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Dogmatism has no place in science, and dogmatism about the unknown 
is especially reprehensible. We live by faith, faith in the order 
of nature, faith in ourselves, and faith in our fellow men. This 
faith is our most prevalent motivation, and it is a reliable guide 
for behavior just in so far as it is founded on knowledge. Where 
knowledge is lacking we may extrapolate with due regard for the 
uncertainties arising from the incompleteness of our knowledge. The 
mystics too often neglect this caution. The naturalists must not. 

Charles Judson Herrick 
Evolution of Human Nature, 1956 
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ABSTRACT
 

The Goal Oriented Systems Approach to Building Fire Safety developed 

by the U.S. General Services Administration is presently the only 

probabilistic methodology for fire protection evaluation in use in 

the United States. This paper describes and analyzes the GSA approach 

and formulates a more scientific procedure by synthesizing GSA con­

cepts with additional probability theory. Discussion of systems 

analysis and modeling concepts emphasizes the need for probabilistic 

considerations of fire safety. The revised model, identified by the 

hyphenated expression: Goal-Oriented, simplifies data requirements 

through parameter estimation techniques. The new approach is con­

sistant with the GSA model for several example cases. A demonstrated 

advantage of the new methodology is the facility fur sensitivity 

analysis of alternative fire protection strategies. 

Key Words:	 building, fire protection engineering, fire safety, 

probability, systems analysis. 
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CHAPTER I 

THE GOAL ORIENTED SYSTEMS APPROACH 

The state-of-the-art of building fire safety evaluation is nascent. 

In the seventy years since this country's first model building code 

was written there has been some evolution from detailed specifications 

to more flexible component performance criteria. This change has not 

improved the prevailing situation whereby most structures are either 

over protected or under protected with respect to safety from fire. It 

is only within the last few years that the General Services Administra­

tion has synthesized the agglomeration of component requirements into 

a systems approach to fire safety in buildings. This "Goal Oriented 

Systems Approach" [1]1 is presently employed in the design process by 

both federal and non-federal agencies and represents the first step 

toward a new technology for fire protection design and evaluation. 

1.1 ~pproaches to Fire Protection Design and Evaluation 

At present there is no universally accepted methodology for the 

evaluation, analysis or design of fire protection in structures. There 

are basically three approaches to the formulation of fire protection 

requirements: the historic or traditional approach, the deterministic 

approach, and the probabilistic approach. 

I The numbers in brackets refer to the list of references at the 
end of this paper. 
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1.1.1 The Traditional Approach 

The prevailing method of fire safety evaluation in the United States 

is by code compliance. Building codes are legal documents which set 

minimum requirements to protect public health, safety and welfare in 

structures. The traditional code approach is to categorize structures 

by occupancy, construction and sprinkler protection and then apply 

specific provisions within each category. 

Problems with Code Classifications 

A typical model building code [2] labels structures by one of ten 

occupancy classes and by one of seven construction classes. This 

approach to classification by present-day codes reflects a less techni­

cally complex society of a bygone era. Occupancy classification 

attempts to describe in one or two words the totality of the function 

of a structure. Modern buildings, however, often cannot be categorized 

by a single function. Chicago's original McCormick Place dramatically 

illustrates this point: Exhibition halls are generally classified by 

codes as places of assembly and as such are not considered to contain 

large amounts of combustible contents. The quantity of combustibles 

accumulated for the 1967 National Housewares Manufacturers Association 

Show was completely contradictory to this concept. As a result of this 

and other significant factors, the building was destroyed by fire 

January 16, 1967, an estimated forty million dollar loss [3]. 
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Consider the Broadway Plaza, a $75 million multi-purpose structure 

occupying a city block in Los Angeles. This project consists of four 

basic occupancies as described in Engineering News Record: 

"A 32-story office building containing 764,000 square feet. 

A 23-story, 500-room hotel topped by a circular revolving 

restaurant. 

A department store containing 25,000 square feet on three floors. 

A garage for 2000 cars" [4, p. 31]. 

The parking garage occupies six floors above the department store and 

one floor underground. The entire complex is interconnected by a two 

level mall, by the underground parking area, and by a sub-basement 

service level. The extent of the code variances required for this 

structure emphasizes the limitation of the traditional approach. 

Similar problems occur with respect to mixed construction. The result 

in this case, however, is that the codes force designers to use identi ­

fiable classes. 

Problems also exist with code recognition of active protection systems 

such as automatic sprinklers. As indicated by the American Iron and 

Steel Institute, the building codes do not, in general, encourage active 

protection due to reliability: 

"Because any mechanical system is subject to i;ailure or improper 

function, relaxation of minimum building code requirements must be 

carefully weighed and kept within reasonable bounds" [5, p.83]. 

\/'1 
; : 
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Yet the codes fail to acknowledge that there may be an even higher 

uncertainty of reliability for passive (structural) protection due to 

improper installation, penetrations for utility services, or physical 

abuse. One New York Plaza was a modern fire-resistive building when 

it experienced a fire in 1970. One hundred ninety-one "protected" 

steel beams had to either be replaced or strengthened and approximately 

twenty-one thousand square feet of "fire-resistive" concrete flooring 

had to be replaced on two stories [6]. 

The basic problem with the code-generated classifications is that they 

break into a small number of classes what in the real world is a 

continuum of levels of protection. 

Limitations of Code Provisions 

Specific code requirements prescribe the materials and assemblies used 

to construct buildings with respect to their composition (specification 

requirements) or their ability to withstand (as determined by testing) 

the impact of hostile fire (performance requirements). Development 

of code provisions has largely been a response to specific fires and 

the desire to prevent the recurrence of undesirable events. For 

example, many of the present requirements for life safety were imple­

mented as a result of the Cocoanut Grove Night Club fire in Boston 

in 1942 in which 492 lives were lost [7,8]. The outcome of this 

process of stimulus and response is that new provisions are added to 

existing ones without evaluation of the net resultant impact on the 

efficiency of fire safety. This layering of requirements provides the 

. 'I; 
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potential for expensive redundancy in building design. Thus the justi ­

fication for code requirements is more sociological than scientific. 

Other Problems with the Traditional Approach 

Beyond the lack in the technical validity of the traditional approach, 

there are at least three other adverse situations which codes 

perpetuate: no defined level of fire safety, lack of understanding of 

the fire problem by designers, and non-cost-effective fire protection. 

Building codes identify as the minimal level of fire safety that which 

results from conformance to their provisions. A survey by the 

National Commission on Fire Prevention and Control in 1973 indicated 

there were thirty-eight different building codes among forty-eight of 

the nation's largest cities [9]. The Commission further asserted that 

"differences among these local codes are not inconsequential." The 

implication i~that theraarethirty-eight different minimum levels 

of fire safety among these cities and that the traditional approach is 

not consistent with respect to identifying the objective. 

Caravaty and Winslow have identified a problem area of the traditional 

approach which may have far-reaching ramifications: 

"A building code, once adopted, becomes the designer's substitute 

for understanding. The architect who follows all the applicable 

code requirements feels he has provided complete fire protection 

for his project and safety for its occupants. This is not always 

true" [10, p. 22]. 

(\ 
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As illustrated by the fire protection problems at the Broadway Plaza in 

Los Angeles: As the built environment becomes more and more complex, 

building codes are less and less capable of covering all situations, 

thus the designer is faced with more and more decisions. This problem 

also applies to the agencies which must enforce the codes. Many legal 

authorities also substitute a code for understanding of the fire 

phenomenon and its effects. A further confounding of this problem is 

that code adherence is relied on to absolve liability for negligence. 

In 1970, the National Commission on Product Safety recommended a 

doctrine of strict liability by which a party need only prove injury due 

to an unreasonably hazardous defect [11]. That is, negligence of the 

consumer is not accepted as defense of the manufacturer. As the app1i­

cation of this doctrine makes the probable extension from consumer 

products to more complex risks such as large structures, the legal 

shelter of the code will disappear and designers will be forced to 

understand the hazards of their products. 

Although building codes are tending toward performance, rather than 

specification criteria, little variation is permitted within code 

requirements. This prescriptive nature of the codes cumulates with 

aforementioned problems to constrain innovation in fire protection 

design. Thus cost-benefit analysis is a seldom used tool in fire 

protection, there being effectively no alternatives to compare. Yet, 

the inconsistencies among the codes raises the question as to whether 

the fire safety dollar is being wisely spent [12]. 

(i(;" 
0\'"\ ..,....,.. 



7
 

Roux succinctly summarizes the present limitations· of the traditional 

code approach to building fire safety: 

\lIn the history of building codes and regulations, one finds 

a nearly universal use of the singular approach to answer a given 

problem, in most cases exclusive of the other singular approaches 

to answer other problems. Granted, many of these singular 

approaches were dictated by the need for immediate action after 

a particularly devastating and/or publicized fire. The urgency 

of the then-political situation probably did not permit any over­

all analysis of the problem that had resulted in the subject fire. 

Of more importance to our consideration is that the singular 

approach is rarely, if ever, subject to a critical analysis of its 

cost effectiveness, either when first adopted or in l~ter years. 

In looking at any modern building code, the end result is a book 

of redundancies that are gross and unfitting to today's task of 

constructing needed, safe buildings of reasonable cost" [13]. 

1.1.2 The Deterministic Approach 

One alternative to the traditional codes and standards is a determin­

istic approach. This approach presumes an ability to determine the 

precise behavior of any fire at any time in the future, given exact 

contemporary conditions and the antecedent state of the building and its 

contents. Although great strides have been made in recent years to 

identify the physico-chemical nature of fire, relatively little is yet 

known. 

. \ 
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TIle deterministic approach is, therefore, 

beyond immediate capabilities. 

the most idealistic and 

Emmons, in a review [14], identifies specific difficulties in the areas 

of ignition, pyrolysis, fire retardants, smoke and toxic gas, detection 

and convection; and describes what has been learned so far toward a 

quantitative understanding of fire. Interested researchers have 

recently formed the Ad Hoc Working Group on Mathematical Fire Modeling 

and foresee deterministic fire modeling as a comprehensive design 

concept in about seven years time l15]. Because of the large number of 

variables and the seemingly random behavior of many of them, it is 

unlikely that any valid design techniques in the near future will be 

devoid of probabilistic concepts. 

1.1.3 The Goal Oriented Systems Approach - A Probabilistic Approach 2 

Building codes have significant limitations in providing satisfactory 

means to define fire safety while determinism is not yet a broad enough 

tool. The probabilistic Goal Oriented Systems Approach developed by 

the U.S. General Services Administration Provides an alternative to the 

traditional and deterministic approaches. 

Rational for the Development of a Goal-Oriented Approach 

Unlike the vast majority of structures 

Federal Government does not fall under 

in the U.S., the property of 

the jurisdiction of commonly 

the 

~See Appendix AI; Availability of the Interim Guide 
Oriented Systems Approach to Building Fire Safety. 

for Goal 

~'\. 
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used building codes. In this light t Harold E. Nelson of GSA was able 

to deviate from the accepted practice of code compliance and formulate 

the Goal Oriented Systems Approach [16J. Nelson's concept of fire 

safety negated the lexical definition of safety as total absence of 

risk. He t and more recently Lowrance of the National Academy of 

Sciences t reason that absence of risk is unattainable and contend that 

a certain amount of hazard is unavoidably present in all human activity 

[17]. Nelson t therefore t hypothesized that a fire safety goal t such as 

maintaining the continuity of an organizational mission t could be 

expressed in terms of a probability of limiting fire extent. 

Any system to be effective must be responsive to management objectives. 

In the development of the Goal Oriented Systems Approach t the GSA 

policy statement on safety was reformulated and a probabilistic criterion 

was developed for mission focused goals [18]. This goal criterion 

is expressed in terms of the probability of limiting fire involvement 

in each of successive spatial or structural modules within a building. 

Figure 1.1 represents the GSA mission continuity goals for general 

level and critical operations. 

Quantitative application of the Goal Oriented Systems Approach involves 

a probability calculation for each work station t room and floor of 

a specific building. Where calculated probabilities fall within the 

area under the goal curve of Figure l.lt the required objectives have 

been met. The methodology for these probabilistic determinations is 

the principal focus of this paper. 

! ,) " 

... J. 
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Components of the Goal Oriented Systems Approach 

There are two basic components of the Goal Oriented Systems Approach as 

it is presently practiced. The qualitative component covers all aspects 

of fire protection, while the quantitative component addresses itself to 

that aspect of fire protection about which we have the most specific 

knowledge. 

Qualitative component. The underlying structure of the Goal Oriented 

Systems Approach is that of a logic tree. The nature of this tree 

evolved from the fault trees developed in the field of systems safety 

as primarily practiced in the aerospace industry. The "Fire Safety" 

tree is intended to represent every conceivable means of providing fire 

safety. Thus the elements of the tree represent a collectively exhaus­

tive set of fire protection measures and the tree provides a qualitative 

tool for examining all of the possibilities for fire safety design. 

Quantitative component. Fault trees are often used as a framework for 

the quantitative analysis of system safety. A branch of the "Fire 

Safety" tree l,rhich is particularly amenable to this type of analysis is 

concerned with the management of fire, as opposed to the prevention of 

fire or the management of persons or property exposed to the effects of 

fire (Figure 1.2). For this branch knowledge and data appear adequate 

to support a probabilistic measure of the level of fire safety. 

ir( , 
'I (j-, . 
-.......'
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Present Limitations of the Goal Oriented Systems Approach 

Codification or extensive application of a fire protection evaluative 

technique such as the Goal Oriented Systems Approach is presently 

restricted in three areas: the development of input parameters, the 

expertise for implementation, and the documentation of theoretical 

concepts. 

The inputs to the Goal Oriented Systems Approach are of two types: 

inputs similar to those of the presently used code approach and inputs 

which are unique to the systems approach. 

There are implicit inputs to the traditional code approach such as fire 

load and fire severity which are recognized as incorrect characteriza­

tions of fire phenomena [19]. However, these invalid concepts are 

vehemently adhered to out of the acute inconvenience of any alternative. 

Some of the concepts which these parameters ascribe to measure are also 

inherent in the Goal Oriented Systems Approach as currently utilized. 

Basically, however, this approach has the potential to accommodate the 

convenience parameters of the traditional codes and yet be amenable to 

the inevitable forthcoming changes in criteria. 

Inputs unique to the Goal Oriented Systems Approach are of a probabi­

listic nature. Adequate data on features such as the reliability of 

fire suppression systems and the probability of wall penetrations have 

been unavailable. Until such time as statistical verification becomes 

possible, it is necessary to synthesize professional judgement with 

f 
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available knowledge to produce the required input. 

Perhaps the most significant limitation to application of the Goal 

Oriented Systems Approach is expressed by the natural reluctance of 

acceptance by those entrenched in the traditional code approach. 

Individuals prominent in their field have identified this problem. 

John G. Degenkolb t a code consultant states: 

"The typical Building Department does not have the financing nor 

the staff to develop the level of expertise that the GSA has 

available. I doubt that the Headquarters Staff for each of the 

model_codes organization can feasibly employ the qualified man­

power needed nor use the time necessary to work its way through 

the details connected with the systems approach used" [20]. 

and Norman A. Koplon of the Atlanta t Georgia t Building Department says: 

"The GSA conceptt as I view it is based upon advance theories 

some probabilistic and difficult for the average building 

official to be responsible for" [21]. 

Thus implementation of the Goal Oriented Systems Approach mandates 

an expanded level of expertise of those responsible for building fire 

safety evaluation. 

Vytenis Babrauskas, in his doctoral dissertation [22], examined and 

evaluated fire protection design methodologies t primarily with respect 

.....1" 
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to their treatment of fire endurance. He identified the GSA approach 

as " ••• the most inclusive and well developed systematic approach 

to building fire safety ever issued in the U.S .••. " [22, p. 92]. In 

his evaluation of the Goal Oriented Systems Approach, Babrauskas 

identified three valid limitations. The first area of concern is that 

there is no generalized procedure for identifying and quantifying goals 

in the manner utilized by the approach. Beyond the GSA goals shown in 

Figure 1.1, the only other published example of a goal "curve" is for 

the Children's Hospital National Medical Center in Washington, D.C. The 

fire safety design objectives for Children's Hospital were: 

"1.	 That in-patients be protected in their beds, without
 

evacuation of more than one room •.
 

2.	 That damage be limited and the area affected be restored 

to normal use within three days of the incident" [23, p. 1139]. 

These objectives were translated into an "L-Curve" similar to the 

general level GSA mission focused goal of Figure 1.1, but there is no 

indication of the nature of the translation process. 

The second significant limitation that Babrauskas points out is the 

absence of substantiated numbers for the calculations. The unavail ­

ability of probability data has been discussed and will be further 

addressed in later chapters of this paper. 

In summarizing the comparative merits of the design methodologies which 

he evaluated, Babrauskas says: 

,;.. 
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"The GSA method has the same drawbacks as the traditional methods 

insofar as it is based on the (Ingberg) equal-area hypothesis. 

But it is much more consistant, treats fuel load in a better way, 

and recognizes the stochastic nature of fire" [22, p. 309]. 

Babrauskas also notes that the method is flexible enough to accommodate 

a better fire endurance procedure and he suggests introducing component 

evaluation utilizing critical temperature. 

1.1.4 Other Probabilistic Approaches 

It is axiomatic that fire is a stochastic phenomenon. The dearth of 

probabilistic treatment of fire is therefore surprising. There are, 

however, three other significant probabilistic approaches to fire in 

structures which have been published in the literature. 

The most theoretically rigorous approach is Magnusson's safety analysis, 

using probabilistic methods, of fire exposed structural steel [24]. His 

paper presents several alternative approaches to the evaluation of 

uncertainty measures in the design of structural fire protection. The 

focus is on the stochastic response of protected steel building 

components to fire. 

The work of Lie [25] which has been modified by Burros [26] represents 

a more generalized approach. Lie develops a scheme for economic opti­

mization of the level of structural fire protection. By varying a 

number of design parameters, he illustrates their effect on the total 

cost plus loss over the life of a building. 
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Baldwin and Thomas 127J take a more simplified approach. They consider, 

however, both active and passive methods of fire protection. Their 

optimization considers only three possible outcomes but represents a 

qualitative basis for further effort. 

These papers are important in their treatment of the probabilistic 

nature of fire. Yet the Goal Oriented Systems Approach is unique in 

that it has been employed in actual building design. 

1.2 The Development of the Goal Oriented Systems Approach 

A chronology of the systems approach to fire protection requirements for 

buildings has recently been compiled by Nelson [28]. This section will 

address the traceable points in the development of the Goal Oriented 

Systems Approach which are significant to this study. 

1.2.1 System Safety and Fault Tree Analysis 

The intense demand for reliability in the aerospace industry in the 

1950's generated a new discipline: System Safety Analysis. The fault 

tree technique was developed by the Bell Telephone Laboratories in 1961 

for the Minuteman ICBM system [29]. The Fault Tree process is basically 

an application of Boolean algebra, utilizing logic diagrams to portray 

and analyze potentially hazardous events. A commendable introduction to 

Fault Tree Analysis is given by Lambert [30]. 

In 1970 an effort was made to apply the techniques of system safety to 

the fire protection in hospitals of the Veteran's Administration [31]. 

(:,~-i, 
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The work was not well received when presented to the fire protection 

profession [32] and thus was not widely disseminated. 

1.2.2 International Conferences on Fire Safety in High Rise Buildings 

The United States General Services Administration sponsored a special 

workshop and a follow-up conference of a selected group of experts to 

undertake a systematic effort in developing new or revised approaches to 

fire safety in high-rise buildings. 

The conference in Warrenton, Virginia, April 12-16, 1971, was a brain­

storming session. The impetus for the conference was a series of fires 

in modern, well.,..built, code conforming high rise structures, which 

illustrated the vulnerability of these buildings to rapid fire develop­

ment; entrapment of occupants; vertical and horizontal spread of fire, 

smoke and toxic fumes; and difficult and dangerous firefighting problems. 

The objective was to develop a logical framework as a basis for action 

to provide adequate fire safety in high-rise structures [33]. 

The conference reconvened on October 5, 1971 [34]. At this meeting 

Irwin A. Benjamin of the National Bureau of Standards delivered a 

presentation entitled: "A Method of Analysis for Control of Building 

Fires" [35,36]. Benjamin described the application of Fault Tree 

Analysis to the generalized problem of fire safety in buildings and 

illustrated the potential level of detail available. His utilization 

was of a qualitative rather than a quantitative nature. This 

presentation was the stimulus for the development of two comprehensive 

/ . \ " ..\ 
tAI.J . 
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fire safety logic trees. 

Also at the reconvened conference, Harold E. Nelson (the coordinator of 

the conferences) of the General Services Administration, presented a 

review of how he had synthesized the concepts of the first meeting into 

a fire safety system for the Seattle Federal Building. In this 

presentation the concept of a "designed fire limit" was introduced. 

This concept implies a design for fire safety in structures which limits 

fire spread to a specified probability. GSA believed the occurrence of 

a serious ignition during the life of a building was very nearly certain 

and that this fire should be controlled within identified probabilistic 

limits 137]. 

1.2.3 Fire Safety Decision Trees 

The reconvened conference led to the development of two fire safety 

logic trees. The trees were identified as "decision trees" rather than 

fault trees for several reasons: They dealt with success rather than 

failures or faults, their elements were concepts rather than events, 

and they were intended as an assistance to fire protection decision 

making. The fire safety decision trees are distinct from the more 

common decision tree concept inherent to the discipline of decision 

analysis. 

The GSA Decision Tree 

Subsequent to the meeting of October 5, 1971, the General Services 

Administration and the National Bureau of Standards joined forces to 

(2;( 
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develop a comprehensive generalized logic tree of the various approaches 

available to achieve fire safety objectives in buildings. After several 

revisions this tree formed the basic reference document in the GSA Goal 

Oriented Systems Approach [16]. 

The NFPA Decision Tree 

In 1972 the National Fire Protection Association formed the Committee 

on Systems Concepts for Fire Protection in Structures with the charge 

to develop· systems concepts and criteria for fire protection in 

buildings. This committee promulgated a logic tree similar to that of 

GSA but slightly more generalized [38,39]. 

1.2.4 The GSA Goal Oriented Systems Approach 

The General Services Administration maintains a handbook, Building 

Firesafety Criteria, as an internal document intended for use by GSA 

staff in reference to properties for which GSA is responsible (most 

general service federal buildings). In the 1972 change order to this 

handbook, Appendix D ("Interim Guide to Goal Oriented Systems Approach 

to Building Fire Safety") was added. Revised in 1975, Appendix D is 

the cumulation of five years of concerted effort toward the development 

of a systems approach to fire protection in buildings. At this time it 

" . is the only completely described analytical system for probabi1­

istic evaluation of the expected success in total performance of fire 

safety in buildings" [28, p. 4] • 

. ....).,\j 
./ 
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1.3 Quantitative Aspects of the Goal Oriented Systems Approach 

The focus of this study is on that portion of the Goal Oriented Systems 

Approach which is quantitative in nature. This is the aspect of the 

approach which derives probabilities of success of limiting fire spread. 

1.3.1 Probability Curves 

Presentation of derived probabilities is made in the form of "curves" 

such as the GSA objectives curve portrayed in Figure 1.1. Most of the 

present applications of the Goal Oriented Systems Approach consist 

of a defined sequence of such curves. 

The common abscissa of these curves represents spatial models of 

increasing size within a building. The initial modules represent work 

stations or fuel packages which are semi-contiguous combustible mater­

ials in which a fire may originate or among which a fire may spread. 

An example would be a desk, chair and waste basket in close proximity 

to one another. Thus a fire starting in the waste basket would ignite 

the desk and chair by direct flame impingement, whereas spread to an 

adjacent work station would most likely be by radiative heat transfer 

from the first work station. Total room involvement is defined as fire 

spread among n work stations where n ~ 1. In most compartments n will 

take a value of 3 or 4, i.e., the entire room will be involved simul­

taneously with the involvement of the third or fourth fuel package. 

The sequence of fire spread is then considered from room to room where 

n rooms represent an entire floor. Similarly, the building is 

considered to be composed of n floors. Thus n is an arbitrary variable 
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used to indicate a terminal number of work stations, rooms or 

floors. 

The ordinate of the curves is the cumulative probability of success 

of limiting fire spread. The scale used is basically a linearized 

cumulative normal probability distribution, selected, apparently, 

for convenience and availability. The extreme portions have been 

altered or adapted in various ways by GSA and other users of the 

approach. Since the abscissa is not continuous, there can be no 

significance of the normal distribution to the curves. Thus, the 

curves of the Goal Oriented Systems Approach are in fact discrete 

points which are not truly related in a continuous manner, however, 

they are connected to facilitate the effectiveness of their graphical 

presentation. 

1.3.2 The Compartment of Origin 

The first probabilistic evaluations are made for the work stations 

or fuel packages within the compartment of origin. These evaluations 

are based on the relevant portion of the logic tree (Figure 1.3) which 

dictates that the limitation of fire spread to a work space is achieved 

by self-termination of the fire (i.e., it just goes out) by manual 

suppression (e.g., fire department) or by automatic suppression (e.g., 

automatic sprinkler system). GSA has developed from staff experience 

and available technical data [1, p. AlB] a series of plots of the 

probability of self-termination for various types of office occupancies 
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which are referred to as "I-curves" (Figure 1.4) 3. The designer or 

fire protection engineer must make similar judgement decisions as to 

the suppression probabilities ("M-curves" and "A-curves"). Then, 

following the indicated logic of the tree, the probability of limiting 

the spread of fire to work station i is given by: 

P{L } = P{I +M + A } 
iii i 

which by Boolean algebra is readily calculable from: 

'V 'V 'V 
P{L. } 

~ 
= 1.0 - P{I i } P{M.} P{A.} 

~ ~ 

where 'V indicates the complement of the respective event. The 

probabilities of limitation of fire spread for work stations 1, ... , 
n, when connected together are referred to as the "L-curve" for the 

compartment of origin. 

The Illinois Institute of Technology Research Institute (IITRI) has 

developed an alternative approach to identifying the probability of 

limiting fire development within a room [40]. This effort, which 

utilizes deterministic principles of heat transfer and thermodynamics, 

~There is an important caveat'on the applicability of these graphs: 

"The user of this appendix is cautioned that these curves represent 
the best judgement at the time of writing of the GSA Accident and 
Fire Prevention Division staff for the conditions labeled on the 
graphs and envisioned by the staff. They should be considered 
useful in field application to other situations but should not be 
taken as universally applicable to all buildings ••• " [1, p. All]. 
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and the objectives of the Ad Hoc Working Group on Mathematical Fire 

Modeling indicate that less subjective determination of probabilities 

for the compartment of origin may soon be available. 

1.3.3 Barrier Analysis 

When a fire reaches the physical boundaries of the compartment, it 

encounters its first material barrier to further spread. Determination 

of the capability of a structural barrier to retard fire spread is the 

most sophisticated aspect of the Goal Oriented Systems Approach. 

Three failure modes of fire barriers are considered in the traditional 

fire testing procedure; passage of flame or hot gases, transmission of 

heat, and inability to sustain the applied load [41]. The first of 

these failure modes is handled directly by an assessment of the percen­

tage of openings, orifices, holes, or other means by which the passage 

of flame or hot gases may take place. Figure 1.5, from the GSA 

document, illustrates a judgement analysis of the probability of 

limiting fire spread versus the percent of openings for several types 

of barriers. This probability is designated by GSA as p{O}. 

The other failure modes are dependent on the severity of the fire. 

Traditionally, fire severity is estimated by a relationship of the 

amount of combustibles to the standard ASTM fire test [42]. An 

estimate of probable fire severities for several furnishing conditions 

is shown in Figure 1.6. GSA estimates of the response of barriers to 

fires of differing severity are portrayed in Figures 1.7 and 1.8 for. 
':":­
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thermal resistance (T) and structural integrity CD) respectively. The 

total probability for each of these is then found by conditioning on 

the severity probability. Thus if the probability of a fire of 

severity i is given by P{Ri } and the conditional probability of thermal 

resistance is given by p{T/Hi } then the total probability is: 

n 
P{T} = L: P{T/R.} P{R.} 

i=l 
1 1 

(A discrete representation is used since the method designated by GSA 

involves only empirical distributions). Similarly, when the conditional 

probability of sustaining the applied load is designated as P{D/Hi } 

the total probability is: 

n 
P{D} L: P{D/R.} P{H.}

i=l 
1 1 

The determination of the probability of the success of a barrier in 

limiting the spread of fire now follows the Boolean logic of that 

portion of the fire safety tree indicated by Figure 1.9. Thus the 

probability of the success of barrier j is given by: 

P{F.} p{O. + T. + D.}
J J J J

which is calculated by: 

'V 'V ~ 
P{F } =l.O-p{O.} P{T } p{lJ.}.

j J j J 

I'I.. ~ :,.., .. 



30 

BARRIERS
 

•
 

STRUCTURAL
 
INTEGRITY
 

Figure 1.9 

Barrier Branch of Fire Safety Tree 

({~
 



31 

1.3.4 Construction of the L-Curve 

The "L-curve" of a bUilding is the current evaluative product of the 

Goal Oriented Systems Approach. It represents the cumulative proba­

bility of limiting fire spread at each of the spatial modules considered. 

The "L-curve" is derived in a step by step process of calculation at 

each module and at each barrier. The residual probability of failure, 
~ 

P{L}, at each step is reduced by the probability of success of the 

specific module or barrier, e.g.: 

P{L } = P{L } + p{~.} P{F }.
i+l i ~ i 

That is, the probability of success of limiting fire spread at a point 

on the L-curve, designated by L + , is equal to the probability of 
i l 

success at the previous point, Li , plus the residual probability of 

failure reduced by the probability of success of the ith barrier P{F.}. 
~ 

The L-curve is then found by connecting these points as, for example, 

the po ints, "a" through "q" on Figure 1.10. 

The resultant L-curve is compared to the identified goals of the owner 

or occupant of the building. In Figure 1.10 the fire protection does 

not meet the general level goal criteria of the General Services 

Administration. 

1.4 Current State-of-the-Art of the Goal Oriented Systems Approach (1977) 

The Goal Oriented Systems Approach is still in an embryonic stage of 

/' ..., 
, ,!j-" \ 
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development. Application techniques are being refined by GSA and 

considerable attention is being given by the National Fire Protection 

Association. A number of engineering curricula have incorporated the 

concepts and there are impending developments of significance. 

1.4.1 Refinement by GSA 

A search of the available literature has discovered only one article 

in a technical journal which could be considered a response to the 

publication of the Goal Oriented Systems Approach by GSA in 1972. 

The article [43] suggests an electrical analog for the GSA Fire Safety 
.~. 

~r"·..~"'.-' 

Decision Tree to facilitate parametric studies of building fire safety 

by designers. Although an interesting proposal, it does not speak to 

the validity of the probabilistic aspects of the approach. 

The dearth of formal reaction to GSA's approach cannot be ascribed to 

a lack of exposure. Nelson, who pioneered the approach, has presented 

the concepts in a variety of venues [18, 44, 45, 46] and the application 

of the Goal Oriented Systems Approach to the Atlanta Federal Building 

was well publicized [47, 48, 49]. While there has been negligible 

published technical response, unpublished and informal responses have 

been significant. The suggestions of Cornell [50] and the work of 

Ferguson [51, 52] and the GSA staff led to the revision of Appendix D 

in 1975 which was published by the National Bureau of Standards in 1977 

as an appendix to a discussion of the approach [1]. 

(4') 
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1.4.2 Activities of the NFPA 

The National Fire Protection Association as the fire protection 

standards development organization in the United States has been 

instrumental in the evolution of a goal-oriented systems approach 

to fire safety. 

As reported to the Reconvened International Conference on Fire Safety 

in High-Rise Buildings, the NFPA formed an Ad Hoc Committee to review 

the report of the earlier conference [53]. This review resulted in the 

approval of a special committee of the Association with the scope of 

being "responsible for developing systems concepts and criteria for 

fire protection in structures" [38]. The primary accomplishment of 

the Committee on Systems Concepts has been the development of the NFPA 

"Decision Tree" mentioned in the previous section. A subsequent report 

on descriptions of the Decision Tree elements was given in 1977 [54]. 

The chairman of the Systems Concepts committee, H. J. Roux, has been 

active in presenting the concepts of the Decision Tree to European 

audiences [13,55]. 

In addition to the Decision Tree, the NFPA has published a compilation 

of non-technical articles relating to systems analysis in fire protec­

tion, which includes an informal discussion of the Goal Oriented Systems 

Approach [56]. The NFPA Committee on Libraries, Museums and Historic 

Buildings has recommended a goal-oriented systems approach to building 

fire safety as an alternative to specification and component performance 

codes [57, pp. 3-4]. 

(ij)
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The NFPA is presently under contract to the Department of Housing and 

Urban Development to study the application of systems analysis to 

residential fire safety I58]. Specifically, the project is directed 

toward providing a means to evaluate HUD's Minimum Property Standards 

and possible alternatives. \~le the NFPA Decision Tree is being 

utilized as a framework for analysis [59], a state-transition computer 

simulation is being employed rather than the parametric probabilities 

of the Goal Oriented Systems Approach [60,61,62]. In addition, the 

NFPA model attempts to cumulate all possible fire situations, whereas 

the Goal Oriented Systems Approach identifies the probability of a 

single, general fire scenario selected by experienced judgement. 

1.4.3 Documentation by the SFPE 

The Society of Fire Protection Engineers has received a grant from the 

National Fire Protection and Control Administration to develop a text­

book that combines the state-of-the-art in fire protection technology 

with systems analysis [63]. Two of the editors on this project have 

been actively developing significant extensions to the GSA Goal 

Oriented Systems Approach [64, '65, 66, 67]. Their efforts have been 

directed toward facilitating the application of the technique rather 

than addressing the question of validity. 

1.4.4 Research at the University of Maryland 

Section 13 of the Fire Prevention and Control Act of 1974 [68J charges 

the National Fire Prevention and Control Administration to issue the 

t 
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information necessary for the preparation of "fire safety effectiveness 

statements". Toward fulfillment of this charge a contract to study 

the concept of fire safety effectiveness statements has been let to 

the Department of Fire Protection Engineering at the University of 

Maryland [69]. This study will evaluate all of the various approaches 

which have potential for creating quantified statements of the effec­

tiveness of fire safety measures undertaken for a given structure, 

including the Goal Oriented Systems Approach. 

1.4.5 Academic Exposure of the Goal Oriented Systems Approach 

The Goal Oriented Systems Approach represents a significant variation 

to the traditional evaluation of fire safety. As such, it may be 

reasoned that to facilitate its implementation requires more than 

peripheral exposure to written or oral presentations. In this light, 

the extent to which the approach has been incorporated into educational 

programs is noteworthy. 

The Department of Fire Protection Engineering at the University of 

Maryland includes the Goal Oriented Systems Approach in its course on 

Fire Hazard Systems Analysis and the Department of Civil Engineering 

at Worcester Polytechnic Institute offers a regular course based on the 

approach [70]. In addition, short courses have been offered at the 

University of Wisconsin; the University of California, Berkely, 

Virginia Polytechnic Institute and other locations [71]. 

". 
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1. 5 Surrnna ry 

Present-day fire protection problems are too complex for the traditional 

code approach. Deterministic solutions are unacceptably futuristic. 

The Goal Oriented Systems Approach developed by GSA is the most complete 

and rational fire safety design method available today. By virtue of 

the widespread application and interest, the GSA approach is on the 

verge of constituting a new technology. The present state-of-the-art of 

this technology is substantially intuitive; it behooves one to try to 

establish a scientific basis upon which the technology may be founded. 

To attain this basis answers are needed to questions such as the 

following: 

- Are there underlying theoretical concepts in the GSA 

approach which may be used to develop a broad approach to the 

general question of determing a level of fire safety? 

- How can the GSA approach be improved with respect to
 

flexibility of scope, simplicity of application and validity
 

of concepts?
 

- How sensitive is the approach to the limited availability 

of probabilistic data? 

These questions will be answered in the following chapters through 

analysis, synthesis and evaluation of the concept of a goal-oriented 

systems approach to building fire safety. 

/:~-I·· 
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The practice of fire protection engineering will long continue to be 

a combination of art and science, however, it is in the best interest 

of the public at large to identify and emphasize the scientific 

aspects where artistic failure would be disastrous. 

./ 
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C HAP T E R I I 

ANALYSIS OF THE GOAL ORIENTED SYSTEMS APPROACH 

The problem of fire safety in structures has heretofore defied 

engineering solution. The magnitude of the problem is overwhelming 

in the number of relevant variables and, since fire is a rare event, 

the absence of data. The established approach of building codes is 

recognized as inadequate for many structures in a modern built envi­

ronment. The Goal Oriented Systems Approach appears an acceptable 

solution to the problem of building fire safety. This present 

research is directed toward the establishment of a theoretically sound 

basis for the approach as a first step toward validation. To this end. 

a systems analysis of the Goal Oriented Systems Approach is presented. 

Systems analysis is the systematic analysis of a problem or question. 

The objective is to find the best solution or answer from among 

alternatives. This chapter provides a concise review of the most 

general features of systems analysis. It gives an idea of the nature 

of systems analysis and why it is so pervasive. The methodology identi ­

fied in this research is a three part procedure. The first step is an 

initial analysis, not of the problem, but of the system within which 

the problem occurs. The second step is the synthesis of system activity 

into a conceptual model, and the third part is a comparison and ques­

tioning of the responsiveness of the model. This chapter treats the 

application of the analysis or formulation step of a systems analysis 

("':; 3 
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to the Goal Oriented Systems Approach. Both deductive and inductive 

analyses are presented. 

Within a reasonable time frame, the problem of building fire safety 

is intractable. The present study is unique in that it addresses a 

solution to this problem rather than the problem itself. 

2.1 Systems Analysis 

Systems analysis is the systematic analysis of a question or problem. 

The operative word is systematic rather than system. However, it is 

appropriate to a systematic analysis to consider the system within 

which the question arises. Hence, the concept of a system is an 

inherent part of systems analysis. 

2.1.1 Characteristics of a System 

The concept of system in systems analysis is not significantly different 

from its everyday use, e.g.: 

automobile exhaust system 
digestive system 
democratic system of government 
sewer system 
ecosystem 
fire protection extinguishing system 

There is a difference, however, and it is twofold. First, in systems 

analysis the system must be rigorously defined, i.e. in a systematic 

fashion, and second, in systems analysis the concept of a system is 

applied to many activities which may not ordinarily be thought of as 

:,,"/')
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systems, e.g.: 

a ship at sea 
supermarket checkout 
a warehouse 
bidding for a contract 
a family 
the world! 

From the above it may be ascertained that a system can be highly 

complex. This often makes a rigorous definition of the system very 

difficult. All systems, however, have certain common characteristics 

which if properly identified will usually adequately define the system. 

These characteristics are: 

1. boundary 

2. input and output 

3. variables 

4. structure 

These characteristics of systems will each be discussed briefly; their 

interrelationships are illustrated in Figure 2.1. 

Boundary 

The difference between systems analysis and a more generalized systems 

approach, e.g. Checkland [72], is the difference between closed and open 

systems. In systems analysis, a system is considered to be bounded ~n 

such a manner that the system behavior of interest is generated entirely 

IInt:erestingly, the world has been systematically analyzed, see: 
Forrester, Jay W., World Dynamics, Wright-Allen, Cambridge, Massachusetts, 
(1973). 
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within the boundary, thus it is a closed system. This does not mean 

that the system is unaffected by its external environment, but exo­

genous events do not themselves govern the behavior of the system, 

i.e., there is no feedback mechanism between the system and outside 

elements. Power failure, for example, is an event which may affect 

a fire safety system, but the electrical generation and distribution 

system may not be included in the fire safety system boundary. The 

system boundary defined in the Goal Oriented Systems Approach con­

sists of an office building and its contents. 

Input and Output 

That a system has input and output implies that it is functionally 

dynamic. The system must act in some manner to convert the input to 

output. The conversion mechanism is the essence of the system. For 

the fire safety system addressed by the Goal Oriented Systems Approach, 

the input is an ignition and the output is a measure of the success of 

the system, i.e., limitation of fire spread. 

Variables 

Certain factors of the system may be under the control of the designer. 

These are the decision variables of the system. A system usually con­

sists of a very large number of interacting variables, many of which 

defy quantification. The complexity of the system is a rapidly 

increasing function of the number of variables. There are an ex­

ceedingly large number of decision variables in a fire safety system: 

/5" '7
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physical and chemical properties of the materials of the building 

and its contents, features of structural geometry, configurations 

of suppression systems, etc. The objective of a system analysis 

is to arrive at the most desirable values of these variables. 

Structure 

System structure or morphology is the overall framework relating 

the variables within the system boundary. There are many basic 

structural forms which systems take. Malasky [29] has enumerated 

descriptors for reticulate systems: 

Series-parallel structure 
Source-sink structure 
Decision structure 
Hierarchical structure 
Time sequence structure 
Logic structure 
Information flow structure 
Open-loop-closed-loop structure 
Signal flow structure 

This list is not exhaustive nor are the items necessarily mutually 

exclusive. Most systems are a combination of several such elemental 

structures, thereby creating a complex object for analysis. The Goal 

Oriented Systems Approach identifies fire safety as a logic structure 

in the form of what has come to be called a "Fire Safety System 

Decision Tree" [16]. Thus, a system may be described in terms of its 

characteristic boundary, input and output, variables and structure. 

Once so defined, it becomes amenable to analysis. 

, " 
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2.1. 2 Systems Analysis - A Definition 

Systems analysis may be defined as the systematic application of 

knowledge, skills, logic and intuition to solve a problem. Knowledge 

of the system undergoing the analysis is required as well as knowledge 

of the techniques which may be appropriate to the analysis. A systems 

analysis is often a multidisciplinary team project so that the knowledge 

of several individuals may be brought together. Skills and dexterity in 

the techniques of analysis are as necessary as in any other craft or 

profession. Logic is necessary for the overall structure of the anal­

ysis. The logical framework of a systems analysis is essentially the 

same used by most people implicitly or unconsciously in making every­

day decisions such as which route to take or what to have for lunch. 

As the decision system becomes more complex, it becomes necessary 

to formalize the logic of the decision process. Intuition permeates 

systems analysis. A system of multifaceted complexity has many hiati 

in verifiable knowledge which must be bridged with judgement and 

intuition. It is this use of judgement and intuition that distinguishes 

systems analysis from more structured techniques and it is their 

systematic application that distinguishes systems analysis from 

visceral problem solving. 

2.1.3 Systems Analysis - A Procedure 

Most professors of systems analysis outline a sequence of tasks to be 

performed in a more or less iterative fashion. Many of these schemes 

are quite varied and complex and yet may be comprised of similar 

I/J·:·~ 
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components. Systems analyses tend to take their character from the 

particular practitioner and from the problem addressed. Hence they 

often bear little resemblance to each other: "The techniques differ 

from study to study and there is but the thinnest thread of method 

that ties these studies together"[73~ p. 2]. The most elementary repre­

sentation of this thread of method appears to be that of Pantell [74]. 

Pantell's scheme for systems analysis is comprised of three basic steps: 

formulation, modeling and evaluation. 

Formulation 

Formulation is the first and most important step in a systems analysis. 

This step is also often referred to as problem definition. Concise 

definition of the problem is the output of this step; however, the 

process involved in its development is usually significant. Most real 

world problem arise in an amorphous state. It is necessary to reformu­

late the problems into a form convenient for analysis and this requires 

a qualitative understanding of the system. The formulation step is 

critical since it is difficult to extract a right answer from the wrong 

problem [75]. Thus~ formulation is a two stage process involving a 
....:: 

study of the system and the development of a well defined statement of 

the problem. 

Problem definition usually comprises an identification of scope~ 

objectives~ measures of effectiveness, variables and interrelationships. 

,
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The scope limits the commitment to the problem within the system. The 

objectives are the desirable products of the system while the measures 

of effectiveness dimension the degree of achievement of the objectives. 

The variables are those items which are manipulated to achieve the 

objectives and the relationships identify the known interactions of 

the variables within the system structure. 

Modeling 

Modeling is the quantification of the qualitative understanding of 

the system gained in the formulation step. This quantification 

takes the form of a model of the system. A model is a symbolic 

abstraction of the essense of the system. To conveniently study 

a system's behavior, the model may be manipulated rather than 

having to manipulate the system itself. For such a study to have 

validity, the model must closely represent the systems behavior. 

However, the more the model is like the system, the more difficult 

it is to manipulate (like the system); therefore, approximations 

and simplifying assumptions are required to make the model tractable. 

Thus, an acceptable model must be sufficiently analagous to the 

real problem to evaluate alternatives with the accuracy to permit 

sound decisions yet simple enough to be amenable to quantitative 

analysis. 

Evaluation 

The evaluation step uses the model to examine alternative courses of 

action. The system model is manipulated to achieve the desired 

Ck') 
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objectives. It is important in a systems analysis to maintain the 

perspective that it is the question, not the model that is important. 

The purpose of the evaluation step is to provide relatively simple 

rules that the decision maker can use to eliminate inferior alternatives. 

Any scientific investigation is essentially an iterative process. The 

steps of formulation, modeling and evaluation are not always followed 

seriatim but more often cyclically. The modeling process may require 

a reformulation of the problem while the evaluation may suggest altera­

tions to the model or a redefinition of goals. These interactions are 

illustrated in Figure 2.2 

2.1.4 Applications of Systems Analysis in Fire Protection Engineering 

In 1965 Hilton F. Jarrett [76] identified numerous areas of fire pro­

tection he deemed amenable to systems analysis, yet to this date, 

there have been exceedingly few definitive applications of systems 

analysis in fire protection engineering. Some areas of fire protection 

appear to be more amenable to systems analysis than others. 

Areas of Fire Protection Engineering Conducive to Systems Analysis 

One notable exception to the dearth of fire protection engineering 

systems analysis is in the area of the development of municipal fire 

fighting services. While there have been numerous recent studies of 

this topic, Fire Department Deployment Analysis [77], by The RAND Fire 

:~) 
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Project stands out as a model for the application of systems analysis. 2 

There have been a number of significant systems analyses directed toward 

the problem of forest fires [78, 79, 80]. These studies, however, are 

concerned with planar, homogenous fuel covers. Thus, the wildland fire 

problem is significantly more tractable than the structural fire 

involving conglomerations of materials in three dimensional geometries. 

Another area of fire protection which has been subject to a number of 

systems analyses is that of smoke movement. These studies have all 

resulted in computerized simulation models [81, 82, 83]. Movement of 

smoke in a structure is a problem in fluid dynamics where there are 

enough known relationships to adequately simulate the system. This 

does not carryover to the simulation of fire in general [84]. 

Three Systems Analyses of Structural Fire Protection 

Systems analyses of building fire safety have not been concentrated in 

a single direction. Three studies of increasing complexity described 

below illustrate the variety of approaches that systems analysis may 

take: 

'Two of the contributing authors of Fire Department Deployment 
Analysis, Peter Kolesar and Warren Walker, received the 1975 Lanchester 
Prize, awarded by the Operations Research Society of America for the 
best English language published contribution to Operations Research. 
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Fire safety evaluation. Shibe et. a1. [85] recognized that systems 

analysis is effective in areas which lack accepted theoretical 

foundation because it makes a more systematic and efficient use 

of expert judgement than its alternatives. They have used this 

principalto produce a methodology for grading the level of fire 

safety in health care facilities and determining the equivalency 

of alternative fire safety systems. This methodology is based on 

the assumptions that risk factors are multiplicative while fire 

safety components are additive. A numerical scheme is developed 

using values obtained by a modified Delphi technique. The methodology 

is used to evaluate fire safety by com~uting a risk level and com­

paring it to a similarly computed safety level for a given facility. 

It is expected that this methodology will have wide acceptance in the 

health care field. 

Economics of alternatives. An application of systems analysis to a 

more specific fire protection problem is illustrated by Shpi1berg 

and DeNeufvi11e [86, 87]. The question to be answered for an airport 

facility is: How much fire protection is enough? Alternative pro­

tection strategies are represented in a decision tree. Utility theory 

is used to measure risk aversion. Loss data are fitted to an exponential 

probability distribution and costs are estimated using reasonable 

guidelines. The results illustrate that one advantage of systems 

analysis is the identification of counter-intuitive alternatives 
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which may be better, in this case the lack of fixed fire protection 

systems. 3 

A model of fire spread. Jane Hoggls study [88] is representative of 

a higher level of complexity of a systems analysis model and is more 

relevant to the research being herein reported. 

Hogg, in the now popular fashion, considered fire in terms of stages 

of growth. The stages reported on were: 

1.	 Confined to room of origin. 

2.	 Spread beyond the room of origin, but confined to the floor 

of origin. 

3. Spread beyond the floor of origin. 

However, other stages may easily be defined depending on the avai1­

ability of data. The data required is in terms of probabilities: 

1.	 The proportion of fires in each stage at a given time. 

2.	 The transition probabilities that a fire in one stage will 

grow to another stage. 

3.	 The probability that a fire will terminate in a given stage. 

This formulation is very similar to that of the ongoing effort by 

NFPA [58, 59, 60] however, Hogg presents an analytical model rather 

than	 a simulation. 

3However, the results also support the intuitive alternative of higher 
deductib1es. See: McCahill, F. X., Jr., "Avoid Losses Through Risk 
Management," Harvard Business Review, Vol. 49, No.3, May/June 1971. 
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Hogg identifies two sets of fires in each stage of growth: those 

that spread to a further stage and those that don't (i.e. they go out). 

Difference equations are written for each set of fires and these are 

solved in terms of nonlinear regression equations. The problem is 

then reformulated after Beale [89] as one of minimizing the sum of 

squares of the residuals between the two sides of the regression 

equations. A Taylor's series approximation is made to obtain the 

derivatives and a steepest ascent gradient search technique [90] is 

employed to achieve the optimization. The resulting statistical 

model of fire growth was found to fit the data very well. The input 

data used by Hogg was gleaned from fire department reports. In order 

to extract the necessary parameters, it was necessary to make certain 

assumptions such as: the spread of fire does not continue after the 

arrival of the fire department. The results are interesting, espe­

cially the indication that the probability of fire spread is a linear 

function of time. 

Hogg's model appears to be very efficient. It would seem appropriate 

that the model be applied to data presently being collected in this 

country [91, 92]. 

The above three studies have been somewhat arbitrarily identified as 

systems analyses. All that is reported on in the citations is their 

results; thus, they mayor may not have been conducted in a manner 

similar to that described in this paper. As distinct as these studies 

are, they represent the closest similarity to the problem addressed 

t:;' t 
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by the Goal Oriented Systems Approach. 

2.2 Analysis of the Goal Oriented Systems Approach 

As an application of systems analysis to the Goal Oriented Systems 

approach and the problem it addresses, the formulation stage is con­

sidered in this chapter. In this formulation process, the objectives, 

criterion of effectiveness and scope are specified. 

2.2.1 Objectives 

It is noted that the quantitative component of the Goal Oriented Systems 

Approach has "mission continuity" as its objective [1, p. A7]. Mission 

continuity refers to a largely intangible funct~onal role of a building 

space within some managerial construct, e.g. the accounting function of 

a corporation. Thus, the objective of the Goal Oriented Systems Approach 

refers to the extent that the overall managerial function is interfered 

with. 

The choice not to use loss of life or fire damage as the objective is an 

important one. It would be anticipatory to try to include these ultimate 

measures at present. Relationships between fire spread and life loss 

and damage are not explicitly known. Obtaining them is clearly a long­

term project. Immediate objectives may be met by substituting other 

measures of the performance of buildings in fires such as the probability 

of limiting the spatial development of fire. It may be that such 

measures can act as surrogates for more desirable goals of fire safety. 

! .~,.!, .. 
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2.2.2 Criterion of Effectiveness 

It has been asserted that a state of absolute safety does not exist 

[16, 17]. Therefore, the objective of mission continuity is measured 

in terms of its probability of success. There are political and 

other inputs to objectives which are beyond the grasp of the analyst, 

hence the decision maker must determine the desirable probability levels. 

Techniques to aid in the identification of such performance requirements 

are under development, e.g. Cronberg [93]. 

2.2.3 Scope 

In defining the scope of the system, the parameters of the designed fire 

and the spatial modules of the Goal Oriented Systems Approach are con­

sidered. 

Parameters of the Designed Fire 

The concept of a designed fire was introduced by GSA at the reconvened 

International Conference on Fire Safety in High Rise Buildings [34], 

and has subsequently been incorporated in proposed guidelines for fire 

protection evaluation of nuclear power plants [94]. The parameters 

of the designed fire are the combustion process, suppression and 

physical confinement (Figure 2.3). These three components inter­

relate to determine the nature of a fire. Thus, by controlling these 

parameters through design, one can produce a "designed fire." 

, 
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Combustion process. The combustion process is the continuing 

physicochemical reaction which is the essence of fire. Its extent 

is determined by a large number of material properties and environmental 

variables. The most dramatic characteristic of combustion within a 

compartmented structure is a phenomenon that has come to be called 

"flashover." Although as yet not rigorously defined t flashover 

refers to a stage in most room fires when combustibles ignite 

simultaneously producing a large body of flame within the room. 

Suppression. Fire suppression has been formally defined as extinguish­

ment or active limitation of fire growth [54]. Suppression actions 

are performed automatically by designed extinguishing systems or 

manually by occupants and/or fire service personnel. The former is 

significantly more definable as a design parameter than the latter. 

The probability of effectiveness of manual suppression over the 

period of interest is preponderantly a subjective evaluation. As 

such t it is excluded from the scope of the present study. Thus t 

within certain municipal jurisdictions t it will be appropriate to 

qualify the results of this study with consideration of the avail­

ability of a manual suppression activity. Such considerations are 

of themselves amenable to extensive research. 

Physical confinement. A common feature of modern high rise buildings 

is compartmentalization. The walls which make up building compartments 

also comprise barriers to the spread of fire within the structure. 

These wa1ls t and/or additiona1 t specific "fire" wa11s t may be designed 

to physically confine a fire's spatial development. 

((Ii 
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The parameters of the designed fire discussed here do not constitute 

a collectively exhaustive set of possible parameters. In particular t 

they do not include designed mass transport of fire gases such as pro­

posed by Harmathy [95]. The identified parameters dOt however t cover 

the range of presently utilized approaches to fire control by design. 

Spatial Modules 

The Goal Oriented Systems Approach addresses itself to specific 

spatial models within a structure. GSA chose work spaces t rooms and 

floors as the modules of fire spread. These building space modules 

are illustrated in figure 2.4. For the scope of the present analysis t 

these modules are slightly altered. The modules considered in this 

report are rooms t zones t and bUildings. 

Rooms. A room or compartment represents a spatial area bounded by a 

barrier. This barrier represents the first level of physical confine­

ment which would be encountered by a fire originating in the room. 

In most buildings t however t room barriers are designed as separations 

to aid the functional operation of the occupants of the structure 

and not as fire barriers. 

Within a room t interest focuses on the pre-flashover stage of the 

combustion process and the phenomenon of flashover itself. The 

present Goal Oriented Systems Approach to the interroom fire develop­

ment is to consider probabilistic fire spread among work stations 

or fuel packages within the room using experienced judgement. Recent 

work by the Illinois Institute of Technology Research Institute [40] 
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has made this type of analysis unnecessary and the recent emphasis on 

fire modeling [15] promises even more precise estimates of flashover 

probabilities in the near future. Using externally generated flash­

over probabilities also precludes the need to distinguish between rooms 

and compartments as defined by Fitzgerald and Wilson [64]. 

There are some aspects of the pre-flashover fire and flashover phenome­

non which must still be considered. Within a room, the suppression 

design parameter most often materializes as automatic sprinklers. 4 

The actuation of a sprinkler head usually occurs in the pre-flashover 

or flashover stages of a fire. Thus, the fire spread limitation effect 

of automatic sprinklers is dependent on pre-flashover fire conditions. 

Zones. The concept of a zone as used in this report generally incor­

porates the concept of floor used by GSA (see Figure 2.4). However, it 

is extended to include more than one fire zone on a single floor of 

a structure. This concept of a fire zone is essentially that espoused 

by Shibe et. al. [84]: "a space ••. which is separated from other 

spaces by floors, horizontal exits or smoke barriers." 

The boundary of a fire zone, then, is one which is specifically 

designed to impede fire. This is to be distinguished from a room 

boundary which is designed for functional use of the building space. 

Thus, there are two levels of barriers encountered by a spreading 

fire; barrier level one is the room boundary and barrier level 

4And is so considered hereinafter. 
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two is the zone boundary. 

The state of the combustkn process which will impact on these barriers 

is the post-flashover fire. Only a fire in this free burning stage 

produces enough thermal energy to challenge a barrier. Specific 

types of barriers are tested empirically [41] and may be analyzed 

mathematically [96] for fire endurance. Unfortunately, no tests or 

standardized analytical procedures for the reliability of such 

barriers under conditions of field installation and use have 

been developed. 

Buildings. A building is comprised of a number of fire zones. It 

is conceivable that a third level fire barrier could also be designed 

within a structure. In this case, the concept of a building could 

be used to represent the space within such a boundary and the structure 

would be comprised of a number of such "buildings". Thus, the modular 

concept may be continued for any number of levels of fire barriers. 

Most structures will be adequately represented by two barrier levels. 

Therefore, in the usual case, fire spread among zones will constitute 

loss of mission continuity for the entire building. There is, how­

ever, another means by which fire may cause failure of a building, 

and hence its mission. 

The thermal energy of the fire may be sufficient to cause buckling or 

collapse of the building's structural frame. The probabilistic 

treatment of the fire endurance of the structural frame is analogous 

to the ultimate limit state design of structural engineering [97] 

(15
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and has been so treated by Lie [25] and Burros [26]. 

Components for Analysis 

The scope of this analysis is summarized in figure 2.5. Certain 

components for analysis are identified by the interaction of the 

parameters of a designed fire with the spatial modules of a structure. 

These components are: 1) the pre-flashover fire 2) the post-

flashover fire 3) automatic sprinklers, and 4) barriers of varying 

levels of fire resistance. Implicit in figure 2.5 is the assumption 

that the influence of automatic sprinklers does not extend beyond 

the room of origin. In cases where this may not hold, the assumption 

may be dropped with some complexity added to the analysis. 

2.3 Inductive Analysis of the Goal Oriented Systems Approach 

Being an intuited approach to a problem, there are many facets of 

the Goal Oriented Systems Approach which are not explicitly delineated 

in the GSA documents [1, 16]. One such facet is the fundamental 

principles of fire spread upon which the analytical procedure is based. 

The identification of these principles may be considered an induction 

of fire spread postulates. 

2.3.1 Induction 

Induction is a process of forming a general rule from particular 

cases [98]. It is usually contrasted with deduction in which a 

conclusion about a particular case is drawn from a universal premise • 

. iJ &" 
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Induction takes many forms, ranging from mathematical induction as a 

technique of demonstrable proof, to what has been coined by Johnson 

[99] as "intuitive induction". Intuitive induction implies the 

apprehension of an abstract generalization by means of its exemplifi ­

cation in a particular instance [100]. Many general principles are 

formed by intuitive induction when more formal indications are unavail ­

able or unnecessary. In the inductive analysis of the Goal Oriented 

Systems Approach, it will be reasoned that there are implicit principles 

in the approach which may be considered as general principles of fire 

safety. The inductive reasoning is as follows: 

Premise:	 The Goal Oriented Systems Approach is an accepted 

methodology of evaluating fire safety. While this 

acceptance is not universal, use by the United States 

Federal Government and several major fire protection 

engineering firms as documented in Chapter I, con­

stitutes a demonstration of this premise. 

Premise:	 There are basic principles upon which the method­

ology is based. 

Conclusion: Therefore it is induced that these principles are 

acceptable general principles of fire safety. 

It should be noted that logical induction is not designed to demon­

strate the truth of the conclusion as following necessarily from the 

premises but is intended to merely establish the conclusion as probable. 

--;1';"- " 
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If the first premise is accepted, then it is only necessary to demon­

strate the second premise to complete the reasoning. 

2 .3.2 Induced Postulates of Fire Spread 

Postulates of fire spread in structures may be induced from a simp1i­

fied expression of the quantitative component of the Goal Oriented 

Systems Approach. That these postulates are inherent to the approach 

may be confirmed by using them to regenerate the expression. 

The Basic Eguation 

The quantitative application of the Goal Oriented Systems Approach to 

building fire safety is an iterative process which requires sequential 

calculations of the probability of limiting fire involvement in each 

of successive compartments. In an effort to simplify the calculations, 

a single mathematical expression has been developed for the probability 

of success in limiting the fire involvement to any prescribed compart­

ment (see Appendix). 

The basic equation: 
n-1 

peL ) = P[G + L: (F. + G.+1D.)].n 1 1 1 1
i=l 

Where: 

P (L i ) = Probability of success in limiting the involvement of the 
ith room, 

P(F i ) = Probability of success of the compartmentation barrier 
between room i and room (i + 1), 

P(D.) = Probability of structural integrity of the ith barrier,
1 
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and PCG.) = Probability of success in limiting the fire involvement 
1.	 in room i if room i were the room of origin, i.e., 

limitation due to the fuel, environmental and control 
factors within the room. 

The Postulates 

In the process of deriving the basic equation a number of postulates of 

fire spread were induced. They are not explicitly stated in the GSA 

documents, but may be said to be implicit in the Goal Oriented Systems 

Approach. 

These postulates are as follows: 

1. Limitation of fire spread may be achieved by containment 

or by termination. 

Limitation of fire spread represents an event or condition whereby fire 

will not spread from one module to the next and therefore implies that 

the next module is secure for mission continuity. Limitation of fire 

spread is thus equivalent to the event L in the basic equation. Con­

tainment is the event or condition by which heat transfer between 

modules is physically prevented. This will usually be effected by 

spatial separation or by a thermal barrier. Termination is the event 

or condition of cessation of the combustion reaction prior to the 

normal consumption of available fuel. Termination may be due solely 

to the physicochemical characteristics of the involved module or it 

may be abetted by a suppression methodology. Therefore, containment 

and termination are e~uiva1ent to events F and G respectively. 

I'···· '. 
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2. Termination will not occur if ignition is by massive energy 

transfer. 

Massive energy transfer is an event or condition of modular fire spread 

which results in extensive fire involvement. Between compartments a 

massive energy transfer may be effected by the disintegration or 

collapse of a physical barrier. Thus massive energy transfer is equi­

valent to the complement of the event D in the basic equation. 

A third postulate applies to the sequential fire spread among modules. 

3. Limitation of fire spread to a sequential module is achieved 

if the fire is limited to any previous module. 

This postulate is the essence of the combinative development of the 

ilL-curve" in the Goal Oriented Systems Approach, and is similar to the 

principles of Hogg's [87] and other probabilistic models which produce 

a geometric distribution of the number of rooms burned. 

Regeneration of the Basic Equation 

The first two postulates of fire spread may be combined as a Boolean 

statement: 

L = F u (G n D) 

Where: A u B = the union of A and B, 

A n B the intersection of A and B. 

This statement says that termination is the intersection of event G 

and the absence (complement) of massive energy transfer, ,and the limita­

tion of fire spread results from the union of containment and termina­

tion. This expression holds in general within any module i. 

". ~-, 
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Thus: 

L. = F. u (G. n D.)
1 1 1 1 

By the third postulate, fire spreads sequentially through spatial 

modules. Thus, the limitation at the nth module is the union of the 

limitation within all modules one through n. 

L = L u L u ••• u L n 1 2 n 

n 
= .U

l1= 
L. 

1 

n 
.U

l1= 
[F. u(G.

1 1 
n D ) ] 

We now have a Boolean statement as to the means by which the limitation 

of fire spread at any module in a structure is achieved. This statement 

may also be written in terms of probabilities: 
n 

P(L ) = P {U [F. u (G. n D.]}
n 1=l 1 1 1 

Assuming independent, mutually exclusive events the equation can be 

written: 
n 

P(L ) = (F. + G.D.)]P[i~ln 111 

It is assumed that there is no barrier to the ignition of the first 

module. Hence, F' and D do not exist and the equation becomes: 
1 1 

n 
P(L ) = P[G + i~2 (F. + G.D.)]

n 1 1 11 

which is equivalent to the basic equation as the subscripts are therein 

defined. 

2.4 Summary 

Systems analysis, like fire protection engineering, depends so strongly 
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on experienced judgement and intuition that it still lacks a complete 

theoretical foundation. The essence of systems analysis is the systema­

tic use of experienced intuition. Thus, the development of the Goal 

Oriented Systems Approach was essentially a systems analysis, a method­

ical approach to the problem of fire safety evaluation in buildings. 

However, the use of intuition alone without theoretically based struc­

ture is seldom adequate. 

It has been shown, inductively, that there are three general postulates 

of fire spread implicit in the Goal Oriented Systems Approach. Having 

been stated explicitly, consideration of the validity of these postu­

lates is now possible. 

The spatial modules of the Goal Oriented Systems Approach and the para­

meters of a designed fire, form a convenient framework for analysis. 

The resulting components of pre-flashover fire, post-flashover fire, 

barriers and automatic sprinklers provide the basis for the development 

of appropriate theoretical models. 

/~, " (,' 
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MODELS 

C HAP T E R I I I 

IN THE GOAL ORIENTED SYSTEMS APPROACH 

Modeling is the essence of systems analysis. Therefore, it is 

appropriate to discuss this concept to some length. The original 

development of the Goal Oriented Systems Approach was not a rigorous 

attempt to model probabilistic fire spread but simply an intuitively 

derived heuristic approach to the problem. Yet, foundations of 

accepted theoretical models can be found in the approach, either 

explicitly or implicitly. In this chapter, these models are extended 

in a less heuristic fashion. The purpose is to lend additional 

credence to the approach and to identify the components of a more 

theoretical formulation. 

3.1 Models and Model Building 

Models are pervasive and are found in all walks of life. Models in 

systems analysis aspire to a certain degree of rigor and hence may be 

discussed within a certain context. The following discussion is 

illustrative and not restrictive. Useful models, like systems analyses 

themselves, exhibit little homogeneity. 

3.1.1 T~e Concept of a Model 

A model is simply a ~escription of some aspect of the real world. 

Perceptions and thoughts are usually in terms of images. These images 

are in reality models of the contemplated systems. Information about 

the real world is gathered by the senses. This information is 

// '; f 
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processed by the mind to infer interrelationships which produce the 

observed effects. These inferences constitute models. 

A model provides an efficient way of viewing a system. It is not 

required to tell everything about the system's behavior, but only what 

we believe to be useful. This is referred to by Tukey as the 

"Principle of Parsimony viz. it may pay not to try to describe in the 

analysis the complexities that are really present in the situation" 

[101, p. 202]. Usefulness of the model will therefore be limited to 

the importance of the moment. 

3.1.2 A Taxonomy of Models 

Classification schemes for models are numerous. The purpose of 

presenting one here is not to surp1ant other classifications but to 

illustrate the diversity of models. TIle typology which follows is 

primarily that of Murdick and Ross [102] with some elaboration on the 

categories of structure 

Classification by Function 

Descriptive. Descriptive models identify relevant variables of a 

system and indicate the form of their relationships. Relations among 

variables are not made explicit and the model cannot be manipulated by 

changing values of the variables. Scale models are usually descriptive. 

Predictive. Predictive models specify the future state of a given 

system. They do not necessarily require an understanding why a system 

behaves as it does, but only that a given input will produce a 
! 
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specific output. Predictive models answer "what if" questions.
 

Correlations are predictive models.
 

Normative. Normative models indicate preferable courses of action.
 

They are optimization models which provide a "best" answer to a
 

problem.
 

Classification by Structure 

Physical. Physical models are material representations of systems. 

They are either iconic or analog. Iconic models retain the physical 

appearance of the system such as a scale model. Analog models provide 

a parallel operation of the system such as a simulation. 

Symbolic. Symbolic models utilize symbols to describe the system. 

They may be verbal, graphic or ~athematical. Verbal models are 

narrative descriptions of the system such as are often generated in the 

process of formulating the problem. Graphic models utilize dimensional 

geometries to portray the system. Histograms and flow charts are 

graphical models. Mathematical models are sets of numerical functions 

that describe the analytical evaluation of a physical system. Most 

symbolic models may be translated from one form to another. 

Classifications by Time Reference 

Static. Static models are time independent.
 

Dynamic. Dynamic models account for changes in a system over time,
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Classification by Uncertainty Reference 

Deterministic. Deterministic models produce unique output from 

specific input. Models in classical mechanics are deterministic. 

Probabilistic. Probabilistic models respond to specifi.c input with 

behavior which is not reproducible. They produce random outputs 

indicative of a system exhibiting stocl~tic variation. Most models 

of natural phenomena are probabilistic. 

3.1.3 Model Building 

Constructing models of systems is often an intuitive process. After 

formulating the problem in a manner conducive to analysis, a systems 

analyst may recognize a familiar structure in the system. In other 

cases, such as with statistical models, a more defined procedure may 

be followed: 

1) Observations of the real world are used to develop a model. 

2) After the preliminary model is designed, observations are 

used to compare the behavior of the model to that of the real world. 

3) In most cases, the model thus tested will not be completely 

satisfactory. The model is then refined to become more realistic 

in its behavior. 

4) Then a continued process of successive approximations proceeds 

until comparison indicates the model is acceptable. 

Figure 3.1 is a graphical model of this model building process. 

((,' /;
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3.1.4 Limitations of Models 

In the process of model building, approximations and simplifying 

assumptions are required to make the model tractable. An assumption 

may be defined as a proposition which is neither self-evident not 

necessarily highly probable Il03J. Assumptions in modeling should be 

explicitly identified. Implicit assumptions detract from the utility 

of the model by making evaluation of the model difficult. Although 

simplifying assumptions are almost always necessary, they should not 

be so overwhelming in importance that the real world representation of 

the model is compromised. 

Omission of relevant factors in model building may be purposeful. 

Details which have the same effects for all alternatives need not be 

considered. In addition, some factors are simply not suited to 

numerical measures (e.g. life safety). On the other hand, such 

omissions may also represent the fallibility of the systems analyst 

and a lack of understanding of the system. All approximations, 

simplifying assumptions and judgments must be made explicit and thus 

subject the model to checking, criticism and disagreement. 

3.2 Probabilistic Models 

In systems analyses, phenomena which have uncertainty associated with 

them are always involved. Uncertainty is caused by inherent variation, 

either uncontrollable technological variation or inconsistencies of 

natural phenomena. Unless appropriate assumptions can be made to 
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handle the uncertainty in an acceptable qualitative fashion, models 

of systems must incorporate quantitative treatment of the uncertainties. 

If the variation exhibits some degree of regularity, uncertainty may be 

quantitatively described by a probability model. Benjamin and Cornell 

[104] cover the subject of probability models comprehensively. 

3.2.1 Uncertainties in Fire Safety 

Many pronounced uncertainties occur in fire safety. The concept of 

safety itself is one uncertainty. Lowrance [17] makes the point in his 

study that human activity will always and unavoidably involve risks. 

Nothing can be absolutely free of risk; thus there are degrees of risk 

and consequently degrees of safety. The concept of fire is also 

uncertain. The NYC-RAND Institute concluded from a survey of the 

literature that "unwanted combustion is perhaps the least predictable 

common physical phenomenon" [105, p. 51]. Edward Prendergast, Fire 

Protection Engineer for the City of Chicago, also identifies the 

problem of uncertainty: "Although we know a great deal about it (fire) 

from a scientific standpoint, its occurrence in the real world remains 

largely random" [106, p. 33]. Nowhere is this more evident than in 

the results of "The Home Fire Project" [107]. In the first full scale 

room fire test, held as part of this project in 1973, it was more than 

seventeen minutes after ignition when flashover occurred in the form 

of large flames out the open door 1).08]. A second "identical" test 

was conducted in 1974 [109J. In the second test, flashover came in 

less than eight minutes after ignition or in less than half the time 
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of the first test. Thus the uncertainties of fire phenomena are real 

and substantiated. 

Quality control of manufactured or fabricated systems for confinement 

of suppression is another obvious source of uncertainty that prevails 

in the real world. 

The Nature of the Uncertainties 

Two types of uncertainty exist. Statistical uncertainty is measurable 

through the collection and analysis of data, such as fire load, fire 

frequency, etc. Engineering uncertainty accounts for factors which 

may not be included in the ohserved statistical data, such as 

relations between laboratory tests and field performance, miscalcu­

lations, and, in general, the deviation of the behavior of the actual 

from the ideal. That much of the uncertainty is of a fundamentally 

nonstatistical nature is not to say that it is nonprobabilistic, only 

that it is not measurable. Theoretical models facilitate the consider­

ation of engineering uncertainty through parameter selection or by 

inclusion of safety factors. 

In deterministic formulations, one deals with functions of variables. 

In probabilistic models, the values of the variables are never certain 

and hence they are referred to as random variables. 

(n i 
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Handling the Uncertainties 

Probability theory is that branch of mathematics which deals with 

uncertainty 1104]. The likelihood that an event will occur can range 

from impossibility to absolute surety. The theory of probability 

provides a framework for assigning numbers to likelihoods of occurrence 

of events so that these likelihoods may be computed and compared. 

Uncertainty cannot be ignored by using an average or expected value 

in lieu of the random variable itself. In general, the expected 

value of a function of several variables is not equal to the same 

function of the expected values of the variables. 

Probabilistic models of fire growth have been suggested by Mande1brot 

[110] Shpi1berg [111] and Phung and Willoughby [112] and by numerous 

British researchers [88, 113, 114]. Thus, the application of probabi­

1ity theory to fire safety is a recognized approach. 

Probabilistic modeling offers a rational method of dealing with the 

randomness of fire safety. As stated by Cornell, a probabilistic 

model is lithe only kind of engineering representation which recognizes 

uncertainty and deals with it quantitatively and consistently" IllS, 

p. 977]. 

3.2.2 Statistical Models 

Significant use of statistical models in engineering has occurred only 

within the last quarter century. Earlier use was limited to "softer" 

ttl. 
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sciences where fewer deterministic relationships exist. There 

are now many devotees who recognize the utilitarianism of statistical 

models in engineering. An appropriate review of the subject may be 

found in Hahn and Shapiro 1ll6J. 

Probability Distributions 

A probability distribution may be thought of as a function which 

defines the probability of any outcome of an event. For example, the 

probability distribution which describes the roll of a die is: 

p(x) = 1/6 where x = 1, 2, .•. , 6 . 

That is, all of the possible outcomes 1,2, ... , 6 have an equal 

probability of 1/6. One of the most co~only known probability 

distributions is the normal or Gaussian distribution. The normal 

distribution is of the form: 

21p (x) ~ exp -£::ill ,-oo<x<+oo 
Ov27T 202 

where ~ and 0 are the mean and standard deviation of the distribution. 

Many different probability distributions are used to describe many 

different random phenomena. The selection of an appropriate 

distribution is the essence of statistical modeling. 

Probability distributions of significance in this study inClude the 

normal distribution, the standard normal distribution and the lognormal 

distribution. The lognormal distribution is the model for a random 

variable whose natural logarithm is normally distributed. The 
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lognormal density function is given by; 

1 exp -(In x -)1) 2 , x>O
f ex) =xaJ27T 2cr2 

where ~ and cr are the parameters of the normally distributed 

logarithms. The distribution has many shapes for non-negative random 

variables as illustrated by the curves of Figure 3.2, representing 

lognormal distributions with different values of the parameters. 

Fire Severity as a Lognormal Distribution 

Selection of an appropriate probability distribution has been 

identified as the essence of statistical modeling. Two steps comprise 

this process: an ~ priori analysis of the physical processes being 

described and a verification of the model with observed data. 

A priori analysis. The normal distribution is representative of so 

many randomly fluctuating phenomena, that it is usually a first choice 

where there is little information on which to base a selection. The 

normal distribution was chosen by Lie [25] as his model of fire 

severity. Burros [26] in his refinement of Lie's work, notes that 

negative fire severity is nonexistant and suggests a truncated 

distribution (range: zero to +00 rather than ~ to +00) such as the 

lognormal. Ramachandran Il17] also assumed a lognormal distribution 

of fire severity in his work. 

(". to,,,,) 
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Additional justification for a lognormal distribution of fire 

severity is found in the literature. The severity of certain other 

natural phenomena appears to follow this distribution: Hewitt [118] 

cites studies in which the dimension of the damage swath of tornadoes 

and the flood damage magnitude in the United States are described as 

lognormally distributed. Rennie 1119] and Benkert [120] have employed 

the lognormal distribution as a model of fire damage based on 

insurance claims. 

Thus there are ~ priori indications of the suitability of the lognormal 

distribution to be found in previous work and in the related literature. 

Model verification. Fire load, the weight of combustibles per unit 

floor, has long been used as a measure or parameter of fire severity. 

The National Bureau of Standards [121] conducted a survey of fire load 

in 1044 offices in twenty-three federal and private office buildings 

throughout the country from two to forty-nine stories high. Results 

of this survey are summarized in Figure 3.3. Data from Figure 3.3 

was plotted in three different forms: as an exponential distribution 

suggested by Baldwin et ala r122], as a normal distribution suggested 

by Lie [25], and as a lognormal distribution suggested by Burros [26]. 

The lognormal, shown in Figure 3.4, was the closest of these to a 

straight line fit (see Appendix A3). 

3.• 2.3 Stress-Strength Models 

Reliability is the probability that a component will function properly 
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at a specified time. Reliability ~ se is not normally considered 

for fire protection and no requirements exist in any code, standard 

or other approval specification. However, some of the methods of 

reliability theory have found application in a systems concept of 

fire safety. Stress-strength models are one such method. 

Stress-Strength Models in Reliability Theory 

Reliability theory is a body of mathematical models and methods which 

deals with problems in predicting, estimating, or optimizing the 

probability of the proper functioning of a system Il23]. Among the 

more recent models in reliability theory are those depicting a 

stress-strength relationship. Bhattacharyya and Johnson 1124] 

describe stress-strength models as applying to the situation where a 

component accomplishes its intended function provided it is strong 

enough to overcome the opposing forces of the operating environment. 

The reliability of the component to successfully complete its mission 

is defined as the probability that its strength exceeds the stress 

encountered during its operation. 

Let X be a random variable denoting the maximum stress encountered 

and let Y be a random variable denoting the effecting strength. 

Since the units of stress and strength are the same, their probability 

density functions may be plotted on the same axes as shown in 

Figure 3.5. When strength of the system is y*, then the reliability 

of the system (i.e. the probability that the stress will be less than 
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the strength) is the area under the stress curve to the left of y*: 

y* 
p { -X $. y*} = [ f (x) dx . 

- co 

If the exact strength y* is unknown, the reliability is also a 

function of the strength distribution g(y): 

co y 
p{x<;y} J J f(x) g(y) dx dy 

-!Xl-CO 

co 

J Fx(Y) g(y) dy 
_ co 

which is the usual form of the general stress-strength model. 

Stress-strength models are treated in depth by Kapur and Lamberson 

I125] . 

Applications of Stress-Strength Models 

Stress-strength models have recently been advocated in the analysis of 

structural safety. Baldwin 1126] reviews these aspects of structural 

probabilistic analysis and suggests applications in fire safety. 

Lie's model of structural fire protection 125] is also an application 

of the stress-strength concept. Witteveen 1127] suggests that the 

application of stress-strength models to the limit states design of 

structural safety is directly transferrable to structural fire 

protection. Thus, the primary focus of stress-strength models in fire 

protection has been on the protection of the structural frame. 
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A Stress-Strength Model of a Fire Barrier 

Let R be a random variable which represents the fire resistance of 

the barrier and let S represent the severity of the fire to which the 

barrier is exposed. Then the characteristic of interest is the 

probability that the fire resistance is greater than the fire severity: 

P {R ~ S} p {(R/S) ~ I} 

P{X~l}, where X = R/S 

and: In X = In R - In S 

by the properties of logarithms. Now, if Rand S are lognormal 

random variables, then lnR and InS are normally distributed. It has 

been frequently shown (e.g. Walpole and Myers [128, p. 150]) that a 

linear combination of independent, normally distributed random 

variables is also normally distributed. Assuming, therefore, that the 

fire severity and the fire barrier are independent, 

Y = lnX = lnR - InS 

is a normally distributed random variable with mean ~ = ~ - ~l S 
l~ n 

and variance 0 2 = 0 2 + 0 2 Now the probability of interest may
lnR InS 

be expressed in terms of the normal random variable Y: 

P { X ~ 1 } = P { Y ~ lnl } 

=p{Y~O} 

The standard normal variate is a normally distributed random variable 

with a zero mean and unit standard deviation. Any normal variate (x) 

may be represented as a standard normal (z) by the following 

transformation: 
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z = (x - ll)/a •
 

Thus:
 

P { y ~ 0 } = P { Z ~ - (y/a)}. 

Values of the standard normal distribution are tabulated in most texts 

on probability and statistics. For any standard normal variable: 

P { X ~ x} = P { X ~ (-x) } • 

Therefore the probability may be-written in the more usual form: 

P{R2.S} = p { Z ~ (ll/a) } • 

Thus the probability of a given barrier withstanding a given fire may 

be represented as a standard normal random variable. 

In the revised GSA version of the Goal Oriented Systems Approach, use 

of the "total probability theorem" to calculate the thermal resistance 

and structural integrity of a barrier is a discrete form of a stress-

strength model. 

3.3 Graphical Models 

It is frequently convenient to model a complex system symbolically. 

Conventions of symbols have arisen for many types of graphical models 

such as block diagrams, networks and trees. Fault tree analysis has 

been utilized as the basis for graphical modeling in the Goal Oriented 

Systems Approach. 

According to Recht Il29J fault tree analysis was developed in 1962 by 

H. A. Watson of Bell Telephone Laboratories. The technique was 
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subsequently made famous by the Boeing Company in its application to 

the Minuteman Ballistic Missile Program I130J. 

The fault tree process utilizes a logic diagram to portray and analyze 

an undesired or "top" event. Conditions which may lead to the top 

event are diagrammed symbolically. Relationships of causative events 

are shown by the use of two basic symbols of logic gates - the AND 

gate and the OR gate. These gates represent the fundamental Boolean 

functions which form the basis for logic analysis, thus the fault tree 

relationships may be translated into expressions of Boolean algebra. 

Probabilities of occurrence of the independent bottom line or basic 

events may then be substituted into the Boolean expressions to 

calculate the probability of the undesired event. 

Fault trees are based upon setting down a specific failure and 

examining the system in a logical, well organized way to determine 

what can go wrong to produce the failure. Alternatively, one can 

consider a desirable top event. An objective tree is based upon the 

analysis of the requirements and alternatives to achieve a specified 

goal [121]. Fire safety trees are of the objective type. 

Use of logic diagram analysis requires an intimate knowledge of the 

system being analyzed. It is often time consuming but if thorough, 

will be revealing. It is this revealing or exposing of the predominant 

contributors to the system behavior which gives the technique its 

value. It often leads to the discovery of combinations of factors 
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which otherwise might not have been recognized as causative of the 

event being analyzed. The tree becomes a record of the thought 

process of the analyst and serves as an excellent visual aid for 

communication with designers and management, as well as providing a 

convenient and efficient format helpful in the computation of the 

probability of the top event. 

A commendable introduction to fault tree analysis is given by Lambert 

130]. Discussion of the application of the technique in the Goal 

Oriented Systems Approach is found in the original GSA document [16]. 

3.4 Sce.narios 

Scenarios describe hypothetical sequences of events that could lead 

to some envisaged state. Their function is to identify conditions 

under which the system being analyzed is assumed to be performing. 

Thus, a scenario may be considered a descriptive model of the operating 

environment. Scenarios have recentiy been employed as an aid to 

developing a fire safety research plan [132, 133]. 

The concept of scenarios is implicitly utilized in the Goal Oriented 

Systems Approach. In estimating the probability of limiting spatial 

fire spread in the Goal Oriented Systems Approach, a specific potential 

path of spread must be identified. A scenario must be formed to 

identify the location of ignition, the first barrier to be challenged 

by the fire, the second barrier to be challenged, the number of 

barrier failures which produce spread to another zone, etc. Thus, 
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each probability calculation represents a specific scenario. A 

complete building fire safety systems analysis would require many 

such scenarios - some stipulating typical conditions and constraints 

and some stipulating unique and even extreme situations. The 

ultimate objective of the scenarios is to relate the theoretical 

model to real, unplanned fires. 

3.5 SU!!llllary 

This chapter has been concerned with models in the Goal Oriented 

Systems Approach. The Goal Oriented Systems Approach has been shown 

to employ a number of modeling techniques, some explicitly and some 

implicitly. In particular, stress-strength models, fault trees 

and scenarios are inherent components of the Goal Oriented Systems 

Approach. More theoretical treatments of these models have been 

introduced and these will be synthesized into a reformulation of the 

approach in the following chapter. 
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C HAP T E R I V 

SYNTHESIS OF A GOAL-ORIENTED SYSTEMS APPROACH 

Synthesis is the process of combining component parts into a coherent 

whole. The component parts in this synthesis consist of the basic 

concepts of the Goal Oriented Systems Approach identified in the 

analysis of Chapter II and the inherent theoretical models described 

in Chapter III. The objective is to develop a meaningful framework 

whereby intuition, experience and existing data may be utilized with 

theoretically sound analytical techniques to produce a probabilistic 

measure of fire safety. The resulting eclectic model represents a 

significant departure from the methodology of the original Goal 

Oriented Systems Approach but retains the underlying concepts. In 

order to distinguish the revised procedure, the term Goal-Oriented 

will be hyphenated. This also serves to grammatically emphasize the 

synergistic concept intended by this expression. Thus, the Goa1­

Oriented Systems Approach refers to the theoretically based methodology 

developed in this chapter. The Goal-Oriented Systems Approach aims 

to be theoretically valid, intuitively acceptable and easier to use. 

4.1 Probability Distributions 

The primary inputs to the revised methodology are probability distribu­

tions for the major components of fire safety: the pre-flashover fire, 

automatic sprinklers, the post-flashover fire, and barriers. The 

lognormal has been selected as the general distribution to represent 
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each of these components. The lognormal is a nonnegative distribution 

which is	 amenable to the analytical techniques of the methodology and 

shows some a priori, empirical and/or theoretical justification for 

certain of the components. Thus, the identification of the appropriate 

probability distribution consists of selecting the parameters of a 

lognormal distribution. 

4.1.1 Parameters 

The lognormal is a two parameter distribution. The parameters are the 

mean ~ and the standard deviation a. The selection of these parameters 

is the essence of the revised methodology and there are a number of 

characteristics of the parameters and estimation techniques which can 

aid in the selection. 

Relation	 of the Parameters of the Normal and 
the Lognormal Distributions 

The most usual form of expression of the density function of the 

lognormal distribution is: 

_1_ exp - (In x _lJ)2 , x>Of(x) 
x aI'"""2'7f 2a2 

The parameters lJ and a in this expression are the parameters of the 

normal distribution of Y = 1nX where X is the lognormal random variable 

of interest. In the rare cases where there is actual data and the 

sample mean, X, and sample standard deviation, s, are known or where 

these parameters are intuited or estimated, a transformation is neces­

sary. By examination of the moments of X expressions for the parameters 
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of the normal distribution, Y ln X, may be derived [104, pp. 226­

227] : 

1..1 = ln x- 1/202 

02 = In[(s/x)2 + 1]. 

Shape and Scale 

As noted by Aitchison and Brown [134], 1..1, although a location parameter 

for the normal variable Y = ln X behaves as if it were a scale para­

meter for the lognormal variable X. That is, it affects the height and 

width of the density function. In addition, Aitchison and Brown note 

that 0, originally a scale parameter for Y, behaves as a shape parameter 

for X. As can be seen in Figure 4.1, the form of the density function 

can vary greatly with the value of a. A small value of a produces a 

symmetric distribution, while a large value produces a very skewed 

distribution. The nature of these effects is significant when it is 

necessary to estimate parameters using engineering judgement. For 

example, if it is known that the distribution is skewed, but nothing 

more, it is appropriate to select a large value fur a. 

The Cumulative Distribution 

Where parameters must be intuited with meager information, the cumula­

tive distribution function F(x) may be more facilitative than the 

density function f(x). In probability theory the cumulative distribu­

tion function is defined in terms of the density function: 
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x* 
F{x*) = J f{x) dx 

_ 00 

There is no convenient general expression for the cumulative distribu­

tion function of the lognormal distribution. However, a characteristic 

form may be visualized to illustrate the effect of various values of 

the parameters. Figure 4.2 is a typical plot of a lognormal cumulative 

distribution function. The ordinate of the cumulative distribution 

ranges from a to 1.0 the total possible range of probabilities. Thus, 

the cumulative distribution function indicates for some value x* on 

the abscissa, the total probability that the random variable X will be 

less than that value: 

F{x*) = P { X $ x* } 

The parameter ~ locates on the abscissa the middle or most vertical 

part of the curve, thus a higher value of ~ moves the curve to the 

right and a lower value of ~ moves the curve to the left (Figure 4.3). 

The parameter cr suggests a slope closer to the vertical, indicative 

of less variation, while a higher value of cr moves the slope away 

from the vertical indicating greater variation (Figure 4.4). A few 

standard cumulative distribution plots may facilitate the identifica­

tion of the relative position of an unknown component and hence approxi­

mate the parameters of its distribution. Appendix A4.l lists a computer 

program with which alternative cumulative distributions may be examined. 

Also shown are resultant plots for the example data developed in this 

chapter. 
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Curve Fitting 

For the few scant cases where there is empirical data, curve fitting 

techniques are appropriate for parameter estimation. Although the 

chi-squared test is the most widely used distributional test, this is 

not an appropriate test where there are a small number of observa­

tions 1116, p. 302], which is most likely to be the case of fire 

safety data. There are other more appropriate distributional tests 

for assessing whether an assumed model adequately describes the 

observed data. Computer programs for applying a number of such tests 

as well as estimating parameters of the distribution are available, 

e.g. [135]1. It is important to acknowledge that distributional tests 

can identify the suitability of a statistical model within a given level 

of confidence, but they do not prove the correctness of the model. 

Judgement 

Whenever experienced judgement or intuition is utilized in the estima­

tion of parameters, it is important to recognize that a bias is being 

introduced. This bias must be considered in the evaluation of the 

results. This does not necessarily denigrate the use of judgement. 

There are many indications that human intuition and judgement are power­

ful analytical tools, e.g. Schneider I136]. The effect of bias in 

personal judgement may be controlled through the application of sophis­

ticated delphic techniques, e.g. Linstone and Turoff ~37]. Raiffa 

IThere are errors in this program as published, .ee Appendix A4.2. 
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[138, pp. 161 - 168] suggests an alternative technique for deriving 

judgemental probability distributions. 

4.1.2 Component Distributions 

Techniques of parameter estimation will be illustrated in the selection 

of example distributions of the components of fire safety. It is not 

within the scope of this study to discuss all of the possible severity, 

suppression and confinement measures for which distributions and 

corresponding parameters could be identified. The measures herein 

selected are intentionally traditional to lend confidence in the tech­

nique through the use of familiar concepts. More appropriate measures 

will be implemented with increased application. 

Pre-Flashover Fire 

The characteristic of interest in the pre-flashover fire is the rate 

at which heat is released by the burning fuel. The heat release rate 

is the product of the rate of the fuel weight loss and the effective 

heat content per unit mass of fuel. The effective heat content is a 

portion of the maximum combustion energy indicated by the fuel's heat 

of combustion. The appropriate magnitude of the percentage is an 

elusive parameter. 

IITRI 140] has assembled a significant amount of data on the heat 

release rates of various furniture items. Figure 4.5, taken from the 

IITRI study, shows the probability density of the burning rate of cotton 
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upholstered chairs over the indicated range of conditions. Data 

were gleaned from several sources. The burning rates may be multiplied 

by the traditional effective heat content of cellulosic materials, 

8000 Btu/lb., to give the heat release rates. These are changed to 

international standard units and fit to a lognormal distribution. A 

Kolmogorov-Smirnoff goodness of fit test showed the null hypothesis 

that the distribution is lognormal could not be rejected at the 0.01 

level of significance (Appendix A4.3). 

Automatic Sprinklers 

The selection of appropriate parameters of the lognormal distribution 

representing the "strength" of automatic sprinklers is the most ambigu­

ous task in the application of the Goal-Oriented Systems Approach. 

There are many intuitively appealing approaches to this selection, one 

will be suggested here. 

A sprinkler system which is to meet insurance and legal requirements 

must almost invariably conform to Standard No. 13 of the National Fire 

Protection Association [139]. For example, a hydraulically designed 

system in a light hazard occupancy (e.g. office) must deliver a minimum 

of 0.10 gallons of water per minute per square foot [139, p. 20] over a 

maximum area of 225 square feet [139, p. 68] or 22.5 GPM. Conversion 

to S1 units and multiplication by a latent heat of vaporization of 

water of 539 cal/g [140, p. 563] yields a heat absorption capability 

of approximately 3.2 MW. 
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The state of the art of sprinkler system design is such that the 

required density may be delivered almost with certainty. Variation 

would be due to fluctuations in the water supply. There is signifi­

cantly more uncertainty in the efficiency of the extinguishing effect 

of water. The use of the latent heat of vaporization to estimate the 

cooling capacity of water neglects the additional heat absorbed to 

raise the temperature of the water. However, it is highly unlikely 

that all the water delivered will be converted to stearn nor even that 

all will be raised above its initial temperature. To account for these 

factors, the calculated cooling capacity will be reduced by an effi­

ciency coefficient of 50% and a relatively large variance will be 

assumed. 

Post-Flashover Fire 

The measure of fire severity selected for the post-flashover fire is 

hours of fire duration. The limitations of this measure are recognized 

[19J and its use here does not constitute condonance, merely a temporary 

concession. 

Culver reports a mean fire load of 6.6 psf (pounds per square foot) and 

a standard deviation of 4.1 psf for his sample of 1044 offices [121, 

p. l12J. These values have been adjusted to account for the estimated 

quantity of combustibles which will burn in a fire [14lJ. Fire load may 

be converted to hours of fire duration by the Ingberg relation which is 

simply a factor of 6 min/psf for fire loads less than 30 psf [142, p. 9J. 
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Barriers 

Barriers represent the strength response to the stress of a post-

flashover fire, thus they must have the same measure. Although 

thousands of tests have been conducted on fire barriers, the available 

data is useless for probabilistic evaluation. Barriers are not 

required to be tested to failure. They are tested to a predetermined 

level of fire endurance and the test is stopped [41]. Thus there is 

presently no convenient method for estimating the variance of a barrier's 

fire endurance. 

For this example, the published results of standard fire tests will be 

used as an estimate of the mean fire endurance and it will be assumed 

that the quality control of building materials is such that the varia­

tion about this mean will be relatively small. Underwriters Labora­

tories' design number U4l0 [143, p. 433] is a nonbearing wall assembly 

rated at one hour fire endurance. 

Distributions Summarized 

The parameters of the component distributions for this example are 

summarized below: 

Component Mean Standard Deviation
 

Pre-Flashover Fire 362 KW 352 KW
 

Automatic Sprinklers 1.6KW 1.5MW
 

Post-Flashover Fire 39.6 min. 24.6 min.
 

Barriers 60 min. 5 min.
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4.2 Application 

Once the distributions of the basic fire safety components have been 

identified, the stress-strength probabilities may be calculated. It is 

necessary, however, to identify additional input parameters to account 

for discontinuities observed in the real world. The identification and 

implementation of appropriate scenarios is the final step in the appli­

cation process. 

4.2.1 Application of the Stress-Strength Model 

The basic components of fire safety constitute the random variables 

of two stress-strength models. The pre-flashover fire is the stress 

component and the automatic sprinklers the strength component of a model 

of fire suppression, while the post-flashover fire is the stress compo­

nent and the barrier the strength component of the model for confine­

ment. 

The probability of success of either suppression or confinement is 

calculated as the probability that one lognormal random variable is 

greater than another. These calculations are performed in four steps: 

1) The parameters of the lognormal distributions are transformed 

to parameters of the normal distributions: Y = In X. 

2) The parameters of the normally distributed difference between 

the two normal random variables is calculated from the 

transformed parameters. 
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3) The zero normal variate of the difference is transformed to a 

standard normal variate. 

4) The value from the standardized normal cumulative distribution 

is identified from tables or by numerical methods. 

For the distributions identified in the previous section~ the proba­

bility of success of the automatic sprinkler system is computed to be 

0.89 and the probability of success of the barrier is 0.84. However~ 

these probabilities do not account for the likelihood of a sprinkler 

valve being closed or of a door in a fire barrier being left open. 

4.2.2 Adequacy and Reliability 

For many decades~ fire protection engineers have been evaluating 

municipal water supply systems in terms of adequacy and reliability. 

These are the major components of the insurance grading of water supplies 

[144]. Unfortunately~ this concept of a two component evaluation has not 

been extended to other areas of fire safety. Consideration of adequacy 

and reliability may help to resolve the problem of discontinuous factors 

of system success. 

As noted~ there are conditions or events which affect the probability 

of success of a fire safety strategy~ but are not reflected in the 

stress-strength model. In addition to the examples above~ a sprinkler 

system may be knocked out by an earthquake or explosion~ while improper 

installation may render a membrane fire barrier worthless. These 
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situations denote a significantly non-zero probability that a strength 

component will be unable to resist even the smallest applied stress. 

The approach to handling this problem will be to consider the output of 

the stress-strength model as a measure of the adeguacy of the fire 

safety component and to reduce this by the reliability that the com­

ponent will perform as designed. Thus the probability of system effec­

tiveness is the product of the system adequacy and the system 

reliabili ty. 

Adeguacy 

Adequacy may be thought of in terms of the expected capacity of the 

component to limit fire spread. As such, for a given stress, adequacy 

may usually be determined by calculation or by test. However, there is 

an associated level of confidence in the calculation or test procedure, 

thus producing a probability distribution of component strength. The 

stress-strength model represents the calculation of the adequacy of a 

component of random strength to resist a random stress. 

Reliability 

Reliability is the probability that the component will function as 

designed. Examples have been given of conditions or events which com­

prise component reliability. Although the system safety techniques of 

failure modes and effects ana1ysis 2 and quantitative fault tree analysis 

would be appropriate for estimating the reliability of fire safety 

'See, for example, Hammer [145], pp. 148 - 156. 
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components, the data are largely unavailable. Qualitative fault tree 

analysis may be used to guide experienced judgement as to a reasonable 

estimate of reliability. 

There are rough indications of sprinkler system reliability available 

in the literature [146, 147, 148]. Based on the NFPA performance 

tables [147], a reliability of 0.97 will be assumed for the sprinkler 

system in the present example. Then the probability of system effec­

tiveness as the product of adequacy and reliability is: (0.89) (0.97) 

0.86. 

There is less information available on the reliability of barriers, thus 

a greater need for intuition and judgement. Consider a concrete block 

wall and a gypsum wallboard wall which have a similar fire endurance 

rating by conventional test. The gypsum wall has a greater variety of 

materials (studs, wallboard, fasterners, joint sealant, etc.) and is 

generally more susceptible to physical damage in use, thus less likely 

to be integral in the event of fire. Intuitively, then, the reliability 

of the concrete wall is greater than the reliability of the wallboard 

wall. 

It is apparent that the most dominating influence in barrier reliability 

will be the status of the door. An open doorway would reduce the barrier 

reliability to almost zero while a closed, adequately fire resistant 

door would yield a reliability near 1.0. Thus the barrier reliability 

may be estimated by analysis of such information as the type of door, 

the existence of automatic door closers and what percentage of the time 
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the	 self-closing doors are chocked open. 

For the present example, assume a well-maintained, self-closing, fire 

door producing a barrier reliability of 1.0. Therefore, the probability 

of barrier effectiveness remains unchanged. 

4.2.3 Probability of Limiting Fire Spread 

The linking together of the calculated probabilities to compute the 

probability of limiting fire spread follows identified postulates of 

fire spread and appropriately prescribed scenarios. 

Postulates of Fire Spread 

The	 synthesized model assumes the postulates of modular fire spread 

implicit in the original Goal Oriented Systems Approach. These postu­

lates are: 

1.	 The limitation of fire spread may be achieved by containment 

or by termination. 

2.	 Termination will not occur if ignition is by massive energy 

transfer. 

3.	 The limitation of fire spread to a sequential room or module 

is achieved if the fire is limited to any previous module. 

There is an important corollary to the first postulate which is also 

implicit in the examples given in the GSA documents. The example cases 

which involve an automatic suppression system do not include the ex­

tinguishment probability of such a system in any module other than the 
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first. This may be explained by considering that in a low hazard 

occupancy (e.g., offices) the entire building is usually serviced by 

a single automatic suppression system and most failure modes are such 

that the entire system is affected. Therefore, there is a single proba­

bilistic factor for automatic suppression which remains unchanged regard­

less of the number of modules involved and the limitation of fire spread 

may not be achieved by suppression in any module other than the first. 

The first postulate indicates that the probability of limitation of 

fire spread in a room is the Boolean sum of the probability of termi­

nation and the probability of barrier effectiveness (containment). 

Termination refers to a cessation of combustion by its own accord 

(self-termination) or by an extinguishing action. The probability of 

termination, therefore, is the Boolean sum of the probability of self-

termination and the probability of suppression. Isolated small 

quantities of fuel, such as a curtain or drape, may be completely 

consumed with no further fire spread. Sometimes, even major furniture 

items may burn without any large flame buildup. The possibility of 

fires to self-terminate causes the fire severity distribution to ex­

hibit bimodal behavior. Figure 4.6 is a histogram of the nineteen full 

scale corner tests conducted by Fang [149). The bimodality of fire 

severity as measured by gas temperature is clearly indicated. Using 

Fang's results, and assuming a uniform distribution of the conditions 

tested, the probability of self-termination is estimated as 0.5. 
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The Boolean operations suggested by the first postulate and the 

adequacy/reliability concept are summarized in the objective tree of 

Figure 4.7. This tree indicates the variables and their relationships 

which determine the probability of the limitation of fire spread within 

a compartment or structural module. 

By the logic tree of Figure 4.7, the probability of limitation of fire 

spread is the Boolean sum of the probability of termination and the 

probability of containment, or barrier effectiveness, P(Eb). The 

probability of termination is, in turn, the Boolean sum of the proba­

bility of self-termination, P(T), and the probability of the suppression 

system effectiveness, P(E )' Thus, if p. is the probability of fire s 1 

limitation within module i, then: 

p. = P(T). u P(E ). u P(Eb ).
1 1 S 1 l. 

= 1 - [1 -' P(T)J[1 - P(E )J[1 - P(Eb) i] (equation 1).s

For the example under consideration, the values of the respective varia­

bles have been identified as 0.5, 0.86 and 0.84. Thus by equation 1: 

p. = 1 - (1 - 0.5)(1 - 0.86)(1 - 0.84)
1 

0.989. 

Consider a sequence of three similar (for the purposes of the model, 

identical) modules. Then the probability of effective suppression in the 

second and third modules is zero by the corollary to the first postulate. 

Therefore: 
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P P 1 - (1 - 0.5)(1 - 0.0)(1 - 0.84) 
2 3 

0.92. 

The massive energy transfer condition of the second postulate is implicit 

in the fire severity distribution. 

The third postulate indicates the additive nature of the fire limitation 

potential in sequential modules. If P and P represent the probabili ­
1 2 

ties of limiting fire spread to within the first module and within the 

second module respectively, and P and P are the cumulative proba­
1 2 

bilities that the fire does not spread beyond the first and second 

module respectively, then P = P and P is the probability of limita­
1 1 2 

tion in the first module, P , plus the probability of limitation in the 
1 

second module should the fire not be limited to the first; (1 - P )p • 
1 2 

Thus: 

P = P + (1 - P )P .. 
2 1 1 2 

Which may also be written: 

P = 1 - (1 - p) (1 - P ). 
2 1 2 

The relationships of these probabilities is illustrated graphically in 

Figure 4.8. In general, for the sequential spread of fire from module 1 

to module n, it can be shown by mathematical induction that the proba­

bility of fire limitation at the nth module is: 

n 
P 1 - i U1 (1 - Pi) (equation 2). 

n 

Thus, for the example, the probability that the fire will not spread 

beyond the third module is given by: 
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P = 1 - (1 - 0.989)(1 - 0.92)2 
3 

0.999+ . 

Scenarios 

The selection of actual scenarios to be evaluated is a process which 

calls upon engineering judgement. The complete enumeration of all 

possible scenarios in a modern structure would be prohibitively time 

consuming, even by computer. The number of 10 room scenarios in a 100 

room building is approximately 1015 which is also approximately the 

number of nano-seconds in two weeks. While there are many ways to reduce 

this number, the most direct is by the selection of several appropriate 

scenarios. The primary criteria for such selection should be the identi­

fication of dominating conditions combined with an engineering judgement 

of the most likely path of fire spread. Where there are a number of 

distinct sets of conditions or a number of likely paths, a corresponding 

number of scenarios should be selected. For example, if an office 

building has large suites on some floors and small cubicles on others, 

scenarios dealing with both types should be identified. 

4.3 The Goal-Oriented Systems Approach 

By way of summarizing the calculation procedure of the new Goal-Oriented 

Systems Approach, the model is presented in notational form. The 

example is repeated in terms of the input, processing and output 

characteristics of the methodology. 

", 
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4.3.1 Input 

The required inputs to the model are the parameters of lognormal distri ­

butions for the pre-flashover fire severity (~p ,Op ), the capacityre re 

of the suppression system (~ , ° ), the severity of the post-flashover
s s 

fire (~Post' 0post) and the barrier capacity (~b' Db)' For the example 

cited: 

= 0.36 MW = 0.35 MW~Pre ° Pre
 

~s = 1.6 MW = 1.5 MW
° s
 

~P = 39.6 min. 0p = 24.6 min.
ost ost 

= 60 min. = 5 min.)Jb °b 

Also required as inputs are the reliability probabilities of the suppres­

sion system P(R )' and the barrier P(~). These were given in the s 

example as: 

peR ) = 0.97 P(~) = 1.0. s 

Finally, the probability of self-termination, peT), was estimated as: 

peT) = 0.5. 

It is important to note that these inputs must be repeated for each 

different module, e.g. a room with different contents, a barrier of 

different materials or construction, a different suppression system, a 

barrier with a different opening configuration, etc. Thus, each module 

may have a distinct set of input parameters. 

4.3.2 . Erocess 

The processing of the inputs is an iterative procedure whereby for 
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each room or module the adequacy and effectiveness of the suppression 

system and barrier are computed. The adequacy (A), is determined by the 

stress-strength relationship (~): 

P (A ) ~(~p , 0p , ~ , ° ). = 0.89s ].
0 re re s s]. 

P (~)i = ~(~Post' °post' ~b' °b)i = 0.84 

Effectiveness (E), is the product of adequacy and reliability: 

P (E ). = peA )P(R ) = (0.89)(0.97) = 0.86 
s ]. s S 

P (Eb)i = P(~)P(~) = (0.84)(1.0) = 0.84 

As has been noted, the effectiveness of a suppression system protecting 

several modules, is considered to be zero for other than the first 

module protected. 

Finally, the probability of fire limitation within each module (P.) is 
]. 

given by equation 1: 

Pi = l-ll- P(T)i] [1- P(Es)J [1- p(Eb)il 

P = 0.989 
1 

p = 0.92 
2 

P = 0.92. 
3 

4.3.3 Output 
'f' 

The output of the model is the probability that the fire does not spread 

beyond a given module in a given fire spread scenario. The general 

expression for this value is given by equation 2: 
n 

P = 1 - 0 n 1 (1 - po).n ]. = ]. 
For the example, the scenario is a fire originating in one of three 

·~~r:~.f 



119
 

similar rooms and spreading sequentially to the second and third rooms. 

Therefore: 

P = 1 - (1 - 0.989)(1 - 0.92)2 
3 

+= 0.999 • 

Thus there is a relatively high probability that the fire represented 

by this scenario will not spread beyond the three rooms. 

4.3.4 Calculations 

The calculation procedures in the Goal-Oriented Systems Approach, while 

relatively straight-forward, could become tedious with widespread 

application. In order to avert this situation, a program has been 

written which performs all the necessary computations on a hand-held 

calculator. 

Input to the program is the same as the model input discussed in section 

4.3.1. Calculation of the stress-strength functions utilizes Simpson's 

Rule [150, p. 386; l5l,pp. 370 - 376] to approximate values of the 

standard normal distribution. Probabilities of fire spread are computed 

according to equations 1 and 2. 

Detailed information on the program and its use is given in Appendix 

A4.4. 

4.4 Summary 

In application, the Goal-Oriented Systems Approach offers several 

'.\//;.:, 
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advantages over its predecessor. Of primary consequence is the theoreti ­

cal basis which is explicitly identified and applied in a standard 

fashion. This should create a more favorable acceptance by users 

familiar with the principles of probability theory. Similarly, the 

explicit identification of the underlying postulates of fire spread and 

other assumptions should make the Goal-Oriented Systems Approach intui­

tively acceptable to those who are in accord with these principles. 

Finally, the application of the Goal-Oriented Systems Approach is facili ­

tated by simplified input requirements and calculations. The primary 

inputs are four probability distributions which are of a standard format 

and can be identified with available data or by experienced judgement. 

Discontinuities are handled by the reliability factors which may similar­

ly be either generated or estimated. Thus, the input is minimal and of 

a uniform nature. The calculation procedures are well-defined and 

onerous computations may be obviated by the use of a hand-held program­

mable calculator. These characteristics of the Goal-Oriented Systems 

Approach contribute to the appropriateness of probabilistic measures of 

fire safety. 

(\ ?)-\
 



121 

CHAPTER V
 

EVALUATION OF THE GOAL-ORIENTED SYSTEMS APPROACH
 

The essence of the probabilistic approach to building fire safety 

developed by GSA has been reformulated into the Goal-Oriented Systems 

Approach. In this chapter, the new technique is evaluated. That 

the new methodology has an explicit theoretical foundation is not 

necessarily adequate substantiation in a practical or real world 

environment. To validate the approach statistically would require 

decades of data or megadollars of full scale testing. In a more 

mundane sense, acceptance by the fire protection engineering profes­

sion would indicate a confirmation. Though still a prolonged process, 

much less tangible commitment would be required. To this end, the 

evaluation of the Goal-Oriented Systems Approach is directed toward 

the sensibilities of the fire protection professional. Two facets 

are considered in the evaluation: comparison to the existing method 

of probabilistic fire safety determination and analysis of the 

sensitivity of the approach to changes or errors in the input data. 

5.1 Comparison to the Existing Method 

The Goal Oriented Systems Approach as developed by GSA constitutes 

the existing method of probabilistic building fire safety evaluation. 

Since the GSA approach has acquired a certain amount of acceptance, 

it is requisite that any new or altered approach be tested by com­

parison. This will be done by calculating fire spread probabilities 

for each of the application examples presented in Appendix D of the GSA 

\ '~{;, 
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Building Fire-safety Criteria.· The probabilities of fire spread 

generated by the new Goal-Oriented Systems Approach will be compared 

to the probabilities given by the GSA approach. 

5.1.1 Application Examples in GSA Appendix D 

Four examples of the application of the Goal-Oriented Systems Approach 

were presented by GSA. The examples are for office buildings with 

homogeneous compartmentation throughout. They represent two types of 

partitions and the presence or absence of an automatic sprinkler 

system. 

Example 1 

The first example involves a lightweight partition as a potential 

fire barrier. The partition is constructed of noncombustible 

material but is not specifically designed as a fire resistant barrier. 

Ordinary doors with ordinary hardware comprise ten per cent of the 

surface area of the partition wall. This barrier is referred to as 

parti tion X. 

Example 2 

The barrier in the second example is specifically designed to restrict 

fire spread. It is a partition which will pass a two-hour fire 

resistance test according to ASTM E-119 [41]. The openings in this 

partition are protected with fire doors which will pass a one and 

one-half hour fire resistance test according to ASTM E-152 [152] and 

are fitted with the appropriate self-closing hardware [153]. This 

,-.) t.. 
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barrier is refered to as partition Y. 

Example 3 

The third example repeats the first case of partition X with the 

addition of an automatic sprinkler system. 

Example 4 

The remaining condition, an automatic sprinkler system with partition 

Y, constitutes the fourth example. 

5.1. 2 The Data 

The input used by GSA is found in various forms. It is necessary to 

convert the data to the distributional parameters required as input 

to the Goal-Oriented Systems Approach. This, in some cases, comprises 

an estimate of equivalent approximations. The approach taken is to 

describe the required lognormal distributions by straight line 

plots on lognormal probability paper. The parameters of the distri ­

butions may then be estimated from the probability plots. 

Parameter Estimation from Probability Plots 

Any normal distribution is symmetric about its mean. Thus the median 

and mean are equal. Therefore, the mean of a plotted normal distri ­

bution (Y) may be read directly as the point y such that: 

p{y < y} = 0.5 

i.e., the median. 

,(i~3/' 
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For a lognormal distribution (X), the ordinate of the probability 

plot represents the logarithm of the normal distribution Y = In X. 

The mean ~y of this distribution is, therefore, given by In x where: 

p{X < x} = 0.5 

The mean ~y of the corresponding lognormal distribution is given 

by the transformation: 

~x = exp(~y + 1/2a~). 

The standard deviationof a plotted normal distribution may be estimated 

from the slope of the line. A small slope indicates a small variation 

while a large slope shows a large variation. The slope may be deter­

mined from any two points on the line. For example, the points 

Yl and Y2 may be identified such that: 

p{y ~ .90 andYl} = 

p{y $ Y2} = .10 

where Y is a normally distributed random variable with mean ~ and 

standard deviation a. Then from a table of the cumulative standard 

normal distribution: 

(y - ~)/a = 1.282 and 
1 

(y - ~)/a =-1.282. 
2 

Thus: (Yl - ~)/a - (Y2 - ~)/a = 2.564 

and: a = 0.39 (Y j ~ Y2). 
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The ordinates of the lognormal probability plot are the logarithms 

of the normal distribution Y = 1n X. Thus, consider the points: 

pix ~ x } = .90 and 
1 

pix ~ x } = .10 
2 

wQere X is lognorma11y distributed such that the mean and standard
 

deviation of the normal distribution Y = 1n X are ~y and Oy
 

respectively.
 

Then:
 

o = 0.39 (In x - 1nx ). 
y 1 2 

The standard deviation of the corresponding lognormal distribution 

is given by: 
~ 

o = {exp(2~ +0"2 ) [exp (a 2) - l]} 
x y yY 

= . ~ /
x 

exp (0 2 
) 

Y 
1 

Estimation of Inputs from Examples 

Lognormal parameters are required for five different distributions 

as input to the examples. These distributions are for post-flashover 

fire severity, fire resistance of partition X, fire resistance of 

partition Y, pre-flashover fire severity, and suppression capacity 

of the automatic sprinkler system. For each distribution, the 

relevant corresponding data or information from GSA is identified, 

a lognormal probability plot is drawn, and the parameters are 

estimated. Detailed information for each distribution is given in 

Apprendix AS.1. 
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Re1iabi1ities and the probability of self-termination are also 

estimated from the GSA data. 

Post-flashover fire severity. Figure D-38.5 of GSA Appendix D gives 

a plot of the post flashover fire severity used by GSA in their 

examples. The points from this curve, identified in Appendix D 

figure D-39.2, were plotted on lognormal paper and found to fall 

on a straight line. The parameters were estimated from the proba­

bi1ity plot as ~ = 18.5 minutes and cr = 10.3 minutes. 

Partition X. GSA estimates of distributions of thermal resistance 

(T) and structural integrity (D) for partitions X and Yare included 

in the Appendix D figure D-38.4. Barrier strength is taken to be the 

product of these two failure modes. Thus, values from the GSA curves 

were multiplied and replotted on lognormal paper. The parameters 

estimated from the plot are ~ = 10.5 minutes and cr = 7.8 minutes. 

Partition Y. The procedure for partition Y duplicates that of part i­

tion X. The estimated parameters are ~ = 82.6 minutes and cr = 28.8 

minutes. 

Pre-flashover fire severity. Because of the more judgement based 

approach to sprinkler protection by GSA, equivalent approximations 

to the input are more difficult to develop. The stress distribution 

was estimated from the Appendix D figure D-19.1. The six conditions 

identified in this figure were plotted against the end point or room 

probabilities. The parameters so estimated were ~ = .054 gpm/ft 2 

and cr = .049 gpm/ft 2 
• 

r···Lt.".J:;./! ' . .' , /' 



127
 

Automatic sprinklers. The above stress distribution represents the 

water application density required to achieve a level of protection 

between extinguishment and control. The strength distribution is based 

on the two points from Appendix D figure D-19.1 which identify the 

density difference between extinguishment and control. For a system 

designed to deliver 0.1 gpm/ft 2 
t the estimated parameters of the 

extinguishing capacity are ~ = .152 gpm/ft 2 and cr = .048 gpm/ft 2 
• 

Note that the units of the parameters of the above two distributions 

are not actual discharge densities but equivalent densities based on 

the GSA estimates of extinguishing effectiveness. 

Re1iabi1ities. The barrier re1iabi1ities may be considered equivalent 

to the completeness factors identified from Appendix D figure D-38.3. 

These are 0.75 for partition X and 0.997 for partition Y. 

Since no comparable component is considered in the GSA examp1es t the 

reliability of the sprinkler system is considered to be 1.0. 

Probability of self-termination. The probability of self-termination 

within the room of origin is given directly in the GSA examp1es t i.e., 

P(T) = 0.66. 

5.1.3 Calculations and Comparisons 

The adequacies of the barriers and the suppression system were ca1cu­

1ated by the log-normal stress-strength relationship. These and the 
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other input data are summarized below:
 

Partition X Partition Y Sprinklers
 

Adequacy 

Reliability 

0.22 

0.75 

0.994 

0.997 

Probability of Self-termination = 

0.939 

1.0 

0.66 

The probability of fire limitation within each module, i, is given by: 

P. = 1-[1 - P (T).] [1 - P(A.). P(R-),] [1 - P(A ). P(R ),] 
~	 ~ -0 ~ b ~ s ~ s ~ 

Where:	 T = Self-termination 
A = Adequacy 
R = Reliabili ty 
b = barrier 
s = suppression system 

The probability that the	 fire does not spread beyond module n is 

given by: 
n 

P = 1 -.n (1 - P.)
n ~=l ~ 

Example 1 

The first example has partition X and no suppression system: 

P. = 1 - (0.34) [1 - (0.75)(0.22)] i = 1,2, ••. 
~ 

::: 0.716 

The resulting limitations of fire spread for each of the first three 

modules or rooms are shown together with the corresponding values given 

by GSA: 

~f . 



129
 

P P P 
1 2 3 

0.716 0.919 0.977NEW 

OLD 0.705 0.864 0.938 

Example 2 

The second example is partition Y with no suppression: 

P. = 1 - (0.34) [1 - (0.997) (0.994)] i = 1, 2, ... 
1. 

= 0.997 

P P P 
1 2 3 

0.997 0.9999+ 0.9999+ 

OLD 

NEW 

0.997 0.9999+ 0.9999+ 

Example 3 

The third example combines partition X with the automatic sprinkler 

system: 

P = 1 - (0.34) [1 - (0.75)(0.22)] [1 - (1.0)(0.939)]
1 

= 0.981 

p. = 1 - (0.34) [1 - (0175)(0.22)] i = 2, 3, ... 
1. 

0.717 

p p P 
1 2 3-

NEW I 0.983 0.995 0.999
 

OLD I 0.997 0.999 0.999
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Example 4 

This last example has partition Y and the suppression system: 

P = 1 - (0.34) [1 - (0.997)(0.994)] [1 - (1.0)(0.939)]
1 

=	 0.9998 

1 - (0.34) [1 - (0.997)(0.994)] i = 2, 3, ..•Pi 

0.997 

P P P 
1 2	 3 

NEW
 

OLD
 

0.9998 

0.9999+ 

0.9999+ 

0.9999+ 

0.9999+ 

0.9999+ 

Discussion 

Looking at examples two through four, the maximum variation in the 

probabilities computed by the two methods is a 1.4% difference in the 

first module of example three. All other variations in those examples 

are less than one-half of one percent. In example one, the differences 

in the results of the two methods ranges from 1.6% in the first module 

to 6.4% in the second module (the results for the third module differ 

by 4.2%). It is suggested that even the differences in example one 

are not inordinate considering that the input data was not the same 

for both methods. That is, the differences exhibited could be directly 

attributable to the inability to reproduce the GSA input data. This 

leads quite naturally to the question of sensitivity, or how susceptible 

the Goal-Oriented Systems Approach is to vagaries or gross errors in 

the input. 
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5.2 Sensitivity Analysis 

Sensitivity analysis is succinctly defined by Rappaport as "a study 

to determine the responsiveness of the conclusions of an analysis to 

changes or errors in parameter values used in the analysis" [154, 

p. 441]. Assessment of the sensitivity to input variations is essen­

tial to the evaluation of the model. Machol describes a "technique 

for weighing hawgs" which illustrates this point: 

"Select a perfectly symmetrical plank and balance it on a 

sawhorse. Place the hawg on one end of the plank, and pile 

rocks carefully on the other end until it has just returned 

to an equilibrium position. Then guess the weight of the 

rocks" [155, p. 63]. 

It is important to avoid such an absurdity of highly precise work 

rendered highly imprecise by a single gross approximation. A sensi­

tivity analysis provides, first of all, a feel for those elements of 

the calculations which are most sensitive in determining the criteria 

of choice and, secondly, gives one an idea of the credibility which 

can be placed on any such criterion. Measuring the responsiveness of 

model results to possible variations in parameter values offers 

valuable information for appraising the relative risk of acting on 

the basis of indefinite data. More confidence can be placed in the 

findings if it can be shown that the output estimates are robust to 

input estimate errors over their probable range of deviation. 
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The subjective nature of the input to the GSA approach is one of its 

limitations, yet its sensitivity to variations in the input has not 

been tested. The following sections deal with the sensitivity of the 

Goal-Oriented Systems Approach to variations in the GSA input data 

used to compare the two approaches. 

5.2.1 Sensitivity of Stress-Strength Model 

Stress-strength functions are the essence of the Goal-Oriented Systems 

Approach. Three such relationships were estimated in comparing the 

GSA approach with the new methodology. Sensitivity of these relation­

ships to the input parameters is significant to the evaluation of the 

methodology. 

Sensitivity to Individual Parameters 

Sensitivity to variation of individual input parameters was tested 

first. Each of the three stress-strength relationships was subjected 

to computerized iterations whereby a single parameter was varied over 

a range of + 100% of its original estimated value. Computations were 

carried out for each of the four parameters (~ , cr , ~ , cr ) which 
1 122 

constitute the input to a lognormal stress-strength model. 

Partition X. Sensitivity of the stress-strength relationship for 

partition X (the lightweight partition) is illustrated in Figure 5.1. 

The abscissa of the figure represents the percentage by which a single 

input parameter is varied and the ordinate shows the resultant proba­

bility of success of partition X to withstand the design fire. (The 
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Sensitivity of Stress-Strength Relationship for Partition X
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originally calculated probability of success is 0.22). With the 

exception of the partition standard deviation (0 ) the probability of 
x 

success is generally sensitive to the input parameters. Sensitivity 

to the means is greater than to the standard deviations. Sensitivity 

to the mean severity of the design fire (~Post) is greater than to 

the other parameters. 

Partition Y. Sensitivity of the stress-strength relationship for 

partition Y (the fire-resistant partition) which is portrayed by 

Figure 5.2, is markedly different from that of partition X. In 

Figure 5.2 it can be seen that the probability of success is relatively 

insensitive to all input parameter variations except for large 

decreases in the estimated mean partition resistance (~). The 
y 

calculated probability of success of partition Y from the original 

estimates is 0.994. 

Automatic sprinklers. Figure 5.3 represents the stress-strength 

sensitivity computations for the probability of success of the auto­

matic extinguishing system. These curves are quite similar to those 

of Figure 5.2. Like partition Y, there is a high calculated proba­

bility of success (0.937) and there is a much greater sensitivity to 

lower values of the strength mean (~ ) than to any other parameter
s 

variation. In general, the other parameters effect a relatively 

greater sensitivity than in Figure 5.2 

. !Lf ,; 



-- --------- ---

135
 

;.0 ._ ... _ 

~~~~:~ ~y ~~.~ 
--=--:: ::- °pou ~ 

C.;' • :: :~". "Po.. ~ 

- _ •• _- a _;·5 -----:.:t:=-==-=='+=====±==---- _. ---_.----- _. -_. ­-_._-- 0. -- ­__ • _ 

__ 4_· __ _ _ 

fJ.7· .-=-__ 

~" ~.- ~ --=~
 -==-= 
--- ­ --- ­

--- ­----- ­

___=r=. 

- ­
- ­

-t::::=-­ - ­

._­

-~--.-

Figure 5.2
 

Sensitivity of Stress-Strength Relationship for Part1tion Y
 

( \ {\. 
'-. __ . 



136
 

- ­::..::...... 
~--G 

1=== 

c::=: 

------ ­

'-3-=1--.-
r­ _ 

- ­

~­
._-~ 

-

._--­

_._­

-=~---~-­. ====-­

-~--~lATb~ P:7 ~::=::±= 

o;~. 
~---i 

=tl:.- ­
il~ 

:.:...:.:­
-'­

-- ­(>.D 
"'/J'-80 -(,0 -"/0 -ZD 0 flO .fO ·80-~ 

Figure 5.3 

Sensitivity of Stress-Strength Relationship for Automatic 
Suppression System 

,..-"""(J '-,-'~ 
, __ .~.i C 



137
 

Discussion. There are a number of observations of the stress-strength 

sensitivities of Figures 5.1, 5.2 and 5.3 which can be readily explained. 

The greater sensitivity to the means than to the standard deviations 

is due to the greater distributional displacement caused by changes 

in the mean. The lower sensitivity of the high probability re1ation­

ships results from the initially large difference between the dis­

tribution means which, on a percentage basis, is only significantly 

affected by changes in the higher mean. 

Sensitivity to Mu1tiparameter Variation 

While the above analysis provides some insight into the relative 

sensitivity of stress-strength models to the individual distribution 

parameters, it is unlikely that in the real world there will only be 

one parameter which cannot be determined with absolute certainty. 

It is more likely that all of the parameters will be subject to 

approximation or to possible errors in determination. Figure 5.4 

illustrates the sensitivity of the three stress-strength relationships 

to simultaneous variation of all parameters by the percentage indicated 

on the abscissa. Again it is noted that the higher probability 

relationships are relatively less sensitive. Comparision with 

Figures 5.1, 5.2 and 5.3 reveals similar curva1inear patterns which 

suggests a dominance of the large mean parameter. Where the probable 

range of individual parameters is known or can be estimated, the 

sensitivity may be analyzed over these ranges rather than uniforma11y 

as in Figure 5.4. 
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5.2.2 Sensitivity of Fire Spread Model 

The stress-strength relationships analyzed above are inputs to the 

determination of the probability of fire spread limitation. In 

analyzing the sensitivity of the fire spread model, each of the four 

examples used in the comparison in the previous section is considered. 

For each example, each of the input parameters is varied individually 

over its entire range of possible values, from zero to one. Resu1­

tant probabilities for rooms one and three of the fire spread 

scenario are shown graphically, numerical results of the computations 

are given in Appendix A5.3. Figures five through eleven show the 

parameter values on the abscissa and the probability of limiting fire 

spread on the ordinate. Dotted lines indicate the GSA general level, 

mission-focused goals for limiting fire extent: 0.99 for the first 

room and 0.995 for the third room. 

Example 1 

The sensitivity of the lightweight partition example with no sprinklers 

is shown in Figures 5.5 and 5.6. The parameters varied are the barrier 

adequacy (~), the barrier reliability (~) and the probability of 

self-termination (T). Figure 5.5 indicates that no value of the 

barrier parameters can individually raise the probability of fire 

limitation to the GSA level for room 1, and only a very high proba­

bi1ity of self-termination can achieve this goal. Figure 5.6 shows 

fire limitation in room 3 to be more sensitive to the input parameters 

than room 1. The GSA goal may be reached with an increase of the 
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barrier reliability to approximately 0.65 or by an increase in the 

probability of self-termination to approximately 0.8. The room 3 fire 

limitation probability is relatively insensitive to the barrier re­

liability. 

Example 2 

The sensitivity of the example with a fire rated partition and pro­

tected openings is clearly distinct from that of example 1. Figure 5.7 

indicates that the GSA level will be met even with a zero probability 

of self-termination, but that a decrease in either the barrier 

adequacy or reliability to less than approximately 0.97 will cause 

the room 1 fire limitation probability to drop below the GSA goal. 

In Figure 5.8, the barrier adequacy and reliability are seen to be 

collinear. A decrease in either parameter to less than 0.5 would 

result in a failure to meet the GSA room 3 level. The room 3 fire 

limitation probability for example 2 is not affected by variation 

in the probability of self-termination. (See Appendix A5.3). 

Example 3 

The lightweight partition with sprinklers has five input parameters; 

barrier adequacy (~), barrier reliability (~) and probability of 

self-termination (T) which are the same values as in example 1, plus 

the sprinkler system parameters; suppression adequacy (A ) and sup­
s 

pression reliability (R). Thus, there are five curves in Figures
s 

5.9 and 5.10. No values of the reliabilities, either barrier or 

(l-:~'f;'_ 
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suppression, can cause the GSA room 1 level to be achieved, whereas 

the barrier adequacy, probability of self-termination and suppression 

adequacy have "critical values" of approximately 0.7, 0.8 and 0.6 

respectively. From Figure 5.10, the barrier parameters do not affect 

the GSA room 3 goal achievement, while the probability of self ­

termination, suppression adequacy and suppression reliability are 

critical at approximately 0.47, 0.77 and 0.83 respectively. 

Example 4 

For the case of the rated partition in conjuction with an automatic 

sprinkler system, only the barrier parameters affect the achievement 

of the GSA room 1 level. Figure 5.11 shows these parameters to be 

coincident at a critical value of approximately 0.76. The room 3 

probabilities are not plotted as there is no individual parameter 

variation which causes the value to decrease below the GSA goal. 

Discussion 

Figures 5.5 through 5.11 indicate that the sensitivity of the fire 

spread model is always dominated by one of the three input components, 

barrier, suppression or self-termination. Further inspection reveals 

that the component with the highest probability of success dominates 

the sensitivity. This may be explained by considering that the product 

of two numbers is proportionally sensitive to the smaller, and the fire 

spread model mu~tiplies the complements of the success probabilities. 

Thus the highest probability becomes the smallest multiplicand and 

hence the dominant component in the sensitivity analysis. 
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This marked dominance of one component has important ramifications. 

The stronger effect of variation in a single parameter indicates that 

a significant difference in the level of precision among input param­

eters is tolerable. That is, the inputs for the components which do not 

dominate need not be as carefully determined as the input for the 

dominant component. 

5.3 Summary 

There are a number of significant points raised by the comparisons 

and sensitivity analysis of the Goal-Oriented Systems Approach as 

applied to the GSA examples. 

5.3.1 The Comparisions 

The comparison of the Goal-Oriented Systems Approach to the GSA 

methodology is generally close for the examples cited. Where there 

are variations, they can generally be explained in terms of the 

sensitivity analysis. The differences observed for the first room 

of Example Three may be attributed to the sensitivity to suppression 

system parameters. Data for the automatic sprinkler system was the 

most difficult to extract from the GSA information and hence is the 

most susceptible to variation. The sensitivity to these parameters 

shown in Figure 5.9 indicates that a small variation in the sprinkler 

system adequacy (i.e. approximately an 0.05 increase in (A ) could s 

produce the difference observed. 

The largest differences in the comparisons were for Example One. 
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Figures 5.5 and 5.6 show the fire spread model for this example to be 

quite sensitive to the probability of self-termination (T). In fact, 

the difference for room three of this example can only be explained 

by the self-termination probability, since no variation of the other 

parameters can produce the result obtained by GSA. This identifies 

a significant difference between the two methods which results 

from a previous assumption. The second postulate of fire spread 

which was induced from the GSA approach, conditioned the probability 

of termination on the absence of a massive energy transfer. In the 

Goal-Oriented Systems Approach, the massive energy transfer is 

considered to be implicit in the fire severity distributions. This 

causes a greater sensitivity to the probability of self-termination. 

From Figure 5.5 it can be seen that a small decrease in the value 

of this parameter (approximately 0.02) can account for the observed 

difference. In the other examples, the probability of self-termination 

is not dominant and thus they are not as sensitive to it. 

5.3.2 The Stress-Strength Relationships 

The sensitivity of the stress-strength relationships is illustrated 

in Figures 5.1, 5.2 and 5.3. From these it has been noted that the 

greatest sensitivity among the four parameters is to the larger mean. 

This is significant in that it indicates the selection of a conserva­

tive value of the highest mean in the stress-strength relationship 

will minimize the sensitivity of the results. That is, choosing a 

slightly low value of this parameter increases the chance of a positive 
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deviation, to which the stress-strength model is less sensitive. Thus 

more confidence may be placed in the results. 

5.3.3 The Fire Spread Model 

As was observed from Figures 5.5 through 5.11, the sensitivity of the 

fire spread model applied to the GSA examples is always dominated by 

a single component. In combining this with the stress-strength sensi­

tivities of Figure 5.4, a nullifying effect is observed. In Figure 5.7, 

it can be seen that the probability of limitation of fire spread is 

very sensitive to high values of the barrier parameters, but not as 

sensitive to low values. While in Figure 5.4, the adequacy of parti ­

tion Y is seen to be sensitive at low values but not sensitive at high 

values. For example, a decrease in the barrier adequacy, ~' from 

0.994 to approximately 0.97 would lower the probability of limiting 

fire spread in room 1 to the GSA general level (Figure 5.7). However, 

for such a variation to occur, it would require the simultaneous 

variation of all parameters in the stress-strength relationship by 

13% (Figure 5.4) or a variation of the mean strength by 22% (Figure 5.2). 

Similarly, an increase in the suppression adequacy, in Example 3As' 

from 0.939 to approximately 0.965 would raise the room 1 fire spread 

limitation probability to the GSA level (Figure 5.9). This would 

require a simultaneous variation of 10% of all parameters in the stress-

strength relationship (Figure 5.4) or an increase of strength mean of 

20% (Figure 5.3)'. Thus the stress~strength relationships are least 

sensitive where the fire spread model is most sensitive. 
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In summation, the Goal-Oriented Systems Approach reasonably duplicates 

the results of the GSA examples while adding the ability to demonstrate 

that a level of confidence may be placed on the results even where the 

input data is inexact. 
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CRAFTER VI 

SUMMARY AND CONCLUSIONS 

The rationale for an innovative approach to fire safety can be 

appreciated in the light of the prevailing traditional code approach. 

Traditional building codes deal with fire safety as an absolute. In 

this study it is axiomatic that safety in general and fire safety in 

particular is not an absolute state. More pragmatically, fire 

safety is a relative condition dependent on the goal values of the 

population at risk. That which is judged acceptable by that 

population is considered to be safe. The traditional codes dictate 

specific requirements purported to achieve a minimum level of safety 

that is neither defined nor consistant. Not only does the traditional 

approach ignore the pragmatic concept of safety but in doing so the 

codes restrict the flexibility of design, thereby impeding techno·­

logical progress in fire protection engineering and the building 

industry. 

The second axiom of fire safety implicit in this paper, deals with 

the stochastic nature of fires in structures. A fire safety system 

is a highly complex interaction of men, machines and combustion 

phenomena. The system performs unpredictably, malfunctions and 

occasionally fails completely. Such systems require description by 

mathematical statistics and probability theory for a rational 

approach to fire safe design. 
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6.1 Assumptions 

A number of simplifying assumptions have been made in the development 

of the Goal-Griented Systems Approach. These assumptions evolved 

primarily from the analysis of the original GSA approach. Specifi­

cally, the assumptions pertain to the identification of system 

components, the postulates of fire spread, and the modeling structure. 

6.1.1 Components of a Fire Safety System 

In the analysis of GSA's approach, four basic system components were 

identified. These components are herein referred to as the pre­

flashover fire, the post-flashover fire, fire suppression, and 

barriers to fire spread. These components are paired to produce a 

probability of fire control by suppression in the pre-flashover stage 

and a probability of fire control by confinement of the post-flashover 

fire. The fire stages have intentionally not been r~gorously defined 

in order to permit flexibility and adaptability. It is assumed that 

the severity of the fire in each stage can be described by a single 

parameter corresponding to the characteristic of interest; "suppress­

ibility" of the pre-flashover stage and "containability" of the post­

flashover stage, and that these parameters can be expressed in terms 

of probability distributions. Similarly, it is assumed that these 

same parameters define the adequacy of the fire control components; 

suppression and containment. In addition, each of the fire control 

components has an aS50ciated reliability which can be derived as an 

cr
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expected value. There is also a comparable parameter of the combustion 

process identified as the probability of self-termination. 

6.1.2 Postulates of Fire Spread 

Inductive analysis of the original GSA approach revealed several 

implicit postulates describing the spread of fires in buildings. 

These postulates, in brief, are: 

1. Limitation of fire spread occurs by containment or termination. 

2. Termination does not occur in the event of massive ignition. 

3. Fire spreads sequentially through a series of modules. 

In addition, a corollary to the first postulate states that a 

suppression system can be effective only in the first module. In the 

Goa1-oriented Systems Approach, developed in this paper, the first 

postulate dictates the Boolean logic by which the components of fire 

safety are related. The second postulate is assumed implicit in the 

fire severity distribution, while the third postulate leads to a 

Markovian treatment of probabilistic fire spread among rooms. 

6.1.3 Fire Safety System Structure 

Assumptions about the structure of a fire safety system are also 

largely inspired by the GSA approach. The stress-strength relationship 

as a model of fire control strategy effectiveness is implicit in the 

GSA barrier analysis procedure. The Boolean logic model of component 

relationships and the Markovian model of modular fire limitation 

stem from the induced postulates described above. These latter models 
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assume that the components of the fire safety system are independent, 

which generates conservative probabilities of limiting fire spread. 

6.2 Major Findings 

The GSA systems approach has attained a significant status in the fire 

protection community, primarily as an instigator for rethinking the 

problem and initiating the "systems approachll But the approach has• 

also gained acceptance as a design tool. Yet, there has been no 

rigorous attempt made to either substantiate or refute the GSA 

approach. This study has attempted to answer a number of significant 

questions leading to a theoretical rationalization of a Goal-Oriented 

Systems Approach. These questions relate to underlying theory, 

refinement and sensitivity. 

6.2.1 Theoretical Concepts 

The first question is: are there underlying theoretical concepts 

in the GSA approach which may be used to develop a broad approach to 

the general question of determining a level of fire safety? This 

question is addressed in Chapters II and III where the approach is 

analyzed and found to have a basis in a number of intuitively 

acceptable postulates and implicit theoretical models. These concepts 

have been reformulated into a revised Goal-Driented Systems Approach 

in Chapter IV. 

"/,
 



157 

6.2.2 Refinement 

The second question asks: Row can the GSA approach be improved with 

respect to flexibility of scope, simplicity of application and 

validity of concepts? The reformulated Goal-0riented Systems 

Approach of Chapter IV is a direct answer to this question. 

The generalizations built into the Goal-0riented Systems Approach 

permit its application to a wide range of occupancy types. It would 

be particularly amenable to modular loss evaluation in warehouses 

and other storage facilities. The explicitly identified structure of 

the revised approach makes it a candidate for evaluation of the 

achievement of other goals in addition to mission continuity. 

The rational development of the Goal-0riented Systems approach 

simplifies understanding and application. Input has been reduced to 

the identification of four probability distributions and three other 

probabilistic values. There are numerous procedures by which these 

curves and parameters can be estimated or intuited in a logical 

fashion consistant with the information available to the fire 

protection profession. Calculations have been reduced from complex 

iterative procedures to a relatively simple process which has been 

programmed for use with a hand-held calculator. 

The Goal-0riented Systems Approach has increased validity through the 

explicit expos?re of assumptions and limitations and through the use 

of .models consistant with mathematical theory. 
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6.2.3 Sensitivity 

The third question is: How sensitive is the approach to the limited 

availability of probabilistic data7 In Chapter V. the question of 

sensitivity of the Goal-oriented Systems Approach is addressed. It 

was found that fire safety as measured by this approach. is generally 

insensitive to most of the input parameters for the cases examined. 

This result together with the introduction of standard estimating 

techniques reduces the significance of the problem of data availability. 

The Goal-oriented Systems Approach is not intended to be a substitute 

for intuition and experience, but merely a tool to organize them and 

thereby achieve a higher level of understanding. 

The GSA approach represents a concept with a significant impact on the 

field of fire protection engineering. Through analysis and reworking, 

this study has attempted to fully explain and adequately simplify this 

concept so as to be conducive to additional consideration. 

6.3 Limitations 

The Goal-oriented Systems Approach is not without significant limita­

tions to its application. The limitations can be generally described 

as imperfections in dimensionality, comprehensiveness and interpreta­

tion. 

6.3.1 Dimensionality 

The Goal-oriented Systems Approach in application addresses only 
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inanimate objectives, thus it is sufficient to consider fire only in 

relation to spatial development. If animate goals are to be considered, 

i.e. life safety, then it can be argued necessary to introduce a 

temporal factor to model the mobility of the exposed in relation to 

the progress of the fire. That is, the undesirable event is the 

simultaneous exposure to fire in the dimensions of both space and time. 

6.3.2 Comprehensiveness 

The Goal-0riented Systems Approach does not represent an entire fire 

safety £ystem. The approach is only one element of the system and is 

highly dependent for its appropriateness on the selection of 

scenarios. No formal methodology is proposed for determination of 

these likely paths of fire spread. The process is basically one of 

applying the professional judgement of experienced fire protection 

engineers. Insofar as there are relatively few fire protection 

engineers in the world today, this represents a limitation of the 

Goal-Oriented Systems Approach. 

6.3.3 Interpretation 

The interpretation of compliance with the prescriptive building codes 

is facile and definite -- it complies or it doesn't. In contrast, 

interpretation of probabilistic information is somewhat ambiguous. It 

is difficult to adjudge the significance of a probability value 

without some guidelines. In the absence of any such guideline it 
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would be necessary to assign costs or benefits to alternative levels 

of fire safety and try to optimize the situation. Both the guidelines 

and the costs may be elusive values. 

6.4 Suggestions for Additional Research 

In the light of the limited formal response to the original 1972 GSA 

approach, the rate at which alternative approaches to fire safety 

will be developed through research activities is questionable. While 

there may be innumerable avenues of research that might be productively 

pursued, it would appear to be necessary to progress laterally as well 

as forward. That is, it is necessary to expand upon concepts as they 

are developed, addressing the problems of application, be they 

technological or not. With this in mind, there are at least three 

significant areas deemed appropriate to further research. 

6.4.1 Extensions 

The components of the fire safety system as identified in the GSA 

approach and as defined for the Goal-Driented Systems Approach 

represent only a subset of common fire safety measures. Other strate­

gies such as manual suppression, heat and smoke venting, detector 

actuated door closers, pressurization, etc., could be incorporated 

into the approach. 

6.4.2 Integration 

The Goal-Driented Systems Approach is amenable to integration into 
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where there is an expressed desire to achieve more than a "minimum" 

level of fire safety, then the Goal-oriented Systems Approach offers 

a theoretically rational alternative. 
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APPENDIX Al
 

Availability of the Interim Guide for Goal Oriented
 
Systems Approach to Building Fire Safety
 

Originally published in 1972 as Appendix D to the GSA Building Fire-

Safety Criteria, the Interim Guide for Goal Oriented Systems Approach to 

Building Fire Safety was updated in 1975 by H. E. Nelson just prior to 

his transfer from GSA to the National Bureau of Standards. Although not 

formally issued by GSA, the 1975 revision is the basic working document 

for practitioners of the Goal Oriented Systems Approach both within and 

external to the Federal government. To facilitate its availability to 

those interested in this research, the revised guide was published by the 

National Bureau of Standards as an Appendix to the Grant Report, NBS-GCR­

77-103, The Goal Oriented Systems Approach. This document is available 

from the National Technical Information Service, 5825 Port Royal Road, 

Springfield, Virginia 22161. The Order Number is PB-273l74. 
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APPENDIX A2 

PROBABILITY CALCULATIONS IN THE 
GOAL ORIENTED SYS TEMS APPROACH 

~ Introduction 

The concept of a Goal Oriented Systems Approach to building fire safety 
was promulgated by H. E. Nelson of the U. S. General Services Administration.* 
This approach is basically an application of the principles of fault tree 
analysis. A portion of the GSA developed tree has been used for quantitative 
analysis of fire safety in structures. Most notably, the Atlanta Federal 
Building was designed in accord with the numerical techniques outlined by 
GSA. 

The quantitative application of the GSA approach involves the calcu­
lation of the probability of limiting fire involvement in each of suc­
cessive modules (work stations, rooms and floors). These probabilities 
are then plotted on a graph (solid line of Figure 1) and compared to 
the established goals of the organization (broken line of Figure 1). 
Where the line of calculated probabilities of success is above the ob­
jective line, the goals are not met. The probabilities are determined 
by iteratively progressing from one module to the next and calculating 
the cumulative probability. 

The following attempts to simplify the determination of these probabi­
lities by developing a single expression for the probability of success 
at any module. 

2.0 The GSA Example 

This development is based on the procedure outlined in the first example 
of the GSA document (p. 91). In this example there is no suppression 
activity and interior partitions are lightweight and noncombustible. 

2.1 Room of Origin 

The fire involvement within the room of origin is represented by
 
points "a" through "g" of the solid curve in Figure 1. These
 
points are not computed but are taken directly from a similar curve
 
proposed by GSA to represent such involvement. The value at point
 
g is significant with respect to the development of additional
 
probabilities. In GSA notation:
 

P Probability of success in limiting the fire involvement
L

K 

g of the room of origin. 

* GSA, Building Fire Safety Criteria, Appendix D, "Interim Guide for 
Goal-Oriented Systems Approach to Building Firesafety," Washington, DC 
1972. 
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2.2 Barrier 

Given the probability of full room involvement, the next step 
is the calculation of the probability of success of limiting the 
fire at the first barrier. Again by the GSA notation: 

P ... Probability of success in limiting the fire at the firstLh barrier, and 
P .. Probability of success of the compartmentation barrier with­

R 
standing the impact of the fire. 

Then by equation (1), paragraph b, page 91 of GSA: 

= - PLg) PRPLh PLg + (1 

= PLg PR by expansion of termsPLg + PR ­

... P(Lg + R) by definition of the Boolean operator + (OR gate). 

This last expression says that the probability of success in limiting 
the fire at the first barrier is the probability of success in limiting 
the involvement to the room of origin ~ success of the compartmentation. 

2.3 Involvement of the Second Room 

GSA considers that failure resulting from collapse of the barrier 
causes a massive transfer of ignition energy to the next room leading 
to prompt and total involvement. Thus the probabi~ity that fire will 
not spread throughout the second room is reduced by the probability 
of structural failure of the compartmentation element. By GSA: 

.. Probability of success in limiting the involvement of thePLi second room and 

... Probability of structural integrity of compartmentationPDX barrier. 

Then by equation (2), paragraph c, page 93 of GSA: 

PLi • PLh + K x (1 - PLh) 

where K • PL - {l - PD ) PLx g x g 

• PDx PLg 

Which assumes that if the second room were the room of origin, 
the probability of success in limiting the involvement in the second 
room is the same as for the first room. That is to say, the assump­
tion is that the fuel, environmental and control factors are the 
same for each room. To drop this assumption, additional notation 
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will be introduced: 

P ' • Probability of success in limiting the involvement ofL g the second room if it were the room of origin. 

Then: 

PLi = (1- P )PLh + PDx PLg , Lh


.. P + P P P by expansion
Lh Dx Lg
,

Lh
 

= peL. + L , D ) by definition.
n g x 

This says that the probability of success in limiting the involve­
ment to the second room is equal to the probability of success of 
the first barrier or the success in limiting involvement to the 
second room and the-success of the structural integrity of the barrier. 
And, from the previous development and the nature of the events under 
discussion: 

P .. P (L + R) ~ 1.. .. L + RLh g n g 

Thus = pel + R + L , D ) PLi g g x 

2.4 Second Barrier 

This step is the same as that for the first barrier~however, 

the notation P will be introduced to distinguish the second barrier.R, 

P .. Probability of success in limiting the fire at the secondLj barrier. 

.. PLi + (1 - PLi) PR, . by GSA equation (1) paragraph d p. 93 

.. P + PR, - P PRLi Li
 

.. pel + R')

i 

.. pel + R + L ,D + R') from section 2.3 above 
g g x 

2.5 Third Room 

This calculation is similar to that for the second room. The no­

tation PL " will be used to signify the probability of success
 
in limit~~g the involvement to the third room if it were the room
 
of origin. ---- ­
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- Probability of success in limiting the involvement ofPLk the third room. 

- PLj + (1 - PLj ) K GSA equation (1) paragraph e page 93x 

• PLj	 + (L - PLj ) PDX PLg" 

Here, it is assumed in the example that the probability of struc­
tural	 integrity is the same for the second barrier as for the first: 

To drop this assumption and procede with the calculations, the GSA 
notation becomes cumbersome. 

3.0 Revised Notation 

To simplify the relaxation of the assumptions of homogeneity of barriers 
and compartments, the following notation is introduced: 

Let P(Li ) = Probability of success in limiting the involvement of 
the ith room. 

P(Ri ) = Probability of success of the compartmentation barrier 
between room i and room (i + 1). 

P(Di )	 - Probability of structural integrity of the ith barrier. 

P(Gi ) - Probability of success in limiting the fire involvement 
in room i if room i were the room of origin, i.e., 
limitation due to the fuel, environmental and control 

factors within the room. 

The GSA notation for the probability of success of the second barrier 
i.e. P(Lj) will temporarily be retained. 

Then,	 the equation of section 2.5 above may be written: 

P(L3) - P(Lj) + (1 - PLj) P(G3) P(D2) 

• P(Lj) + P(G ) P(D ) - P(Lj) P(G3) P(D2)3	 2

• P(Lj + G3 D2) 

We can also write from section 2.4: 

P(Lj) • P(Gl + Rl + G2 Dl + R2) 

Thus P(L3)· P{L3) • P(Gl + R + G2 Dl + R2 + G3 D2)l 

.~ 
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Which is to say that success in the third room is the culmination of 
success in room one or at barrier one or in room two or at barrier two 
or in room three. 

4.0 Generalization to "n" Compartments 

It may now be shown by mathematical induction that the probability of 
success in limiting the involvement to any arbitrary room n, is given 
by the following general expression which will be herein identified 
as equation 1. 

n-l 
peL ) = P[Gl + t (R. + Gi +l D.)] (equation 1) 

n i=l ~ ~ 

In application, equation 1 states that success in room n is the result 
of success in any previous room or at any preceding barrier or in room 
n itself. 

To mathematically calculate a value for peL ) given probabilities of 
the Gi's, R.'s, and D. 's, one may use the e~uivalent expression: 

1. 1. n-l 
P(L )= l.0 - P(Gl ) i~l' ![P(Ri ) [1.0 - P(Gi +l ) P(D)]} (equation 2)n

Where the bar (e.g. G
l 

) implies the complement i.e. P(Gl ) = 1 - P(Gl ). 
For entirely homogeneous compartments equation 2 reduces to: 

- - n-l n-lpel ) = 1.0 - peG) [peR)] [1.0 - peG) P(D)] (equation 3)
.n 

5.0 Numerical example 

Using the data from the GSA example: 

peG) = = 0.66 (p. 91)PLg 

peR) = PR = 0.12 (p. 92) 

P(D) = C 9.80 Ip. 92)PDX 

Then the probability of success in limiting the involvement of the third 
room is given by equation 3: 

2 2P(L ) c 1.0 - (1.0 - 0.66) (1.0 - 0.12) [1.0 - (0.66) (0.80)]3

= 0.94
 

Which is also the GSA result (p. 94). 

It will be noted that the probabilities given by equations 1, 2, and 3 

)%
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are for the success in limiting i~volvement to a specific room. For 
the GSA example, they are points g, i, k, m, and p in Figure 1. These 
peaks would normally be the points of interest with respect to the curve 
representing the institutional goals since they are the highest points 
on the success curve. If these points are below the goal curve, all 
points in between will also be below the goal cuve. 

6.0 Other Points on the Success Curve 

If there is interest in points other than the peaks of the success
 
curve, they may be similarly calculated. The intermediate steps repre­

senting the probabilities of success of the compartmentation barriers
 
are expressed as follows:
 

P(L' ) = Probability of success in preventing the spread 6£ fire
i to the next room (i + 1) 

Then for any arbitrary room, n: 
n 

P(L'n) = P[GI +i~l (Ri + Gi Di _l )] (equation 4) 

And for calculation when the characteristic probabilities are known: 

n 
P(L' ) = 1.0 - P(Gl ) 1T {peRi) [1.0 - P(~) P(Di _l )]} (equation 5)

n i=l 
where P(D ) = 0 

o 

·7.0 Summary and Conclusions. 

General equations for calculating the probability of success in limiting 
fire development have been developed. These expressions may be used 
to calculate the probability of success at any room or compartment 
without calculating the success in other rooms. In addition, the equa­
tions do not assume homogeneity of the room or walls (barriers) and 
hence may be used where compartments of varying content and construction 
are found. 

(m)
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APPENDIX A3 

Probability Plots of NBS Fire Load Data* 

Figure A3.1 Frequency Distribution of Room Fire Load Data for Government 

Office Buildings 

Figure A3.2 Frequency Distribution of Room Fire Load Data for Private 

Office Buildings 

Table A3.1 Tabulated Cumulative Fire Load Frequencies 

Figure A3.3 Cumulative Frequency Distribution for Room Fire Load 

Figure A3.4 Exponential Plot of Cumulative Fire Load Frequency 

Figure A3.5 Normal Plot of Cumulative Fire Load Frequency 

Figure A3.6 Lognormal Plot of Cumulative Fire Load Frequency 

*Culver, C. G. Survey Results for Fire Loads and Live Loads in Office 
Buildings, Center for Building Technology, National Bureau of Standards, 
Washington, D.C. (1976). 
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TABUlATED CUMULATIVE FIRE LOAD FREQUENCIES 

(From figures 10 and 11 of Culver) 

Total Fire Load Cumulative Percent of Observations 

(PSF) Government Private 

1
 3
 

3
 

5
 

25
 19
 

5
 42
 

7
 

47.5 

66
 63
 

9
 82
 78
 

11
 87
 

13
 

87
 

92
 

15
 

92
 

95
 

17
 

94.5 

97
 

19
 

96
 

98
 

20
 

-

99
 

24
 

-

99
 -

Table 1. Tabulated Cumulative Fire Load Frequencies 
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APPENDIX A4 

Appendix A4.1	 Computer Generation of Cumulative Frequency 
Distributions 

CDF's of Lognormal Distributions used in 
Chapter 4 example 

Listing of CDF Plot Program 

Appendix A4.2	 Errors in GOF Program 

Appendix A4.3	 Kolmogorov-Smirnoff Test of IITRI Heat Release Rate 
Data 

Appendix A4.4	 Program for Calculating the Probability of Limiting 
Fire Spread 

A4.4.1 Program	 FIREPROB
 
Discussion
 
User Instructions
 
Listing
 

A4.4.2 Subroutine STDNRM 

Discussion 
User Instructions 
Listing 
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.I! 

.n 

.J! 

.10 

.f! r • 

•so 
• r 

.!! 

.50 

... ! 

•• 0 

.J! 

.30 

.z! 

.20 

.l! 

.10 

.o! 

.01 

0.0 ~[n :n.£[ ".2[ 

CDF of post-flashover fire severity (~ = 39.6 min. a = 24.6 min). 

CD' Dr LCCHOR~'L ~[ .. 60.00000 SID on = 5.DODOD 

.99 

.9!! 

.90 

.• ! 

.eo 

.J! r • 

• 10 

.,~ r • 

• '0 

.!! 

.!'O .r 

"5 .r 

.'0 • r 

.J5 
• r 

.10 • r 

.f! 

.20 

.1 ! 

.10 

.o! 

.01 

0.0 "rail :10.00 

CDF of barrier capacity (~ • 60 min, a • 5 min). 
/1/)0
~'j

',--_..•/"' 



"7 

CDF Plot Program Listing 
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C
C FROGRA~ FLors cor OF LOG~ORMAL DISTRIBUTION 
C 

INTEGER IXf21J 
REAL H.~U.X(2I,.Z(21'
DATA ZflJtZf2,.Z(3,.Zf~).ZI5 •• Z1EI.ZI7',2IeJ.?ISJ,211CJ,ZI1IJI 

1 2.326.1.6~S,1.2B2.1.036,D.8~2,.67~,.S2~ •• 385 ••253,.126.0.01
1 WRITE If.5' 
5 FO~MAT I1Hl/' INFUT MEAN AND STANDARD DEVIATION (2F5.2)',J

READ 15.10) ~U.SIt~A 
10 FORHAT (2F5.21
C 
C ECHe CHECK 
c 

WRITE (6.201 HU.SIGMA 
2C rO~~AT 1/10X'CDF or lOGNCRMAL'SX'~EAN ='rlC.~,5X'SlD OEV ='Fll.5/)
C
C TRANsrCR~ FARA~(TERS Te ~ORMAL DISTRIBUTION 
C 

v = AlOrllS:C~A/"'UJ-'2.C + I.C' 
H = AlOCIHUI - 0.5-V 
S = V-'P.S c 

C CALCULATE VALUES or THE cor 
C 

DC' 2~ I = l,lG 
J = 22-!
Z(J, = -ZIII

25 CONTINU(
DO 30 I = 1.21 
XII) = rXFlZlII.S + HJ 
IXII' = IXII"MU)-56.0
Ir lIXlI).£T.112) IXlI) = 112 

30 CONTINUE 
CALL FLOT lIX.MUJ 

C 
C ~UERV reR ANOTHER orSTRIcUTICN 
c 

WRITE 16.50' rc rOR~AT II' ANOTHER? TYFE Y Ir TES. OTHER~IS( RETUR~'J 
REA!) (5,60) ANS 

60 FOR~ATlAlJ 

Ir fANs.ro.'y', GD TO "I nm 

SUBROUTINE FLOT (IX,MU)
INTEGER IXI21 •• IF 1112J

REAL HU,Vl21'
YIlJ = (1.99
OCI0 I = 2,20
VII' = 1.05-I-0.05

10 CONTINUE 
V121. = 0.01 
DC ~o I = 1,21
DC 30 J = 1.112 
Iff J J = 1 H 
IFIS61 = IHI 

30 CONTINur 
J = lXII' 
lFIJJ = IH. . 
WRITE 1£.~OI !II',llFIJJ,J=I.112J 

.. 0 CONTINUE
50 rOp.~AT IFQ.2,112A111J 

H = 2.0'HU
WRITE IE,EOI f"U,H

60 fORMAT IQX,'O.O',Q7X,'MEAN :'fS.2,_SX,FS.2JRETURN 
[NO 

), 
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Errors in GOF Program* 

Re:	 transformation of lognormal parameters, specifically, program 
statements A 980 and A 990. 

1)	 The variable names do not correspond to preV10US
 
statements.
 

2)	 The variance should not be squared in statement
 
A 990.
 

3)	 Statement A 980 should follow statement A 1000 so as
 
to utilize the transformed variance.
 

*Phillips, Don T., Applied Goodness of Fit Testing, AIlE, Atlanta 
(1972). 
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CELL S RAN!;E OaS::RV~O ('3S::RV[) CU~ULHVE TH:ORETICAL I;UH:JLAlIIIC KOLHOGOROII -
~FOH TO FREQUENC Y CIiSE ~VCO 

FREQ:J""NCY 
FRC~UENCY THEC;:ClICH 

FtIEJ:JE'lCY 
S~H~CI/ 
5TATIST!C 

1 
2 
3 
~ 

3.559q e 
3.18391 
4.C084E; 
4.23Zg~ 

3.18391 
4.0('946 
4.232"4 
4 .451U 

2.('[0[[ 
.0001l0 
.(l[O[[; 
.00001l 

.[S55E; 

.00000 
.(Cl[[O 
.00000 

.r~~~6 

.Cl55S6 
.r~!~[ 
.n5E!:6 

.l'r,ll[ 

.02153 

.1J23~~ 

.03642 

.ve7lC 

.J:l2863 

.!151~B 
.::!834u 

• ['I 34 S 
• I: 25 93 
• [( 3S8 
.cn84 
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£; 
1 
g 

" 1(1 
11 
12 
13 
1~ 
15 

4.q51q3
4.69191 
~.5[164c; 
5.13099 
5.35531 
5.51986 
5.g0435
6.[2883 
6.25H2 
6.ql18e
6.10223 

q.6~131 
q.~064" 
5.1!r89 
5.35531 
5.5198C 
5.8r435 
6.02893 
6.25332 
6.41780 
6.1('229
6.92618 

5.r[G[C
.0001l0 
.0[(1((1 

1.00000 
5.f1l[([ 
3.r.cr'CC 
4.00001l
3.[[['((1 
1.00000 
5.Hljlll
1.000llll 

.13~e~ 
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.[Cl[[( 
.1 3444 
.13 Ee~ 
.ce:!~~ 
.11111 
.[e!~: 

.IJ2178 

.13Ee5 

.1)2178 

.1 5~ 44 
.1'1444 
.15444 
• ~3 939 
.~ 2 7 H 
.f1111 
.12222 
.O[~!:6 

.13333 
.°12:<2 

1.00000 

.£52 it 

.07074 
• r~!C 5 
.1'1164 
.IOH :< 
.lrHS 
.09950 
.re45E 
.06131 
.rq~""5 
.03363 

.14111 

.21B S 

.2~5~C 
.401S4 
• ~ 10 3!: 
.GlE4C 
.11733 
• 8e2 fl 
.87 Jlq 
.~1!:E3 
.95332 

• [5!3 3 
• C17 4~ 
.1C S4 5 
.:::126~ 
• Cl 74 !
.[[729 
• I: C4 33
• CC 26 3 
.1:3;;8S
.[5259
.::4663 
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Kolmogorov-Srnirnoff Test of IITRI Heat Release Rate Data 
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APPENDIX A4.4 

Program	 for Calculating the Probability 
of Limiting Fire Spread 

This program is written for a Texas Instruments SR-52 programmable 

calculator. The main program, FIREPROB, and its principal subroutine, 

STDNRM, utilize 202 of the 224 program storage locations available. The 

programs have been recorded on a magnetic card which can be used to store 

the program and re-enter it into the calculator's memory. 

'11":' 0/:;/ 
'~. 
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A4.4.l Program FIREPROB 

FIREPROB follows the steps outlined in Chapter IV to calculate the 

probability that a fire will not spread beyond the room of origin. These 

steps are: 

1.	 Enter parameters of the distribution of the post-flashover 

fire and the barrier. 

2.	 Calculate the adequacy of the barrier (~) from the stress-

strength relationship using subroutine STDNRM. 

3.	 Calculate the barrier effectiveness (Eb ) as the product of 

adequacy and reliability (Rb ). 

4.	 Enter parameters of the distribution of the pre-flashover 

fire and the suppression system. 

5.	 Calculate the adequacy of the suppression system (As)' 

6.	 Calculate the effectiveness of the suppression system (E s )' 

7.	 Enter the probability of self-termination of the fire (T). 

8.	 Calculate the probability that the fire will not spread beyond 

the room of origin: 

P = 1 - f( 1 - E ) (1 - E ) (1 - T)l] L b s ~ 

~i· 
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SR-52 ~ 
User Instructions ~ 

TITLE F"IRePRc>6 PAGE_'_OF--=:2.=---- _ 

, I.A'" I',Re PM.. 

II.-'I I 1==1- E=r r"~i I 
STEP PROCEDURE ENTER PRESS DISPLAY 

, 
EN"~R PRC>4~AM CLp" 21'1c1 "e..cl 

inse.,.+ eel... J - ciJc. A 2 ~cl reo...L 

1n$e.,.t c:o.v-a - 'ide e 

2­ INITIALI'LE" 2nd eMs 

21\d I"'ut 

RIJ~ 

.3 ENrE~ 'BA~KIEtf D"'lTA ,M-port RlJN '/(..l.I. If)& 

rl'P~f RlJIJ E)("'o.t 

~6 RcJ#J 'I (p,£)" 

«1". RlJ" All 
R, RlJtI I-A"RIo 

4­ t:/tIr~~ SUPP~~SSIO~ /)IITII A.fJ~· RUtJ '/tMth&)t. 
up,. RlJ" EX....c 

(if Ill' SIl"pr~.t"(JI'1 j ..Ma RIJIJ '/r~I)' 
e" fer () p,.~ $ t rIA '" g; RUN A, 

a",J prDc.eJt. 1'0 -slep .5') Rs RIJ'" I 

S ene-A. 1'($£1.':-. TE"~M \ .,. 
~IJ" Po 

, 

e'I7~T_IoII'_~ PIll .. l22IM" 

'i!) 
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SR-52 ~ TITLE FIIU' PRO!l PAGE~OF ~ 
PROGRAMMER JW DATE 31. /.---T8 Coding Form "iY 
LOC CODe KEY COMMENTS LOC CODE KEY COMMENTS Loe CODE KEY COMMENTS LABELS 

000 
112 0/ I s+ ) 81 HL.T A "/a 

7S' - '12­ ~TO 40 'Xl B o~'f-

SI SI3R. 
040 

152 00 0 8S + C oS8 

" A 09 ~ Of I 0 ~O8 

E 1/3 
A' /2.1 
B' 143 
C' 

,S­ )( 00 () 
080 

192 S., ) 
005 

117 SI SM 42­ sro 23 ,,, ~ 

II A ()() 0 .if1 sul't 
"/G L.e~ 

045 
157 OS' S 00 0 

1'1 l> 42. sro OS" ! 0' 178 
E' t;e7,s x 00 0 085 

197 55 + 
010 

122 53 ( OB 8 ~2 2. REGISTERS 

01 I 42 STO 94 +/­ 00 du. 
01 ~ 

02 

03 

75 - 050 
162 00 0 8S + 

8/ tfLT" 01 V ~3 RCLS., ) ~ ( 090 
202 Ot) 0 

015 
127 9S = 01 I 0/ I 04 't. 

05 V, + lIt.81 HLT 7~ - 23 1"1 " 
JI' LeI. 055 

167 'II c$TO $'1 ) 06 

1/ A IS' E S'~ rtn 07 c:: ••ff. 

51 58ft 4G 1.8L 095 
207 flO () 08 $"'''' 

020 
132 12. e /3 c. ~ LSI. 09 1­

10 

11 

~l STO '$ )It I~ E" 
I 00 0 

060 
172 81 HL.T 01 I 

04 4 S'I ) it 6TO 12 

1353 ( S, pt" 100 
212 l'f D 

025 
137 S3 ( 'I, L8L. 14 

51 seR. /2­ e 15 

1812 a 065
In s.3 { 

7S' - 53 ( 17 

18"/3 Ret. 81 "'L.T 
105 

217 
030 

142 00 0 90 if 1l'G 19 

0+ 4 It) e," FLAGS 

05'1 ) 
070 

182 ~2. 5TO 

55 .L. Of) 0 1 

2143 RcL. 0/ , 110 
222 

035 
147 00 0 ~ 'X.. 3 

()~ 5' 20 ,"'. TEXAS INSTRUMENTS 
INCO""O.AlID 

4 

,30 ,p; 075 
187 'S ')to 

/~?'I, j '. 
~--~ 
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A4.4.2 Subroutine STDNRM 

Subroutine STDNRM uses Simpson's rule to estimate values of the 

standard normal distribution: 

1
z*-z2 

f(z*) - L e"2 dz. 

I--Z;;­ 0 

Simpson's rule approximates the integral by summing areas under parabolas 

as estimates of intervalsxo~ E~e curve f(z*): 

f (ax2 + bx + c) dx 
x - b.x 

= b.x [g(Xo) + 4g(x ) + 2g(x ) + 4g(x ) + •.• + 2g(x ) + 4g(x ) + g(x ) 
- .1 2 3 n - 2 n - 1 n

3 

where xi = (i . z*). 

The current version of STDNRM uses four (4) intervals, thus the 

standard normal distribution is approximated by: 

f(z*) = 1 3*/4 [g(O) + 4g(z*) + 2g(2z*) + 4g(3z*) + g(4Z*~ 
12n 3 _ x 2
 

where g(x) = e -Z-.
 

Instructions are included for increasing the precision of the approxi­

mation by using eight (8) intervals with Simpson's rule. 

,.,0.- ". 

'~?K 
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SR-52 ~ 
User Instructions ~ 

TITLE­II I.A"
I 

srDNRM 

F\OE.<oe

I I I 
I I i 1.8..

I 

PAGE_'_OF_-""2.=--__ 

ST•••" 

I I I 
STEP PROCEDURE ENTER PRESS DISPLAY 

STJ)NRI-\ ;4 -. s..bro~+i" eo 

t'dlle~ bl 1="1R.EPROL='l • .. 

"0 1,)5.. STOtoJRI"I 0.1." .. +0 

oe,,~ V"~ fe Vo.l .... ,., c( t\o.p_ 
w 

sf-Cl"'clC1"'! '0'10......0.1 

~i,h·i b~~io'" ~ 

I I?NTU..J'RCl ~AM ~LR. 2 "cl reAd 
HLT 2"d y"eo-,d 

\"set'"~ ..CD.~~~J~ B -­_ .. _._­

I 2 INI.TIAL.12£ .2. l\ .l 015 

.. ~ro I 12 . -

3 EIIITeR. OATA ~ .. STO 0 9 ----.1* 
4 

u 
/(1-")R.u/IJ RuN 
i/ v 

1'0 i~~ ."."" ti... 1':1V'l"t.j",,, 
I 

~f S"rb IJ Il M l!.~d"a~ ~. J 

.':1 i" LOc. /lif t. 7 

j~ i.. L.oc. I~~ f. IZ! 

:z. "ft L..oc:. li3 ... 4­
12, i ... LOC. I!>! +.24 

e 'Irs "111 ..,...,.,.IftcoflMM'1IId 1'...... mom 

,,/,! '/ 
'"'--._.­
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SR-52 ~ TITLE STJ:lIII RM PAGE _2_0F----''2.=---_
 
PROGRAMMER Jw DATE .:31, /. 7& Coding Form ~
 

LOC CODE KEY COMMENTS LOC CODE KEY COMMENTS LOC CODE KEY COMMENTS LABELS 
000 

112 ~, 1.8L OJ I 5$ { A 018 
B 0''''' c oS'B 
0 0015 
E /13 
A' 121 
B' 1"19 
C' 

IS­ £ 44 SliM 5J ( 

(13 3 040 
152 0'0 0 "3 RcL. 

42 m:> 07 7 00 0 
0 () S/ 5Bft 

080 
192 08 8 

005 
' 117 0 0 16 A' ,S' X 

'11 ($,.0 S'8 dsz .,.3 ReI.. 
17 8' 045 

157 17 e' OtJ 0 
." LBL 01 I O~ 9 0' 178 

E' 097 
REGISTERS 

I~ A' .,,,, SVto1 085 
197 S5' 

, 

·010 
122 53 ( 00 0 01 I 

$',3 { 68 8 Of 2­ 00 dsz 
SS ( 050 

162 113 ReI.. 5'''1 ) 01 .tL 

43 ReI.. 00 0 SS" •· 02 

DO 0 09 9 090 
202 53 ( 03 

015 
127 og 9 '1D «.­ O~ 2­ 04 X. 

05 '1/,+'1...'S­ X 94 ot-/_ ,SO X 

~3 Rc'L 055 
167 22. UN 59 -t'I' 06 

00 0 23 ,,, " S~ ) 07 ,.eff. 
01 7 30 ~ 

095 
207 30 'IX 08 s"... 

020 
132 so"l ) JI-f SuM 8S' + 09 ,\. 

10 
.­.,0 ,,2 oD 0 93 • 

S5" -. 060 
172 08 8 os 5 11 

03 3 02­ 2­ 51 ) 12 

1302 2­ ~2. STO 
100 

212 4/ 41"0 
025 

137 54 ) 00 0 IS c: 14 

9'1 ot-/_ O() 0 15 

162~ IN" 
065 

177 .tI, LBL. 
I 

2.3 I", 'X I' D' 17 

18'S )t. 51 5M. 
105 

217 
030 

142 02. 2. /, ~ 19 

S"I ) 02, 2­ FLAGS 

0Jl4 $uM 070 
182 94 +/­

(JD 0 44 S!Jto1 1 

2OS 8 00 0 
110 

222 
035 

147 5"' Y'tl'l 01 7 3 

4' LeI.. s8 dlz TEXAS INSTRUMENTS 
I ... CO.. ..a.. A'~D 

4 

17 8' 075 
187 19 0' 

.' I 



205 
APPENDIX AS
 

AS.1 Data Sources
 

AS.. 1. 1 Post-Flashover Fire Severity
 
AS.1. 2 Partition X
 
AS.1.3 Partition Y
 
AS.1.4 Pre-Flashover Fire Severity
 
AS.1. 5 Suppression System
 

AS.2 Stress-Strength Sensititivy
 

AS.2.1 Output
 

AS.2.1.1 Stress-Strength Probabilities
 
AS.2.1.2 Mu1tiparameter Sensitivity
 

AS.2.2 Programs
 

AS.2.2.1 SENS
 
AS.2.2.2 PROB
 
AS.2.2.3 SIMP
 
AS.2.2.4 MSENS
 

AS.3 Fire Spread Sensitivity
 

AS. 3.1 Output 

AS.3.1.1 Example Probabilities
 
AS.3.1.2 Sensitivity Probabilities
 

AS.3.2 Programs
 

AS.3.2.1 FIRESENS
 
AS.3.2.2 FPROB
 

:;;/'I
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A5.l.l Post-Flashover Fire Severity 

Data from GSA figures D-39.2 and D-38.5 

Midpoint of increment "dH" Cumulative Probability 

0.0625 0.04 0.04 
0.1875 0.22 0.26 
0.3125 0.31 0.57 
0.4375 0.26 0.83 
0.5625 0.10 0.93 
0.6875 0.04 0.97 
0.8125 
0.9375 0.02 0.99 
1.0625 0.004 0.994 
1.187-5 0.003 0.997 
1.3125 0.002 0.999 
1.4375 0.001 1. OOQ. 

Parameter Calculation from Plot 

= 0.14 = 0.27 P90 = 0.53PIO P50 

~y = lnP50 = -1.31 

cry = 0.39 (lnP 90 - lnPl~~ ~ ..S19 

~x = exp (~y + 1/2cr~) = 18.5 min. 

crx = ~x ~xp (cr~) - 1 = 10.3 min. 

'J i(:
\~·.,I .. 
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The values of P(T/H) and P(D/H) are determined by the total probability 
theorem. The total probability theorem consists of the summation of al1 
the incremential probabilities of success. - The incremential probabilities 
of success are determined in each increment by multiplying the prdb~bility 

of occurrence of that increment (dH) times the average probability of 
success in that incr~nent for the structural element being evaluated. 
Where increments have been chosen so that the slope of plot for the 
evaluated element is essentially a straight line, the average probability 
of success is directly read at the mid-point of the increment. The 
results of each incremental success calculations are summed. The total 
obtained through this summation is the probability of success of the 
examined element given the potential fire exposure distribution described 
by the plot H. 

The following is an example of the calculations used in the example case 
to determine the probability of success of lightweight partition (X) in 
preventing the passage of ignition energy through the partition,P(TX/H). 
The inputs are dH from figure D-38.5 and the plot of TX from figure'D~ 
38.4. ­

Increment dH TX (TX)dH 

0-1/8 hours .04 .75 .03
 
1/8 - 1/4 .22 .45 .099'
 
1/4 - 3/8 .31 .22 .068
 
3/8 - 1/2 .26 .12 .031
 
1/2 - 5/8 .10 .08 .008
 
5/8 - 3/4 .04 .05 .002
 
7/8 - 1 .02 .03 .0006­

1 - 1 1/8 .004 .02 .00008
 

1 1/8 - 1 1/4 .003 .01
 
1 1/4 - 1 3/8 .002
 
1 3/8 - 1 1/2 .001
 

Summations 1.00 0.23868 
(0.24) 

The values of the other fire severity conditional structural element 
probabilities needed for example cases are developed by the same process. 
The values of all of these are: 

= 0.24 
= 0.72 Structural capability of partion X. 
= 0.997 
= 0.9997 
= ~~--

'<-; II
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A5.1. 2 Partition X Resistance 

Data from GSA figure D-38.4 

hours T D T x D 

0.125 
0.25 
0.375 
0.5 
0.625 
0.75 
0.875 
1.0 
1.125 

0..56 
0.28 
0.15 
0.08 
()"04 . 
0.02 
0.01 
Q...().l 

O.OO§ 

0.993 
0.915 
0.69 
0.50 
0.35 
0.25 
0.15 
0.08 
0.04 

0.556 
0.256 
0.104 
0.040 
0.014 
0.005 
0.0015 
0.0008 
0 •..0.002 

Parameter Calculation from Plot 

P = 0.33 
10 

~y = 1n Pso = -1.966 

Pso = 0.14 P 
90 

= 0.06 

a 
y 

~x 

= 0.39 (In P - 1n P ) = -0.665 
9 o~ 1 0 

= exp (~y + 1/2cryf = 10.5 min. 

ax = ~x~p(a;) - 1 = 7.8 min. 

" I,A "j, 
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A5.1.3 Partition,YResistance 

Data from GSA figure D-38.4 

hours T D T x D

0.25 0.99955 0.99985 0.9994
 
0.37-5 0.9993 0.9998 0.9991
 
0.5 0.9991 0.99955 0.9986 
0.625 0.996 0.9994 0.9954 
0.75 0.991 0.9992 0.9902 
0.875 0.95 0.999 -0.949 
1.0 0.84 0.997 0.837 
1.125 0.67 0.994 0.666 
1.25 0.52 0.991 0.515 
1.375 0.41 0.975 0.396 
1.5 0.32 0.93 0.298 
1.625 0.26 0.905 0.235 
1. 75 0.2-0 0.88 0.176 

Parameter Calculation from Plot 

P = 2.0 P = 1.3 P = 0.84 
1 0 SO 90 

1..l = 1n P = 0.26 y so 

Oy = 0.39 (In P - 1n P ) = -0.338 
90 10 

l..l = exp (l..ly + 1/20~) = 82.6 min.x 

Ox = l..lx ~xp (O~) -1 = 28.8 min. 

i I) '1 I) ')
,,,,,,;/, (/ 

. ~-"- ~-' 



I ! ..",-q;"~ "'-,:!,,_"!I.."':T:' ',U" ,. .,- ~, .....,-_ .......,.. ..._.. _- ·_-_.----- ._..._-~--,-~--~-~~-~---------'------
" ~--

~ .~ .­----...-._­

o~ I I I I . : i i __ i l- I ~-I-I ! I 

I 

" , 
," 

'''It .... 
~ 
:f 
tj
 
I
 

loA) 
ex>. 

t"iI

'i 
~ 

Ii" 

i
(to 

ft 
~ ..,... 
4 

I

-1 
2. 

I---{ _ 
-l,I 

~-

151. 
SEVERITY (HOURS) 

.5 

20 I -; t· /' .1 "'t< ! \ ", 1 t ~ ) $ ! ! I ,t' ! t ~ 

40 

~ 1· 
Probability Curve. cover lug I 

Ther..l Re.l.tance,(T)...... ' I Structural Integrity (D).... ....... 
Severity a.pect. of Intra-Ilda. 

~? 10 Eaviro_nt (I) a. u••d 1.IlI 

I I~') en le:.:; 

Ito' 

I I I
( 

Co' I:;) 

!:.') 
i 

~.. 'j I I I i ~0 co>-
C 
..J 
5 IG--·:·C.: 
"'J c-
c·: 
C. 

H 

N 
t-' 
+:­

) 

~ .,' 
~Il ~ 



rm !III/: II1I 1/1 !Ii :11 I : m '1,1 Ii' 
4.;U. ,., i 

~ r~rrr~ 
, I ~ ... r i r 

IIII 11111111' I I '+-+-+++++-t+1+I+H+ 

I-U.OO3~S 

r 

~.­
-­

'" o 

f-­
.1 
• I • ",'1 1 

.1", II 

- 1-­

I· 

t! 
" 

,1== =-- ­.._­ '-'--­
-....,... 

" --'­

----~-_c_--­

.. --,-~­ . 

_._!...,.. 

III 11'1 

I' :i' I I 

f- ~ 
o 

--- !: 

.. 

. 
o 

o 

. ~ I 

., . 
o'"

S'lZ 



216 

A5.1.4 Pre-Flashover Fire Severity 

Data from GSA figure D-19.1 

Density Control (0) Extinguish (f::,) 

0.075 0.80 0.75 

0.1 0.95 0.80 

0.2 0.99 0.97 

Parameter Calculation from Plot 

P = 0.015 
10 

lly = 1n P = -3.22 
50 

Oy = 0.39 (In P - 1n P )
90 10 

= 

llx = exp (lly + 1/20;) = 0.054 

Ox = llx ~exp(o~) - 1 = 0.049 

P 
50 

0.78 

= 0.04 P 
90 

= 0.11 

i~~:j( 
\< ..... <C 1 ·' 
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A5.l.5 Suppression System 

Data from GSA figure D-19.l 

0.075 gpm/ft2 Probability of control = 0.80 

0.1 gpm/ft 2 Probability of extinguishment = 0.80 

Therefore, assume the. difference between extinguishment and control is 
0.025 gpm/ft 2 

Design density for examples is assumed to be 0.1 gpm/ft 2 

(Curve A of GSA figure D-38.2 corresponds to office landscape curve of GSA 
figure D-19.2 which represents a sustained discharge of 0.1 gpm/ft 2 

) 

Find distribution between control and extinguishment about 0.1 gpm/ft 2 density: 

Probability of control = 0.95) control density = 0.1 - 0.025/2 = 0.0875 

Probability of extinguishment = 0.80, extinguishment density = 0.1 + 0.025/2 = 0.1125 

Parameter Calculation from Plot 

P = 0.215 P = 0.145 P = 0.098 
10 50 90 

lly = In P 
50 

= -1.93 

cry = 0.39 (In P 
90 

- In P 
10 

) =0.306 

llx 

crx 

= exp (lly + 1/20~) = 0.152 

= llx tV exp (0;) - 1 = 0.048 

--j 

(';;;:~/
\ 0<: j,---/,.-," 
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Probability of extinguishment or control

I of a fire in an occupancy having the
l potent1als shown 1n f1gure D-l4.l for 

office landscape that would not be ... self teminating at the point of ' 
~ measurement.Ji. 
It 1. Di.charge Density 0.2 GPM per
l:f eq.ft. - Control...I

-0 IrlH-~r-++---+--+--r---t--+----;t---rI--r--2. D1echarge Dene1ty 0.2 GPM per' 
eq.ft. - Ext1Pguishment 
3. Discharge ,Density 0.1 GPM per 

I 
sq.ft. - Control 

I 4. D1echarge Dene1ty 0.1 GPM per 
ell. ft. '- Ext inguishment 
5. Discharge ,Density 0.075 GPK per 
eq.ft. - Control ' 
6. Discharge Density 8.075 GPM perI sq.ft. - Extingu1ehment ' 
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-- ­
• 

It., 0• >0- .ol--:Mr::--+---f--f---+---:-......;;::.;--t---:--.,..-,combust ion 

ut t: Control - Term1nation of fire advanceIi ..I plus reduction of heatIIt• ~ 
n ~ 

10 -+----1t-.--+---j----t-- out-pllt below levels critic.r ­
• 0 to building elements. ., u:"It 

e- WS • Work Station - the
O 

t$ apace normally occu~iedr t::0- ,- by one individual doing ......... 
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de.k. file cabinet,

"4 II. CAUTION: The points plotted in this figure I laboratory table, etc. 
I are hypothetical. The plots for actual R • Room F: Floor:., ".$ 
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... ,... individually justified. fire orilin 
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by one individual doing Automatic Response Suppression (A)
his work. Fo~ example, Manual Response Suppression CM) as 
desk, file cabinet, used in example. 
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ProlBbility of control of a fire in the
I . indicate occupancy (from figure D-14.l) 

i that would not be self terminating at 
2.,1 the point of measurement by automatic

I
I 

sprinkler system delivering an initial 
­

discharge of 0.3 gpm/sq. ft. and a

I -'---+--4-""':' sustained discharge of 0.1 gpm/sq. ft. 
I over an area of 1000 sq. ft. 

40 I-1\..--!	 I WS = Station ­• Work - the 
space normally occupied ' by one' individual doingI	 I 

: his work. For example. 
! I desk. file cabinet.I .	 laboratory table. etc. 

6~.~;Un	 R = Room F = Floor - ­
I	 I . WS1 = Work sta tion of 

fire origin 
Rl = Room of fire origin 
F1 = Floor of fire origin 

M I 

CAUTION: The points plotted in this figure 
are hypothetical. The plots for actual 
buildings or designs may differ and must be 

951 " I f------i-L	 individually justified. 
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A5.2.1.1 Stress-Strength Probabilities 
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ST~tSS-STRENGT~ FROEABILITIES ro~ LOGNO~Y.Al DISTRIBlTION~ 

DIST 1: x, s OIST 2: x, s MEAN SIGMA PROB PE~CENT 

18.~00 10.300 IO.5Clr 7.80(1 -.65111 .8'1223 .c1975 

1.8SD 
3.7DD 
5.550 
7.'IOD 
9.250 

11.10D 
12.95D 
111.80D 
1E.650 
18.5DD 
2D.35D 
22.200 
2'1.D5D 
2S.9DD 
27.75D 
2 9.60D 
31 .q 50 
33.30D 
3'5.15D 
37.DDO 

1D.3DD 
ID.3DO 
ID.30D 
10.300 
10.300 
ID.300 
ID.30D 
10.300 
lo.3DO 
10.3DD 
ID.3DO 
10.30D 
10.300 
ID.3DO 
10.3DO 
ID.3DD 
10.300 
10.300 
10.3DO 
ID.3DD 

ID.SDD 
10.S0n 
ID.SDn 
10.'5DO 
10.S01l 
ID.5Dn 
ID.'500 
ID.5DD 
ID.500 
ID.5DI1 
10.50D 
ID.500 
ID.500 
ID.5DO 
ID.501]
10.500 
ID.5DO 
10.5DO 
ID.'5Dn 
ID.5DO 

7.80D 
7.8no 
7.80n 
7.800 
7.800 
7.800 
7.8DO 
7.800 
7.9no 
7.801)
7.80n 
7.800 
7.800 
7.800 
7.800 
7.900 
7.80n 
7.80n 
7.800 
7.800 

3.2'193C 
1.90782 
1.16366 
.66893 
.3H25 
• [3528

-.19'135 
-.365'19 
-.5187'1 
-.65111 

'-.76739 
-.87[96
-.961128 

-1.['1917
-1.127[5
-1.19897 
-1.2E58[
-1.32822 
-1.39678 
-1.11111911 

1.57613 
1.EI5[6
1.38SE2 
1.231E5 
1.11615 
1.[29l!'I 
.~EII17 
.513'IE 
.E7377 
.E'I22~ 

• EIH2
.iS6'1! 
.17965 
.76561! 
.15399 
.7'11113 
.73575 
.72857 
.72237 
.11655 

.91199q

.88125 

.79891 

.706q8

.609'18 

.51366 

.q 2'118 

.3'1 II 5'1 

.276 36 

.21975 

.1'7390 

.13709 

.109D8 

.08530 
• D6 711 9
.D5356 
.D1I268 
.03'115 
.027'15 
.02216 

332.2e 
3[1.[2
2£3.5[
221.'15 
177.35 
133.75 

93.1:3 
56.7l! 
25.76

.C[
-20.!;1
-37.E2 
-!1l.l!2 
-E!. IE 
""E9.25 
-7S.E3
-ef'l. SE 
- l! 'I. II E 
-l!7.!1 
-E9.'52 

18.5DD 
18.50D 
18.500 
1 8.5 OD 
18.S0D 
18.50D 
1 8.500 
18.500 
18.50D 
18.5DD 
1 8.5 DD 
18.S0D 
1 8.5 OD 
1 8. '50D 
18.50D 
19.50D 
18.50D 
1 8. '5 OD 
1 8. '5 DD 
18.50D 

ID.300 
10.3DO 
10.30D 
ID.3DD 
10.300 
ID.3DO 
10.3DD 
ID.3DO 
ID.30D 
ID.30D 
10.3DO 
10.300 
"10.300 
10.3DO 
10.300 
1!1.300 
ID.300 
ID.3DD 
10.300 
lU.3DO 

1.050 
2.10" 
3.150 
'I.2DO 
5.250 
6. 3DO 
7.350 
8.qOO
9.1150 

ID.5DD 
11 .550 
12.600 
13.650 
111.700 
15.750 
16.8DO 
17.850 
18.9DO 
19.9'50 
21.000 

7.8DO 
7.8DO 
7.8Dn 
7.8DO 
'.800 
7.800 
7.8DO 
7.8DO 
7.800 
7.800 
'.800 
7.800 
7.800 
7.80n 
7.8DO 
7.80D 
'.800
7.8DO 
'.80n 
7.800 

-11.1'1829 
-3.388[[
-2.61763 
-2.[~'I[c 
-1.7[726
-1.11[689
-1.16523 

-.965q3
-.79653 
-.65111 
-.52395 
-." 1128
-.31tH 
-.21895 
-.1356[
-.[5899

.C1186 

.Cl776 

.139311 

.197111 

2.[7332
1.72173 
1." 511 l!"
1.32766 
lo1581C 
1.[951E
1.[121C
.!"'I35
.E885E 
.8'122'5 
.e035e 
• 7709!! 
.71133E 
.119H 
.E99511 
.H2[1
.E669C 
.E5367 
• E1I2C7
.E3teE 

.01101 

.021155 

.D'3996 

.Dsn7 

.077n8 

.D~9"6 

.12118D 

.15331 

.18502 

.21975 

.25720 

.29686 

.33818 

.38UII 9 

.11:'315 

.1165'511 

.5071D 

.5117311 

.5859D 

.622118 

-!;q.!! 
-l!8. E3 
-l! 1. l! 1 
-B.l!5 
-EII.52 
-511.1'1 
-"3.21
-31:.23 
-15.l!1.r[

17. [II
35. [!!
53. l! 5 
73. III 
92.'56 

111.e5 
13r:.H 
1119.[7
lEf.E2 
183.2E 

18.'50D 
1 8.5 OD 
18. '5DD 
1 9.500 
18.500 
18.S1l0 
18.500 
18.500 
18.500 
18.500 
18.500 
18.500 
18.500 
1 8.5 OD 
18.500 
18.5DO 
1 8. 5DO 
18.SDO 
18.500 
18.500 

1.030 
2.060 
3.090 
q.120
5.150 
6.180 
7.210 
8.2'10 
9.270 

10.300 
11.330 
12.360 
13.390 
lQ.'l20
15.1150 
16.1180 
17.51D 
18.5"0 
19.57D 
20.600 

10.500 
10.5DO 
ID.500 
10.500 
10.500 
10.500 
10.5011 
10.500 
10.500 
10.5DO 
10.500 
10.500 
10.500 
10.500 
10.500 
10.500 
ID.501l 
10.501l 
10.500 
ID.5DO 

7.900 
7.800 
7.80n 
7.800 
7.800 
7.800 
7.800 
7.800 
7.800 
7.801l 
7.800 
7.800 
7.800 
7.8DO 
7.800 
7.80D 
7.80n 
7.800 
7.800 
7.800 

-.781157 
-.77995 
-.77236 
-.76191 
-.7118BC 
-.73322 
-.715'11 
-.£9563 
-.671111 
-.65111 
-.62686 
-.E[ 159 
-.575119 
-.511876 
-.52155 
-.IC911[;2
-.116628 
-.IC 38'l6 
-.IIIC611 
-.3829[ 

• EE523 
• E72 13
.EE33" 
.E58"E 
.116!9 
.73811[
.76213 
.78766 
.El1152 
• e1l225 
• E701iC
.E59IE 
.52773 
.55611 
.58111 E 

1.[11 75 
I.C38ec 
1.[E525
1.[91C5 
1.1161~ 

.11912 

.1229'1 

.12918 

.13767 

.IIC816 

.16D36 

.1739Q

.18858 

.20391/

.21975 

.23575 

.25173 

.26752 

.28300 

.29807 

.31267 

.32676 

.311031 

.35332 

.36578 

-115.75 
- "". [E-"1.22 
-37.35 
-32.Sl! 
-27.['3 
- 20. l!5 
-1".15
-7.15 

• CC 
7.2 E 

1". ~ 5
21.711 
2P..7E 
3S.fll 
"2.2l! 
IIl!.E5 
!:IC. (IE 
EIl.7E 
H.Q5 

18. SOD 
18.5DO 
18.500 
18.500 
18.500 
18.500 
18.50D 

10.300 
10.30D 
10.3DD 
10.300 
10.3DO 
10.300 
ID.300 

10.500 
10.500 
10.5011 
ID.500 
10.500 
10.500 
ID.5DO 

.780 
1.560 
2.3110 
3.120 
3.900 
II .680 
5.1160 

-. II 311111 
-.1111231 
-.IIS56~ 
-.II731[
-.11961:1 
-.52199 
-.55106 

.5211e~ 

.511023 

.56" 311 

.5!5SC 

.E31H 

.E7173 
• 713.!H 

.20QD9 

.206Q7

.20973 

.21317 

.21623 

.21855 

.220D2 

-7.13 
-F.(lS
-II.5E 
-2.9~ 
-1.6C 
-.~!: 

.12 
18.500 
18.SrlO 
18.S0rl 
18.500 
18 .500 
18.500 
18.!:00 
18 .500 
18.500 
18.S0rl 
18.500 
18.500 
18.500 

10.300 
10.300 
10.30a 
10.3DO 
10.300 
10.300 
10.300 
10.300 
10.300 
10.300 
10.300 
10.300 
10.300 

lo.50C 
10.51i[
ID.SOC 
10.SIiC 
10.5H 
10.SCC 
10.50[
lli.50C 
10.sec 
10.5[iC
10.50C 
18·50~1 .50 

6.211r. 
7.02[
7.80r 
8.58[
9.3EC 

1[1.1IIC
lr.92C 
n.70C 
12... 8[j
13.26 f 
111. DIU' 
111.82C: 
15.60[ 

-.58262 
-.61613 
-.65111 
-.68712 
-.72379 
-.76082 
-.79796 
-.831i99 
-.87176 
- .9081 5 
-.91i1/01i
-.97938 

-1.011i11 

.75661 

.79968 

.8Q229

.BBICOI 

.921156 

.96378 
1.IID157 
1.03789 
1.07273 
1.10613 
1.13812 
1.16876 
1.19810 

""nt6"
.22t51 
.H975 
• H8 fO.HE86 
.H1I93 
.~1281 

• H[5!:
• ((821
.21:582 
.21: !1I2 
• 2C 1G2.19866 

.'ID 
• '311 
.00 

-.57 
-1.32 
- 2.19 
- 3.16 
- Q.l g 
- 5.25 
- 6. 311 
-7.lt] 
-8.5~
-9.6 

r ::<::\
I ~ J\ . 
\ ... ' 
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ST~ESS-STRENGTf FROSABILITIES fO~ LOGNORMAL DISTRIBtlICN5 

OI5T 1: X. 5 OI5T 2; X. 5 !'lEAN SIGHA PROS PERCENT 

18.500 ID.3DD B2.6DO 28.BOr 1.57388 .62027 .5!: .... 2 

1.!!50 10.300 82.600 28.800 5."71129 1.89215 .99809 .37 
3.700 
5.550 
7.'100 
9.250 

11.100 
12.950 

10.300 
10.300 
10.300 
10.300 
10.300 
10.300 

82.600 
82.600 
82.600 
82.600 
82.60n 
82.600 

28.800 
28.800 
28.800 
28.800 
28.800 
28.800 

".13281 
3.38865 
2.89392 
2.5352" 
2.26 C27 
2.CH6 .. 

1.511z[
1.261111 
1.[919C
.55917 
.1!5783 
.17716 

.99688 

.99625 

.9g598

.99587 

.99579 

.99565 

.25 

.1 e

.16 . 

.15 
• 1 'I .12 

lq.800
16.650 
18.500 
20.350 
22.200 
2q.050
25.900 
27.750 
29.600 

10.300 
10.300 
10.300 
10.300 
10.300 
10.300 
10.300 
10.300 
10.300 

82.600 
82.600 
82.6011 
82.600 
82.600 
82.600 
82.601]
82.600 
82.600 

28.80n 
28.800 
28.800 
28.800 
28.800 
28.800 
28.800 
28.800 
28.800 

1.8595[
1.70625 
1.57388 
1."576C 
1. 3511C :! 
1.26 C7 1 
1.17582 
I.C979 .. 
I.C26£2 

.11393 
• E62 3!: 
• E2D 21 
• 51!55C 
.55650 
.53211 
.511q2
• .. 9316 
... 7857 

.995'10 

.99500 

.99'1 '12 

.99360 

.99252 

.99109 

.98925 

.98691 

.98398 

.1 [ 
• r6.I)C

-.CI! 
-.15 
-.33 
-.52 
-.75 

-1.C5 
31." 50 
33.300 
35.150 
37.000 

10.300 
10.300 
10.300 
10.300 

82.600 
82.600 
82.6o!! 
82.600 

28.800 
28.800 
28.800 
28.800 

.9591! 

.89677 

.83821 

.783 C5 

.'lE5 .. 2 
• .. 5HE 
..... 351 
• .. 3516 

.9803'1 

.97588 

.970q 9 

.96q02 

-1. q 2 
-1.e6 
-Z. '11 
-3.[E 

19.500 10.300 8.260 28.800 -1.95982 I.EE725 .12272 -f7.66 
18.500 10.300 16.520 28.80n -.67622 1.25076 .30018 - E9. E1 
18.500 
18.500 
1 8.5 DO 
1 8.5 DO 
19.500 
1 9.500 

10.300 
10.300 
10.300 
10.300 
10.300 
10.300 

2... 78n 
33.0"0 
ql.300 
"9.560 
57.820 
66.080 

28.80n 
28.80n 
28.8no 
29.800 
28.800 
28.80n 

-.[OCH
.113235 
.73996 
.971195 

1. IE 376 
1.3211 .. 

I.HC5 .. 
.9135[
.U62E 
.1Il8!:1 
• leI J1
.H62E 

.119996 

.68192 

.81767 

.903'19 

.95152 

.97631 

- .. ~. 12 
- 31." 2 
-17.11 
-9.1" 
-1I.:!1 
-J.e2 

18.500 
18.500 
1 !!. 5 DO 
1 8.500 
19.500 

10.300 
10.300 
10.300 
10.300 
10.300 

7q.3'IO
82.600 
90.860 
99.120 

107.380 

28.800 
28.800 
28.800 
28.800 
28.800 

1."5597 
1.57388 
1.67869 
1.773[11
1.85888 

• E1101 5 
• E20 21 
• EOII 71
.5!2H 
.5S265 

.98852 

.9 9q q 2 

.99725 

.99862 

.99929 

-.!! 
.re 
.21! 
... 2 
... 5 

18.500 
18.500 
18.500 
18.500 
1 8.5 DO 
1 8.500 
18.500 

10.300 
10.300 
10.300 
10.300 
10.300 
10.300 
10.300 

115.6110 
123.900 
132.160 
lQo.1I211 
1118.68D 
156.9110 
165.200 

28.80n 
28.800 
28.800 
28.800 
28.800 
28.90n 
28.80n 

1.93763 
2.[Hllt
2.[78C5
2.1'1127 
2.20C61 
2.2565" 
2.3[9 .. 2 

.5111 62 
• 56l!t'1 
.5£25[
.5571!7 
.5539" 
.55051 
.5 .. 7U 

.99963 

.99980 

.99989 

.9999Q 

.99996 

.99998 

.999!!9 

.52 

.5"

.55 

.56 
• 56.56 
.56 

1 8.500 
1 8.500 
18.500 
1 e. 5 00 
1 8.5 DO 
18.500 
19.500 
18.500 

1.030 
2.060 
3. D90 
Q.120 
5.150 
6.180 
7.210 
8.2 liD 

82.60D 
82.6oD 
82.600 
82.6011 
82.600 
82.EDD 
82.600 
82.60D 

28.800 
28.800 
28.800 
28.800 
28.800 
28.800 
Z8.80n 
28.80n 

1."11[",
I.QQ5[II 
1." 5 26 3 
1."63[8
1."7619 
1.'I~U77 
1.5C958 
1.52936 

.3 .. 32£ 

.356 .... 
• ;n715 
• "C35C 
• .. 351E
.1IE9E[
.506lC 
.5" 3 7!: 

.99999 

.99997 

.999911 

.99985 

.99965 

.99925 

.99857 

.997'::" 

.56 

.56 

.5E 

.!S 

.53 

.'19 

.Q2 

.31 
18.500 
18.500 

9.270 
10.300 

82.60D 
82.600 

28.800 
28.800 

1.55t88 
1.57388 

• HZ[ 1 
.EZCl27 

.99615 

.99'1112 
.11 .cc 

18.500 
18.500 
18.500 

11.330 
12.360 
1 3.390 

82.600 
82.600 
82.600 

28.80n 
28.800 
28.800 

1.59813 
1.623"C 
1.6 .. 95C 

.E5821 
• £5555
.132lC 

.992 II 1 

.99020 

.98787 

-.2[
-.Q2
-.E6 

1 8.5 DO 
1 !I.500 
1 8.5 DO 
18.500 
1 8.5 DO 
18. SOD 
1 8.5 DO 

1 II. Q20 
15.Q50
16.Q80 
17.510 
18.5QO 
19.570 
20.600 

82.600 
82.600 
82.600 
82.600 
82.600 
82.£00 
82.600 

28.8no 
28.800 
28.800 
28.800 
28.800 
28.80n 
28.800 

1.67623 
1. 7(i 3.... 
1.73[91
1.7587t 
1.78653 
1.81"35 
1.8" 2C9 

016175 
• Ee2 Q1 
• f36C2
.l!6856 
.90DC2 
.930 .. 2 
.!5977 

.985Q9 

.98312 

.98080 

.g7856

.976Q2 

.9711" 1 

.97253 

-.9[
-1.1 .. 
-1.37 
-1.55 
-1.El 
-Z.[1
-2.Z[ 

18.500 
18.500 

10.300 
10.300 

8Z.600 
82.600 

2.880 
5.760 

I.E3[6 .. 
I.E2882 

.52DH 

.52'127 
.9g913 
.99905 

... 7 

... 1 
18.500 
1 g. 5 DO 
18.500 
18.500 
18.500 

10.300 
10.300 
10.300 
10.300 
10.300 

82.600 
82.600 
82.600 
82.600 
82.600 

8.6110 
11.52n 
1".QOO
11.280 
20.160 

1.6258C 
1.62161 
1.61621 
1.609B3 
1.6D231 

.529!:! 

.S371!" 

.5 .. 16E 

.55933 

.51261: 

.99892 

.99871 

.998'12 

.99800 

.991113 

... 5 

... :!... [ 

.36 

.3C 
18.500 
18.5DO 
18.!:on 
18.5DO 
18.50D 
18.5DO 

10.300 
ID.3ec 
10.3DIl 
HI.300 
10.3DD 
ID.30C 

82.601) 
82.6l!e 
82.60e 
82.6DEl 
82.6C[
82.60C 

23.011(
25.92r 
28.8(11:
31.68e 
3II.56C 
31..... r 

1.59378 
1.59"28 
1.5738B 
1.56263 
1.55058 
1.53782 

.58131 

.60327 

.62027 

.63B16 

.65676 

.67592 

.55661 

.!:HE8 

.5!'I"2 

.59283 

.5!D89 

.5EeS5 

.23 

.13 

.00 
- .16 
-.35 
.-.59 

18.500 10.30D 82.60C .. C. 32C 1.52"38 .69551 .9ESED -.81 
18.!=DD ID.3011 82.6CC "3.2DC 1.51035 .115'10 .98262 -1'.19 
18.5DO 
lE.SDD 
18.5DD 
18.5DD 
18.500. 

10.3011 
10.3De 
10.3DD 
10.30C 
lD.3DD 

82.6CC 
82.61lC 
82.6H 
82.6fC 
82.6CC 

.. 6.D8C 
"8.961: 
51.8.. 11 
5... 72C 
51.6Ot 

1."9571 
1."8070 
1 ... 6520 
1 ..... 932 
1." 3311 

.73550 

.75571 

.77595 

.79616 

.81626 

• !75D1 
.571196 
.!lC!C 
.!E!6! 
.96t .. 3 

-1.55 
-1.96 
-2 ... 0 
-1.89 
- 3."2 

(d:~~·\
 



"':"J, 

-. "\ 

65"i­
Zi"lt­
U"b­
b9"£­
£O"l­
bb"Z­
6S" 1­
L£ "1­
LS"-
Zb"­
DO" 
S£ " 
ZL" 
Z] -I 
iZ"l 
15 "I 
53 "I 
Ei "I 
£;"1 

LUSS" 
LIIZU" 
t3a1ia" 
ii.)-"
LZ)I " 
IILil " 
i6)Z " 
LBiZ " 
L"Ji: " 
H"i: " 
SHi: " 
3ZZ11 " 
Llti_ " au b6" 
3LD5E" 
£8Zi6" 
£ 5 lti6" 
58556" 
6L9i6" 

L9L 96" 
66Zi6" 
bbS£6" 
60bZ6" 
S66 06" 
L 1965" 
IILZSS" 
IIL69S" 
iZL5t" 
S£iltS" 
Zlb£S" 
"9£Z8" 
S6£18" 
bZSU" 
3bLH" 
LLDbL" 
S I SU " 
HOU" 
ULLL" 

DU9PI 
05 tB I" I 
9Z56 P I 
Z9SDZ"1 
951ZZ"1 
£OUZ"I 
S65bZ"t 
L£LiZ"t 
Ste9Z"1 
8ZSLZ"1 
ZU8Z" I 
Ilt96 Z" I 
t£ bO£"1 

6£tt£"1 
19LI£"1 
£6U£"1 
EELZ£"I 
U)£[ "I 
iZ£££"1 

~61P 
161P 
3811" 
ZSil" 
LLO" 
ZLiP 
L911" 
Z3a" 
SiU" 
£ ia" 
Sba" 
£ "0" 
S£ll" 
bED" 
6Z0" 
bZU" 
610" 
bID" 
UtD" 

ZiP 
ZiP 
ZiP 
ZSP 
Zil" 
ZSP 
Zil" 
ZSP 
ZSI" 
ZiP 
ZiP 
ZiP 
ZiP 
ZSI" 
ZSP 
Zit" 
ZSP 
Z51" 
ZS I" 

6111" 
6"1"
61t)"
6b)"
6b)"
611)"
6bl" 
6b) " 
Eb)"
6b)"
61t) " 
6_)" 
6b) " 
6bO" 
EbO" 
61t0" 
6bO" 
6bD" 
6bO" 

lIill" 
biU" 
"iO" 
bia" 
bill" 
bia" 
bSO" 
.50" 
ItSO" 
biD" 
bill" 
ItSO" 
"iO" 
biD" 
bill" 
biU" 
bS 0" 
bi ,,"
bi 1]" 

is "I 5£ LSe- BSlL " !itbH "I iOD" i:i I" 6bO" bS 0" 
blt"Z­
H"l­
;z "Z­
31"Z­
b)"Z­
3i"l­
£.PI­
bE"I­
a;"­
bS"­
JJ" 
i3" 
£b"1 
Z£OZ 
H "£ 
)E"b
IZ"S 
iti"S 
LZ"3 
Zb"3 

6Li16" 
8£ 916" 
L I L IE" 
IZ8 Hi" 
Si616" 
9ZIZ6" 
I btZE" 
119Z6" 
Lb6Z6" 
£9££6" 
898£6" 
I Bb b6" 
SOZ:'6" 
9b096" 
99696" 
906L6" 
ii£86" 
16£66" 
EiL66" 
B6866" 

3iSbZ"1 
3ZbIZ"1 
i;IlB I" I 
HSbPI 
19B:11"1 
iZS3)"1
3SLZJ"1 
3HSo" 
L_9£;" 
LL9Bit" 
ZI b£P 
;" BL L " 
:lS6U" 
itBS3" 
"i5;i"
9Zl£i" 
Hnb" 
J1B;]b"
ZHiE" 
b£1Z£" 

Z6StL"1 
!ilL L9"1 
9lLE9"1 
1IZ96S"1 
b£biS"1 
6blli"1 
BLL9b"1 
£££Zb"1 
££S££ "I 
1)£££"1
ZHaZ"1 
9BZbZ"1 
lJo61"1 
bB9SI"1 
LILll"1 
96)8)"1
iZ6b)"1
1I£Z3"1 
LS£Il)"1 
Lb166" 

8bO" 
SbO" 
8bO" 
SbO" 
SbO" 
SbO" 
8bll" 
Sbo" 
SbO" 
BbO" 
BbO" 
8bO" 
BbO" 
BbO" 
8bO" 
8bO" 
BbO" 
BbO" 
BbD" 
BbO" 

ZSt" 
ZiP 
ZS l" 
ZiP 
ZSP 
Zi I" 
Zi I" 
ZSI" 
Zil" 
ZSl" 
i.SI" 
ZS I" 
Zit" 
ZSI" 
Zi I" 
Zil" 
Z51" 
ZS 1" 
Zi I" 
Zil" 

860" 
£61l" 
880" 
£80" 
8LO" 
£LD" 
e90" 
b90" 
6iO" 
bSO" 
6bO" 
bltO" 
6£0" 
b£ (j" 
eZO" 
bZ 0" 
OZO" 
5 Ill" 
DID" 
SaO" 

bSD" 
bi 0" 
bSU" 
bSO" 
bSU" 
biD" 
bSU" 
bSU" 
bS 11" 
b; lJ" 
biD" 
bSO" 
bSO" 
bSU" 
bSO" 
biO" 
bSu" 
bSO" 
b50" 
bSO" 

9i";
£i"; 
39"5 
S,," i 
a I"i 
Zi"b 
b£"b 
H "£ 
"i"Z 
i!PI 

19b66 " 
6££66" 
bSU.6" 
iS686" 
8Z L86" 
06£86" 
bb6L6" 
Sb£L6" 
b£; 96" 
6 I b iE" 

lLDiL" 
£ b ZOL " 
n:bEL" 
£99;L" 
Z£6OL " 
bSZH" 
£b9H" 
i I tlP 
llLU" 
3ibZiP 

S)91J"Z
Lb£96"1 
L8LJ6"1 
168"8"1 
bl9B£OI 
[iJ6IL"1
)63119"1
beS9i"1 
6)ba" "I 
9636£"1 

8bO" 
SbU" 
8bO" 
8bO" 
8bO" 
8bU" 
8bO" 
6bO" 
8bO" 
SbO" 

bD£ " 
DiZ" 
bU" 
SSZ" 
EbZ" 
6ZZ" 
HZ" 
S61" 
ZS I" 
L91" 

6bo" 
6bO" 
6bo" 
6bO" 
6bO" 
6bo" 
6bO" 
6bO" 
6bO" 
6bO" 

bSO" 
bSU" 
bSU" 
biD" 
b5 U" 
biO" 
bSu" 
bSO" 
bS" " 
bSO" 

]]" 
££"Z­
"3"i­
H"ill­
U"Ll­
lL • 3Z­
H "li£­
Zi"Si­

898£6" 
bQ916" 
IlLSSS" 
811 bS" 
6bL£L" 
L6 LS9" 
9£L9S" 
£iLth" 

Zlb£a" 
lt39b3 " 
£b£93" 
ti99a" 
3£610" 
L3pS­
JL bPI 
L£il3t"1 

ZLL8Z"1 
L9UI"I 
JL6£;]"1
i6568" 
!IlZ;]£O
9ZbLb" 
LL9LI" 
19lbZ"­

8bO" 
8bU" 
8bO" 
8bO" 
81t0" 
SbO" 
SbO" 
8bO" 

Zi I" 
HI" 
ZZ I" 
9DI" 
160" 
9LO" 
19~" 
9bO" 

6bO" 
6bO" 
6bO" 
6 bO" 
6 bO" 
6 bO" 
6bO" 
6 bO° 

biD" 
bSO" 
biO" 
bSO" 
bS 0" 
"SU"
bS 0" 
bSU" 

ti"ZL­
3L "ii-

LZIJ iZ" 
OiSOI" 

BD3[ "I 
Zail£L"1 

S;S6S"· 
EJS9I"Z­

8bO" 
8bO" 

Ij£ 0" 
SID" 

6 bO° 
6 bO° 

bSO" 
bSIl" 

3Z"iil­
li "il-
ii"ZI­
£3"UI­
Ei"S­

OEL9£" 
£ZU,L" 
IlLIS" 
068LS" 
198i8" 

9Zl£i" 
;ISb;" 
IJL9i" 
Jil8Si" 
li 113" 

18L S£" 
bZSb"" 
J SU 5" 
SnSi" 
38953" 

SbD" 
8bo" 
SbO" 
Sbo" 
SbO" 

Z51" 
Zi I" 
ZS I" 
Zi I" 
Zil" 

6 hO" 
6bO" 
6 bO" 
E bO" 
6bO" 

60 t" 
£Ill" 
LEO" 
Z60" 
9S0" 

i3"3­
L ii"h­
~ b "f-
L I "Z­
Z] "I­
]tl"
);"
lL"1 
Z b"Z 
a J"£ 
JL"£ 
)£" .. 
iti"b 
.3 It "i 

0£9L8" 
S026S" 
ID906 " 
Z£SI6" 
516 Z6· 
S98£6" 
oUbE" 
o9bS6" 
££ I 96" 
65 L96" 
ZbH6" 
Z06L6" 
EbbS6" 
686S6" 

;aLE9 " 
~9L93"
Itl OL " 

H6U" 
LHilL" 
ZI b£iI" 
£ltZiiil" 
na9; " 
ZL 6£]" I 
Z9££I"1 
!USbZ"1 
5£ZBt:"1 
H£Si"1 
Z96LL "I 

£8LEL" 
9Z9ZS" 
ib£Z6" 
911£]"1
Hlil"1 
ZLLSZ"I 
Zh£bb"1 
[JIIZ9"1
ZlL£S"1 
IZ(6)"Z
LJ6Jb"Z 
L!illS"Z 
UlS£"£ 
J8Z£l"b 

SbO" 
SbU" 
8bD" 
SbO" 
SbU" 
SbO" 
8hU" 
6bo" 
911O" 
SItO" 
8bO" 
61t0" 
SbD" 
SbO" 

ZSI" 
ZSt" 
Zil" 
Z; I" 
Zil" 
Z5 I" 
ZSI" 
Zil" 
ZS I" 
Z51" 
ZSI" 
ZSI" 
Zil" 
ZSt" 

6 b 0" 
6 bO" 
6bO" 
6 bO° 
6bO" 
6 bD" 
61a0" 
6 bO" 
6lrO" 
6 bO° 
6bO" 
6 bO° 
6 bO" 
6bO" 

180" 
9LO" 
oLC" 
590" 
650" 
bSlI" 
6 hO" 
£bO" 
6£0" 
Z£O" 
LZO" 
ZZO" 
910" 
110" 

Z)"~ 81 566" ;SSZI"Z IItlJi"; Sbo" ZSI" 6bO" iOO" 

i3i1i:;" ZIIt£S" ZUSZ"I 8 bD" Z5 I­ iibJ" ItSO" 

.1N3JtlJd SOHd VW91S NVJW 5 'X !Z .1510 5 'X It .1510 

iNOll,aI~.1SIa 'V~~ON90' !I0J S J1.lIlIaY:JOd:l iU9N3~lS·S5J!l.1S 

-'9ZZ 



AS.2.1.2. Multiparameter Sensitivity 
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STRESS-STqENGTH FROBABILITIES rOR LOGNORMAL nST!HBUTIONS 
orST 1: X, S OIST 2: x, s "tAN SISKA poes rE°CE:NT 

1 S .l!00 10.300 10.500 7.800 -.£~111 • ell2 2 5 .2137S 

9.250 5.1~C 15.75 I: 3. 90 C .637117 .5711nll .8EE.I;T 2311.35 
10.175 5.66~ 15.22~ 11.29[' .113991 .5 S857 .ee211 265.01 
11.100 6.180 111.7QC II.E8C .367611 .60511 II .--t1:n:P 2 3 1 • 35 
1<'.025 E.695 111.175 ~. 07C .23331 .621132 ;tJf::tll1 195.lIu 
12.9;[\ 7.210 13.65C S.1I6C .1131111 .611636 .. ~ '.­~ 100 

Q 
.,U13.!l ~ 7.725 13.125 5.850 -.01117 .67173 • 12~.51 

II1.BOO 8.2110 12.6ClC E. 211 c: -.13560 .633511 ~ 0: 9?56 
15.725 9.755 12.075 6.E3[i -.2609E .730112 .06.$ 6 11.0 II 
16.650 9.270 11.551) 7.('21: -.38731 .7611115 ;-'leo: 3~.21 
17.~7~ 9. 78 ~ 11.025 7.11 tr -.51768 .80173 ;2~323 17.97 
18.500 10.30[1 10.50C 7.S0r -.613111 .811223 ,,::"Z1 S 7t I .00 
19.1125 10.81~ 3.975 8.19[' ~. 13312 .S8617 t-UEER -15.03 
2[1.350 11.330 3.11 5 C B.5er -.93267 .333110 ~.IL") - 27 • 7 2 
21.275 11. BII 5 8.925 S.971' -1.03277 .33337 ~o: e -3~.1U 

22.200 12.31:0 s.lIoe 3.3EC1 -1.2110116 1.03793 ~ -1I7.?1 
23.125 12.87~ 7.875 9.75e, -1.1I06S3 1.03516 ~f=ftb -511.711 

-1.5933~ 1.15~73 • IH -61.16211 .050 13.390 7.35 r H.II1L 
211.975 13.305 6.825 1[1.53[1 -1.77129 1.213311 .!-C 7-Hh -E6 • 6 7 
25.3['10 111.1120 6.30C IC.92C -1.97233 1.237111 d'F -7!.1I5 
26.825 111.935 5.775 11.31C -::'.18816 I.313aO •.J.!:':! r: " - 7 5 • 61 
27.750 15.115(l ~.25C 11.7[1[ -2.112303 1 .11 33311 .C1I5m -7'J.~8 

STRESS-STqENGTH FRCBABIL:TIES rOq LOGNCq~AL ~IST~rBUT!~NS 

OIST 1: x, ~ orST 2: x, S "EAN SIG~A pl"re PE:"CE:t.;T 

1~.500 10.300 32.600 23.g00 1.573B8 .f2027 .3311 II 2 

9.250 S.150 123.~r:C 111. II r I' 2.72315 .'53239 1.Cc-rH .56 
10.175 S.Er5 1I9.77C l~.Bllr 2.S3197 .536l'l5 I. cceO( .~6 
11.1(10 6. HO l1S.6H 17.2Br 2.116750 .SIIOIl6 1.(['LOL .56 

.cc=:::;12.025 6.6015 111.SIC IB.7H 2.3116211 .511571 .56 
12.350 7.210 107.3ar 2r.lEC 2.232'36 .55135 • § ~ S~7~ .56 

... ........ C:5z
13.875 7.725 103.2SC 2I.6[1u ?12065 .S'5933 .155 
~;m....111.80[\ 9.21/0 39.12C 23. CII C' 2.0IOlljJ .56801 .511 

1~.725 8. 7S S 911.99C 211.1j8(' 1.3£1137 .57920 -". :~5~C .51 
16.650 9.270 30.HC 2~. 32C 1.7'3230 • '53013 • -'Zen::;,. .ljll 
17.F.75 3.7~5 86.73C 27.36r 1.69383 .601105 --3 0 1311 .23
18.5['1(1 10.300 B2.Eer 2B.!!('[1 1.'.:7389 .62027 '.3:1I1j2 ' -.Ou 

_::Ii~=al
1'l.1I2~ IO.8IS ?e.1j 7[. 3[.2H 1.111;133 .63312 -.55 
2[1.3~0 11.330 711 • 3H 31.E8(' 1.3117111 .66037 m1:'D -1.S3 
21.275 11.8115 7[1.21C 33.12r 1.228'50 .636211 .:(?29 -3.13 
22.2['11' I2.3EO liE.ceC' H. SEC 1.tt:'11/!38 .715111) ~l{f$ -~.6U23.125 12.!!75 E1 .95 e 36. (IDe .371/35 .711B7 .:: " -9.111 
211.[150 13.330 57. e2C 37.III1P .93713 .737S1 r: -I3.q1 
211.975 13.3['5 53.69C 38.89[1 .68956 .53163 :-~ -l'J.~O 
25.300 1II.1j20 1I!l.SEC H.3<'C .52337 .a92"2 ~_u.-"",=,,_I- -26.93..
2E.825 111.335 115.II?C II 1. 7E r .3'5562 .3331/1) '"~ -311.l!9 
27.750 15.IIS0 1I1.30e 113.2[1C .16306 1.001lS6 '-.~ -113.211 

STFESS-STRENGTH FPCCAEILITIES FeR LO~NOP~AL OISTRI6UTrr~S 

llIST 1: x, S DIST 2: x, S MEAN SIGMA r'?QB PE RCrNT 

• 0511 • l)Ij 9 .152 • oq 8 1.28772 .331112 .::!6EB 

.027 .025 .229 .0211 2.112835 • H2 12 E.II?
 

.030 .021 .220 .026 2.29752 • 7611 t@ ~~~:jB> ':.3 S
 

.032 .029 .213 .029 2.173117 .78EE7 c.n1'n~, f.2?
 

.035 .032 .205 .031 2.C5117C .78965 f.rq
 
, .038 .0311 .199 .0311 1.911C03 .79322 • =3' '5.7E
;9:27.7'.0110 .037 .190 .036 1.828113 .797118 ~.37• 307
.0 II 3 .039 .192 .038 1.71903 .e02SI1 Ij.B2 
.0116 .0112 .175 .0111 1.611(1) .B[lB~1I CfHi911.') Ij.CE• , ' l~ 
.O~f •EpE7 cL~~7 ' 3. SE.0_ :8=~ :U~ :8=~ 1:!~lH • E Ij 12 1. 2 
.01311 .0119 .152 .0118 1.29712 •nil 12 .'~a • r ( .. .057 .051 .11111 .050 1.17768 • ell5 9E · -2.2e

~ .059 .0511 .137 .053 1.I:E5111 • eS9~e ~o:~ -1I.?5 
.062 .056 .129 .055 .911913 • E76 S6 - B. 32• O!.065 .059 .122 .058 .82856 .89617 ~24-P -12.35 
.067 .061 .11 II .OEO .7('216 .51936 • T1i -17017 
.070 .OEII .106 .062 .5EBIIC .5I1E73 C.Z~5'D> - 22. F 7 
.013 .06E .099 .OES .11 25 lIE .979£l2 -. -28.".076 .069 .091 .061 .2711C 1.C17C5 5 -~~.51j 
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C 
C SENSITIVITY ANAL~SI~ [F STRESS-STRENCTH MODEL 
C 

IiRI IE If t1 1
1 FORHATflHl'STRESS-STRENGTH PROB~BILITrES FOR LOGNORMAL DISTRIOUTIO 

INS·' I 1
WRITE 16,2)

2 rCR~AT ISX,I2PDIST 1~ ), S,6X,I2HDIST t~ ), S,1),
tQHMEAN,8X,5HSIGMA,7X,qHFROB,3X,7HPERCENTJ

RE AL X I 2 J ,s ( ? 1 
RE:AO fSr10) IX(I),S(I), 1=1,2)

IC rCP~AT 12r~.2J 
C 
C 5TRESS-STRE~ETH FROBAB!lIT~ 
C 

~RITE IE,9'H
CALL FROS «X,S,F)
WRITE 1£,991 
FRO = F 

C
C EFF~CT OF VARIATION OF MEANS 
C 

DO 30 I = 1,2 
A = xrr,
DO 20 J = 1,20
XII) = ':.A/IO.O
CALL FROD (X,S,F)
rEF = I[10.C.( F-FPIJ JlFRC 
WRITE (6,60) FER 

2C CONTHW[
WRITE (E,99)
XII) = A 

30 CONTINUE 
C 
C EFFECT OF VARIATION OF STANDAR~ DEVIATIONS 
C 

DO SO I = 1,2
B = srr,
DO Q 0 J = 1,20
SrIJ = ..!.BIIO.(!
CALL FRoe IX,S,F)

FE R = tr 0 • (J • ( F- FRC ) IF RC
 
WRITE 16,60) FER

lie CO~TINUr 
WRITE IE,99J
Sf I) = B 

~( CDt-:TINUE 
60 FORMAT flH+,72X,F6.2J 
95 F CRflAT «IH J 

END 

" ') 'f' \ 

,~~~/i 
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AS.2.2.2 PROB
 

SUB~OUTINE FROB IX,S,F) 
c 
C FROB 
C 

REAL X(2),Yl2),Sl2J,Vl2),MEAN
C 
C INFUTS ARE THE MEANS IX) AND THE STANDA~D DEVIATIONS l5J OF TkO 
C LOG~ORMAL OISTRIBUTICN5. 
C 
C [CHO CHECK 
C 

WRITE (f,20J IXlIJrSIIJ, I=lt2J 
20 FOQMAT IQI2X,F7.3))
C 
C TRANSFO~M FARA~[TERS Tn NORMAL DISTRIBUTIONS 
C 

DO 30 I = 1,2
VrIJ = SIIJ**2.[
VrI) = ALOGIVII)/X(I)**2.n + 1.'))
V(IJ = AlCG IXlIJ) - l.S*VlrJ3n CONTINUE 

C
C CALCULATE FARAMETERS or DISTRIBUTION OF THE DIFFERENCE 
C 

MEAN = Y(2)-Y(I)
SIGt'A = eVIl) + VI2J)"C.5
WRITE 16,99J MEAN,SIGMA

95 rORfJAT I IH+ ,36X,21 2X,F ICi.5) J 
C 
C CALCULATE VAL~E or STA~DARD NO~MAL 
C 

Z = ME A~ I SI eM A 
C 
C rI~D rRCSAEILITY 
C 

CALL SIMf I Z, F) 
WRITE 16dOr) F 

100 FORMAT I1H+,63X,F7.S)
RETURN 

END 

r)i;;; " 
.... \ ­
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A5.2.2.3 SIMP 

SUfRCUT!NE SIMF (f,F)
cr: SIMF:'CN$ [(ULE
C INr-UT 
C 

A = 0.0 
IER~ = lj 
Nt1AX =2(:
ERROR = 1.O/lC.O**IERR

c 
C STA'n 
c 

A! :: O.f' 
N = 2qr.	 H:: 18 - ~I/N 

S = 0.0
A2 :: Al 
X = A 
GO 50	 I = I.N.2 
YO:: EXF (IX**2)/C-2.r.1I)
 
Y1 = [XF ((IX+HI**2)/1-2.CII

x = X+(~*H)
 
Y2 = (XFC(X**2J/I-2.C») 
S = S+ VO+Q*Yl+V2 

5C	 CCf\:T!NUE 
Al = S*H/3
IF (AFSI(AI-A2J1AII.LE.ERRCR) CO Te gO
 
N :: 2*~
 
IF I~.L[.N~AX) CC TO lie
 
\~'UT:': (£,5[1)


6r	 FoprAT (' NO CONVERCENCE')
WRITE (£,20) A,S

2f	 FCR~AT (. A =',F!r..5,1,' B =',FIO.5J
WRITE ([,30) EqRO~,~~AX 

3C rCR~it.T (' rRRCR= ',FIO.5,h' ~AX N ='rI~1J 

WRITE ((,701 N.Al,A2 
70 FG?MAT I' N= ':3,1' Al ='FIU.5/' A2 ='FIO.~) 

ST CF 
gO F = Al/(2.0*3.1q153265)*.O.5 + 0.5 
90 

q£TU~N 

END 

,­

I~l:f'; 
'«"~_/y~ 
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AS.2.2.4 MSENS
 

c 
C MULT!FARA~ETER SENSITIVITY ANALYSIS 
C 

WR IT [ (E tl ) 
1 FOR~ATC IH1'STRESS-STRENfTH rRrBA8ILITIES FOR lCr~rR~AL DISTRIBUTIC 

IN~'IJ 
WrITE CE,2) 

2 FORMAT C5Xtl2Hl)IST 1; x, S,6Xr12HOI~T 2; X, St7y., 
lq~~(AN,gX,:H5IGMA,1X,qHPP'OS,3X,1HPErCE~TJ 

REAL X(2),SC21
 
READ (Stlr) CXCTJrSCI), I=1,2)
 
FORNAT C2F~.2)
tQ 

C STP.~SS-STRENGTH PROSA8ILITY 
C 

!.olRIT( ( € ,g::q

CALL FROE. (X,S,F)
 
WRITE CEdol
 
FRO = F 

C 
C EFFECT OF VAq:AT:C~ 
C 

A =X(I) 
G = XCZI 
C = SCI)
D = SCZ)
DC 2(1 J = r, U 
~Cl) ~ A/~.U ~ J*~/~[1.l()
X(.::) - 1._*[ J.E/ .. [.
 
5rl) = C/?.O + J*C/ZO.u

S(2J = D/?r + J*D/2C.(
CALL FROB (X,I),F)

FfR = lco.r*CF-FRC)/FRC

'dRITE (6,6('1 FE1 

2G CCNTH,UE 
EO FORMAT CIH+,72X,F5.21
33 FOR~:AT (IH ) 

END 

'~--0-------"1..- J:--"',9'. .....,.J'

'------- - ­
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.'" AS.3.~.1 FIRESENS 

C 
C FIRE SFRE~D MODEL SENSITIVITY ANALYSIS 
C 

PEAL FrS)
WRITE 16,10)

ID FCR~AT 11~I,lc),'rIPE SFREAD FRCBABIlIT"'1 
C 
C I~FUT S MCDEl FA~ArETERS 
C 

READ 15,2[1 IFIII,I=l,51
20 FORMAT ISFS.31 
C 
C I~ITIAL FIRE SFR~AD FROBABILITY 
C 

"JRITE 16,301
30 FORHAT 15X,Q6HEAR-AOQ SUF-ADa 

lQX,Q7hBAR-EFF SUF-EFr RCCH-l 
: ALL FPROB IF)

C 
C EFFE~T OF VARIATION OF FARAMETERS 
C 

')0 60 I = 1,5
WRITE 16,10 I 
WRITE 16,30) 
X = FfIl 
DO 50 J = O,2C
FIl) = JtO.OS 
CAll FFROB IF I 

5D CCNT!~UE 
Fill = X 

60 CONTINUE 
END 

AS.3.2.2 FPROB 

BAR-REL SUP-REL S-TERM, 
~OOM-2 ~OOM-3/1 

SUB~OUTINE FFFrB rFI 
REAL FISI 

C 
C CftLCULATE EFFECTIVENESS 
C 

EB = FrtJtrr31 
ES = PI21tPPIJ 

C 
C CO MF L ~ M~ NT S 
C 

ESC = 1.'J - ES 
EBC = I.D - EB 

FACTOPS
 

TC 
C 
C COMFUTE 
C 

Fl 
F2 
P3 

C 

= 1.0 - FI~I 

PROBABILITIES 

= 1.0 - ESCtEBC'TC = I.D - IEBCtTCltrl.C - FII = 1.0 -IEBCtTCltll.0 - F21 

C F~I~T RESULTS 
C 

WRITE r6dOl IFIIltI=1tSltEB,ES,FItr2,F3
10 FORHAT 15XtIOIF6.Q,QXJJ

END 
RETURN 

.. /;;--~-/~ 
1 ..../ __.•• _/

C._,/··'
I
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APPENDIX A6 

User's	 Guide to the Goal-Oriented Systems Approach 

A6.1	 Synopsis 

A6.2	 Procedure for calculating the probability of limiting fire 
spread to the compartment of origin. 

A6.2.1	 Procedure for calculating probabilities of the 
adequacy of barriers and suppression systems by 
the stress-strength relationship. 

A6.2.2	 Procedure for calculating the probability of limiting 
fire spread to successive compartments. 

A6.2.3	 Notation 

A6.3	 Application of the revised approach to the Atlanta Federal 
Building. 

,.i)',,/
{,;f :~,;. . , . 
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A6.1 Synopsis 

The essence of the revised Goal-Oriented Systems Approach to 

Building Fire Safety is in the concepts of containabi1ity and suppressi­

bi1ity of a fire in a compartment. Each of these is estimated by a 

stress-strength relationship of the severity of a fire versus the resistance 

of a barrier or of an automatic extinguishing system. 

For the case of the barrier, the severity of the fire and resistance 

of the barrier are modeled as lognormal distributions n£ the aame dimension 

e.g. hours of duration. The stress-strength relationship then identifies 

the adequacy of the barrier to contain the fire. The u1itmate effective­

ness of the barrier also includes a factor of reliability, estimated 

as the expectation that the barrier is not immediately penetrable via 

openings or defective assembly. 

The suppressibi1ity of both the fire and the automatic extinguishing 

system are similarly modeled as lognormal distributions with a con­

sistant dimension e.g. heat release/absorption. The stress-strength 

relationship predicts the adequacy of the suppression system and 

the expected reliability is estimated. The product of adequacy and 

reliability yields a measure of the effectiveness of the automatic 

extinguishing system. 

A third concept, self-termination of the fire is also estimated 

as an expected value. 

The probability of limiting the extent of a fire to the room of 

(~ ," ; ( 

1_"-"', \;.. 
'\""."-"~*'_.'. 
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origin is then the Boolean sum of these three factors: The effectiveness 

of the barrier, the effectiveness of suppression and the expected value 

of the self-termination. 

The probability of limiting the fire to within successive barriers 

is found by assuming a simple Markov process of fire spread whereby 

the probability of success of fire limitation at a given barrier is 

the intersection of the probability of failure of the previous barrier 

and the probability of the effectiveness of the present barrier. 

i /',,<
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A6.2 Procedure for calculating the probability of limiting 

fire spread to the compartment of origin. 

Step 1.	 Input mean and standard deviation of lognormal distribution 

of post-flashover fire severity: LN(~post'	 °post)' 

Step 2.	 Input mean and standard deviation of lognormal distribution 

of barrier capacity: LN (~b,ab). 

Step 3.	 Calculate the probability that the barrier is adequate, P(~), by 

the stress-strength relationship (A6.2.1). 

Step 4.	 Input the barrier reliability: P (Rb)' 

Step 5. Calculate the	 effectiveness of the barrier: 

P (~) = P (~) P (~) 

Step 6.	 If there is B£ suppression system P (Es ) = 0, proceed to Step 12. 

Step 7.	 Input mean and standard deviation of lognormal distribution 

of pre-flashover fire severity: ( li a) •LN ~pre'	 pre 

Step 8.	 Input mean and standard deviation of lognormal distribution 

of capacity of the suppression system: LN(~,a). s s 

Step 9.	 Calculate the probability that the suppression system is 

adequate, P(As )' by the stress-strength. relationship (A6.2.1). 

Step 10.	 Input the suppression system reliability: P (R ).s

Step 11. Calculate the effectiveness of the suppression system: 

P (Es ) = P (As) P (Rs ) 

-, 

(c2::;'~/' . 
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Step 12. Input the probability of self-termination of the fire: P(T). 

Step 13. Calculate the probability of limiting fire spread to the 

compartment of origin: 

P1 = 1 - [1 - P (T)] [1 - P (E )] [1 - P (E )]
s b

Step 14. If the scenario includes more than one barrier proceed to A6.2.2 • 

..., 
~) ) 

."'1 ­
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A6.2.l	 Procedure for calculating probabilities of the adequacy 

of fire control alternatives (barriers and suppression 

system) by the stress-strenth relationship. 

Step 1.	 Transform the parameters (mean and standard deviation) of the 

lognormal distributions of the stress and strength to parameters 

of the normal distributions, Yi = In Xi:
 
2
 

~y z In ~x - (ay /2)
 

a = In	 [(a / u )2 + 1 )
y	 x ~ 

Step 2.	 Calculate the parameters of the normally distributed difference 

between	 the stress and strength distributions, W = In Xl - In X2 

~w = ~yl - ~y2 

a = I (02 1 + 02 2)w	 y y 

Step 3.	 Find the standard normal variate corresponding to the condition 

of adequacy, P { W > 0 }: 

~ 
z = 

aw 

Identify the probability P . {z > z} from standard tables or 

by numerical methods e.g. as in Appendix A4.4.2 Subrowtine STDNRM. 

This is	 the probability that the particular fire control measure 

in question is adequate. 

'1~~~,'i
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A6.2.2	 Procedure for calculating the probability of limiting 

fire spread to successive compartments. 

Step 1.	 Calculate the probability of limiting fire spread to the 

compartment of origin (PI). (see A6.2) 

Step 2.	 For each successive compartment t P (E ) = O.s 

Step 3.	 Calculate the probability of limiting fire spread to each 

successive compartment as if it were the compartment of 

origin (p.t i = 2,3, •.• n).
]. 

Step 4.	 Calculate the probability of limiting the spread of fire to 

any successive compartment (n): 
n 

P = 1 - IT (l-p )
n	 i=l i 

(~ l'~"~'\ 
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A6.2.3 Notation 

~ 

cr 

-

-

mean (severity, resistance) 

standard deviation (severity, resistance) 

b 

s 

Pre 

Post 

-

-

-

-

Barrier 

Suppression system 

Pre-flashover fire 

Post-flashover fire 

A 

R 

E 

T 

-

-

-

-

Adequacy 

Reliability 

Effectiveness 

Self-termination 

Pi 

P 
n 

-

-

Probability of fire limitation within compartment i 

Probability that the fire does not spread beyond 

compartment n 

./;-~)0, 
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A6.3 Application of the revised approach to the 

Atlanta Federal Building 

One of the first applications of the GSA Goal Oriented Systems Approach 

was the Richard B. Russell Federal Courthouse and Office Building in Atlanta, 

Georgia. This structure, referred to as the Atlanta Federal Building, is 

twenty-four stories high and contains over one million square feet of floor 

area. The lobby floor of the building is essentially unoccupied, the second 

through fourteenth floors are office space, the fifteenth and twenty-fourth 

floors are mechanical equipment spaces, the sixteenth houses the U.S. 

Marshal's Offices, the seventeenth through twenty-third floors contain 

two-level courtrooms and auxiliary activities. Two sub-levels contain 

parking, maintenance shops, storage and similar support functions. 

The entire building is fitted with a hydraulically calculated, 

fully supervised automatic sprinkler system. 

On floors two through fourteen, the general office space, there is 

a central core area which is separated from the remainder of the building 

as an area of refuge from fire. The separating walls are non-bearing, 

concrete masonry unit partitions. 

Two critical events were identified for examination by the revised 

Goal-Oriented Approach: the limitation of fire spread within the g~neral 

office space and the prevention of fire spread to the central core area 

of the structure. 

Data necessary for the application of the revised approach was 

/1/ ". 
(f?{{C/.­



249 

extracted from available reports [1, 2, 3] and the GSA document [4]. The 

input parameters are summarized in Table A6.l 

Distribution of Post-flashover Severity: LN (28.0, 24.7) 

Distribution of Barrier Resistance: LN (82.6, 28.8) 

Probability of Barrier Reliability: P(~) = 0.9995 

Distribution of Pre-flashover Severity: LN (0.054, 0.049) 

Distribution of Suppression Resistance: LN (0.152, 0.048) 

Probability of Suppression Reliability: P(Rs )· 0.99 

Probability of Self-termination: P(T) = .983 

Table A6.l	 Input data for application of revised approach to Atlanta 

Federal Building. 

The probabilities of the critical events for both the original GSA 

approach and the revisedGoal~Oriented approach are presented in Table A6.2. 

Original Revised 

Limit to Office Area 0.9996	 0.9988 

Prevent Spread to Core 0.99999 0.99993 

Table A6.2.	 Probabilities of fire limitation in the Atlanta Federal 

Building by original and revised approaches. 

I/~/- ' 
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The "L - Curve" for the office floors developed by the designing fire 

protection engineers is shown in Figure A6.l. Probabilities of limiting 

fire spread to within the office area for both the original GSA approach 

and the revised approach are identified. The revised approach produces a 

more conservative value, which is still within the goal level set by GSA. 

The probabilities of preventing fire spread to the central core for the 

two approaches are essentially coincident near the abscissa of Figure A6.l. 
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