convenient passage. This represents a significant fire
growth path. These stairwells should be equipped with magneticated-doors that

close uporactivation of an automatic detection system.

Each major hig-rise fire discussed previously involved delayed reztion of the fire
department personnel, which proved integral to development of the fire. E&eltidn

and notification is a key to fighting fires and removing all occup&is untenable
conditions within the building. Fire is easiest to suppress during the incipient stages. A
typical fire growth rate assumes fire development (where t stands for time). This

stresses the importance of time in the fire development scenario.

2L Smith, Arthur C. “High-Rise Fire Spread: Learn From the Pdsté Engineering Volume 143, No. 11,
November 1990, pp. 62 — 63.
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Performance-Based Design: A Case Study

First, the important objectives of the casadgtwill be described. A description of the
selected building asroposed under a prescriptive code is contained in the following
secton. Specific design issues and supporting doctatien follow. Finally, a first-

order cost-benefit analysis comparing the two designs etegolhe caseisty. All

design work is intended as an example of an egipdin of the pgormance-based code

and is for demonstration purposes only and not intendeattaal implementatin. A

design team tasked with an entirefpenance-based design of this building would

complete significantly greater quantity of analysis, includiimther scenario

development, hazard criteria, and non-life safety issues. Neither the ICC, NIST, WPI, nor
any other involved constituents condone any fire safety design or product contained

herein.

Objectives and Requirements of the Case Study
The major objective of the casaigdy is to “undertake a performance-based fire safety

analysis and design for a high-rise office building and compare the resulting fire safety
recommendations with those specified by existing prescriptive requirenientswo
distinct comparisons should be made: first, compare the totatteg cost over the life

of the building foreach design; and sawd, compare in relative, comparative, or absolute
terms the risk to life for the occupants of the building as well as any atesbdire
department personnel resulting fre@ch solubn. The performance-based design should

accomplish the following fire and life safety goals:
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« Safeguard permanent and transient occupants from injury due to fire until they can
reach a safe place. This may includef-sdbcation within the building, self-
evacuation to a safe place outside of the building, evacuation with assistandbe
fire department, or any combination of the above.

« Limit flame spread and thermal damage to tlwerflof fire origin, andlimit non-
thermal damage to the fire floor and one floor above.

» Provide sufficient structural stéity to meet the first two goals.

Generic Building Requi rements
In order to participte in the case wy, the sedcted building must meet the following

requirements as stipulated bynderence officials:

« Rectangular shapeffice building

» 40 stories above ground and 2 — 3 levels below.

« 3000 nf per level

« Should be flexible enough to support the following tenant types:

» Law offices

« Accounting and financial firms

» Insurance and brokerage offices
» Software development companies
« Consulting and general offices

e Multi-purpose neetingrooms

* Retail spaces

e Public restaurants
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e Storage spaces

« Mechanical and equipment rooms

e Sanitary facilities

Building Selection
The building selected to fillfthe requirements of the caseidy is presently in the design

phase. Designed by an architectural firm in Dallas, theytbime story building is being
designed using the Universal Building CddeThe building has four underground parking
levels, two floors of etail atrium area, an executive level, a penthouse level, with the
remainder consisting of leasable officeasp. The present elevator arrangement has six
elevator groups. The first group services the parking garages and the main lobby. The
second group gives express service to the main lobby, lostail spaces, and the
executive and penthouse levels. The third group is the low-rise bank. This group services
the main lobby area and floors five through feen. The mid-rise elevators service the
main lobby area as well as the fteenth hrough twenty-first floors. The high-rise
elevators service the twenty-first through twenty-ninth floors as well as the executive
level. Finally, a service elevator serves all floors in the building aitdast as the
primary means of building ingress for the fire department operati&ash office floor
contains approxiately 3,500 square eters of fbor s@ce, including3,000 square aters

of “leasable” floor spce. Leasabledbr smce denotes the nebdir area less the area
consumed by elevators, stairwells, restrooms, and otlerespnecessaripr building

operations. Appendix E shows schematics of the building designed under the prescriptive
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requirements. This arrangement will be juxtaposed with the final arrangemdst the

performance-based regime subsequently.

A minor point to note when comparing the design of the prescriptive building and the
design of the performance-based building is that the performance-based building was
designed as a 40 story above grade building, while the prescriptive building was designed
as a 31 story above grade building. Nine stories were added to the original building
design in order that the design satisfy the requirements of the case study. Three stories
were added to the low-rise, mid-rise, and high-rise portions of the building. See Appendix

E for a graphical schematic of the prescriptive and performance-based design elevations.
The addition has little impaatpon the final design calculations of the building, save
egress and the subsequent changes to the building design where life safety concerns due

to the longer egress times warranted design improvement.

ICC Performance-Based Code
The ICC Performance-Based C8tes built upon a pyramid of increasing specificity.

Each section of the code begins with a general statement of objective. Forming the base
of the pyramid, the@bjectivestates the overall goal of the section and is beoyd. One

step up in the pyramid of codifition, thefunctional statementrovides a higher degree

of evaluation. The functionalagement gives specific goals contained within the scope of

the original objective, yet lacks the detail of performance requirement. The

" The original premise of the ICC Code comes from the New Zealand building code. See endnote 7.
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performance requirement is thetdiled design objective of an engineer. This case study

concentrates on satisfacy accomplishment of the germance requirements.
Performance Requirements

The design alternatives are concerned mainly with satisfaction of tHerrpance
objectives related to the fire safety of the building design.ortfer to prove that the
performance-based design is safe, the design must deaterstisfadry fulfillment of
the functional objectives of each section of tHeC Performance-Based Code.
Regarding fire safety, there are several applicable functional objettives.

Means of Egress

Means of egress shall give people quiEte time to exit the builag, or

reach a safe place without exposure to untenable itond and give
rescue personnel adequate access to undertake rescue and emergency
management operations

Fire Growth

Buildings shall be designed with safeguards against the spread of fire so
that:

e Occupants have suéfent time to escape wibut being overcome by
fire and smoke.

e The building, adjacent building, and their occupants and dtmesnare
protected from the spread of fiemd smoke.

e Fire fighters can perform rescue operations, protect property, and
utilize controlsand fire fighting equipment and controls.

Structural Stability During Fire

Buildings shall be constructed to maintain structural stability during fire
to allow people adequate time to evacuate safely, allowuate time to
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undertake rescue operations, and avoid damage to or loss ofitgnoén
adjacent properties or structures.

Emergency Notification

Where required, adequate means of occupant notification shall be by
means appropriate to the needs of the occupants the use of the building
and the emergency egress strategy employed.

When required by the anticipated use of the bagdnotification systems
shall be capable of alertingleeping ocapants in reasonable time to
enable them to reach a safe place before the occurrence of untenable
conditions at any point along the primary egress path.

Fire Detection Systems

Where required, fire detection systems shall be designed to activate
before a fire reaches a size that represents an unreasonable hazard to the
building or occupants of the building itself.

Elevatorsand Coweyance Devices

Elevatorand cowveyance device installations for access into, within, and
outside of buildings shall provide for the safe movement of all people
including those with disabilitieand for firefighters during emergency
operation as well as for the safety of mai@ece personnel.

Each of the precedinfunctional statements relating to the fire safety of the
building design shall be addressed within the context of the performance-based
design case study. Note that structural, mechanical, andcpnojanagement

issues are beyond the scope of thisqubj
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Performance-Based Design Alternatives
Some designs proceed are initiated asfopemance-based building designs. This

particular applicatin, however, is an ojptization of a prescriptive design using the
flexibility afforded by performance-based codes. In order to denatesdine versdity

and cost-effectiveness of arfl@mance-based design, the gijteam chose three major
design alternatives with which to perform a performance-based analysis. The first
alternative is the use of the elevators to evacuate occupants in case of a fire or other
emergency. The theory governing elevator evacuation is described iactiun gitled
“Elevator Evacuation.” The second alternative is the infusion of new alarm and
suppressiotechnologies. While infusion of net@chnology is not in itself challenging in

a performance-based environment, documaion proving that thetechnology will
provide equivalent orditer safety than would otherwise exist in the prescriptive design
challenges statistical and computational comparisons. Finally, the domestic and sprinkler
water sipplies have been combined. Two critical components of the performance-based
design will be explored. The first cgonent is the documeation of each design
alternative. Documentation includes explicit descriptions of all goals, objectives,
calculation tools, assumptions, etc. Theosgkccomponent is the economic analysis of

the total life-cycle cost of both the prescriptive and performance-based design options.

58



Performance-Based Codes: Economics, Documentation, and Design

Elevator Evacuation
Using elevators to evacuate people has been an idea long in coming. Arguments for

elevator evacuation first appeared in 1974 with an article by BaZjamhich suggested

that elevators be used to evacuate occupants, particularly the elderly and people with
disabilities. He also points out thahtiugh stairways are designed for safety, they are
rather conducive to panic.” Many articles evaluating the strengths and more importantly
the weaknesses of elevator evacuation have been published in the interim. The following
section discusses the engineering aspects of an elevator assisted evacuation plan.

Appendix A includes the calculation procedure fetedmining elevator travel time.

Design Issues Regarding Elevator Egress

Design of Elevator ébby
As occupants may wait for short periods of time in the elevator waiting lobby when using

the elevators to egress a building, the lobbies must be impervious toebts eff a fire

outside of the lobby. There are three major design issudsctiomfrom heat, radiation,

and smoke. The elevator lobbies must be designed as areas of refuge. The Life Safety
Code and the U.S. Department of Justice Americans with iltissbAct describes an

area of refuge. Particularly important is the proper design of areas of refuge in
unsprinklered buildings. In a 1992 study by Klote, Nelson, Deal, and Levin, the authors
concluded that the “operation of a properly designed sprinkler system Wiouftaée the

life threat to all occupants® However, given that sprinkler systems are not 100%

reliable, qualifying the elevator lobby as an area of refuge is an agisopeiundancy.
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NFPA 101 Chapter 5, while specifically forbidding the use of elevators as the main egress

component in large commercial buildings does provide important recommendations

regarding the design of elevator lobbies.

Lobby Size
The population density of an elevator lobby should be 3 sqeateér pen, plus one

30 inch by 48 inch area for a wheelchair for every 50 p&bp&tairwells will continue to

be the primary means of egress for most occupants of a building for a variety of reasons,
including the decades-longublic awareness campaign against using elevators in the
event of an emergency, the feeling of control occupants experience when using the stairs
versus using the elevators because occupants are not relying on a mechanical system and
they do not have to wait in a lobby for the elevator to come. Thus, the labbyg wized

to accommodatB0% of the population of a floor.

Passive Fire Protection
Passive fire protection is defined by Fitzgerald as a buildingpooent that remains fixed

in the building whether or not a fire emergency exit#An example of a passive fire
protection feature is a rated barrier. The barrier does not require manual or automated
activation toprovide praection, hence leminating the possibility ofictivation failure that

exists in active fireprotection systems. Elevatasbbies require several passive fire
protection features. The first feature is a rated barrier that prevents the spread of fire,
smoke, and other products of combustion. The Uniform Building Code (UBC) does not
require rated fire barrieffer elevator lobbied? Given that elevator lobbies are not part
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of the egress system as far as the UBC is concerned, the lack of lobdgtiprois not
surprising. For new construction, NFPA 101 requires a one-hourafiesl barrier to
protect the elevatoobby, unless the entire building is troted by a sprinkler systefh.
However, given the relatively high benefit/cost ratio of-Aour ated barrier, serious
consideration should be given to f@ction of the elevatoobby when the elevators are
to be considered the major secondary egress means. An additional passiveefat@opro
feature is the protection of all penetrations into taby. NFPA 101, &ction 6-3.6

stipulates the requiremerfts the praection of all penetrationfsom smoke entry.

Active Fire Protection
There are several active fipeotection corponents that help insure the fire-safe integrity

of an area of refuge. An active fiotection feature is a feature of the building that
requires either manual or mechanical activatioargher to participte in the building fire

safety process. The first component is the lobby pressurization system. The second
component is the smoke dampers. Finally, the alarm and suppression systems must
activate to ensure the safety of the area of refuge. Eachooemt of theactive fire
protection system must be activated and is subsequently susceptible to activation failure.
While failure rates are quite low, they must be cacted for in an analysis of total

building fire safety.

Klote discusses the pressurization of an area of refuge, which can be applied to

protecting elevatorobbies during elevator evacuation. The prescriptive requirements
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stipulatel12.5 Pa positive pressure difference for areas of refuge. Lougheed, &ttal., s

that “...in most cases, a minimum design pressure of 7 Pa would be suffiGientis
important to note, however, that the Lougheed, et al., recommendations were based on

experimental studies of sprinklered fires.

Indirect pressurization of an area of refugeoives a fan pressurizing the elevator shatft,
which then overflows into the attached areas of refuge. Direct pressurjzati the

other hand, requires a fan to deached directly to the areas of refuge. Pressurization of
the area of refuge must account for several additional pressemseificluding elevator
movement, wind pressures, and fire effects. A piston effect is created by an elevator
moving in a shaft. As an elevator moves through an elevator shaft, the column of air in
the direction of travel is compressed. Subsequently the air massdppbsite diection

has a lower pressure. The wind can create pressure differences between the windward
side of a building and the leeward side of a building. If the outside temperature is notably
different from the temperature inside the building, the air within the shaft can move up or
down due to density differentials. If the outside temperature is colder than the interior
temperature of the building, for example, then the warm interior air entering the shaft will
rise. If, however, the outside temperature is distinctly higher than the air-conditioned
inside temperature, then the interior air mass will descend the elevator &waih of

these factors must be accounted for in the design of a positively-pressurized elevator

lobby.
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Smoke dampers are required in an area of refuge in order to prevent the HVAC system
from introducing smoke into the compartment. A smoke damper simply closes a vent
opening between the area of refuge and any adjoining compartments and is generally
activated by the alarm system. Finally, the detection and alarm systerprotest the

area of refuge if either the pressurization system fails and sufficient smoleaiish
introduced into the area to @ed the alarm criteria of the smoke detectors or the
sprinklers, or the compartment of fire origin is the area of refuge. If hazardous conditions
are detected in the area of refuge, the elevaithrnat open onto that dlor. The
occupants must use the stairwells to either proceed to the discharge lpveterd to

another floor where they can use the elevator.

Phased Evacuation
High-rise buildings present a unique scenario regarding the evacuation of occupants.

Conventional low-rise structures can evaieuthe entire building at one time out
exceeding the design parameters of the evacuation system. Each stairwell in a low-rise
structure handles few occupants and additional exits can be added to the building design
at relatively low cost. High-rise buildings, however, employ fewer stairwells per capita
occupant. If the entire building were to be evacuatedn fire alarmactivaton, the

egress system would quickly become inadequate and the occupants most intimate with
the fire would be exposed to hazardous conditions for an extended period. Therefore,
phased evacuation is often employed in the design of egress systems in high-rise

buildings. Phased evacuation involves evacuating only the occupants of the building
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deemed to be in immeatie danger. The general rule regarding the phased evacuation of a

high-rise building is to evaetie the fbor of fire origin, one floor above the fire, and one
floor below the fire. This allows the occupants in tmeedate vicinity of the fire to

have priority access to the stairwells and elevators. The fire department incident
commander, upon arrival to the fire grounds and appraisal of the situation, can then
determine whether it is necessary to evacuate any other occupants of the building on a
floor-by-floor basis. Further evacuation isccomplished via dlor-by-floor

announcements giving further instructions.

Elevator Egress System Integrity Assurance
If the elevator system is to be used as an integral, noaeegdble coponent of the

egress system, the elevators must be designed against systemic failure. Every system
element must have either built-in redundancy ottatistically low failure rate. The
guantification of an acceptable failure rate must be agrgeah either by industry
consensus or by agreement between the designer, owner, and authority having

jurisdiction.

Several components of the elevator integrity assurance system igtgi@n. The first
and foremost requirement is that the elevators must have power in order &eoper
While main electrical powerhsuld be prtected against failure, fire scenarios often
involve the edctrical system, either as the origin of the fire (Peachtreé’fioe)as an

incidental fuel source (Meridian firéj. A failure mode of the Meridian fire was the use
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of a common vertical shaft for both the main and emergency power supplies. If the fire
penetrates a common shaft, theliedancy provided by having a reserve supply is
negated. Emergency power should be supplied to the elevator system and provide the
same level of reliability as theugply to the lighting (emergency) and alarm system.
Power is also integral to maintaining the tenability of the elevabdryl and shaft, as well

as the continued operation of the alarm and occupant notification system.

The computer which controls the phased evacuation operation of the elevators must be
functioning correctlyduring the emergency situation. Therefore, the room where the
computer is stored and all associated hardware and circuitry mystoteetedfrom

injury. It may be desirable to have an off-site backup computer should the main system
need maintenance or should there be a system failure. All emergency scenarios must be
accounted for, such as emergencies on multiple floors, potentially remotee&rom

other, fire department override, etc. The elevatadiiswat stop on the @or if the alarm
system has detected a fire or hapas conditions in the lobby that the elevators open
into. This will prevent the>gosure of elevator occupants to untenable conditions, such
as happened in the First Interstate Bank*firdhe probatiity of untenable onditions in

the elevator lobby is lowdrause several factotsoalld mitigate growth and spread. First

is the presence of an automatic sprinkler system. The sprinkler should suppress or control
any fire in the lobby. Second, the fuel load in the elevator lobby is very low. If there is

no fuel for the fire to consume, the fire cannot grow or spread. Finally, the lobby is
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highly compartmentalized from the rest of the floor, therefore the pilitpatf fire

extending from the lobby is extremely low.

Water from manual and automatic suppression efforts may be introduced into the
elevator lobby, either from a fire inside or outside the lobby. Either scenario presents a
unique hazard to the elevator egress system, although the fire inside the lobby certainly
represents the more severe of the two. A fire inside the elevator lobby ihregpose

the elevator shaft to both wateom the automatic sprinkler system (assuming that the
fire grows large enough tactivate the fusible links in the sprinklers) as welpasducts

of combustion. A drain iV be installed ineach elevatombby to cokect any watefrom

the automatic or manual suppression efforts. The drain can beatedrto the test and

drain pipes that are located in the stairwédis the domestic/sprinkler ater sipply.
Additionally, a small lip at the entrance to each elevaibmpvevent help prevent excess
water from overflowing into the elevator shaft. The alten scenario, a fire located
outside the elevator lobby presents a smaller problem. Products of combustion should be
prevented entry into the lobby due to positive pressurization of the elevator Mdtgr

from either manual or automatic suppression systems should be largely prevented entry

into the lobby due to the walls and doors.

Upon activation of the fire detection system inside the elevaioy, dampers close in
the ductwork and the HVAC system is shut down. These dampers are closed

electronically and should kectivated on both thedbr side of the duct and the inside of
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the duct. This will prevent vertical fire sprealdrdugh the HVAC system, such as
happened in the First Interstate Bank ffteMechanical devices such as fusible links are
not dependent upon power supply or maracivation and are thefiare unlikely to fail.

With the elevators programmed not to stop on the floor once a trouble alarm in the
elevator lobby is reported and fires spread beyond the boundary of the lobby highly
improbable, a fire in an elevator lobbyillwhave a very lowprobaliity of occupant

injury.

¥ «Case Study Specifications fofAnternational Conference on Performance-Based Codes and Fire Safety

Design Methods.” Memo to all participants of the conference.
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Stairwell Evacuation
While elevator evacuation greatly decreases total evacuatiorfdinae high-rise office

building, the most effective egress times are achieved using a combination of elevator and
stairwell evacuation routes. There are several reasons that stairwells must continue to
exist in high-rise buildings. The first reason is that, however unlikely, the fibssib
exists that the elevators will musable during an emergency. This could be due to a fire

in the elevator lobby, mechanical failure, or other reason. Stairwells are passive egress
and thus are not susceptible to mechanical failure, except where pressurization is vital to
tenability maintenance. Sewdly, the @cades-longoublic education campaign has
engrained in people the fear of using elevators in a fire emergency. Thus, in spite of
education and signage to the contrapeople may 8t be predisposed to stairwell
evacuation. Finally, fire department procedures for high-riseatt@ck in many cities
dictate that staging occur twoofirs below the lowest fire floor and firefighters
subsequently climb the remaining two stairwells atidhck the firefrom the stairwell
doors?*#® Thus, it is necessary to accurately model evacuation times by people using

the stairwells.

Factors Affecting Total Egress Time
Jake Pauls introduces the principle components of people movement A Eitian of

the SFPE Handbook. Density, speed, and flow are the fundamentalataristics of
crowd movement. Density is the number of people per unit area. Speed is the distance
traveled per unit time by an occupant. Flow is the number of occupants that pass some

reference point per unit of time. Finally, a limitingcfor influencing the flow is the
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minimum width which a flow must pass through, measured in unit of length. The

fundamental traffic equation is given as:

flow =speedk densityx width

Equation 1

It is important to note the interactions between the variables. For examyptendba

critical point, as density increases, speed decreases. The motion of walking becomes
more constrained until the density reaches the point where people cahudfie along.
Additionally, as the width of the smallest restriction decreases, the subsequent flow
through that restriction decreases. Fewer peojileflow through a 56 cm (22 inch)
doorway than wil flow through a 91 cm (36 inch) doorway. Table 3 shows crowd

movement parametefsr a typical corridor.

Crowd Condition Density Speed Flow
(people/m) (m/s) people/ns
Minimum <0.0046 1.27 <0.66
Moderate 0.0092 1.01 1.10
Optimum 0.0184 0.61 1.32
Crush 0.0276 <0.30 <0.99

Table 3: Crowd Movement Characteristics for a Typical Corridor

There are egress time delays associated with evacuationanitiddiotification is the first
variable in the process of evacuating a building. People will not move unless they are
aware that there is an emergency. The recognition of a fire event and decision to act
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upon ambiguous information is ofteetarded by the presence of othéfs.Latane and

Darley performed experiments that showed a signifieativity delay when test subjects

had other people in the room versus testestibjalone in @aoom upon introduction of
smoke into the test rooff. Alarm technology, particularly where voice enunciation
exists, has been shown to reduce occupant response initiation. The voice enunciation
system, however, must be audible to all occupants, lest misunderstanding of instructions
occur’® Recall that the cybernetic building system provides occupants who may not
understand instruction (mentally handicapped, deaf, or those who do not understand
English) with pagers that let them know to ewaeuthe building. Occupants often
investigate the aurce of a fire, either to attempuppression or to verifyactual
emergency conditions. However, occupancy type has actaipon the pre-fire
activities. Occupants of aaoffice building exhibit lower initiation times than people
leaving their residences. The reasons for this are many: people evacuating homes and
apartments often gather personal belongings, get dressed, gather children or other family
members, whereas there are relatively few obligations to be tended to in a aaek pl
Finally, the simple act of making a decision cancact for additional evacuation delay.
Proulx reports that for an apartment building where 100% of the residents hear the alarm
signal, 59% of the residents have left their apartments within the first two miAuteen

minutes represents a reasonable extrapolation to office buildings for two reasons: first, the
number will be conservative, as occupantsoffices act ®oner than occupants of
apartments, for the reasons mentioned previously. Second, it iecegsary for 100%

of the occupants to begin evacuation in order to use a delay time. The residents who
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begin in the third or fourth minute, for exampléll wimply be added to the end of the
gueue, as if they had begun evacuation at two minutes, provided that there is sufficient

gueuing.

Once in motion, occupants musti stetermine the most efficient evacuatimute. This
is often referred to as “way-finding.” Inefficiencies existhuse occupants oftehanse
to leave by the same means they entered the bufidinghis may result in exit
imbalance, where some exits are overtaxed and some exits are lingigrutime delays
also exist at merge points, where flows must stop and réStaseveral factors can
mitigate initiation and activity delays. Occupant education is clearly a criticalr fabt
high-rise office evacuation studies conthd by FPoulx at the National Research Council
Canada, she noted that some occupants chose the familiey talked with friends, and
were confused about the outsideeating point, while other, mor@formed occupants,
chose the nearest exit and started evacuating inateddi directing others along the
way’® The total inefficiency associated with less than optimal evacuation must be
guantified to account for all of the abowectors. MacLennafound thatactual egress

times were in the range of twice the modeled egress time when an efficient system was

present?®
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Computer Modeling of People Movement

Computer modeling of egress times is an inexact science. While computers can predict
how people may move under ideal conditions, there are several assumptions that must be
identified in order to have confidence in the results. A major assumption of any computer
model is that people will behave rationally. A computernca predict whether people

will stay to finish what they are avking on, cokct personal belongings, investigate the

fire, or warn other people. Nelson and MacLennan, in recognition of the tendency of
egress models to underesit@ egress timgroposed the following equation to adjust for

inefficiencies?®

Tae = Tmee + Td

Equation 2

T,. isactuakvacuatiortime

T, IS modeledevacuatiortime
where: e
eis theapparenévacuatiomnefficiency

T, is thedelayin initiating evacuation

Thus, computer modeling represents a significant fraction of the evacuation time,
although, not a compte assessment. While several computer models exist to evaluate

80,51,52

egress tim one model (EVACNET+) will be analyzed and held as a reptates

example’®
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EVACNET+ is a node-arc network model thattermines the “firadrill” evacuation

time. “Fire-drill” evacuation time is the minimum evacuation time which the occupants
may egress a building. Each space in the buildingugh which the occupants may pass
must be entered as a node. The input for a node includes the number of people which
start the simulation within that particular node and the capacity (or maximum number of
people which may be contained within the node). The input for an arc requires a
beginning node and an ending node, a dynamic capacity (DC), and the traversal time
(TT).

DC =WRx AFV x SPTPx0.0014

Equation 3
where: DC is the dynamic capacity of the arc (petiphe period)
WR is the minimum width encountered along the arc path (in)
AFV is the average flow volume (people/ft-min)

SPTP is the number of seconds per time period (s)

DIST _ 60
T=""-"x——"
AS SPTP

Equation 4
where: TT is the traversal time (S)
DIST is the distance between the beginning of end of the arc (ft)

AS is the average speed (ft/min)

There are several assumptions andéitions of EVACNET+.
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1. The program is a linear modeling system. Arc capacities and arc traversal times do

not change over time and do not depend on the arc flows.

2. Smoke and fire have no effagbon the evacuation time.

3. The program does not consider behaviorakatpof occupants. Behavioral aspects
include evacuation initiation delays, impaired evacuation of handicapped population,
and fatigue associated with long travel distances.

4. The program views all occupants, not an individual occupant.

5. Initial location of all individuals must be assumed.

6. Traversal times are rounded off to the nearest whole number. Theatadcabress
time, therefore, is very sensitive to the chosen time step (seconds per time period).

7. The total evacuation time will be the lowssund of egress time&s.

Thus, accounting for thdimitations and assumptions of EVACNET+, the modeled
evacuation time can be determined. Using Equation 2, a reasonable and conservative

total evacuation time can be derived which should ensure safe building design.

*2 Boston Fire Department Standard Operating Procedure No. 1. High Rise Buildings. Published by the
Boston Fire Department, Boston, Massachusetts.

* pauls, Jake. “Movement of People.”Time SFPE ldndbook of Fire Protection Engineeri.r@‘d

Edition. DiNenno, et al., Ed. National Fire Protection Association, Quincy, MA, 1995, pp. 3-263 — 3-285.
* Bryan, John L. “Behavioral Response to Fire and Smokd&hénSFPE kindbook of Fire Protection
Engineering 2" Edition. DiNenno, et al., Ed. National Fire Protection Association, Quincy, MA, 1995, pp.
3-241 - 3-242.

*®| atane, B. and J. M. Darleylournal of Person. and Soc. Psyd¥olume 10, 1968, page 215.

*® Proulx, Guelene. “The Time Delay to Start Evacuating Upon Hearing a Fire Alarfh ArB8al Meeting

of the Human Factors and Ergonomics Society, Nashiville, TN, Octobe2241:994.

*"Proulx, Guylene. “Evacuation Time and Movement in Apartment Buildingse Safety JournalVolume
24,1995, pp. 229 — 246.
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*® Nelson, Harold E. and Hamish A. MacLennan. “Emergency MovemenTheérSFPE ldndbook of Fire
Protection Engineering?™® Edition. DiNenno, et al., Ed. National Fire Protection Association, Quincy,

MA, 1995, pp. 3-286 — 3-295.

* Proulx, Guylene. Abstract for “Comparison of Occupant Behaviour During Office and Apartment
Evacuations.” National Fire Protection Association Fall Meeting, Nashville 19986.

% Cooper, Leonard Y. “Estimating Safe Available Egress Time From Fires. Final Report.” NBSIR 80-2172;
February 1981.

L Stahl, F. I. “BFIRES-II: A Behavior Based Computer Simulation of Emergency Egress During Fires.” Fire
Technology, Vol. 18, No. 1, February 1982, pp. 49 — 65.

2| evin, B. M. “EXITT--A Simulation Model of Occupant Decisions and Actions in Residential Fires:

Users Guide and Program Description.” NBSIR 87-3591; July 1987.

% Kisko, Thomas M. and Richard L. Francis. “EVACNET+: A Computer Program to Determine Optimal
Building Evacuation Plans.Fire Safety Journalyolume 9, No. 2, 1985, pp. 211 — 220.
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Cybernetic Building Features
A critical component of the fire ptection system thaprotects a buildingfrom

emergencies is the cybernetic building system. The cybernetic building system consists of
sensors and monitors locatdatdughout the building which are coordied by a central
computer. Recent advances in alarmhitexdogy allow real-time monitoring of the fire
through wireless digital feedback from sensomcet hroughout the building. These
sensors include measurements of temperature, optical density, and gas concentrations.
While the technology does not presently exist in a etatde form, these new
technologies it be analyzed to demonstie the flexillity of a peformance-based
design to new technologies. Sensata] in addition to video monitoring, allow trained on-

site personnel as well as members of the respta@m® to more accurately gauge an
approprate reponse to the emergency. Computer fire models can process the incoming
information and predict likely progress of fire scenarios faster than real time in order to

assist the responseam.

Temperature data in eacbom of the building at throughout the corridors and common
spaces help determine the heat release and growth rates of the fire. Engineering analysis
can determine the number and location of the sensors in each compartment. The sensor
data and location can be combined with the geometry ofoibv@ to atermine whether

the fire should sound an alarm and help predict the groaté of the fire. The
temperature sensors can be part of a typical heat detector which can activate the alarm
system. More sophistited temperature measurements can result in substantial cost

savings over the life of a building when combined with the environmental regulation
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system. Temperature sensors which can detect the presence of a persooamtban

then adjust the environmemtccordingly. For example, a room that has not been
occupied in ten minutes can have the lights turned off, temperature adjusted, and other
energy saving techniques implemented. Additionally, this data can be invaluable to a
rescue effort, as the fire department can conaéntrescue feorts on rooms that are

known to be occupied.

Smoke data can be monitored by smoke detectors. While presently smoke detectors
alarm at threshold smoke concentrations using ionic or optical measurements, variant
current flows can indate transient opticabaditions. Multiple smoke measurements can
then measure the height of the layer interface and the optical density at different
locations. Additional gas analysis, as part of a mophistcated detection system, can
monitor levels of oxygen, carbon monoxide, and carbon dioxide. All this information can
be relayed to a remote monitoring stati which can predict future fire conditions and
direct fire sippression efforts. Conditions, such as the pre-backdraft environment may
save fire fighters lives. Such predictive capabilitiesfareseable in the medium to long
range future.

Finally, monitoring of various building systems will increasephabaklity of the systems
performing as designed. Periodic flow testing of a sprinkler systdimdetect
obstructions, closed valves, and other failure mechanisms that decrease the reliability of a

sprinkler system. Automation of testing procedures can increase the frequency of the
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testing resulting in systems that are more reliable. When water doeshfiough the

system, flow meters can determine the quantity and location of the open sprinklers, which

can be relayed to the computer to increase the accuracy of the model predictions.
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Combined Sprinkler and Do mestic P iping
Combining the sprinkler and domestic watap@y piping is the ideal pregt for the

application of a pdormance-based design. Not only does the combination increase the
reliability of the system and safety of the occupants, the design results in substantial cost
savings to the owner, realized through loweatenial and installation costs, as well as
increased construction schedule efficiency. These are cost savings and increases in life
safety that would have been unrealized in a prescriptive regime, barring code variance
approval from the authority having jurisdiction. It is important to note that the domestic

water sipply and the sprinkler ater sipply are comgtely separate entities.

Prescriptive Design Sprinkler System
The sprinkler system piping is divided into two sections, the low-rise and theiseg

systems. The low rise system has main six inch risers running theaaih of the
stairwells. At each dlor level, inside the stairwell, a standpipe aaction isprovided for

the fire departments suppression operations, as required by code. The low-rise sprinkler
portion uses a 6-inch riser with test and drain eation every evendbr. The system is
looped at the 1" floor to provide redundancy. The high-rise portion of the system uses
an 8-inch riser through both stairwells until thd" fbor at which point they are looped
with a 6-inch conneatin. From the 14floor to the penthouse level, 6-inch risers ascend
each stairwell with test and draiormections located at the eveadis. The congction

to the street iprovided by a 12-inch pipe which splits to supply the high- and low-rise
sprinklers. Both the low-rise and high-rise sprinklections are assisted by a dedicated
fire pump and jockey pair. The garage levels, located below gradexposke to a large

range of temperatures, are supplied by a dry-pipe sprinkler system withctpme-
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equipment. The system was designed using the UBC Standard 9-1 as the prescriptive

standard.
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Fire Scenarios
As the building owner has specified a multi-occupancy building, special fire scenarios
specific to particular occupants will exist. Fire scenarios and building dessaguarés

must account for the following:

Law Offices and Facilities
Library, Security Issues, Supplemental Stairs,&e\Offices, Secretarial
Space, an€onference Space
* Insurance, Brokerage, Accounting, Financial, and Consulting Oiites
Document Safety, Security Concerns, Mixed Offices and Partitions, Secretarial
SpaceConference Spce, and @plemental Stairs
» Software Development Offices and Facilities
Computer Rooms, Partitions and Few Offices, Possible Supplemental Stairs
* Retail Spaces
Limited Low Rack Storage
* Public Restaurants

Kitchen

The NFPA Committees on Safety to Life issued a menthran addressing likely fire
scenarios in a business occupancy. This list forms the basis from which the fire scenarios
are developed in this pegt.

Appendix A. Fire in highly compartmented and open floor

plans.
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Appendix B. Atrium fire.

Appendix C. Copier fire.

Appendix D. Cubicle fire, with:
e Multiple tenants per floor
* One tenant per floor

Appendix E. Shielded fire, involving:
» Low-rack storage

* Under-desk combustion

While the above list is certainly not coraf#, it aldresses some specific concerns and

demonstrates how to apply theC performance-based code.

The frequency of a particular design fire will betermined by statistical analysis of
previous fire loss data, particularly focusing on the National Fire Incidepbrieg
System (NFIRS) data. The fire scenarios which are actually analyzed nfoamaace-

based design should represent both common, low challenge fires as well as rare, high

challenge fires.

The fire scenarios should be combined when performing the analysis. A shielded under-
desk fire in an open floor office plan may be one fire scenario. Not all fire scenarios may
be combined, however. The kitchen fire may never be combined with the

compartmentalized office plan. The list of viable fire scenario combinations must then be

analyzed to determine which scenariakt @hallenge the pgormance olgctives of the
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design. A small, frequent fire may violate the allowahtel-gate ©ndition, while a

large, very rare fire may satisfy the endte pe&formance criteria.

Fire scenarios must account for the variety of tenant layouts acéspnauntered in a
high-rise building. For the case study, there are two extremes in office layouts: one
tenant, open floor plan and a four tenant, compartmentalized layout. There are two
components toetermining the safety of tHeur tenant design. The first component is to
determine the evacuation time. There are two critical evacuation times to examine. The
first is the time it takes for all of the occupants to egress the teragd sp origin. This

time must be compared with the tenabilitgnditions at this time. Assuming that all
occupants of the tenant space of origin can evacuate safely, tmel seitical juncture is

the evacuation of the floor of origin. The evacuation time of the floor of origin must
account for the concurrent evacuation of both the floor above and below the floor of fire
origin. Tenability must be maintained at all points in the evacuation path until all
occupants of the floor of origin have exited the floor via vertical or horizontal exits, or
have secured themselves in a designated area of refuge. The area of refuge is particularly

important in the evacuation of occupants via elevator.

Additionally, there are two other considerations in the high-rise building: atrium fires and
mercantile fires. Atrium fires must be modeled to prove that the large number of people

who pass through the atriunilnot be endangereduring a building evacuation. Due to
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the large volume, relatively low fuel loads specified in the atrium, and the active systems

designed to control the growth of the fire and the accumufariadlcts of combustion,

the atrium does not represent a life-safety concern. The mercantile occupancy, however,
is diametrically opposed to the atrium scenario. The mercantdeespnay be
characterized as having a high fuel load (particularly where low-rack storage exists) and a
relatively small volume. This makes life-safety a particular concern in the design of such

spaces.
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Performance Objectives

Life Safety Performance: Fire Event
The hazard level of a fire event is summarized by the frequency of occurrence. All

information for this chapter is derived from the ICC performance-based code.

Probability of occurring at least once Mean return period
50% in 30 years 43
63% in 50 years 50
50% in 50 years 72
39% in 50 years 100
10% in 50 years 475
10% in 100 years 970
2% in 50 years 2,475

Table 4: Typical Fire Hazard Frequencies

The hazard levels are used to establish the frequency of a given fire scenario. Ideally, a
fire scenario representing each of the frequency categboefisbe modeled. In reality,
however, cost and time considerations, as well as redundancies in the procedure
necessitate that only two of the scenarios be modeled. The two scenarios are generally
the frequent and the very rare fire event. Table 5 summarizes the minimum performance
criteria for the life safety of the occupants given a fire event. The first column of the

table describes the fire scenario that the building must take into account. The remaining
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four columns describe thecceptable md-date of the building. The following section

describes the fowacceptable end state of a fire scenario with regards to life safety:

Objects of Origin: structural, non-structural, and non-thermal damage
shall be minor, and that the risk to life shall be low. Those nonstructural
systems required for the normal use of the building...shall be significantly
functional, although minor cleanup and repair of some items may be
required. Flame may engulf the object of fire origin; however, fire effluent

should be contained to the room of fire origin.

Room of Origin: minor damage, such as window breakage and slight
damage to some components shall beeetgrl. Basic access and life
safety systems...shall remain operable. Flame may spread throughout the
area of fire origin and fire effluent may spread throughout the area of fire
origin and beyond. Egress aadcesgoutes within the building may be
impaired. The risk to life from fire and fire effluents can beeeted to be

moderate.

Floor of Origin: moderate awunts of structural, non-structural, and non-
thermal damage shall be expected and that egress and @etesswithin

the building may be impaired. Flame may spread throughout the area of
fire origin and fire effluent may spread throughout the floor of fire origin
and beyond. The risk to life from fire and fire effluents can beebtga to

be high.

Building of Origin: significant structural, non-structural, and non-thermal
damage shall be expected and that risk tofiden fire and fire effluents
can be expected to be very high. Flame may spieadghout the floor

of fire origin and fire effluent may spread throughout the building or
structure. Egress and acceestes within the building may be impaired.
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The building or structure shall be designed to avoid system failures that

could injure large numbers of people, either inside or outside the building

or structure.

Hazard Levels Objects of Room of Origin | Floor of Origin | Building of
Origin Origin
Frequent All normally
occupied buildings
except one and two
family Residential
Occasional Assembly. All normally
Educational, occupied buildings
Institutional, except one and two
Mercantile, Other | family residential
Residential
Rare Factory and Assembly. All normally
Hazardous Educational, occupied buildings
Institutional, except one and two
Mercantile, Other | family residential
Residential
Very Rare Factory and Assembly. All Use Groups
Hazardous Educational,
Institutional,
Mercantile, Other
Residential

Table 5: Life Safety Performance Levels

Operational Performance Levels: Fire Event

The second of the three performance criteria given a fire event is the operational end

state of the building. Théour acceptable end states are described below and are

acceptable acrding to the use group of the building and hazard level experienced.

Fully Operational: Non-structural and thermal damage should be minor.

Those non-structural

systems

required

for normal

use of

the

building...shall be significantly functional although minor cleanup and

repair of some items may be required. Flame may engulf the object of fire
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origin; however, fire effluent should be contained to the room of fire

origin.

Functional: Minor damage, such as window breakage and slight damage
to some components shall be egped. Mn-thermal damage can be
expected to be moderate. Basic access and life safety systems...shall
remain operable. Flame may spread throughout the room of fire origin and

fire effluent may spread throughout the area of fire origin and beyond.

Function Limited: moderate awunts of structural, non-structural, and
non-thermal damage shall be exped. Flame may spredtdaughout the

area of fire origin and fire effluent may spread throughout the floor of fire
origin and beyond. écess routes within the building may be impaired.
HVAC, plumbing, and fire suppression systems may be damaged, resulting
in local flooding as well as loss of function. The risk of lifestiening

injury shall be low.

Non-Functional: significant non-structural and non-thermal damage shall
be expected and that risk to lifeom fire and fire effluents can be
expected to be very high. Flame may sprémdughout the floor of fire
origin and fire effluent may spread throughout the building or structure.
Egress and accegsutes within the building may be impaired. The
building or structure shall be designed to avoid system failures that could

injure large numbers of people, either inside or outside the building or

structure.
Hazard Levels Fully Functional Function Non-
Operational Limited Functional
Frequent All use groups
exceptE, H, &I
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Occasional Educational and | All use groups
Institutional exceptE, H, &1
Rare Hazardous Educational and | All use groups
Institutional exceptE, H, &1
Very Rare Hazardous Educational and | All use groups
Institutional exceptE, H, &I

Table 6 Operational Performance Levels

Structural Performance: Fire Event
The final end state p®rmance-based analysis regarding a fire event within the building

is the post-fire structural integrity. Four ertétss, described herein, are acceptable,
depending upon the use group of the building and the hazard level the structure is
exposed to.

Immediate Occupancy: The basic vertical- and latefflrce-resisting
systems of the building shall retain nearly all of their pre-fire strength and
stiffness. The risk of life-tlatening injry as a result of fire-induced
structural damage shall be very low. Minor structural damage that may

occur as a result of the fire shall not significantly delay reoccupancy.

Delayed Occupancy: The basic vertical- and laterfdrce-resisting
systems of the building are expected to retain nearly all of their pre-fire
strength and stiffness, and the risk of lifeeiiening injry as a result of
fire-induced structural damage should be low. Matkerstructural
damage that may occur as a result of the fire is likely to delay

reoccupancy.

Life Safety: Structural elements and components may be significantly
damaged as long as large falling debris hazards either, within or outside the

building, do not result. The overall risk of life-threateningiipjas a result
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of structural damage shall be low. The amount of fire-induced structural

damage shall not be such that repair of the structure is not possible;

however, significant delays in reoccupancy, or a decision not to repair the

damage may result.

Collapse Prevention:Significant degradation in the stiffness and strength

of the lateraforce-resisting system, large permaneatetal déormation

of the structure, and, to a molimited extent, degradation in vertical,

load-carrying capacity shall be eqied.

However, all significant

components of the gravity load-resisting system must continue to carry

their gravity load demands. Significant risk of injury due tbnfahazards

from structural debris may exist.

practical to repair.

The structure may notels@nically

Hazard Levels

Immediate
Occupancy

Delayed
Occupancy

Life Safety

Collapse
Prevention

Frequent

Occasional

Rare

Very Rare

All use groups
exceptE, H, &1

Educational and
Institutional

Hazardous

All use groups
exceptE, H, &1

Educational and
Institutional

Hazardous

All use groups
exceptE, H, &1

Educational and
Institutional

All use groups
exceptE, H, &1

Table 7 Structural Performance Levels
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Modeling Fire Scenarios

CFAST 3.1
All modeling of fire scenarios in this case study was performed using CFAST 3.1.

CFAST is a zone-type fire model which can model fire and smoke spread between up to
30 compartments on multiple levels. The physical and numerical theory behind zone
models was discussed previously (see page 21). CFAST is a widely zone model. 1t is
important with CFAST and all other computer models that the user appreciates the

boundary conditions to ensure proper aggilon and conclusions.

Modeling Sprinkler Activation and Suppression
The experimental studies supporting the numericalaatarization of sprinkler activation

and suppression algorithms was discussed previously (see page 32). The sprinkler
suppression algorithm in CFAST was derived by Evans from the work of Madrzykowski
and Vettor>* A fundamental assumption underlying the model is that the fitebev
extinguished. In other words, the fire size is within the design Edess of the
suppression system. The sprinkler system is assumed to be operational. Finally, the fire

must not be shielded in any way.

The properties of the sprinkler must first letrmined, aliough defaults exist within the
model. Values such as the response time index (Ri€l)yation temperature, spray
density, and the distance from theling of the sprinkler must banput. Once the model
has determined that the sprinkler has activated, dippression begins. Thedt release

rate of the fire is determined by the following equation:
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: — ¢ _ (t _ tact) E
Q - Qtact eXWE

Equation 5
where:

Q, = Heatreleasaateat timet (kW)

Qtacl = Heatreleaserateuponsprinkleractivation (kW)
t=time (s)

t,.. = timeat sprinkleractivation(s)

W' =spraydensity(mm/s)

Equation 5 describes exponentiagcdy of the fire basedpon an initial condition (the
size of the fire at sprinkler activati) and the independent variables (sprinkler spray
density and time). CFAST implements this algorithm when determining the heat release

rate of the fire after the sprinkler has been determined to activate.

An alternative to allowing CFAST to calculate the heat release rate of the fireupmsed

the sprinkler algorithm is to input it manually. This must be done using experimental data
and is particularly useful for regating fire event where the assumptions of the Evans
algorithm are violated. Shielded fires are a good egfpdinfor manual lkeat release rate
entry. The sprinkler algorithm would predict fire suppression, which would not be the

case for a shielded fire, as thesl release rateiore would simply be damped.
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Smoke Detector Activation

Determining the pproprate smoke detector activation criteria is ampamant step in
modeling the suppression of the fire as well as the evacuation time of the occupants.
Current standards such as NFPAR &ipulate the spacing of smoke detectors baped

the tests by nationally-recognized testing laboratories such as Underwriters Laboratories
(UL 268). An alternative, performance design method found in NFPA 72, Appendix B,
is limited to flaming fires and does not consider ceilings higher &%am (30ft). This
method was developed from an experimental study aiadun the latel970's for the

Fire Detection Institute (FDIj, with the limtations related to the scope of the
experiments condiied. However, this design method introduces some important
concepts; including design of a detection system to actfeata critical fire size (heat
release rate) representing an acceptable threatflavdie prdected space. This is a
departure from the earlier concept @telction “as quickly as possible” which often led

to over-sensitivity.

Temperature Correlations

The most commonly accepted engineeriqgpraach to predicting smokeetkctor
activation is the temperaturercelation. Specificallyactivationfor a 13 C temperature

rise at the detector location is cited in the SFPBEdHaok of Fire Priection Engineering

and in the FSE guides published in the UK, Australia, and New Zealand. The approach

was originally proposed by Heskestad and Delichatsios in°¥g7 however, the 13 C

94



Performance-Based Codes: Economics, Documentation, and Design

value was a compromise from a set of experimental results for diffee¢ettdrs and
fuels for which the results varied over a wide range. A thorough discussion of this is

found in a paper by Schiifti and Pucci.

In Heskestad's discussion of the use of temperature correlations for preddtiiragion

of smoke detectors, he observes that heat releasedbloynang fuel resulting in an
observed temperature rise is similar to smoke (soot) released by the fuel and carried in the
buoyant plume. However, whileeht losses occuhtough leat transfer towsroundings,

smoke losses are minimal, so the temperature correlation used as atsdiorogmoke

detector activationt®uld be done for adiabatic conditions.

Since the original experiments used detectors employing oldendlegy sensors and
significant improvements have occurred cent times, it is reasonable that lower
temperature correlation values might be appeatpfor more modern etectors. Recent
literature has suggested that temperature correlations of 4 C or 5 C provide good
agreement with experiments in which curremtettors were installed on ilbegs of

normal 2.4m (8 ft) heights.

Figure 2 compares several activation temperatures to the experimental dataC A 4
correlation (adiabatic) aiches the experimental data closely. Thisuppsrted in

residential fire tests by
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Figure 2: Comparison of Experimental and Predicted Activation Times Using Different Temperature

Correlations

Collier®® who found that when using CFAST, 4°C provided the bestcim to
experimentally observed smoke detector activation times. Additionally, Davis and
Notarianni recommended a temperature rise at the detector offds°@nization

detectors alarming &5% m" in high bay spaces using fire models other than CFAST.
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While limitations of any temperaturemelation preclude the likelihood of consistently
predicting activation times as closely matched to the experimental data as that shown in
Figure 2, there is substantial evidence for the ap@tgprse of a value well below the
traditional 13°C criteria. Indeed, Beyler points out that in the original Heskestad and
Delichatsios experiments, the optical density at a given detector can vary byrtteese

of magnitude for different fuels and fire growth conditiéhs.

Disadvantages of Temperature Correlations

As previously mentioned, the test d&tam which the13°C value was derived showed a
wide variation in values for specifietector types anfbr different fuels -- values range

from 2°C to over 20°C. The fundamental conclusions of the Heskestad and Delichatsios
report were supported by the further analysis of Evans and Siroogt several
distinctions exist between the assumptions used in the two analyses and the application of
temperature correlations in a performance-based environment. There are four basic

assumptions inherent in the 13°C activatiomrelation:

« the Lewis number=%. In other words, the ratio of species mass concentration to
temperature is constant in space and time.
e species are carried passively by turbulent estive motion wihout significant

effects of gravity, molecular maitn, or particle-fluid inertial eécts.

" Lewis number = lgcoD, where k = conductivityp = density of air, g= specific heat capacity of ambient
air, D = effective binary diffusion coefficient.
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« insignificant heat transfer occurs by radiation between elements of the fluid.

» heat transfer between the fluid arah@ining material sirfaces is negligible.

An additional assumption implicit in the previous is that there is no HVAC interaction
with the room. HVAC may significantly increase or decreaseattiazation time of a
detecor. CFAST is essentially consistent with these basic assumptions. First, the CFAST
default assumes that 30% of the fire energy idtethiby radiatiorfrom a point source,

while the remaining 70% is coagtion energy carried by the plume to thdirogjet and

upper layer. There are no additional radiative losses from either the plume oilitige ce
jet. Second, by turning off the itbeg and wall naterials (an option in CFAST), there is

no subsequent heat transfer to thdinge(the onfining material). Additionally, there is

no particulate deposition twounding suidces, therfere, the ratio of mass concentration

to temperature is constant within model space and time.

In reality, however, these assumptions may be suspect. The first is the assumption that
the ratio of mass concentration to temperature is constant. Mass concentration is affected
by several physical phenomena. As air is entrained into the plume from the lower layer,
the mass concentration is decreased. Along the ceiling jet, air is entiramethe upper

layer, assuming that an upper layer has formed and that thea#dréight is below the
bottom of the ceiling jet. This may or may not dilute the species mass concentration in
the ceiling jet as iprogresses towards thetdctor element depending on the species

concentration of the upper layer. Additionally, species may be deposited oriitigeore
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other bounding suaices enauntered en route to the detact Particuhte deposition on

ceiling surfaces becomes increasinglypiantant as detector spacing increases.

Finally, as particulates age, they coagulate, thereby decreasing the number of particles
while increasing the average particulate size. This has a significant effect on the
activation of both ionization and light-scattering detectors. Toergplumes and dig

jets with low velocity profiles allow particates to age and coagulate as well as detectors
located such that the particulate must travel significant distances, fedhethe fire to

the ceiling (high ceiling heights) drom the plume impingement point to thetector

(large detector spacing). Temperature at a given point between theuice and the
detector is dunction of several variables. The most important is the entrainment of air
into the plume and ceiling jet. This may have a significargcefbn the ratio of species
concentration to temperature. The fire plume may entrain cool, clean air, or may entrain
cool, smoke air that accumulates in the compartment. Tiliegdet may entrain hot or

cool gases as well as smoky or parttetfree gases depending on the height of the layer
interface, the depth of theileg jet, and the age of the fire. A sewlary consideration

is the radiation of the plume and ceiling jet fluid and pami®uto the envonment. The
greater travel time and the greater the temperature gradient between thertrgases

and the surrounding environment, the more significant theceffecomes. In summary,

the assumptions inherent in the derivation of the original 13°C smoke detector activation
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correlation must be appreted, particularly for high deng or large area sxes,

unconventional geometry, or other apptions.

Finally, manufacturers of smoke detectors are reluctant to accept the notion that a smoke
detector is nothing more than a sensitive heat dmteclonization, photoektric light
scattering angbrojected beam detectors akeown to exhibit significant differences in
response to different fuels and to smoke that has been “aged” as it travels from the

source. Temperature correlations do not capture any of these known differences.

In summary, the predied detection time contains a degree of uncertainty kioaild be

accounted for in the fire safety analysis. The quaatibn of the uncertainty level is
subject to literature review and/or negotiation between the design team andhibrétyaut
having jurisdiction. While the literature irdites that 4C most accurately identifies the
temperature at activam, the designeam chose & as the activation temperature for

the inherent conservatism.

Results of Fire Scenario Computer Mode  ling

Multi-Tenant Cubicle Fire
The multi-tenant cubicle fire scenario was chosen to provide a rare and relatively severe

fire insult. Four tenants per floor represents a reasonable level of compatiomen
One of the greatest determinants of telitghin a compartment is the volume of the
space. A compartment with a high volume takes longer to become untenable than a
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compartment with a small volume, when all other factors are held constant. Thus,
dividing a floor into four tenant siges represents a more severe fire scenario than the

same fire in a one-tenant layout, assuming the tenant has not sub-dividegcthe sp

The modeling of the cubicle fire represents one use of heat releasenpate i
methodology. The cubicle fireata was derivedrom experimental literature and input

into CFAST. Appendix C shows the modeling results of the cubicle fire in the four tenant
layout. The two spces of interesturing a fire scenario include the compartment of fire
origin and the hallway space outside the compartment of originoffie located nearer

the stairwells was chosen as a fire on the opposite side posesdassdhhe occupants.

The upper layer temperature in the room of origin stayed relatively cool, due in part to the
effect of the sprinkler system. The layer heighpraached one eter, but only after all
occupants were safely out of the office of origin and were either waiting near the stairwell
lobby area (an area of refuge, and hence safety) or waiting in or near the elevator lobby
(also an area of refuge). The upper layer temperature in the hallway was much less than
100°C, while the layer height remained above twetensfor the duration of the
evacuation. Thus, the four occupant cubicle fire scenario is deemed safe in terms of life
safety, and the fire, with reasonable pralitgbwill not spread bgond the fuel package

of origin as the heat release rate is quickly attenuated by the activation of the sprinkler

system, thus satisfying the requirements of the performance matrix.
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One Tenant Cubicle Fire

The one tenant cubicle fire is exceedingly safe, owing mostly torbemeus volume
involved. Appendix C shows the results of the computer modeling. Notice that the upper
layer temperature never exceeds “IDbefore the entire phased evacuation is complete

and the layer height never drops below twetens.

Multi-Tenant Shielded Fire
The development of the shielded fire was discussed previously. The shielded fire

represents the direchput of heat release rate including activation of the sprinklers.
CFAST cannot predict shielded fire suppressienduse the algorithm assumes that the

fire will be put out, while a shielded fire, by defiomi, cannot be suppressed by overhead
sprinklers. The fire is simply controlled and fire spread stopped. Thus, the shielded fire
represents a more severe long-term threat to the occupancy due to the higher total mass

loss, heat release, aptbduct generation.
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Mercantile Low-Rack Storage Fire
The mercantile low-rack storage fire is intended to expose the mercantile occupancy to a

severe fire insult under realistic loading conditions. *te@d Kung, et af® performed
experiments at Factory Mutual using a four-tier rack storage system. The commodity
contained within the rack storage of the latter tests was polystyrene cups packaged in
compartmented cartons and sitting upon a standard wooden pallet. While the goal of the
experiments was to determine the effect of water density, velocity pancedocation on

the suppression of the commodity, ilwe assumed that the sprinkler system has been
adequately designed toimoress the fire. Brass discs siatad the activation of quick
response fusible links. With regard to the modeling methodology, the storage fire was
simulated with a fast-growing firen(= 0.0469) until the dat release rate was equal to
1.675 MW. This number corresponds to the toedtirelease rate of the fire at the time

of sprinkler activatin, assuming that the casative fraction wag0%?2® The fire is then

suppressedccording to the calculations of Madrzykowski aretteri*®

Atrium Fire
The atrium fire scenario represents an alternative approach to fire modeling: generic heat

release rate, using the classic heat release rate shape of grovetyndstesburn, and
decline phases of fire development. The fire represents agreement between the design
team, the owner, and tiWgHJ as aproprately severe. The fire chostar the atrium was
a 5.275 MW, fast-growingo(= 0.0469) fire. This fire is specified by &ion909.9 of the

IBC 2000 Draft, per atrium regulations covered legt®n404. It is important to note
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that the prescriptive code mandates both automatic sprinklers and a smoke control system

in an atrium space.

The original prescriptive design was determined to inadequatielsess the fire safety

goals of the atrium space. As occupants evacuating the building are assumed to use the
atrium on the way from either the elevators or the stairwells to the outside, the atrium
must be kept tenable throughout the entire fire scenario. The figures showing the baseline
hazard analysis in Appendix C clearly demonstrate thaupiper level atrium sgxe is
untenable during considerable portions of the fire event due toatitetHat the layer
height drops below 1 eter. Through further modeling, the sprinkler system was
upgraded from commercial sprinklers to quick response (QR) sprinklers, adtighte at

lower ceiling temperatures. The edt of different sprinkler types is shown graphically in
Appendix C. The combination of QR sprinklers and a smoke management system
maintained tenable conditions throughout the entire fire event and thus, met the life

safety goals.

Evacnet4 Model Results
There are five basic scenarios: phased (meaning only three flooraciation of the

initial alarm signal) evacuation of the four tenant and one tenant layouts, with both

stairwell only and elevator and stairwell evacuation, and the mercantile scenario.
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Scenario Floor Clearing
Time
One Tenant, Stairs Only 495

One Tenant with 130
Elevators

Four Tenant, Stairs 370

Only

Four Tenant with 110
Elevators

Mercantile N/A

Table 8: Results of Evacuation Modeling

Office Layout | Cubical Fire | Shielded Fire Copier Fire

One Tenant 85 70 25

Four Tenants 33 27 10

Table 9: Times to Smoke Detector Activation
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Using the guidance provided by Nelson an@cdiennan (Equation 2) we can now

estimate total evacuation time. The inefficiency factor used in developing Table 10 was
50%. The inefficiency in the case study evacuation is relatively low for several reasons:
voice enunciation, which reduces occupant confusion, occupaniiafdy with
evacuation routes and procedures, thet that most occupantbaild be awake and
alert, the ability of the occupants (most occupants will not be elderly or at)ildned the

fact that only three dlors are evacuating.

Fire Scenario TenantLayout Evacuation Scheme Evacuation Time (s)

Cubicle One Stairs Only 828

Stairs and Elevators 280

Four Stairs Only 588

Stairs and Elevators 228

Copier One Stairs Only 768

Stairs and Elevators 220

Four Stairs Only 565

Stairs and Elevators 175

Shielded Fire One Stairs Only 813

Stairs and Elevators 265

Four Stairs Only 582

Stairs and Elevators 192
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Table 10: Total Evacuation Times for Office Fire Scenarios

* Evans, David D. “Sprinkler Fire Suppression Algorithm for HAZARD.” US Department of Commerce,
NISTIR 5254, Aigust1993.
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107



First Order Cost Estimation

Three performance-based desigratiires require preliminary cost esttes. The most
significant cost savings is the stairwell evacuation program. cRihg the two stairwells out

of the office area and into the building core results eatgr leasableffice space on each

floor. The second cost savings is the combination of the domestic and spriatderigers.

Finally, a cost analysis of the cybernetic building systems will be explored. Due to time
constraints, the scope and accuracy of the cost estimation is severely limited. Significant
issues such as time costs of up-front money, savings from potential fire losses, and other
economic issues will not bpursued due to their complexity. The important and easily

guantifiable costs will be estaed.

The first cost savings realized by the owner is related to the elevator egress system. The
benefits of the elevator egress include lower egress time for the occupants anitityh® ab
relocate the stairwells into the building corehofSer egress time allows for building fire
safety performance to be relaxed, as sutinat endanger any of the occupants. This can
result in direct design and installation savings to the owner linihimg factors regarding fire
performance relaxation are the fire department, propertegin, and performance-based

code guidelines. The fire must be contained to the degree that ensures fire fighter safety.
The owner may stipulate a levelmfoperty proection which raises the standatbse that
intended by the performance requirements. Finally, the design may never perform to a
degree less than that stipulated by the code. The total cost savings realized by fire
performance relaxation depends upon the specific fire safety components which are adjusted
and the degree to which the designer, owner, and authority having jurisdiction agree to relax

the performance. The second component of cost savings is tbati@toof the stairwells
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into the core. The quantifiable cost associated with this is the additional leasablkgpéce

now available to the tenants. The national average for class A office rent in the central
business district where the building is going to be built is $23.99 per square foot per year,
although this figure can be as high as $37 per square foot per year in WashingtSnTHzC.
increase in floor spce per thor of the case study building is approaiely 800 squaredet.

There are 38 stories containing officeasps. Thus, the stairwell relocation may generate up

to US$729,000.00 additional revenue per year to the building owner.

The second component of cost adjustments due to the performance-based design is the
elimination of the domestic ater sipply risers. There are four basic components of cost
savings associated with the domestip@y: materials, l&or, design, and maintenance. The
greatest coponent of savings is either thatarial or ldbor assoa@ted with installation of the
domestic water riser pipe and pumps. Additionally, the plumbing designer may design only
one set of risers, sized to either the fire protection or domesfiplys requirements,
whichever is greater. Finally, bylirainating the domestic risers, they require no
maintenance. Each of these cost savings combine to save the owner a significant initial cost

and minor long-term savings.

Finally, the additional costs and long-term savings of the cybernetic building systems should
be analyzed. There are substantial initial costs, both in the design and installation of the
building systems. The owner must weigh these additional costs against the long-term benefits
of increased system reliability, occupant safety, and reduced maintenance aaiansp
uncertainty. The cybernetic building systems require the most thorough economic analysis to

justify their inclusion in the building fire safety plan. The assured fire safety system may
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eliminate up t®0% of the conventional repair and maintenance costs asswbevith the fire

and life safety systems in large buildings. The current cost repair and maintenance of fire and
life safety systems is $0.07. This results in an appmba@ncost savings of up to
US$75,000.00 per yedt. Additionally, the increased safety and reliability the systems

provide should help justify inclusion.

Clearly, more work must be done to fully quantify the costaioaf the pdormance-based
building design. Long-term cost impact, however, certainly appears to be positive when

accounting for the increase in building revenue and fire safety.

% 1996 BOMA Experience Exchange Report. Building Owners and Managers International, Baltimore, MD,
1996.
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Conclusions

The progct has effectively demonstrated an application ofl@@ performance-based code
using a 40 story, mixed-use, office building. In addition to exploring the social economic
impacts of pgormance-based codes, the pidjdetailed the necessary steps to document a
performance-based design. Thorough docuatem of the building design is critical to
assuring that the performance-based desigectibgs are satisfactorily filled. This
includes all assumptions, models, tiations of calculations, design fire details, statement of

goals, and a clear demonstration of accomplishment of said goals.

The third goal of the case study was to perform an example performance-based design. Using
a real 40 story building designed with the Uniform Building Code, the desmm, in
cooperation with a jaicticing auhority-having-jurisdiction, documented three significant
design changes to the prescriptive code. The first alteration was the elimination of the
domestic risers and their combination with the sprinkler risers. While increasing the
reliability of the sprinklers system, the combination also saves significant money to the
building owner during the design and construction phases. The second desgmwaspto
relocate the stairwells into the building core. The result wa08nsf increase per floor in
leasable floor spce. Using elevators to evacuate the occupants significantly reduced
evacuation times and increased the safety of the building occupants. Finally, new alarm and
sensor technologies were implemented throughout the building. The sensors and alarms
increase fire protection system rellayp, provide geater mformation to the emergency

responséeams, and increase the level of safety of the building occupants.
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Finally, the economic impact of the nfi@mance-based design alternatives was explored.
Clearly, the greatest impact resultéebm the stairwell reloation, which resulted in
approxinately 2% increase perofr of leasable office sgge. The potential eaomic impact

of this relocation alone could exceed$780,000.00 per year. Additional secondarydotp

could also include lower insurance premiums due to the increased safety levels in the
building. Up-front design and construction costs are realized by the combination of the
domestic and sprinkler risers. Additionally, the sprinkler flow is monitored by the domestic
supply, resulting in an additional margin of safety. Finally, neatection and alarm
technologies are introduced to the building. When combined with existing environmental
regulation systems, the additional costs are marginal, while the benefits to the owner,

occupants, and fire service are substantial.

This progct hasproved the feasility of performance-based design in the Unitet8s.
Clearly the paradox of increased safety at reduced cost can be realized theatgre cr
building design, if implemented in a methodical, systematic form which ensures a minimum

level of public safety.
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Appendix A: Elevator Theory

Calculating Eg ress Time Us ing El evator Evacuation

The following section wll present theoundation for an elevator egress calculation model.
The calculations must clearly demonstrate that using elevators as an egress tool
significantly decreases the time to evacuate the occupants gbrdpesed building
design. Several obstacles to using elevators as parmant of the egress system exist.
The first obstacle is the decades Ignplic awareness campaign against using elevators
in the event of a fire. Presently, the Uniform Building Code sifpslthat an emergency
sign shall be posted adjacent to each call station which indicates that the eleiatots w
operate in the event of an emergency and that the stairways are tizdeé for egress’

The May 1997 Working Draft of the International Building Code, however, does not
require signage in designs utilizing elevators as apoment of the egress syst@?n.‘l’ he
second oltsicle is the reliabty of the elevators in the event of an emergency. The risk

of total elevator disabling is low and will bedressed in subsequent analysis.

The model used in this analysis is ELVATThe evacuation time calculated herein is the
“fire drill” evacuation time. A “fire drill” evacuation time is the time taken by people to
evacuate a building that is not in an emergency simatin other words, a “fire dIf
evacuation time does not account for the human behavior assbavith emergency
situations, such as delays due to decision making, investigation of the fire, attempted
extinguishment, gathering of personal belongings, notifying of other occupants, or

unfamiliarity with the emergency exiprocedure (way finding). Error! Reference



Performance-Based Codes: Economics, Documentation, and Design

source not faind., from Nelson and cLennan, suggests that the actual evacuation time
is the modeled evacuation time plus delays in initiating evacuation and any associated

inefficiencies during the evacuatioh.

—
+
=
N
3
—+

1:e:ta-i-to-i- r,j

[}

Equation 6

where: t is the total evacuation time
tais the elevator evacuation start up time
to is the travel time from the elevator lobby to the outside or area of refuge
n is the trip inefficiency
J is the number of elevators
| is the specific trip number
m is the number of round trips

tr; is the time for round trip |
Start Up Time

The start up time for elevator evacuation can be defined simply as the time from

activation to the beginning of tlieund trips.

to =t + (1, +t )L+ 1)

Equation 7
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where f is the length of time the elevator takes to travel from the farthest floor to the
discharge floor
tuis the time for the passengers to leave the elevator
tq is the time for the doors to open and close once

U is the total transfer inefficiency

Total transfer inefficiency is the sum of basic transfer inefficiency, door inefficiency, and
people inefficiency. Error! Reference source not faind. describes the total transfer

inefficiency.

H=a+ety
Equation 8
where a is the basic transfer inefficiency
€ is the door inefficiency
y is the people inefficiency

The basic transfer inefficiency is generally assumed to beFfpr§ockmark not defined.

Factors that can affect the value of the basic transfer inefficiency include elevator car
arrangement and car shape. Table 11 lists apptepraluedor different elevator door
inefficiencies,e. People inefficiency accounts for nigip limi tations which affect the
speed with which people move into or out of the elevator. ilKjobmi tations such as

those often encountered in hospitals wouldyse0.05.

116



Performance-Based Codes: Economics, Documentation, and Design

Time from Elevator to Outside or Refuge Calculation

to is the time for elevator dischargees to travel from the elevator to the outside or an
equivalent point of refuge. This time can be estimdtech standard evacuation models
such as EVACNET# or EGRSTIME’® The layout of the elevators in the lobby or
discharge floor is critical to ensuring efficient egress. If dischargees interfere with one

another, the total egress time will be increased.

Time for Elevator Round Trip

The time for an elevator round trip, starts at the discharge floor. The total round trip
time is simply the sum of the time for the following sequence: doors close, elevator travels
from the discharge floor to the pickup floor, doors open, passengers enter the elevator,
doors close, elevator travels from pickup floor to discharge floor, doors open, and
evacuees egress elevatdrror! Reference source not faind. mathematically describe

the round trip time:

t =2t + (G +t, + 2t )1+ )
Equation 9

where: t is the travel time from the discharge floor to the pickup floor
ti is the time for people to enter the elevator
tyis the time for people to leave the elevator

tq is the time for the doors to open and close
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Each of these timesiWbe developed subsequently. Refer to Table 1leternine d.

The time required for people to enter the elevators dependent upon the number of
people waiting to board the elevator. Therelisé to the number of people the elevator

will hold and the number of people that will willingly board an elevatif the elevator
density exceeds the individuals threshold, the persibeither waitfor the next elevator

or use the stairs. Strakosch observed that people will board an elevator until the density is
one person for every 0.22°nof elevator spadé ASTM A17.1 allows a maximum
loading of 0.17 ' Since the ASTM density is rarely observed in reality, the more
conservative Strakosch values are used for analysis. The time that the elevator doors
remain open is a function of the number of people entering the elevator. Two or less
people entering the elevator result in the minimum open door time, or the dwellkime, t
Any additional people entering the elevator will cause dbers to remain open while

they enter the car. shows the time for people to enter the elevator:

t_ﬂdw , forN <25
. Bdw-i-tio(N - Ndw)! for N > ZE

Equation 10
where: § is the average time it takes one person to enter the elevator
N is the number of people entering the elevator

Naw IS the number of people entering the elevator during the dwell time, or

Naw is (taw/tio) rounded down to the nearest integer

1 ASTM A17 is expressly referenced in the 1996 BOCA National Building Code, Chapter 30.
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The calculation of the time it takes for the elevator to empty upon arrival at the discharge

floor, t, is equivalent tdrror! Reference source not faind..

Elevator Travel Time

The second major component of thetetrmination ofound trip time for an elevator is the
travel time, +. There are three possible velocity curves for an elevator car. The first
curve is an elevator car thatcelerates, reaches terminal velocity and decelerates as it
reaches the destinati. Secondly, an elevator car m&ach the transitional acceleration
area but fail to achieve constant velocity befoeeederating. Finallyfor elevators cars
traversing short distances, there is the pdsgilthat the car will accelerate and

decelerate Here reaching transitional acceleration.

Trips Reaching Normal Operating Velocity

The time to complete constant acceleration is givereEbgr! Reference source not
found., while the corresponding distance traveled is giverelgr! Reference source

not found.:

Equation 11

Equation 12
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where: { is the time to complete constant acceleration
v1 is velocity
a is acceleration

S is the distance traveled during constacteleration

The time to reach the end of transitional acceleration is givekrhyr! Reference

source not faind., while the corresponding distance traveled is givenby S

V

2 2
m _Vl

t, =
> a

+t;

Equation 13

1v: L0
=_ =MV D+Sl
3aﬁ iy

Equation 14

where: \his the normal operating velocity

Thus, the total one way travel time can be computed Emor! Reference source not

found.:
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tT :2t2 +ﬂ

m

+t,

Equation 15

where: S is the total travel distance

this the leveling time

Trips Reaching Transitional Acceleration

The elevator may not travel far enough &achnormal operating velocity. For this

instance, the total trip time is calculatiedm Error! Reference source not faind.:

tr =26, +t,

Equation 16

Trips Not Reaching Transitional Acceleration
If the trip does not go beyond constaeteleratn, the total trip time is computed from

the following:

ty :Zw/i +1,
a

Equation 17
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Time to Open Door Transfer
Door Type Width (mm) | and Close Inefficiency
td (s)
Single Slide 900 6.6 0.10
1100 7.0 0.07
Two-Speed 900 5.9 0.10
1100 6.6 0.07
1200 7.7 0.02
1400 8.8 0.02
1600 9.9 0.02
Center-Opening 900 4.1 0.08
1100 4.6 0.05
1200 5.3 0
1400 6.0 0
1600 6.5 0
Two-Speed, 1600 6 0
Center-Opening

Table 11: Elevator Door Data
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Appendix B: Stairwell Evacuation

Factors Affecting Total Egress Time

Jake Pauls introduces the principle components of people movemetionS3/Chapter

13 of the & Edition of the SFPE Handbodk. Density, speed, and flow are the
fundamental charcteristics of crowd movement. Density is the number of people per
unit area. Speed is the distance traveled per unit time by an occupant. Flow is the
number of occupants which pass some reference point per unit of time. Finally, a limiting
factor influencing the flow is the minimum width which a flow must pass through,

measured in unit of length. The fundamental traffic equation is given as:

flow =speedk densityx width

Equation 18

It is important to note the interactions between the variables. For examyptndba

critical point, as density increases, speed decreases. The motion of walking becomes
more constrained until the density reaches the point where people cahuifify along.
Additionally, as the width of the smallest restriction decreases, the subsequent flow
through that restriction decreases. Fewer peojileflow through a 56 cm (22 inch)
doorway than wil flow through a 91 cm (36 inch) doorway. Table 3 shows crowd

movement parametefsr a typical corridor.
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Crowd Condition | Density Speed Flow
(people/rﬁ) (m/s) people/ms
Minimum <0.0046 1.27 <0.66
Moderate 0.0092 1.01 1.10
Optimum 0.0184 0.61 1.32
Crush 0.0276 <0.30 <0.99

Table 12: Crowd Movement Characteristics for a Typical Corridor

There are egress time delays associated with evacuationanitiddiotification is the first
variable in the process of evacuating a building. People will not move unless they are
aware that there is an emergency. The recognition of a fire event and decision to act
upon ambiguous information is ofteetarded by the presence of othérs.Latane and

Darley performed experiments which showed a significactivity delay when test
subjects had other people in tlheom versus test sudgts alone in aoom upon
introduction of smoke into the test rodfn.Alarm technology, particularly where voice
enunciation exists, has been shown to reduce occupant response initiation. The voice
enunciation system, however, must be audible to all occupants, lest misunderstanding of
instructions occuf’ Occupants often investigate theusce of a fire, either to attempt
suppression or to verifgctual emergencyonditions. However, occupancy type has an
effectupon the pre-firactivities. Occupants of asffice building exhibit lower initiation

times than people leaving their residences. The reasons for this are many: people
evacuating homes and apartments often gather personal belongings, get dressed, gather

children or other family members, whereas there are relatively few obligations to be
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tended to in a work pte. Finally, the simple act of making a decision camatcfor
additional evacuation delay. Proulx reports that for an apartment building where 100% of
the residents hear the alarm signal, 59% of the residents have left their apartments within
the first two minuted’ Two minutes represents a reasonable extrapolation to office
buildings for two reasons: first, the numbeill Wwe conservative, as occupantsaffices

act ®oner than occupants of apartments, for the reasons mentioned previously. Second,
it is not necessary for 100% of the occupants to begin evacuation in order to use a delay
time. The residents who begin in the third or fourth minute, for examplesimply be

added to the end of the queue, as if they had begun evacuation at two minutes, provided

that there is sufficient queuing.

Once in motion, occupants musitl stetermine the most efficient evacuatimute. This
is often referred to as “way-finding.” Inefficiencies existhuse occupants oftehanse
to leave by the same means they entered the buffllinghis may result in exit
imbalance, where some exits are overtaxed and some exits are lipgigrutime delays
also exist at merge points, where flows must stop and réstaeveral factors can
mitigate initiation and activity delays. Occupant education is clearly a criticalr fabt
high-rise office evacuation studies contkd by FPoulx at the National Research Council
Canada, she noted that some occupants chose the familiey talked with friends, and
were confused about the outsideeating point, while other, mor@formed occupants,
chose the nearest exit and started evacuating imateddi directing others along the
80

way.” The total inefficiency associated with less than optimal evacuation must be

guantified to account for all of the abowectors. MacLennafound thatactual egress
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times were in the range of twice the modeled egress time when an efficient system was

present?

Computer Modeling of People Mo vement

Computer modeling of egress times is an inexact science. While computers can predict
how people may move under ideal conditions, there are several assumptions which must
be identified in order to have confidence in the results. A major assumption of any
computer model is that people will behave rationally. A computanatgpredict whether
people will stay to finish what they areovking on, cokct personal belongings,
investigate the fire, or warn other people. Nelson and MacLennan, in recognition of the
tendency of egress models to underestiregress timgyroposed the following equation

to adjust for inefficiencie&®

Tae = Tmee + Td
Equation 19

T,. Isactuakvacuatiortime

T, IS modeledevacuatioriime

eis theapparengvacuatiomefficiency
T, is thedelayin initiating evacuation

where:

Thus, computer modeling represents a significant fraction of the evacuation time,

although, not a compte assessment. While several computer models exist to evaluate
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egress tim&-%%3one model (EVACNET+) will be analyzed and held as a reptates

example®*

EVACNET+ is a node-arc network model whicktdrmines the “firedrill” evacuation

time. “Fire-drill” evacuation time is the minimum evacuation time which the occupants
may egress a building. Each space in the buildingugh which the occupants may pass
must be entered as a node. The input for a node includes the number of people which
start the simulation within that particular node and the capacity (or maximum number of
people which may be contained within the node). The input for an arc requires a
beginning node and an ending node, a dynamic capacity (DC), and the traversal time

(TT).

DC =WRx AFV x SPTPx 0.0014
Equation 20
where: DC is the dynamic capacity of the arc (petjphe period)
WR is the minimum width encountered along the arc path (in)

AFV is the average flow volume (people/ft-min)

SPTP is the number of seconds per time period (S)

TT = DIST N 60
AS SPTP
Equation 21

where: TT is the traversal time (Ss)
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DIST is the distance between the beginning of end of the arc (ft)

AS is the average speed (ft/min)

There are several assumptions andéitions of EVACNET+.

8. The program is a linear modeling system. Arc capacities and arc traversal times do
not change over time and do not depend on the arc flows.

9. Smoke and fire have no effagbon the evacuation time.

10.The program does not consider behaviorakatpof occupants. Behavioral aspects
include evacuation initiation delays, impaired evacuation of handicapped population,
and fatigue associated with long travel distances.

11.The program views all occupants, not an individual occupant.

12.Initial location of all individuals must be assumed.

13.Traversal times are rounded off to the nearest whole number. Theatedcabress
time, therefore, is very sensitive to the chosen time step (seconds per time period).

14.The total evacuation time will be the lowssund of egress timés.

Thus, accounting for thdémitations and assumptions of EVACNET+, the modeled
evacuation time can be determined. Using Equation 2, a reasonable and conservative

total evacuation time can be derived which should ensure safe building design.

" Pauls, Jake. “Movement of People.”Tine SFPE ldndbook of Fire Protection Engineering

Edition. DiNenno, et al., Ed. National Fire Protection Association, Quincy, MA, 1995, pp. 3-263 — 3-285.
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APPENDIX C: CFAST OUTPUT GRAPHS

131



Jason D. Averill

Upper Layer Temperature for Office of Origin
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Figure 1: Upper Layer Temperature in Office of Origin for Cubicle Fire Scenario
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Upper Layer Temperature in Hallway Outside Room of Origin
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Figure 2: Upper Layer Temperature in Hallway for Cubicle Fire Scenario
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Layer Height for Office of Origin
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Figure 3: Layer Height in Office of Origin for Cubicle Fire Scenario
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Layer Height in Hallway Outside Room of Origin
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Figure 4: Layer Height in Hallway for Four Tenant Cubicle Fire Scenario
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Copier Fire Layer Height Room of Origin
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Figure 5: Layer Height for Room of Origin for Four Tenant Copier Fire Scenario
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Room of Origin Upper Layer Temperature from Copier Fire
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Figure 6: Upper Layer Temperature for Four Tenant Copier Fire Scenario
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Copier Fire Upper Layer Temperature in Hallway
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Figure 7: Upper Layer Temperature in Hallway for Four Tenant Copier Fire Scenatrio
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Copier Fire Layer Height in Hallway
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Figure 8: Layer Height in Hallway for Four Tenant Copier Fire Scenario
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Shielded Fire Upper Layer Temperature Room of Origin
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Figure 9: Upper Layer Temperature for Room of Origin for Four Tenant Shielded Fire Scenario
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Shielded Fire Layer Height Room of Origin
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Figure 10: Layer Height in Room of Origin for Four Tenant Shielded Fire Scenario
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Shielded Fire Upper Layer Temperature Hallway
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Figure 11: Upper Layer Temperature in Hallway for Four Tenant Shielded Fire Scenario
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Shielded Fire Layer Height in the Hallway
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Figure 12: Layer Height in Hallway for Four Tenant Shielded Fire Scenario
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Upper Layer Temperature for Shielded Fire in One Occupant Floor Plan
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Figure 13: Upper Layer Temperature for One Tenant Shielded Fire Scenario
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Shielded Fire Layer Height Room of Origin
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Figure 14: Layer Height for One Tenant Shielded Fire Scenario
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Cubicle Fire Upper Layer Temperature One Tenant
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Figure 15: Upper Layer Temperature for One Tenant Cubicle Fire Scenario

146



Performance-Based Codes: Economics, Documentation, and Design

Cubical Fire Layer Height One Tenant

Layer Height (m)
N

0 200 400 600 800 1000

Time (s)

Figure 16: Layer Height for One Tenant Cubical Fire Scenario
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Atrium Upper Layer Temperature for Compartment 1
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Figure 17: Upper Layer Temperature in Room of Origin for Atrium Fire with Commercial Sprinklers

and No Smoke Venting Scenario
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Atrium Upper Layer Temperature Compartment 2
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Figure 18: Upper Layer Temperature in Two Story Space for Atrium Fire with Commercial Sprinklers

and No Smoke Venting Scenario
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Atrium Fire Upper Layer Temperature Compartment 3
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Figure 19: Upper Layer Temperature in Upper Level Space for Atrium Fire with Commercial

Sprinklers and No Smoke Venting Scenario
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Atrium Fire Layer Height Compartment 1
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Figure 20: Layer Height in Room of Origin for Atrium Fire with Commercial Sprinklers and No Smoke

Venting Scenario
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Atrium Fire Layer Height Compartment 2
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Figure 21: Layer Height in Two Story Space for Atrium Fire with Commercial Sprinklers and No

Smoke Venting Scenario
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Atrium Fire Layer Height Compartment 3
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Figure 22: Layer Height in Upper Level Room for Atrium Fire with Commercial Sprinklers and No

Smoke Venting Scenario
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Atrium Fire Sizes
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Figure 23: Heat Release Rate Graph Showing the Impact of Different Sprinklers
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Atrium Fire Upper Layer Temperature Compartment 1
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Figure 24: Upper Layer Temperature in Room of Origin for Atrium Fire with QR Sprinklers and

Smoke Venting Scenario
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Atrium Fire Upper Layer Temperature Compartment 2
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Figure 25: Upper Layer Temperature in Two Story Space for Atrium Fire with QR Sprinklers and

Smoke Venting Scenario
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Atrium Fire Upper Layer Temperature Compartment 3
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Figure 26: Upper Layer Temperature in Remote Room for Atrium Fire with QR Sprinklers and Smoke

Venting Scenario
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Atrium Fire Layer Height Compartment 1
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Figure 27: Layer Height in Room of Origin for Atrium Fire with QR Sprinklers and Smoke Venting

Scenario
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Atrium Fire Layer Height Compartment 2
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Figure 28: Layer Height in Two Story Space for Atrium Fire with QR Sprinklers and Smoke Venting

Scenario
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Atrium Fire Layer Height Compartment 3
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Figure 29: Layer Height in Remote Room for Atrium Fire with QR Sprinklers and Smoke Venting

Scenario
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Upper Layer Temperature in Room of Origin for Mercantile Fire
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Figure 30: Upper Layer Temperature in Room of Origin for Mercantile Fire with Commercial

Sprinklers and No Smoke Venting Scenario
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Upper Layer Temperature in Remote Room for Mercantile Fire
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Figure 31: Upper Layer Temperature in Remote Room for Mercantile Fire with Commercial Sprinklers

and No Smoke Venting
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Layer Height in Room of Origin for Mercantile Fire
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Figure 32: Layer Height in Room of Origin for Mercantile Fire with Commercial Sprinklers and No

Smoke Venting Scenario
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Layer Height in Remote Room for Mercantile Fire
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Figure 33: Layer Height in Remote Room for Mercantile Fire with Commercial Sprinklers and No

Smoke Venting Scenario

164



Performance-Based Codes: Economics, Documentation, and Design

Upper Layer Temperature in Room of Origin for Mercantile Fire
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Figure 34: Upper Layer Temperature in Room of Origin for Mercantile Fire with QR Sprinklers and

Smoke Venting Scenario
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Upper Layer Temperature in Remote Room for Mercantile Fire
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Figure 35: Upper Layer Temperature for Remote Room for Mercantile Fire with QR Sprinklers and

Smoke Venting Scenario
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Layer Height in Room of Origin for Mercantile Fire
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Figure 36: Layer Height in Room in Origin for Mercantile Fire with QR Sprinklers and Smoke Venting

Scenario
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Layer Height in Remote Room for Mercantile Fire
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Figure 37: Layer Height in Remote Room for Mercantile Fire with QR Sprinklers and Smoke Venting

Scenario
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Figure 38: Elevation View
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Figure 42: Plan View of First Floor Using the Performance Design
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Figure 43: 2nd Floor Plan View
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