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REPORT SUMMARY 

This report represents the work of 75 persons assembled by the 
Building Research Board of the National Research Counci l  to address the 
state of the art of analytical methods for fire safety in buildings . The 
group , widely re presentative of the research , des ign , regulatory and 
manufacturing sectors of the U . S .  building community , was asked to 
eval uate three types of analytical methods for potential use in the design 
of buildings . I t  was the organizing committee ' s  hypothesis  that i t  should 
be potentially pos s ible to base fire hazard and fire risk evaluation on 
sc ientific analys is , rather than on intuitive judgment or presc riptive 
building codes . Works hop partic ipants were not asked to address funding 
is sues nor were they expected to discus s organizational issues associated 
with fire research . 

The seven papers presented at the workshop ( reproduced in Appendix 1 )  
address three analytical methods for improved fire safety design :  (1) 
numeric methods that are on a point system intended to grade a building 
for fire safety and that are s imple to use and provide explici t  results , 
( 2 )  deterministic methods that predict results based on known phys ical 
variables , and (3) probab i l is tic me thods related to the potential for 
experienc ing a fire hazard given the nature of the fire load . 

Partic ipants agreed that des pite the impo rtant advances made in fire 
research over  the las t decade , the re continues to be a need for a better 
unders tanding of the sc ience of bas ic fire processes . While the 
analytical approaches presented show that progress is  being made , i t  is 
necessary to continue development of engineering forumlas and mechanisms 
for technology trans fer , s upport this with val id data measurements , and 
move toward more accurate predictions by all models . Better 
communications and improved educational programs , both for professionals 
in practice and for univers ity students , we re identi fied as important. 

There was a consensus that better and more accurate quanti tative fire 
safety design information , co upled with effective fire models , would raise 
pub l ic confidence in and use of fire protection engineering . Another 
recommendation calls for de velo ping a rating sys tem to determine the level 
of a fire hazard relative to an " acceptable" level through the use of 
analytical models . In the ir concluding del iberations , workshop 
participants called for a national committee to establish information and 
data needs , and to coordinate information delivery and conferences . 

vi i 
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1 

INTRODUCTION 

Responding to a request from federal construction agencies that the 
building community be provided with a forum to evaluate modern analytical 
methods for the design of fire safety in buildings , the National Research 
Council ' s  (NRC ) Building Researc h Board ( BRB) established in January , 1987 
a committee to organize such a forum. The planning co mmittee was 
requested by BRB' s Federal Construction Council ( FCC ) , a consortium of 14 
federal cons truction agenc ies . 

This report addresses the s tate of the art of analytical methods for 
fire safety and their application to building des ign and public safety as 
reviewed and dis cussed at a three - day worksho p held on October 14-16 , 1987 
at the National Academy of S ciences in Washington, D. C .  

Seventy- five experts from a broad cross sect ion of the U . S .  building 
community participated in the worksho p .  Many of the parti cipants were 
users of analytical procedures ; others were concerned primarily with the 
validity of the computational procedures proposed for implementation . The 
works hop partici pants heard presentations on three of the leading 
analytical fire safety des ign methods and held dis cussions on the 
following topi cs : 

• The s tatus of modern fire safety design methods ; 
• Ways to help users evaluate these methods (both available and in 

development ) ;  
• Building community user needs of the methods ; and 
• Educational needs and delivery methods for their appli cation. 

Presented here are the s ummary and conclus ions of the works hop , 
conference recommendations for action by the building community , and seven 
papers presented at the worksho p that address three of these analytical 
methods for improved fire safety design .  

In general , analytical fire methods cons ist  o f  numerically-based 
models for evaluating fire safety performance of a building or a building 
component. In the workshop, three approaches were used to represent the 
scope of analytical me thods in use or under cons ideration. The approaches 
are: ( 1 )  numeric grading sys tems which cons ist  of guidel ines based on a 
point system that are used to grade a building for fire safety ( e . g . , the 
Fire Safe ty Evaluation Sys tem - FSES ) ;  ( 2 )  deterministic methods that 

1 
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predict results based on known phys ical variables; and ( 3 )  probab ilistic 
methods that assess the probability of experiencing a fire risk given a 
fire load. 

The first day of the workshop cons isted of presentations by three 
teams of leading experts cons isting of a researcher and a practitioner. 
The presentations were organized around the three approaches ,  and the 
seven papers that were presented are included in this report in Appendix 
1. The papers are : 

Numerical Grading Systems 

1. "Overview : Numerical Grading Systems , "  by Harold E. Nelson , 
National Bureau of Standards . 

2 .  "Field Application of Fire Safety Evaluation Systems , "  by Jonas L .  
Morehart , National Institutes of Health. 

3 .  "A User ' s  Perspective of a Fire Safety Analytical Method : The 
Fire Safety Evaluation System ( FSES ) , "  by Kenneth Faulstich ,  Veterans 
Administration. 

Deterministic Methods 

4 .  "Analytical Methods for Fire Safety , " by James Quintiere , National 
Bureau of Standards . 

5. "Fire Protection Engineering Appl ications of Determinis tic 
Models , "  by Russell P. Fleming , National Fire S prinkler As sociation. 

Probabil istic Methods 

6 .  "Fire Risk Assessment Programs , "  by Frederic B. Clarke , 
Benjamin/Clarke Assoc iates . 

7 .  "An Integration Method for Translating Research into Engineering 
Practice , "  by Robert W .  Fitzgerald , Worcester Polytechnic Institute . 

The workshop ' s  second day featured concurrent sessions cons isting of 
s ix working groups : (1) fire protection engineers ; ( 2 )  building and fire 
code officials ;  ( 3 )  owners , users , de velopers , insurance , and testing 
laboratories; ( 4 )  architects and engineers ; (5) educators and,researchers ; 
and ( 6 )  product manufacturers . The third day was devoted to develop ing 
conclus ions and recommendations . 

I t  is the committee ' s  hope that implementation of these 
recommendations will,  through improved building des ign practices, reduce 
the number and magnitude of inc idents of fire deaths and losses in the 
United States.  

2 
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2 

S UHMARY OF THE WORKSHOP 

Howard Emmons , a leader in the sc ience of fire model ing , chaired the 
three - day workshop. His s ummary of the meeting , which was applauded by 
the participants , follows . 

IMPROVE THE MODELS 

Analytical methods are becoming more accepted by the leaders in the 
fire community. Many benefic ial uses of these methods have already been 
made . Like all analytical methods , those presented during the workshop 
have l imitations because there are l imited techniques available today to 
val idate fully all essential fire phenomena . 

Researchers val idate the ir analytical models us ing available data and 
profess ional judgment. Present modeling efforts incorporate many , but not 
all , of the aspects of fire phenomena . Models need to be adequately 
documented so that others can understand their l imitations , assumptions 
and technical content . Val idations must be based on their correctness and 
completeness , and the ir ability to accurately predict experimental 
results.  

Organizations have de veloped eloquent fluid mechanics procedures to 
evaluate turbulence models.  These organizations identi fy problems , 
certify good qual ity data , then invite modelers to submit  the ir 
predictions for peer review . The intent is to move toward more accurate 
predictions by all models.  Fire modelers should cons ider emulating this 
approach. 

Models , especially deterministic models , require very spec ific data 
for materials or products undergo ing combus tion. The form of·these data 
is becoming common to mos t  models . The availabil ity of the data is  
l imited and not s tandardized. Work must  be done to improve the 
availability of appropr iate data and to improve the ability of models to 
deal with combustion proce sses. For example, rather than test five 
different manufacturers ' chairs , the des igner , us ing only handbook 
information about chairs , should be able to arrive at a satisfactory 
prediction of the c hair ' s  performance.  

3 
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COMMUNICATI ON 

Co mmunication and education about the use of analytical fire methods 
need to be undertaken and addressed to all segments of  the building 
community. Communication tools are needed to : 

• Educate present and future fire protection engineers , architects , 
and general engineers us ing both degree - granting and mid- career methods , 
including those provided by univers ity courses and conferences , and 

• Give users the information necessary to selec t the appro priate 
analytical model based on the mo del' s capabilities.  Such information 
includes wri tten documents , reference manuals , and descriptions about what 
available computer models can and can not do . 

USE 

The worksho p l iterature describes currently available technologies 
that are beginning to form a base for the building community ' s  use of 
analytical models . Advanc ing current technologies may be achieved by the 
following actions : 

• Supplement present techniques with a new generation of  
sc ientifically-based Fire Safety Evaluation System ( FSES ) or other 
evaluation sys tems that can gradually increase the use of fire science and 
decrease the need for intuition. 

• Aim for performance-based building fire codes.  Building code 
offic ials base risk judgment on the prescriptive requirements contained in 
today ' s  building codes.  In order to ultimately use the various analytical 
sys tems , performance objectives mus t be defined and adopted into the 
codes , upon which the results of the analytical analyses may be judged for 
compl iance. Currently , only a few fire - related problems that can 
potentially be solved by computer analytical analys is have adequate 
precis ion to allow computer des ign without separate profess ional 
analyses.  I t  is time that additional steps be taken , beyond the early 
testing that has been done , to adopt a performance code for s prinkler 
sys tem des ign. 

• Develop a rating sys tem to determine the level of a fire hazard 
relative to an " acceptable" level. For example , fire safety design for 
res idences might be based on a rating scheme. Above a threshold rating , 
the building or the area within the building would be clas s i fied a fire 
hazard . Below the threshold , the area would be acceptably safe . Ratings 
for res idences or interior areas might be based on an additive function of  
the rating of  individual components that make up the interior of  buildings 
( furniture , appl iances , other contents ) .  Thus , the homeowner could rate 
his own home and its contents . 

• De velop me thods to eval uate analytical fire mo dels and select the 
best ones.  
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• Create a national committee to establish  information needs and to 
coordinate information del i very. Additional quantitative information is 
needed to back up the knowledge base and to de fine in quantifiable te rms 
the performance objectives of current building fire models and code 
regulations . When quantitative fire safety des ign information becomes 
available , it  will raise the confidence in , and use of , fire protection 
engineering . The ultimate goal is to base fire hazard and fire risk 
evaluation on s cientific analys is , rather than intuitive judgment . 
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3 

CONCLUSI ONS AND RECOMMENDATI ONS 

CONCLUS I ONS 

The workshop provided an excellent forum to learn about available 
analytical fire methods and to study in  detail three modern analytical 
approaches to improving fire safety des ign. The practitioners at the 
works hop learned about the struc ture of available analytical methods and 
how to select the ones best suited for their particular use.  The 
researchers learned about concerns and needs of practitioners that must be 
incorporated into the analytical methods . 

The worksho p consensus s howed that analytical methods are available, 
applicable,  and used by the fire des i gn community. While these methods 
are s t ill in the ir development stages,  much work is be ing done to improve 
the accuracy of the ir predictive capab ilities . Much more work remains to 
develop fully acceptable methods that accurately predict all as pects of 
the fire safety of buildings . 

Many analytical fire models have been developed. Some of these are 
available to practitioners . Some analytical models are based on phys ics 
and chemis try. Others are derived from empirical correlations of tests 
and other data; while others are based on profess ional judgment. Fire 
models have not yet reached the state of development of other engineering 
prac tices suc h as structural engineering. Formulas are not as well 
developed, data are not as well organized, and appl ications are not as 
well used or accepted . 

Structural engineers usually size structural elements us ing 
well - developed formulas based on the sc ience of mechanics and from 
well - charac terized properties of materials. Currently, the fire 
profess ional generally has only l imited amounts of s imilar information 
available to make sound judgments about selecting appropriate materials 
for fire safety. Howe ver , as more research is performed, the data base 
will increase.  Works ho p participants recognized that many fire property 
tests include contradictory factors. For the most part , the reas ons for 
such contradic�ory fac tors have the ir roots in tradition and opinion 
rather than s cientific fact . The problem is lessening as worldwide 
acceptance of emerging fire science occurs. I t  will continue until a 
fully adequate sc ientific unders tanding of igni tion, fire development , 
fire spread, and fire products is completed and broadly acce pted. 
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Workshop partic ipants agreed that despite the important advances made 
in fire science over the last decade, there continues to be a need to 
understand better bas ic fire processes and their s cientific basis. I t  was 
recognized that the important groundwork set over the last decade is just 
now beginning to bear fruit . The analytical approaches presented during 
this workshop s how the progress that has been made. I f  this progress is 
to continue to fulfill its potent ial, it will be necessary to continue 
development of engineering formulas and mechanisms for technology 
trans fer, support this with valid data measurements, and increase the 
s cientific investigat ions of the phenomena of fire. 

Measurements nee d  to be developed by various organizations to better 
quantify the fire phenomena in terms of the inputs nee ded by the various 
analytical methods; e. g. ,  how materials burn, the ir chemical properties, 
the flow of gases, the hazards to humans from high temperatures and toxic 
materials, and the human react ions to fire . Also, evaluat ions of existing 
methods, as used by the fire profess ionals, will significantly augment the 
future iterat ive process necessary to develop be tter analytical methods. 

The participants agreed that these analytical methods are professional 
tools, and the fire pro tect ion profess ion mus t take the lead to develop 
and implement these tools. The research and development segment o f  the 
fire protect ion profess ion must be sens i tive to unders tanding the needs of 
users of fire models and responding to the need for a concentrated effort 
to trans fer new fire methods, expeditiously, into improved des ign 
pract ice. 

The participants agreed there is a need to unders tand better basic 
fire processes and the ir sc ientific bas is . They recognized that the 
proportion of national resources dedicated to resolut ion of the fire 
problem has always been meager . This is not the first commi ttee to 
recognize this problem. Prior activi ties include: 

• The Pres ident ial Commiss ion report, America Burning; 
• The National Academy of Sciences Committee on Fire Research 

proposals for a nat ional fire research program in both 1959 and 1969; 
• The National Research Counc il's report, Improving Communications 

Between Fire Researchers and Building Owner-Operators; and 
• The Nat ional Bureau of Standards' report, National Fire Research 

Strategy Conference Proceedings. July 21-25. 1985, sponsored by the 
National Fire Protect ion Association and the Nat ional Bureau of Standards. 

There was consensus that the fire community (which includes 
representatives of the research, des ign, regulatory, and manufacturing 
sectors ) should build upon its s trong links with one another by 
undertaking and support ing the tests, documentat ion, and assessment o f  the 
user's level of trust and confidence of the analytical methods selected. 
Through such work, the profess ion will better unders tand the processes 
needed to validate other analytical methods . 
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RECOMMENDATI ONS 

The Committee on Analytical Methods for Des igning Buildings for Fire 
Safety recommended that the National Research Council , through its 
Building Research Board ( BRB) , pro vide overs ight in the development , 
val idation , del i very , and implementation of  analytical fire methods . BRB 
should explore and de velop me thods to  promote teamwork with others 
( including the international community) for developing and evaluating 
analytical methods . In this light , the National Bureau of Standards , the 
U . S .  Fire Administration , and the National Fire Acade my should be provided 
with resources necessary to fulfill the obligation for technology trans fer 
assigned it by Congress under Public Law 9 3 - 49 8 . 

In addition to this general recommendation , the committee recommends 
five spec ific act ions : 

1 .  Validate analytical fire models Validations should answer the 
question- - is the model technically sound? The creator of  the model should 
doc ument the science and engineering procedures used , the as sumptions 
made , why they were chosen , the resul ts of tes ts or others means used to 
compare model predictions with real ity, and the resulting l imitations . 
This evaluation should be guided by a national research organization with 
stature in fire research and technology delivery . In addition ,  a 
mechanism is  needed to evaluate and approve for use the many new c omputer 
fire models .  This sho uld involve appropriate research and user 
organizations . 

2 .  Provide education Educating the researcher about the needs of 
the practitioner , and the practitioner about the value of analytical fire 
methods is necessary . Technical and profess ional organizations and 
univers ities concerned with fire safety should hold continuing education 
activities in addition to stronger degree programs at the B . S . , M . S .  and 
Ph . D .  level . 

Publ ications should feature the latest information on new analytical 
methods . The informat ion could be featured in spec ial columns that 
highl ight good prac tices and "horror stories . "  The media should provide a 
forum for ident ifying ideas for future technology to improve fire safety 
des ign .  

Education contributes to meeting the need o f  gaining the confidence of 
building users , des igners , and code offic ials to accept analytical methods 
in the i r  profession . 

3. Identify research needs The committee recommends an ongoing 
effort to identify research needs . The committee cites some examples 
where a s ignificant increase in the current research effort could improve 
the vital ity of analytical methods for fire safety: a scientifically 
val id means of  quanti fying fire s uppress ion; algorithms to predict fire 
growth and b urning rates;  predic tion methods for flame radiation 
properties;  combus tion processes and the production of toxic spec ies , 
partic ularly in poorly ventilated spaces; and modeling o f  flame s pread 
over s urfaces o f  vertical walls and ce ilings . 

4 .  Improve delivery of research results The communication 
process is inadequate for effe ctive implementation . Practitioners do not 
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generally read s cientific journals.  They tend to rely on engineering and 
technical publications , technical conferences , and short courses on new 
technologies . Strengthening the delivery methods of research findings 
will raise the confidence of practitioners in the use of analytical 
methods . Calling attention to the education process will help advance 
technology delivery. Public and private laboratories , academia , and the 
profess ional and technical organizations should undertake the following : 
(1) es tablis h  a l ibrary (perhaps a video tape library)  of  case s tudies of 
applications including successes and failures , ( 2 )  prepare manuals on 
applications of fire models , and ( 3 )  cons ider disseminating information to 
a wider range of publications including international j ournals.  I mproved 
del i very of technical findings will  encourage the building community to 
become more involved in the development and adoption of analytical fire 
methods. 

5. Include cost-benefit approaches into analytical fire methods 
Analyti cal fire methods provide the abil ity to evaluate and compare 
different des ign solutions based on cost ,  as well as effectiveness , in 
reducing the level of hazard. The building community's recognition of 
these potential financial benefits should assist  in more widespread use o f  
analytical methods . 

The cos t -benefit approach will provide the practitioner with 
information about us ing or not us ing s pecific analytical methods . The 
scope could include cost -benefit for qual ity control for use by the fire 
engineering profess ion. I t  may include plans and s pecifications , 
materials , and installation techniques.  For example , us ing a cos t -benefit 
approach the user could determine the cost-benefit of various des ign 
approaches to remove unsatis factory risk. 

Individual s ummaries of the s ix working groups follow in Chapter 4 .  
Thes e  s ummaries provide the building community's perspective about the 
state of the art in fire safety des ign. The s ummaries also offer some 
conclus ions and recommendations developed by the working groups. 
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4 

WORKING GROUP REPORTS 

FI RE PROTECTION ENGINEERS WORKING GROUP 

I t  was the consensus of  this  working group that analyti cal methods are 
app l i cable  to fire safety des ign ,  and that these methods have been proven 
useful in direct applications. I t  is expected that this  usefulness and 
applicab i lity will expand and grow in the future .  However , the 
applicab i l i ty ,  l imitation and future of the three types of analytical 
methods s hould be addressed to ensure continued development o f  the field. 

Numeric analytical fire methods have broad applicability and are 
generally accepted. They can be s imple to use and provide explicit  
results.  They have a l imitation in  that they are subj ective but they do 
provide comparisons and relati ve rankings. 

Deterministic analyti cal fire methods also have proven their 
applicabil ity and acceptability in solving s pecific engineering problems. 
They identi fy actual performance and can provide relative ranking when 
combined with other tools,  e . g. , cos t -benefit analyses.  

Probabilistic  analytical fire methods are in a developmental stage , 
but exist at a level sufficient to provide relative ranking or 
comparisons. They demonstrate good potential given the de velopment and 
compilation of a verifiable data base.  

Needs 

Several needs of fire protection engineers are addressed by analytical 
fire methods . Quantification of the effects of a given fire on its 
surrounding environment generally can be de termined and documented. In 
addition, analytical fire methods provide the bas is for relative ranking 
and setting of priorities. 

The working group noted that the l imitations of specific methods that 
are currently available have not been adequately identi fied and 
communicated. This concern has resulted in diminis hed confidence in the 
proper application o f  several of these methods . 
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Recommendations 

The working group agrees that future development of analytical fire 
methods must continue to move toward more objective analys is rather than a 
sole dependence on qual itative analys is.  The working group developed 
three recommendations : 

1. Validation The research community must val idate better the 
analytical fire methods used. This action can be accompl ished through 
normal communications and feedback from the practitioners , quantification 
of societal accepted risks ( goals implied by the existing building 
regulatory system) , and compilation of detailed empirical and statistical 
data. This mandates an improved system for collecting such data and a 
depository for maintaining fire data. 

2. Documentation Better documentation for all s pecific methods 
and for the overall concept is necessary. Specifically , the appl icability 
and l imitations must be made readily available. Advantages and 
disadvantages mus t  be detailed; l imitations are not considered a 
disadvantage. 

3. Education The National Academies of Sciences and Engineering 
(or another recognized advisory body) should recommend , encourage , and 
advocate enhancement and continued growth of an educational infrastructure 
for fire prote ction engineering to fulfill the continuing needs of the 
research ,  design ,  regulatory , and operations communities.  

CODE OFFICIALS WORKING GROUP 

Code officials are res pons ible for develop ing , maintaining , and 
enforcing code requirements relating to the des ign ,  cons truction , and 
maintenance of buildings . Code officials keep abreast of new techniques , 
materials , and concerns relating to building des ign and construction. The 
code official , therefore , has a key role in the acceptance and use of new 
analytical methods of fire safe ty des ign. 

Cons truction codes define a set of minimum requirements for the des ign 
and construction of a b uilding. Altho ugh intended as a minimum , mos t  fire 
safety code requirements often become the standard of des ign. Yet fire 
safety requirements cited in building codes and fire codes continue to be 
heavily s pecification- oriented , rather than performance - oriented , whi ch 
limits implementation of new technologies . 

The de velopment of analytical methods of fire safety des ign has given 
the des igner a means to address fire safety from a perfo rmance standpoint , 
rather than from the traditional specification standpo int. However , many 
practitioners perce ive the use of new analytical methods as be ing hindered 
by building codes . 

Mos t  codes have a procedure to use new methods and materials in  
bui lding des ign and cons truction . The acceptance of these new methods is  
dependent on the confidence that the building official has in the method. 
The challenge , then, is to es tablish or increase the building official ' s  
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confidence in the use of  these new analytical tools to gain wider 
acceptance . 

In one form or another, there are already analytical methods related 
to fire safe ty des ign in use .  These are generally used t o  supplement 
existing code concepts and to assist  in the approval of buildings by the 
appropriate authority. Certain methods , s uch as calculated fire res istive 
ratings or the appendix of National Fire Protection Association (NFPA) 
S tandard 72E , are used as tools for parts and portions of  an overall fire 
safety analys is . Other methods , s uch as the Fire Safety Evaluation System 
( FSES ) or the Building Officials and Code Adminis trators International 
( BOCA) Article 3 2 , are used in a more comprehens ive manner for evaluation 
of fire s afety in exis ting buildings . 

Analytical fire methods have not been widely used in the current code 
development process;  however, i t  is  clear that s uch methods can provide 
valuable information for cons ideration of future code and s tandards 
development . 

Needs 

Where thes e  analytical methods reside,  and how they are disseminated 
to the code enforce ment community ( e . g. , put them in the body of the code , 
in an appendix , or in a separate referenced document) can be a determining 
factor in how effectively the methods are unders tood, accepted , 
implemented , and maintained . There are advantages and disadvantages to 
each potential location; care mus t  be taken to choose the most 
appropriate. New analytical methods to which a working group s ubscribes 
should firs t appear in manuals as a means to introduce the user to the new 
technique .  After the technique is cons idered common practice, i t  should 
be incorporated into the code.  "Putting i t  in the code"  is  sometimes the 
firs t instinct, but may not always be the best cho ice. 

Codes mus t establish the performance to be achieved. The workshop 
partic ipants were clear that analytical methods could potentially serve as 
des ign tools,  but that it was the role of building code authorities to 
determine what level of performance would be required for public safety. 

Code performance objectives must be quantified and s tated in eas ily 
unders tood terms . I t  is useful for the consens us s tandard approach to be 
used to val idate and s tandardize those l imited, but critical , ass umptions 
that require judgment ( as contrasted with those unus ual cases where 
variables are pure enough to be determined by sc ientific means ) . 

Future parameters for the use of analytical fire methods must be 
es tablished. In many cases,  the parameters can be based on existing 
codes . In other cases , new parameters will have to be es tablished . In 
all cases,  there will have to be discuss ion among the researchers, 
developers , and users so that parameters can be agreed upon. 
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Recommendations 

The working group believes that there are no ins urmountable o bs tacles 
incorporated in codes.  They agreed, however , that there are system 
barriers to us ing analytical methods . The group developed three 
recommendations to help overcome the barriers : 

1. Confidence The confidence of  any method, whe ther a numerical 
grading system , an analytical hazard or a risk evaluation technique , 
depends upon the val idity of the method being used . The practitioner must 
be convinced that the model does what it  was designed to do . The user 
must be convinced that the model has been validated by appropriate 
comparison tes ts and peer review. I t  may be necessary to establish some 
form of third party certification o f  the computer code of  the analytical 
models to give practitioners a level of confidence in their use . 

2. Understanding and "user friendliness" The practitioner must 
understand what the model is des igned to do and its limitations. The 
inputs to the models must be readily available and easy to use .  I f  each 
use of the model results in a separate research project to arrive at the 
input numbers , usage will suffer. 

3. Training Training for properly us ing the models i s  essential 
to prevent mis use.  Unders tanding how the model works , its assumptions , 
and i ts l imitations is essential. Without it, practitioners may extend 
the use of  any model well beyond its l imitations. Mos t, if not all,  
analytical models require use by an experienced practitioner . Warnings 
about novice use may need to be developed. 

WORKING GROUP REPRESENTING BUI LDING OWNERS AND 
USERS, INS URANCE COMPANIES , DEVELOPERS 

AND TESTING LABORATORIES 

This working group made several observations during the workshop: 

1. Analytical fire methods may be in the form of numer ical grading 
systems , deterministic engineering methods , fire risk assessments or other 
methods . The critical path should be the progress ive movement to a 
greater sc ientific, and less intuitive, base. 

2. Developers should adopt broad views of  the fire problem and not 
limit the ir s tudies to l i fe safety appl ications ( including property 
conservation and continuity of  operations ) .  

3. Working group members expressed concern about probabilistic 
approaches .  The effects or consequences of  saying there is a spec ific 
chance of  failure are questioned. 

4. Current analytical models are inadequately detailed once automatic 
suppress ion sys tems are activated. The working group suggests that this 
need rece ive future attention. 

5. The working group asked who should provide the link be tween 
development/val idation and appl ication? 
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Needs 

Several needs were identi fied by the working group:  

1. There is a rapidly growing knowledge base in the physical , 
chemical and biological sciences that is important to fire safety efforts 
on a national bas is . This knowledge needs to be nurtured , increased , 
properly transferred to , and incorporated into the des ign ,  evaluation and 
regulation o f  building fire safety . 

2. Limitations , applications and purposes of the analytical methods 
need to be made more evident to practitioners . 

3. There is  a need to establ ish s tandard terms and definitions . 
4. There is a need to validate analytical methods of  des igning 

buildings for fire s afety prior to widespread appl ication . 
5 .  S ubjectivity needs to be minimized to the extent practicable. To 

achieve this , a coordinated national plan should be initiated to develop 
further analytical methods including timetables and data collection. The 
development o f  the plan would ass is t  in  securing funding for development 
of analytical methods . 

6 .  A national focus and leadership are needed to promote the research 
agenda; develop the sc ience into useful technology; ass ure the credibility 
of results;  and prepare the user community to adopt and apply the e merging 
knowledge and techniques.  

Recommendation 

The working group makes one key recommendation that it addresses 
issues raised during the workshop to solve programmatic and technical 
defic ienc ies in analytical fire methods . This recommendation is the 
des ignation o f  a national coordinating entity , s uch as the National 
Research Counc il's Building Research Board , or another appropriate neutral 
body, to develop and carry out a long- range plan for fire analys is  and 
modeling in the United S tates and to perform related tasks ( i . e. , through 
a Joint National Committee for Fire Analys is and Modeling) . 

The reco mmended plan ,  as performed by this national committee , should 
include: 

I. General 
A. Purpose of the committee 
B .  S trategic polic ies of  the committee 
C. Observations/assumptions 
D .  A core plan ,  including: 

1. Primary ( broad) objectives 
2. Strategies 
3. Subobjectives 
4. S ubs trategies and annualized goals 
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II. Selected Core Elements 
A .  Identi fy methods , models and applicable user s ituations . 
B .  Validate the identi fied applicable analytical fire methods . 

Validation may be achieved by: 
1. Experience and examples from real world s ituations 
2. Data base comparisons/evaluations 
3. Tes ting ( existing data and mode l - oriented experiments ) 
4. Comparisons between models 

C .  Identify and record limitations , purposes and applications of  
methods and models , and research needs . 

D .  Establish a national implementation plan to: 
1. Develop practices and procedures for adoption, use , and 

reference by code groups;  product , system and device certifiers ; 
insurance authorities;  s tandards developers;  and engineers . 

2. Build confidence in the methods via use and education . 
3. Identify and develop funding methods. 

E .  Es tablish guidelines to define acceptable levels o f  risk and 
probability for use in applying and adopting methods . 

F .  Study , develop and propose methods to construct a data base 
upon which analytical fire methods can be used . 

G. Identify and describe the effects of s uppress ion systems on 
analytical fire analys is methods . 

H. Study and develop methods to s tandardize terminology , 
reporting procedures and forms .  

ARCHITECTS AND ENGINEERS WORKING GROUP 

One of the strongest concerns of this working group is that fire 
safety should be one part of the whole picture of building and publ ic 
s afety. The working group members did not wholeheartedly bel ieve that 
existing codes are particularly good. Codes are an existing tool with 
l imitations, although working group members were quick to admit they did 
not have an alternative. 

The working group also , expressed concern about keeping up with the 
various des ign changes made by building owners and the need to dete rmine 
the impac t these changes have on building fire loads . 

The contents of  the building ( furniture , etc. ) are major problems as 
they tend to change with des i gn  modifications. The working group posed a 
number of questions : I s  it val id to des ign a building based on the 
original given conditions ? Given three methods to des i gn  a building , how 
far apart will each resulting des ign be from one another?  Does each get 
its base from a presumed fire s i ze? These are important real world 
s i tuations facing the designer.  Predicting fire loads under these 
conditions is extremely difficult and cannot be done accurately today . 
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Needs 

The working group recogni zed that research on analytical fire methods 
should continue . Analytical fire methods are currently based on 
assumptions . To create convincing analytical methods that will be 
embraced by the des ign profess ions , comparisons with real events and tests 
are needed . 

FSES - type systems are a val id interim tool . They should be improved 
and enhanced by other analytical procedures .  

Definitions of risk management and hazard analys is are needed for use 
in making decis ions on levels of acceptable risk . New or revised building 
codes could then be based on new and better knowledge . Also,  new 
analytical methods may lead to the el iminat ion of occupancy 
classifications , which are crude express ions of antic ipated fire loads . 
With this new knowledge , codes may be more flexible . 

The analytical methods presented at this workshop conference appear to 
be valid and usable tools when used by specialists . 

A method o f  packaging analytical methods is needed for acceptance by 
fire speci alists , generalists , and enforc ing agencies . Parameters for 
use need to be documented and alternatives listed . Used properly, 
analytical fire methods are valuable dec is ion-making tools . 

Recommendations 

1. I t  is essential that the des ign profess ions receive information on 
the use and benefits o f  analyt ical fire methods . These methods sho uld be 
described in a language understood by des igners . 

2. The working group seeks continued partic ipation and involvement 
with the design profess ions in the development of analytical methods . 

3. It is  important that these methods be shared with the building 
code officials for implementation into the process of generating building 
codes and standards . 

EDUCATORS AND RESEARCHERS WORKING GROUP 

This working group s ummarized s ix primary areas of  interest:  

1. Code, Numerical Grading, and Quantitative Inputs The working 
group was impressed with the magnitude of the body of formulated 
analytical approaches to the fire hazard problem . These approaches 
include both the qual i tative analys is exemplified in grading sys tems such 
as FSES and the quantitative analys is that has yielded mathematical models 
of building fires or parts of them , or closed- form solutions to many parts 
of  the problem o f  fire safety . 

The working group bel ieves in the importance of close coupl ing of the 
elements of  a tripartite sys tem: (1) the fire code , (2) a numerical 
grading system, and (3) a way to supply inputs to that sys tem derived, as 
far as feas ible, from bas ic principles of dec is ion science . The advantage 
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of keeping numerical grading sys tems in the trio is that they provide a 
coherent structure that s till allows some qual itative analys i s  of  fire 
safe ty . These sys tems also readily accept change associated with aspects 
of  operations research, management science, risk analys is,  and 
quanti tative analytical solutions or models to the fire safe ty problem or 
parts of  it.  This change, in the opinion of mos t  of  the group,  has the 
bes t  chance of  e ffecting a formal code when the numerical grading system, 
having only an advisory s tatus , and the code,  having a firm l•gal 
pos ition, are closely assoc iated. 

2. Communication As is so often the case with sophisticated 
quantitative technical problems , an increase in effective use of the 
quantitative output of researchers on fire safety depends critically on 
improvements in communication . There are at leas t categories of  concern 
that the working group identified. They are: ambiguity and 
implementation . 

The group noted that several terms used in the workshop were ambiguous 
and, therefore, generating confusion at the conference . "Code"  should 
refer to s tandards or requirements having legal s tatus .  The term should 
not be used to describe the components of a mathematical model of fire 
phenomena unless preceded by "computer - . "  "Probabilistic" has several 
meanings . It should not be used to refer to personal opinions . It can be 
quantitative or qual itative . I t  may or may not be as sociated with 
analys is of a large body of data used to generate a distribution curve. 
Two quite valid but different meanings of  "analytical" have already been 
used. 

The term "model" has many meanings. A phys ical model permits a s tudy 
of a real s ituation, s uch as a fire or a two - fluid mode l of 
buoyancy - driven phenomena. I t  is usually scaled down in space and up or 
down in time, us ing dimens ional analys is,  and it is cons trained in its 
capacity to handle complex fire s ituations by the small number of 
dimens ionless groups that can be made identical in model and proto type .  A 
mathematical model can handle a far more complex mixture of parameters and 
variables,  but it is usually coupled with phys ical assumptions that are 
not always val id. The models proposed at this workshop were mathematical. 

There is merit in assembl ing data, on all models considered ready for 
use ,  into a matrix form with rows headed by model name and columns headed 
with the various phenomena that have been taken into account in 
formulating the model.  

The second area of concern under communication involves implementation 
or the inadequacy of the literature that describes the various models of 
fire growth and spread now ready for use.  The composition of the workshop 
partic ipants reminded the researchers that the ir technical papers are 
o ften written for others in their field, not for architects,  builders, 
owners , code offic ials,  fire engineers, or manufacturers o f  building 
furnishings . Some o f  the fire - growth models are now so old that a 
complete description of them may be found buried in old literature or in 
journals that are never read by prospective model users . A fire model 
should be presente d with a full description o f  the inp ut data needed, s uch 
as properties,  phys ical enclosure dimens ions , fuel, spac ing of 
combust ibles , wal l and ceiling description, and a qualitative description 
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of all the forces , energy rates,  and mass  rates allowed. It shoul d be 
carefully written and detailed enough for a non- mathematically oriented 
user to be able to form an opinion of the model's val idity . 

The question of who is res pons ible for seeing that every model claimed 
to be ready for use is  accompanied by an adequate description of s trength 
and l imitations was not answered by this working group . Doing it properly 
will take much e ffort, much time, and much money, especially if  verbosity 
is minimized and clari ty emphas ized . 

3. Validation of models An analytical fire mode l should never be 
reco mmended for use until its val idity has been proven through phys ical 
testing . Many good full-scale fire tests , (yielding data obtained at 
cons iderable expense )  still await comparison with model results . 

4. Additions to Models Many quantitative fire safe ty analyses 
and mathe matical models are ready for use;  but mos t  do not mode l primary 
fire growth s tart ing with a postulated energy release rate by combustion .  
Consequently, there are a number o f  phys ical phenomena not in current 
models that should ultimately be included as a part of a complete 
computer-based fire mode l .  These phenomena include fire suppress ion and 
extinguishment or control;  combus tion of fuel gas produced when primary 
combust ion occurs in ventilated atmospheres ;  allowance for the spread of 
flame over the s urface of  vertical walls and under ceil ings ; and more 
determinis tic flame radiation models . Each of these topics is discussed 
below: 

• Current fire models cannot be used to predic t the effect of fire 
suppress ion agents . Deterministic models should be available that inc lude 
the effect of sprinkler spray on predicted fire growth . *  A s trong 
incentive for accomplishing this exists in the need for engineers to have 
a concrete de mons tration of how sprinkler protection can help reduce risk 
or better s atisfy code requirements . Deterministic models should not 
only predict how spri nkler spray suppresses fire growth by direct water 
imp ingement , but they should also include indirect e ffects on fl ame 
radiation and vitiation of the environment . For comprehens ive room- fire 
models to predict spray e ffects , i t  may be necessary to incorporate 
results fro m more detailed models that examine the complex droplet-gas 
dynamic interactions . 

• In poorly ventilated room fires, the room oxygen concentration can 
drop far below the ambient value . Also, in the later s tages of  a fire the 
ce iling layer may approach the floor level and cause mos t  of the fuel to 
burn within the ce i l ing layer . Under these circums tances ,  the combustion 
processes can be profoundly affected . Two effects are clearly important 
and should be included in fire models . Firs t , the gas produced in the 
flame can be fue l - rich and contain large concentrations of carbon monoxide 
and other toxic species . Second, the fuel - rich ce i l ing layer may become 
flammable , and its secondary combus tion can produce both a large increase 

* The only sprinkler model known to the working group is one that predicts 
when a detector or a first sprinkler would be actuated .  
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in radiative flux to materials within the room and the transport of  
flaming gas into adjoining rooms . 

• A primary fail ing of most  current fire models is  the lack of an 
algorithm to predict fire growth rates and burning rates without having to 
run extens ive preliminary fire experiments. This failing is especially 
critical for fire spread up combus tible walls and under combustible 
ce ilings as the res ult of  small ignition sources.  The ability to  predict 
fire growth involving combus tible chamber linings is espec ially important 
for defining the fire environment for production and transport of toxic 
gases  and thermal energy to remote areas of a building . 

• Flame radiation is the dominant mode of heat transfer in all 
hazardous - scale fire spread in practical fuel arrays . Although the 
deterministic models include the rmal radiation effects as an intrins ic 
part of  the problem phys ics , there has been very little national effort to 
provide techniques for meas uring material properties needed for models in 
this critical area. Methods or tests have not been formulated for 
obtaining flame radiation properties that will allow models tQ predict 
fire growth . There may be s imilar difficulties in meas uring other 
material properties required by current models , but flame radiation is 
particularly critical. 

Unresolved Problems. Three important unresolved problems were 
identified by this working group: ( 1 )  how best to transfer analytically 
generated outputs about fire safety from the research laboratory to users 
such as those who attended this workshop; (2) the furtherance of  a safe 
process for changing adherence to fire codes from the satisfying of 
prescribed i tems to the satis fying of performance - related items coming out 
of  decis ion sc ience; and (3) the provis ion of a satis factory way to put a 
s tamp of approval on those dec is ion- science - generated outputs on which 
consens us has been reached as to their val idity and readiness to affect a 
grading sys tem . 

BUI LDING PRODUCT MANUFACTURERS WORKING GROUP 

The working group members represented building product manufacturers 
whose products range from plastics to noncombus tible materials , to 
sprinkler sys tems and smoke detectors.  These products are regulated by 
building codes ; any changes in the codes or the way compliance is 
determined will have an impact on the manufacturers ' bus iness.  

The working group made the ir observations from three perspectives of  
manufacturers of  building products:  (1) application of  analytical fire 
models,  (2) concerns about existing models,  and (3) concerns about 
applying the models to building codes.  

Application of the Models 

Appl ications of analytical fire models are benefic ial in the following 
ways : 

20 

Copyright © National Academy of Sciences. All rights reserved.

Report From the 1987 Workshop on Analytical Methods for Designing Buildings for Fire Safety
http://www.nap.edu/catalog.php?record_id=19114

http://www.nap.edu/catalog.php?record_id=19114


• To s ave money on large - scale fire tests currently required for 
product certification; 

• To prove code compliance of a new product; 
• To ass ure the fire safety of a new product , thereby address ing 

l iabili ty concerns ; 
• To evaluate trade - o ffs or equivalencies to current code 

require ments ;  and 
• To provide a more rational bas is for dec is ions . 

Concerns About Existing Models 

The following are concerns about the analytical fire models as they 
currently exist  and perceptions o f  future trends : 

• There appears to be a proliferation of required product tests 
( rather than a decreased reliance on tes ting) . There was concern 
expressed about the cost of these tests and the poss ibility of  liability 
assoc i ated with the lack of s tandardization. Product manufacturers should 
not have to determine which tes ts are appropriate for the ir product. The 
working group members seek a reduction in required ful l - scale testing for 
code compliance . 

• The documentation of the models is weak , partic ularly with regard 
to their assumptions ; what is and is not ass umed and how the ass umptions 
are developed. There is concern about the degree to which judgment is 
used in the models , ins tead of  facts . 

• The National Fire Incident Reporting System (NFIRS ) data base is 
biased toward the negative; i . e . , the failures , and does  not reflect good 
performance. The working group members are concerned that the data 
collected are all failure data. 

Concerns About Applying the Models to Building Codes 

The following concerns were voiced about using analytical fire models 
to determine the level of fire safety in a building: 

• S ubjective judgments used in the modeling process are not exposed 
to the rigors o f  the consens us proces s .  

• Models tend to focus on life - safe ty concerns. While building codes 
address  property protection, this should not be neglected if models are to 
replace building codes.  

• Models should not be  used to  determine the acceptable level of  
risk. This should remain in the code domain . 

• Determinis tic models do not take maintenance issues into account 
( for example , sprinklers be ing shut off or fire barriers be ing 
penetrated) . 

• Code officials mus t understand the current level of  risk provided 
by codes so that they can accept a finite risk dete rmined by modeling. 
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• I f  speci fic application of analytical fire models becomes 
s tandardi zed , i t  then becomes the respons ibility of product 
manufacturers . These are assoc iated l iability concerns . 

Recommendations 

1. Analytical fire models are ready for use as alternative tools to 
individual code provis ions ( i . e . , to determine equivalency) ;  however , they 
are not ready to replace the current code requirements . After further 
refinement of these models , it is recommended that a new code approach be 
developed , based on a require d performance level of risk to be eval uated 
by the model,  rather than a repl ication of current code provis ions . 

2. Analytical fire models should not be used to dete rmine acceptable 
levels of  risk; these quantitative design objectives must remain in the 
public domain through the building code process . 

3. Research should be continued . The working group recommends the 
cons ideration of the following priorities among those now under 
cons ideration : 

• Models of  fundamental generic material properties rather than 
s tandard tests,  

• Smoke transport in buil dings, 
• Extinguishment ( s till a weak point in buildings ) ,  and 
• The role of barr iers in building design for fire safety 

4.  The NFIRS data base should be improve d to inc lude the small fire, 
the role of cons truc tion type, the architectural layout on the fire, and 
other information useful to mode lers . 

5 .  The analytical fire models should be better validated (need an 
accepted way to run a model through the validation proces s ) . 

6. Ass umptions in the fire models sho uld be clearly documente d .  
7 .  A clear s tatement of input information for the fire models should 

be made . 
8 .  I t  is important to use opportunities,  s uch as this workshop, to 

describe collectively research needs and priorities . There is a need for 
the development and overs ight of a framework or matrix illustrating 
model ing research goals that can serve to identify research needs and 
priorities and el iminate dupl ication . 

9 .  Implicit  in the quantificat ion of  fire s pread is the 
quantification of risk . An essential firs t s tep in making the building 
code community comfortable with this concept sho uld be the quan�ification 
of the risk inherent in today ' s  code - complying buildings . 
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APPENDIX 1 

PAPERS PRESENTED AT THE WORKSHOP 
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ABSTRACT 

This paper address  the background, theory, methodology , potential and 
l imitations of  numerical grading systems . A number of dirrerent systems are 
briefly discussed . Partic ular attention is given to the methododology 
involved in the develepoment o f  the Fire Safety Evaluation Syste ms ( FSES's )  
and the approaches used to enhance profess ional judge ment in this process . 
The futrere potential of  replacing major elements o f  professional judge ment 
with engineering clalculations is discussed . 

1 .  INTRQPUCTIQN . 

A numerical grading system can be defined as a catalog o f  definitions or other 
descriptive guidelines that: 

Relate important, phys ical features,  protective sys te ms or other elements 
of a facility to numerical values . Us ually the numerical val ues have no 
dimens ions . 

Contain a method of combining the numerical values to produce a grading . 
The form ,  nature , and p urpose varying widely from grading syste m to 
grading sys tem . 

Often , but not always , provide a method o f  relating the grading to a 
standard o f  quali ty .  

Fire hazard grading sys tems have been in use for fire ins urance underwriting 
purposes s ince the first decade of this century . The bes t  known advocate of 
such sys te ms was A . F .  Dean [ 1900 and 1901] . Dean [ 1903] promulgated his 
grading sys tems to avo id a chaotic system of actuarialy unsound competitive 
b idding . In his day this left some ins urance companies without s uffic ient 
funds to pay losses . The dominant force in fire safety for the firs t half of 
this century was ins urance economics . Ins urance grading systems had a primary 
intent o f  equable spreading the loss . These sys tems did not address l i fe 
safety or miss ion capabilities . 

After World War I I , The Minis try of Works in the United Kingdom [ 1946 ] 
published a sys tem titles "Fire Grading of Buildings " .  Th i s  was probably the 
firs t grading sys te m related life safety in commercial and res idential 
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buildings. Extens ive appl ication of grading systems to l i fe s afety did not 
c ome, however, until the advent of the fire safety evaluation systems in the 
United S tates and the Gretener and related national systems in Europe. 

2 .  Sys tem Methodologies 

All grading sys tems operate on the bas is of assigning values to conditions . 
Nevertheless,  each syste m has its own val ue ass ignment and grading method . 
The methods vary from ad hoc judgment by the user to detailed procedures with 
elaborate formulas and extens ive catalogs of s upport informati on .  

Scores are us ually devel oped into a grading in by: 

A .  Addition of ass i gned values . 
B .  Multipl ication of ass i gned values . 
C .  Selection of a s ingle value . Normally either the highes t  or lowest 

val ue ,  depending on which is more s i gni ficant to the intended use . 

D. Manipulation of the ass i gned values to produce a hazard pro file . 

2 . 1  Matrix Sys tems 

The s implest type of grading system is a matrix. There are many versions of  
this type of approach . Figure 1 is a hypothetical example.  The approach 
shown is common to many matrices. The entries into the matrix are determined 
on an ad hoc j udgement bas is by the user . In Figure 1 ,  the rows represent 
p otential types of fire impact . The columns , the l ikel ihood of occurrence . 
The numerical val ues within the matrix are assigned , by the matrix originator . 
In Figure 1 different fire impacts ( rows ) are assigned different values for 
the same l ikel ihood of occ urrence ( column. ) This to recognize the relative 
level of importance of  each type of impact in the opinion of the originator . 
With this arrange ment the grading is derived by adding the values selected for 
each row . This produces a s ingle score that combines the c onditions evaluated 
by the user with the value j udge ment of the originator . This is useful in 
apprais ing a large inventory of a differing facilities . S uch approaches are 
frequently used to set priorities in l imited s ituations . 

Matrices are als o been used in more sophisticated analyses sys tems . Systems 
have been devel oped where a series of matrices are used . Often one matrix 
produces the inputs to others and the scores produced by the individual 
matrices are multiplied to derive a s ingle res ult [Watts , 1981 ;  Department of 
Fire Safety Engineering, 198 2 ; Stolard 1984] . 

2 . 2  Graphic Scales 

S ome grading systems use a graphic scale to expose a reasonably complex system 
as a vis ual presentati on .  Figure 2 i s  s uch a system devel oped by the author 
to grade haz ard in office type structures [ Nelson, 19 7 4] . This provides the 
user with a scoring system expressed in terms of the phys ical conditions . As 
c ompared to a matrix , a graphic scale requires less s ophisticated judge ment on 
the part of the user but greater respons ibility on the part of the originator . 
In this syste m ,  the left s ide represents conditions that determine the s i ze of 
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fire , the right , those that determine the l ikelihood of fire . The presence or 
absence of sprinklers is used as a general modifier of the right s ide score . 
The sys tem approximates multiplying maximum potential by the l ikelihood of 
fire occurrence . 

2 . 3  Insurance Vnderwritinc 

A number of various grading systems have been used for insurance underwriting . 
The sys tem with the mos t  sophisticated rationale , is the Analytical Sys tem for 
the Rating of Fire Hazards originally developed around the turn of the century 
by Dean [ Dean ,  1903 . ]  This sys tem was used until the 1970 ' s  for insurance 
rating . Functionally , the sys tem uses from a large catalog of charges for 
cons truction , occupancy , and hazard . The sys tem is elaborate and during its 
use , the insurance indus try had an extens ive infras tructure to support i t . 
This included rating bureaus , actuarial bureaus , and an educational network . 
One aspect of the educational underpinning was the Fire Protection Engineering 
degree course then offered at Illinois Institute of Technology . 

The analytical sys tem examined the bas ic construction and finish of the 
building , the fire protec tion equipment (other than sprinklers ) ,  and the 
clas s ification of occupancy . Hazard of occupancy was based on fire causes , 
media evaluation , and damageability .  The media evaluation included factors 
related to rate for fire spread and rate of heat release . The exposure of one 
building to another was also evaluated.  All scores were expressed as monetary 
charges or credits . 

Wi thin the analytical sys tem are methods for the development of the charges 
and credits from the descriptions of material and use . This even if the 
particular type of materials or operation is unlike any entry in the catalog . 
I f  Dean were al ive and active today , I believe he would replace his broad 
narrative descriptions with material properties ,  calculations of fire growth , 
and response of protection equipment to produce deterministically based rates . 

In the Dean sys tem , the rate was generated with one charge addressed to the 
structure and a second charge addressed to the contents . By this , Dean 
recognized the susceptibility of the contents of a building to harm . 

2 . 4  Gre tener ' s  Metbod 

A number of company countries in Western Europe use one of the variation of 
Gretener ' s  method [ 19 7 6 ] . In many ways , Gretener ' s  method is an updated 
vers ion of the analytical sys tem . It is very extens ive and complex . It is , 
however , based on the s imple formula 

Where : R - potential risk of actual fire 
P - potential danger 
M - protective measures 

The value of P is derived by a multiplication of individual values developed 
for heat load , combus tibility , number of floors , s ize of rooms , danger of 
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fire , danger of corros ion ,  danger of fire activation , and combustibility of 
values . 

M is s imilarly developed by a multipl ication of factors ass igned for s tandard 
protective measures ,  special protective measures ,  and fire res is tance rating . 

There are several vers ions of Gretener • s  me thod . Each is accompanied by a 
large catalog that uses graphs , tables ,  formulas , and o ther entries to develop 
the individual values for each factor . In each case , these individual values 
are based on the phys ical characteris tics or other measurable factors . The 
convers ion of these measurements to the entries in the risk formula involves a 
wide range of we ighing factors . These factors are j udgement derived by the 
sys tem originators . 

2 . 5  Fire Safety Eyaluation Systems 

OVer the pas t decade , a series of grading sys tems called Fire Safety 
Evaluat ion Sys tems ( FSES ) have been developed at the Center for Fire Research , 
National Bureau of S tandards ( CFR) . Those developed at CFR range over a 
number of occupancies including health care , de tention , correctional , board 
and care facil ities , apartments , hotels , and office and laboratory buildings . 
An additional FSES was attempted to address problems in coal mines . In that 
case we were unable to converge the j udgement opinions suffic iently to develop 
a viable sys tem . 

In addition ,  various other organizations have undertaken grading systems 
patterned after the Fire Safety Evaluation Systems . Mos t  notable of these is 
Article 25 of the Bas ic Building Code [ BOCA , 1984 . ] In view of the author ' s  
famil iarity with the CFR efforts , the discuss ion applies exclus ively to the 
vers ions produced a t  CFR . Examples used are from the Fire Safety Evaluation 
Sys tem for Health Care Facilities [ Nelson and Shibe , l9 78 ] . 

The core of the FSES lies in two tables . These are tiled Safety Parameter 
Values and Individual Safety Evaluation . ( See Figures 3 and 4 . ) The FSES for 
Health Care Facili ties is coordinated with the Life Safety Code [ NFPA 1985 ] . 
Figure 3 presents the Safety Parameter Value table from that FSES . The 
Safety Parameter Values consists of two types of entries . These have been 
arbitrarily titled Safety Parameters and Parameter Values . The Safety 
Parameters list the bas ic requirements of the Life Safety Code . 

The Parameter Values cover the usual levels of variation that can occur within 
these parameters . Later , this paper presents a more thorough discuss ion of 
the development of the individual parameter values . For each variable 
condition of each safety parameter , there is an ass igned value . In some 
cases , two values with footnote ins tructions on which value to use . 

In general , the terminology used to identify the parameters and the ir variable 
levels of performance is that used in the Life Safety Code . Persons familiar 
with the Life Safety Code can often complete the FSES fire safety parameter 
value form without any special ins tructions . A brief glossary is provided , 
however , to ass i s t  where questions arise . 
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A special feature of the Fire Safety Evaluation System is the second form 
entitle d ,  " Individual Safety Evaluations . "  See Figure 4.  The purpose of this 
form is to assure the degree of redundancy inherent in the Life Safety Code is 
preserved . Effectively this form cons trains " trade - offs " to systems of safety 
where the impact of the protection that exceeds the normal requirements are 
directly compensating in terms of fire safety methodology for the those where 
the level is less than that normal . 

In the Fire Safe ty Evaluation for Health Care Facilities , four separate 
individual safety evaluations are made . These evaluate fire containment , 
providing fire extinguishment , and people movement ( and/or refuge ) and overall 
( general ) fire safety . 

In us ing the FSES , the individual fire safety parameters are appraised with 
Safety Parameter Value form ( Figure 3 . )  The values obtained are transferred 
to the Individual Safety Evaluation form ( Figure 4) and each of the columns in 
that form is added . The total for each column is independent of that for any 
other column . The results produce a profile of four individual scores rather 
than a s ingle value . 

As used in the Life Safety Code , the Fire Safety Evaluation System is des igned 
to de termine the equivalency of an alternative fire protection sys tem to one 
that would exactly meet the requirements of the Fire Safety Code . This is 
determined by es tablishing the profile of a hypothetical building that exactly 
matches the requirements of the Life Safety Code . Any building in which all 
four of the evaluations produce values equal to or greater than those of the 
hypothetical building is cons idered to be equivalent to the Life Safety Code . 

I f  a building fails the FSES , it may or may not be equivalent to the Life 
Safe ty Code . This amb iguity arises because the FSES is limited to evaluating 
fire protection hazards and methods , the type and character currently listed 
in the Life Safety Code . There are other fire protection sys tems that could 
provide excellent protection that are not evaluated by this system . 

3 .  LIMITAIIQNS 

All current rating sys tems involve subj ective j udgment . Also , virtually all 
current codes and regulations are founded on subj ective j udgments . It is , 
therefore , legitimate to compare the qual ity of a grading sys tem to the 
qual ity of a code or regulation . In both cases validity is a function of the 
care and qual ity of the methods and organizations involved in preparing the 
document ; the extent , meaningfulness , and quality of review provided ; and the 
quality of facilities bui lt to conform with the grading sys tem or the 
document . 

The sys tem with the greatest amount of experience is the Dean Sys tem [ Dean ,  
1903 . ] This sys tem was used for almost 7 0  years . S ince it was an insurance 
underwriting sys tem concerned with economic impact rather than the impact on 
individuals ,  it is j udged as an actuarial sys tem . During i ts hay - day ,  there 
were many actuarial bureaus overs ighting its use . 

28 

Copyright © National Academy of Sciences. All rights reserved.

Report From the 1987 Workshop on Analytical Methods for Designing Buildings for Fire Safety
http://www.nap.edu/catalog.php?record_id=19114

http://www.nap.edu/catalog.php?record_id=19114


The Dean Sys tem has a s imple tuning mechanism . There is a set of convers ion 
numbers ( called bas is rates ) used as multipliers to adj ust the analytical 
charge developed by the system . These bas is rates used to be recelebrated 
every year to reflect the previous five years fire loss experience . To that 
extent , the Dean Sys tem is a charge back system des igned as an equitable 
method of recovering fire insurance losses . 

The accuracy of s imple sys tems such as the s ingle matrix and the GSA form 
depend on the relative transparency of the method itself . They are felt to be 
suitable for first order screening but not really appropriate for detailed 
decision making . 

The FSES ' s ,  as deve loped by CFR , are des igned for use with the appropriate 
designated reference codes ( i . e .  chapters of the Life Safety Code . ) S ince the 
FSES determines equivalency with a building that exactly meets the reference 
code , its use can readily result in buildings that are exactly at the level 
prescribed by that code . The user then mus t accept the level of fire safety 
provided by the reference code as his actual obj ective . I f  this is not 
sufficient , he mus t adj us t upward the mandatory performance requirement in the 
FSES . 

Beyond these , the prime l imitation of the FSES is the degree of confidence 
that the user places in i t . The Committee on Safety to Life of the National 
Fire Protection Association ( NFPA , 1985 ) has expressed a large degree of 
confidence in the several that have been incorporated into the Life Safety 
Code . I t  would be inappropriate , however , to indicate that every member of 
that Committee is comfortable with the grading system . 

The validi ty of the evaluation sys tem approach then res ts primarily on the 
three factors of : 

a .  the comple teness of the universe of parameters and parameter levels 
in Figure 3 ;  

b .  the appropriateness of the relative parameter values ass igned in 
Figure 3 ;  and 

c .  the relationships es tablished in Figure 4 .  

The system was developed and the above problems attacked us ing four different 
groups of technically qualified persons . Individual groups entered the 
process at various s tages of development but continued to participate from 
that point until the essential conclus ion of the proj ect . 

a .  Proj ect S taff . The proj ect s taff proposed the parame ters , the 
variable leve ls of the parameters (but not the value of these levels ) and 
the " redundant" fire safety obj ectives that cons titute the column headings 
in Figure 4. The bas ic tools to achieve this cons isted of a detailed 
analys is of the requirements of the Life Safety Code , and an event - logic 
evaluation of the fire safety methodologies available us ing references 
such as the National Fire Protection Assoc iation Decis ion Tree [ NFPA , 
1980 ] . The prime product was a form s imilar to that which now cons titutes 
Figure 3 except that no parametric values were included . 
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b .  NBS Delphi Pauel . A Delphi panel cons isting of the best qualified 
persons in CFR was assembled . This panel critiqued the proposed 
parameters and es tablished the relevance of each to the redundant fire 
safety obj ectives in Figure 4.  This panel also provided the initial 
estimates of the relative parameter values . The mechanism involved a 
cyclic delphi approach . Individuals privately made the ir bes t  estimates 
of the parameter values . Each member of the panel made his estimates 
firs t in terms of the overall impact on fire safety in health care 
facilities . Each member of the delphi panel also made three additional 
appraisals . These focus ing on the redundant fire safety obj ectives of 
containment , extinguishment and people movement . The process was cycled 
several times following tradi tional delphi concepts and eventually brought 
to initial consensus in panel sess ions . The values for general impact 
were then used for the init ial vers ion of Figure 3 .  The relative values 
developed by the appraisal of the three redundant obj ectives was used to 
develop Figure 4 .  The bas ic methodology used to develop Figure 4 was to 
eliminate from cons ideration those parame ters where the evaluation of the 
redundant factor showed l ittle or no variation in impact between the 
highest and lowest  rated level for a given parameter . 

c .  Peer Consul tant Group . The Peer consultant group cons isted of 
recognized authorities in fire safety , health care , and s tandards and 
regulation . The Peer consultant group compared the levels of safety 
produced the evaluation sys tem relative to delivered by prescriptive 
compl iance to the Li fe Safety Code . The techniques developed through 
these meetings are felt to be the most important new contribution to 
j udgment enhancement from this effort and will be discussed further .  

d .  NFPA Task Group . At a po int in the development of the sys tem , i t  was 
formally submitted to the National Fire Protection Association Committee 
on Safety to Life as a proposed addition to the Life Safety Code . The 
respons ible subcommittee of that organization set up a special task group 
to review this sys tem . That task group was essentially a repl ication of 
the peer consultant group . I t  also provided spec ial expertise in as suring 
that the parameter levels reflected the current technological base and 
intended meanings of the Life Safety Code . 

The four groups worked in a cyclic feedback system . Each problem or question 
raised was recycled through all four groups until a broad based consensus was 
reached . The bas is of consensus be ing that the results produced are 
equivalent to the level of safety achieved through explicit compliance with 
the Life Safety Code . 

A number of tools were used to provide data to prove the sys tem . Initially 
this was attempted with field tests , voluntary completion of the forms by 
facility administrators and engineers , and exerc is ing of the sys tem by fire 
authorities . All of these were useful . However , they tended to present cases 
in which the level of safety was e i ther clearly poor or conversely obvious ly 
good . 

I t  became apparent that the ab ility of the sys tem to delineate those buildings 
that were marginal was not be ing appraised . To attack this problem , a 
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computer sorting program was developed . This program is capable of presenting 
all of the pos s ible satisfactory solutions for any building . S ince there are 
between 300 - 500 mill ion poss ible permutations of Figure 3 ,  the computer 
program is arranged so that the user can set logical l imits . It also reports 
only solutions j udged by the FSES to be equivalent to the Life Safety Code . 
Normally , this proces s  reduced the search for alternatives to less than 1 , 000 . 
The s taff then selected those s trategies that represented the least demanding 
( from a fire safety performance view) acceptable solutions . In mos t  cases , 
this reduced the number of s trategies for examination to 10 or less . The 
res idual critical cases were then presented to the Peer Advisory Group and the 
NFPA Task Group . 

The method of presentation is shown in Figure 5 .  The left hand column of 
Figure 5 represents the parameter requirements specified for the particular 
class of buildings by the Life Safety Code . The right hand column represents 
the comparative set of performance requirements produced by the evaluation 
system for the case be ing appraised . The group then attempted to answer the 
two following questions . 

a .  Which o f  the two solutions produces the higher probability of 
freedom from fire harm for a patient over the life of his/her s tay 
in the facility? 

b .  Would safety be enhanced if the evaluation sys tem solution were 
revised to el iminate all of these features that exceeded the minimum 
requirements of the Life Safety Code in return for upgrading all 
features to the minimum required by the Life Safety Code . 

The response to these two questions cons is tently brought out the s trengths and 
weaknesses in the solution . The second question tended to el iminate hab itual 
preference to the Code . 

The vas t number of poss ible parameters prevented such an examination of every 
conce ivable alternative that could be produced by the evaluation sys tem . The 
process , however , was repeated through each of ques tionable solutions . The 
selection of solutions to be evaluated was derived from conditions found in 
the field surveys , occurring in the sample evaluation sys tem submitted , or 
raised by any member of the review groups or other source . The process 
resulted in a consensus of commi tment to the credib ility of the system by the 
collected advisory groups . 

In appl ication , the FSES sys tems have demons trated an ability to : 

a .  S ignificantly reduce the cost of upgrading existing facilities to meet 
minimum levels of fire safety . 

b .  Permit increased flexib ility in des i gn .  

c .  Develop options more suitable t o  operating needs . 
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As the result of the level of interest in us ing this approach in other areas , 
the following brief protocol has been proposed as a guide to choos ing problems 
amenable to solution by sys tems such as the Fire Safety Evaluation Systems . 

a .  The data on methods available to attack the problem involve degrees 
of uncertainty that preclude solution through traditional analytical 
methods . This type of consensus approach should be cons idered 
inappropriate in any case where i ts pos s ible to apply bas ic 
principles of phys ics and chemistry , established determinis tic 
engineering procedures ,  or s tatistical analys is from a sufficient 
data base . However , where the preceding are not sufficiently 
complete to provide the needed answer , an evaluation sys tem approach 
should be cons idered .  

b .  The problem at hand involves complex interactions that have a 
potentially identifiable universe of parameters and the parameters 
have potentially identifiable levels of performance . The evaluation 
sys tem appears to work best where the universe of the overall 
problem can be conveniently broken down into between 8 and 20 
parameters and these individual parameters generally have at least 
three levels of performance . 

c .  The necessary degree of resolution of uncertainty is potentially 
within the l imits of consensus by experts enhanced by the best 
available data and technology . I t  mus t be expected that there will 
be a degree of variation . I f  mathematical precis ion is necessary , 
this approach is inappropriate . I f ,  however , the obj ective is to 
improve methods such as current codes and regulations that in 
themselves are produced by j udgment , the evaluation sys tem approach 
can both enhance the use of that j udgment and bring those making the 
j udgments to a finer level of apprec iation and consensus in their 
efforts . 

d .  Th e  necessary experts exis t  and will partic ipate . This process i s  
only a s  good a s  the talents of the partic ipants . While the number 
of partic ipants in any group appears to best function with 10 to 20 
partic ipants , the quality of the partic ipants is s ignificantly more 
important than the number . I t  is essential that partic ipation in 
any of the j udgment groups should be based on profess ional qual ities 
rather than pos ition per se . 

e .  Working conservative solutions as opposed to predictive models will 
meet the needs . Evaluation sys tems mus t , in all cases · of dispute , 
reach consensus by moving towards the safe or conservative pos ition .  
The end result will b e  a sys tem in which error i s  to the safety of 
the individual . As such , it  should always over perform rather than 
be an exact model . 

f .  Proj ect direction involves one o r  more persons with broad knowledge 
in critical aspects of the problem . While functional knowledge of 
operations research , delphi approaches , and other data 
organizational and analys is means are important , the development 
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team IIUSt include a strong background in the type of occupancy or 
fac ility be ing evaluated and the technology of the obj ective of the 
evaluation ( e . g . , fire safety , acc ident prevention , security , etc . ) .  

s .  FUTURE 

As discus sed , I bel ieve that the place for the current types of grading 
systems is in those situations where the problem involves degrees of 
uncertainty that currently precludes solution through traditional analytical 
methods . 

More important , I believe the future holds the opportunity for better fire 
safety through high-bred methods that merge deterministic computations with 
statistical data and enhanced consensus j udgement as partners , not 
competitors . As I see it , as quickly as appropriate deterministic engineering 
calculation methods become accepted , they should be used as a principle 
element to derive scaling values in grading sys tem . Also , the bes t  
mathematical fire models should b e  used t o  produce evaluations o f  the fire 
conditions developed in selected senec ios . The range of senecios covering the 
variables permitted by the proposed grading system . The bes t  qual ified and 
supported j udgement will still be required to propose the variables ,  select 
the computations and models , choose the senecios , and evaluate the impact . 

A first , admittedly primitive , effort in the direction of combining 
computation with j udgement in a grading system is incorporated in the las t 
FSES deve loped at CFR . That FSES is titled " Fire Safety Evaluation System for 
NASA Office/Laboratory Buildings " [ Nelson , 1986 . ] It is currently up for 
adoption in the Life Safety Code to apply to existing office buildings . In 
that FSES the j udgement of the hazard of a laboratory is based on analytical 
estimates of the potential for flashover and the subsequent fire duration . 
S imilarly , the charges for hazard resulting from unprotected openings between 
rooms and exit access corridors are based on a procedure for estimating the 
time to fill the corridor to head height . 

Finally , I see a future where grading systems , hazard indices ,  de terministic 
calculations , mathematical model ing , and probabilistic systems combine in 
networks of systems with common roots , exchanged modules , but different 
appl ications . I hope that this conference will see this same potential and 
the tremendous value to society of setting our goals to achieve i t . 
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LIKELIHOOD OF IMPACT 

CLEAR & ABOVE AVERAGE LESS THAN 
IMPACT PRESENT AVERAGE PROBABILITY AVERAGE 

DANGER PROBABILITY PROBABILITY 

A .  MULTI -
LIFE LOSS 10 7 5 3 

B .  MISSION! 
DISRUPTION 5 4 3 2 

c .  SINGLE I 
LIFE LOSS 5 4 2 1 

D .  SERIOUS 
INJURY 2 1 1 0 

FIGURE 1 .  HYPOTHETICAL RISK EVALUATION MATRIX 
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SAFETY PARAMETERS VALUES 
PARAMETE R S  I'ARAME TERS VALUES 

COMBUSTIBLE 
1 .  CONSTRUCTION TYPES I ll. IV AND V 

F LOOR OF ZONE OOO IUI 1 1 1  200 1uf 
F I R ST _, 0 -2 
SECOND -7 -2 -· 
THI R D  -g - 7  -g 

4TH & ABOVE - 1 3  - 7  - 1 3  

2. I NTE RIOR F I N ISH C LASS C C LASS 8 
IC orndora & Ex1tsl -5 0 

3.  I N T E R IO R  F INISH C LASS C C LASS 8 
1 Room5l -3 I 

4.  COR R I DO R  
NONE OR < t 13 H R .  INCOMPL E T E  

PARTI TIONS/WA L LS 
- 10 101' 0 

!i. DOORS TO NO OOOR <20 MIN FPR 

CO R R IDOR - • o 0 

OEAD ENO 

> 100' I �·- •oo· l 30'- 110' 6. ZONE DIME NSIONS 
-6 1011 l -· 1011 I -2 1011 

OI'EN 4 OR MORE OPEN 2 OR 3 
7. V E R TICAL F LOORS F LOORS 

OPE N INGS -14 -•o 
DOUBLE D E F IC I E NCY 

IN ZONE OUTSIDE ZONE 
a HAZARDOUS A R EAS 

-I I -5 
NO CONTROL SMOKE BARRIER 

9. SMOKE CON T R O L  
SERVES ZONE 

-5 101' 0 

<2 ROUTES 
1 0. E M E R G E NCY D E F I C IENT 

MOVE MENT 

ROUTES -a - 2 
NO MANUAL F I R E  ALARM 

1 1 .  MANUAL F I R E  

ALARM 
-· 

NONE CORRIDOR ONLY 
1 2. SMOKE DETECTION 

& A LA R M  0 2 

NONE CORRIDOR & 
1 3 .  AUTOMAT I C  HAB I T  SPACE 

SPR I N K L E R S  0 8 

NOTE 'use 101 when ttem 5 •• - 1 0. 
"use 101 when ttem 10 •• -8. 
'use 1 0 1  o n  floor w•th &ell then 31 pat18nll lex11t1ng buddtnga only). 

Figure 3. Safety Parameters Value Form 
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NON-COMBUSTIBLE 

TYPES I AND II 

21 1 + 2HH OOO IUI 1 1 1  222. 332, 443 
0 0 2 2 

-2 -2 2 .. 
-7 - 7  2 .. 
-7 -g -7 .. 

C LASS A 

3 

CLASS A 
.
3 

� 113<1 .0 HR. �1 0 HR .  
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iit:20 MIN FPR 
iit:20 MIN FPR & 

AUTO CLOS 

I 1011 2 COl" 
NO DEAD ENOS >3tr & ZONE LENGTH IS 

>I !flO' 1 �1 60'  <tOO' 

- 2  0 1 

ENCLOSED WITH INDICATED F I R E  RESIST. 
< t HR >t HR <2 HR. >2 HR. 

0 2 101" 3 101" 

SINGLE D E F ICIENCY 
NO D E F ICI ENCIES 

I N  ZONE I N  ADJACENT ZONE 

-& - 2 0 

MECH. ASSISTED SYSTEMS 
B Y  ZONE 

3 

MULT IPLE ROUTES 

W/0 HORIZONTAL HOR IZONTAL 
E X I T  lSI E X I TCSI O I RECT E X I TISI 

0 I 5 

MANUAL F I RE ALARM 

W/0 F 0. CONN. W/F D. CONN. 

I 2 

ROOMS ONLY COR R I DOR & TOTAL SPACE 
HABIT. SI'ACE IN ZONE 

3 .. 5 

ENTIRE BUILDING 

1 0 

•u .. 101 when ttem 4 •• - 1 0. 
'Use 101 when otem 1 •• baNd on ftrat floor zone or on an 

unprotected type of conatruct•on (columna mattr.ed "U"I. 

Copyright © National Academy of Sciences. All rights reserved.

Report From the 1987 Workshop on Analytical Methods for Designing Buildings for Fire Safety
http://www.nap.edu/catalog.php?record_id=19114

http://www.nap.edu/catalog.php?record_id=19114


INDIVI DUAL SAFETY EVALUATIONS 

SAF ETY 
CONTAINMENT EXTINGUISHME N T  PEOPLE GENERAL 

PA RAME TE RS 
SAF E TY SAFETY MOVEMENT SAF ETY 

(S1 I IS1 I SA F E TY IS .• I ISG I 

1 .  CONSTR UCTION 

2. INTE R I O R  F IN ISH 

(Corridors & Exits) 

3. INTE R IOR F IN ISH 

( Rooms) 

4. COR R I DO R  

PARTITIONS/WA LLS 

5. DOO RS TO 

CO R R I DOR 

6. ZONE D I M E NS IONS 

7. VE RTICA L OPEN INGS 

B., HAZA R DOUS A RE AS 

9. SMOKE CONT R O L  

1 0 .  E M E RG ENCY 

MOV E M E NT R OUTES 

1 1 .  MANUA L F I R E  

ALARM 

1 2. SMOKE DETECTION 
& ALARM 

13.  AUTOMATIC + 2 • 
SPR I N K LE RS 

TOTA L VA LUE s. • s1 • s, • SG 
• 

Figure 4 .  Individual Safety Evaluations Form 
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I 
I 
I 

SAFETY PARAH£TER 

1 .  Cons true t i on 

2 .  I nter ior F i n i sh 
( Corr . & Ex i t )  

3 .  I n ter i or F i n i sh 

• 

4 .  Corri dor 
Pa rt i ti ons/Wa l l s  

-··-

5 .  Doors to 
Corr i dor 

· · ·- - · - - -- - ------

6 .  lune Uimens i ons 

-- ··· · - - - - -

7 .  Ver t i c a l  Openi ngs 

. . . . . . ... . .  · · · · - - - - - --

8 .  Haza rdous Area s 
. 

.. . . · - · - - -

9.  Smoke Control 

- - - - -

1 0 . Emar!Joncy 

1 1 .  Manua l r i re 
A l a r�� 

1 2 .  Smoke De tec t ion 

-

1 3 .  Automa t i c  
Spr i ntl ers 

l i fe Sa fety Code 
CMul t t - story:ne�l 

Scor� Requt rement 

4 � � 2 HR 
: F i re Res i sti ve 

I 

3 : C l a s s  A 
( F l anlt Spread ) s 25 

1 Cl ass B 
( F l aiiiC! Spread ) 
S 75 

2 �1 HR 
F i re Res i stance 

' 

1 � 20 Mi n .  
F i re Res i stance 

0 1 00  • 1 50 Ft.  (33 • 50 M) 

3 2 - HR 
Encl osure 

f.-
0 None 

0 Smoke 
Pa rti tions 

0 Mu l t i p l e  
Routes 

2 F i re Ala r�� 
Connected 
To F i re Dept. 

2 Corr i dors 
Onl y  

0 None 

Al terna t i ve From 
Eva l ue t t on Svstem 

score lreqUlrt��tnt 

2 � 1  HR 
F i re resi stive 

3 (Same ) 

- 3 C l ass C 
( F l a���e Spread s 200) 

0 < 20 MIN.  
F i re Res i stance 

0 < 20 Mi n .  
F i re Res i stance 

- 2 > 1 50 Ft. 
( > 50 M) 

0 Non Combusti ble 
I Enc l osure 

0 ( Same ) 

3 Mechani ca l  
Ass i s ted by zone 

- 2 De f i c i ent 
�pac i ty 

- 4 No Manual 
F i re Alar'll 

0 None 

8 Corri dors & 
Habi tabl e  Spaces 

F i gure � C� ra t i ve Presenta tion of Al ternative ( typ i ca l ) 
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F IELD APPLICAT I ON OF F I RE  SAFETY EVALUAT I ON SYSTEMS 

Jona s L .  Moreha r t . P . E .  
Room 2£.57 . Bui14ing 1 3  

Na t�ona1 I n s t� tute s o �  Hea 1 th 
9000 Rockv�11e P�ke 

Be the scla • MD 20892 

ABSTRACT 

� s  paper a44re s se s  ��e14 exper�ence w� th the F�re Sa �e ty 
Eva1ua t�on Sys tem < FSES > a � ter � t s  �n� t�a1 4eve1opment by 
the Center �or F�re Re search a t  the Na t�ona1 Bureau o �  
S tan4ar4s . Top�c s such a s  tra��ng programs �or Co4e user s . 
accep tab�1� ty a s  a new concep t .  co s t  sav�ng s an4 c o s t  
avo�4ance are 4� scu s se4 a1ong w� th a v�ew t o  the �uture �or 
FSES 4ocument s  an4 the �r use . 

Key Wor4s a F�re Sa�e ty Eva1ua t�on Sys tem . FSES . Meticare ­
Metica�4 . � �e Sa�e ty Co4e . 

Pre sen te4 a t  a con�erence on a 

Ana1yt�ca1 Me tho4s o �  F�re Sa �e ty De s�gn 

Na t�ona1 Re search Counc� 1  
Bu�14�ng Re search Boar4 

Wa sh�ng ton . DC 
1 4 - 1 6 Oc tober 1 987 

4 1  
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1 .  I N'l'RODUC'l' I ON 

1 . 1  Backqroun4 

W• . a s  a na t�on . sp•nt 458 . 2  b�11�on dollar s on h•a l th car• 
l a s t  y•ar J or approx�ma t•ly •1•v•n p•rc•nt o �  e� Gro s s  
Na t�ona1 Procluc e . Rough1y on• - tMr4 o �  eM s wa s pa�4 by e� 
M.4�car• -M•�ca�4 prograa . M•4�car• � - an �nsuranc• prograa 
�r•c tly admd� s t•r•4 by th• F•4•ra1 Gov•�nt wM1• e� 
M•4�ca�4 por t�on �- a soc�a1 w•l �ar• program admd� s t•r•4 
through e� var�ous S ta t• • · 

1 .  2 Th• Li �• sa �• tv Cob 

I t  � ·  t� M•�car• -M.�ca�4 prograa tha t ha s b••n 
r• spons�b1• �or e� succ• s s �u1 acc•p tanc• o� e� L� �. Sa�• ty 
Co4• an4 th• F�r• Sa �• ty Evalua t�on Sys t•m �or H•al th Car• 
Fac�l� t�• • < FSES - HCF > . Fur th•r r• �•r•nc• s to t� FSES �n 
eM s � scus s�on ar• to t� H•al th Car• Fac�l� t�• • v•r s�on . 
As you may know . th• M•4�car• -M.�ca�4 prograa wa s •nac t•4 
by e� Congr• • •  back �n e� 1 960 • s  to r•�mbur s• � a l th car• 
�ac�l� t�• s �or s•rv�c• s prov�b4 to �ns�r•4 or w•l �ar• 
r•c�p�•n t s . In e� 1 960 • s  t�r• w•r• s•v•ra1 �al th car• 
�ac�l� ty ��r• s wh�ch caus•4 gr• a t  conc•rn aaong a.mb•r s o �  
congr• s s . 

1 . 3 Annual Insp•c t�ons 

As a r• sul e . e� Soc�a1 S•cur� ty Ac t wa s aa•n4•4 �n 1 970 to 
�ncorpor a t• a " con� t�on o �  par t�c�pa t�on "  ba s•4 upon 
compl�anc• w� th e� Li �• Sa �• ty Cob . An annual ��r• sa �• ty 
�nsp•c t�on program wa s �ns t� tut•4 w� th e� var�ous S ta t• s  
prov��ng t� s•rv�c • •  ca11•4 surv•ys . un4•r contrac t w� th 
e� F•4•ra1 Gov•rnm•nt . 

'l'h• s• annual �nsp•c t�ons . w� th th• author� ty o� th• F•4•ra1 
Gov•�nt b•h�n4 t�m . v�r tua11y •l��na t•4 th• typ• o� 
� sa s t• r s  tha t pla�4 e� h• al th car• �nclus try �n �� 
4•ca4• s 1•a4�ng to e� 1 970 • s .  Mo s t  o �  you can probably 
r•c� t• th• �•w ••r�ous ��r• s tha t hav• occurr•4 �n h•a l th 
car• �ac�l� t�• s s�nc• th• aclop t�on o �  t� Li �• Sa �• ty Co4• 
by th• Congr• s s . 

1 . 4 Corr•c t�on o �  D• ��c�•nc�• • 

� s• �mprov•a.n t s  hav• no t been w� thout co s t . Exp•n4� tur• s 
�or correc t�on o �  ��r• sa �• ty 4• ��c�•nc�e s �n ho sp� tal s ancl 
nur s�ng hom• s have amounte4 to many m�11�ons o �  4o11ar s .  
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Un�or tuna t•1y , �n t� Co4• • t�r• � s  no pr�or� ty o �  
r•qair•a.n t s , s o  a r•1a t�v•1y minor � ��c�•ncy wa s o � t•n 
corr•c t•4 a t  cons��rab1• •xp•ns• ra t�r than r•qu• s t�ng 
r•1�• � �rom t� r•qair•m•nt .  � surv.yor s p•r �o�ng t� 
�nsp•c t�ons an4 t��r sup•rv� sor s 1ack•4 t� n.c• ssary 
J U4g•a.nta1 •xp•r�•nc• �n ��r• pro t•c t�on •ng�n.•r�ng to 
know w�n on. � ��c�•ncy wa s mor• ••r�ous or wh�ch 
� ��c�•ncy cou14 b• wa�v•4 . 

1 • .5 An Examp1• 

A pr� •xamp1• occurr•4 �n 1 a t• 1 977 as a r• su1 t o� a 
surv•y a t  t� Ma s sac�s• t t s  G.n.ra1 Ho sp� ta1 wh•n ov•r �our 
mi11�on 4o11ar s o �  � ��c�•nc�• s w•r• c� t•4 on 1 86 pag• s o �  
surv•y �orms . Wh•n t �  p1ans w•r• ��1•4 w� th t� C� ty o �  
Bos ton show�ng th• corr•c t�ons , th• C� ty promp t1y r•qu�r•4 
a44� t�ona1 chang• s wh�ch boo s t•4 t� amount to n.ar1y 1.5 
mi11�on . �n t� S ta t• a4�4 som• mor• chang• • wh�ch ma� 
t� to ta1 r•ach n•ar1y 34 mi11�on 4o11ar s .  In r•v�•w�ng t� 
surv.y �orms , I �oun4 tha t mo s t  o �  t� � ��c�•nc�• • �nvo1v.4 
th• r•p1ac•m•nt o� ��r• 4oors an4 �ram• • a.r•1y b•caus• t�y 
1ack•4 ��r• 4oor or ��r• 4oor �ram. 1ab•1 s .  0� s•v•ra1 
hun4r•4 4oor s c� t•4 as 4• ��c�•nt , on1y thr•• n.•�4 to b• 
r•p1ac•4 J t� r•ma�n4•r w•r• p•r �•c t1y acc•p tab1• · 

1 . 6 An As�4• 

I t  wa s about th� s t�• tha t t� F�r• Sa �• ty Eva1ua t�on 
Sys t•m wa s b•�ng born a t  th• C.nt•r �or F�r• R• ••arch w� th 
Haro14 N•1 son a s  t� M�4w� �. . I �  I ha4 to v.ntur• who wa s 
the �a t�r o �  t� FSES , I wou14 gue s s  I rw�n B•nJ �n . Th• 
mo th•r wa s J• �� S�b• . 

2 .  BENEF I 'l'S 

Wha t ha s th• FSES 4on. to r•1�•v• s� tua t�ons 1�ke tho s• 
�oun4 a t  Ma s sachus• t t s  G.n.ra1 Ho sp� ta1? 

2 . 1  Un� �orm� ty Improv•4 

� FSES , b•caus• o �  th• •mpha s� s on cr� t�ca1 ��r• sa E• ty 
param• t•r s , 1�k• automa t�c spr�nk1•r s , an4 th•�r 
ma t�ma t�ca1 re 1 a t�onsh�p s < po�nt s >  ha s re su1 t•4 �n a mor• 
� �orm way o� 1ook�ng at t� Li E• Sa Ee ty Co� r•qu�r•a.n t s . 
� s  arrang•ment o E  ��r• pro tec t�on E•a tur• s ha s �mprov•4 
u�r s tan4�ng oE th• L� Ee Sa Ee ty Co4• an4 �s p•rm� t t�ng 
b• t ter •ng�n.•r�ng J U4gea.n t to be use4 �n 4e t•rm�n�ng wh•n 
a Co� requ�rement can be wa�v•4 or po s tponed . 
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2 . 2  Priori ty o �  Corrections 

The FSES ha s enab1e4 the e s tab1i shaent o� priori tie s by 
in4ica ting which Co4• requirement i s  more impor tant than 
ano ther . When a serie s o �  sa �e ty par ... ter s  can be 1inke4 
toge ther in a mann•r tha t shows their re1a tionship to one 
ano th•r an4 given �ini te numerica1 va1ue s which can be use4 
to eva1ua t• th• Eire s a Ee ty �ea ture s o� a bui14ing . the 
accuracy an4 repea tabi1i ty o E  such a sys tem i s  grea t1y 
improve4 . Experience wi th the FSES ha s improve4 uni Eormi ty 
o� int•rpre ta tions because once the numerica1 va1ue s are 
a s signe4 to a par ... t•r . a11 4e termina tion s  are 4eci4e4 by 
the sys tem . 

2 . 3  Co s t  Saving s 

App1ica tion o �  the FSES ha s a11owe4 re4uce4 expen4i ture s by 
hea 1 th care �aci1i tie s in achieving comp1iance wi th the Li E• 
Sa Ee ty Co4• . At the ons• t o �  the o �Eicia1 a4op tion o �  the 
FSES by the Depar tment o E  Hea 1 th an4 Human Service s .  the 
then Secre tary . Jo seph Ca1i �ano pre4ic te4 tha t use o� the 
FSES cou14 save thi s country over two bi11ion 4o11ar s 4uring 
the nex t 4eca4• . The �ir s t  two yea r s  tha t the FSES wa s 
use4 . we 4ocumente4 ov• r  a ha1 E  a bi11ion 4o11ar s in saving s 
to the hea 1 th care communi ty . 

Some time s co s t  saving s can b• combine4 wi th co s t  avoi4ance . 
I �  th• r• i s  a co4e re�rement tha t 4oe s no t have to be 4one 
because o E  the FSES . the anticipa te4 expen4i ture i s  no t ma4e 
a t  a11 . I E  a ho spi ta1 4oe s no t nee4 to bui14 a new mi11ion 
4o11ar s tairway to correc t a trav• 1  4i s t ance 4e �iciency a s  a 
re su1 t o �  an equiva1ency in the FSES J i s  thi s no t co s t  
bene Eicia1? A s tric t app1ica tion o �  the Co4e wou14 have 
require4 the s tairway to be bui1 t .  

3 .  APPLICAT I ON 

3 . 1  Leqa1 Acceptance 

In the 1ega1 app1ica tion o �  th• FSES . the bigge s t  ob s tac1• 
ha s be•n i t s  accep tabi1i ty at the S t a te an4 Loca1 Government 
1eve1 . However . it is impor tan t to no te tha t the Li E• 
Sa �e ty Co4e i s  s t ruc ture4 to inc1u4e the FSES a s  par t o E  the 
Co4• in a44i tion to the equiva1ency concep t containe4 in th• 
Admini s tra tive por tion o �  the Co4e . A key concep t which ha s 
been 4i E�icu1 t to ge t accep t•4 i s  tha t the FSES i s  the 
Co4e . To some peop1e th• term . 11 equiva1•ncy 11  means 1e s s  
than the Co4e . Waive r s  an4 excep tions may be a re1axa tion 
o �  the Co4e . but equiva1encie s ar• no t .  
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Probab1y the mo s t  controver s�a1 que s t�on about the FSES 
clea 1 s  w� th � t s  app1�ca t�on to new bu�1cl�ng s .  The genera1 
�••1�ng �s tha t when a bui1�ng �s be�ng cle s�gnecl . there 
shou1cl be no prob1em �n m•• t�ng a11 the reqgirement s  o� the 
cocle . but I be1�•v• there � s  mer� t �n be�ng ab1• to app1y 
the FSES to new cle s�gns �n orcler to cle te�ne pr�or� t�e s ancl 
tracle - o ��s . 

I �  there are � saclvantage s to the FSES . they are clue to the 
1±mi tecl number o �  parame ter s coverecl �n � t s  gra�ng sys tem . 
There are too many " check1� s t "  � tem tha t mus t  be comp1e tecl 
when a11 the Cocle reqgirement s  are to be �nc1uclecl . 

4 .  TRAI NI NG 

4 . 1  Tra�n�nq FSES Surveyor s  

By ear1y 1 979 . the Hea1 th Car• F�nanc�ng Aclmd� s tra t�on 
< HCFA > . which over see s the Me�care -Mecl�car• Program . 
author�z•cl a ser�• s o �  tra�n�ng programs �or S ta te surveyor s 
who were �nvo1vecl �n mak�ng �nspec t�ons o �  ho sp� ta1 ancl 
nur s�ng home s uncler contrac t to the Feclera1 Government . The 
" clry  run " o �  th� s three clay cour se took p1ace �n Augus t  o �  
1 979 . The ��r s t  �orma1 cour se wa s concluc tecl the �o11ow�ng 
month �n Da11a s .  Texa s . In the years tha t �o11owecl . the 
Amer�can Ho sp� ta1 As soc�a t�on < AHA > ancl the Jo�nt Commi s s�on 
on Accrecl� ta t�on o� Ho sp� ta1 s < JCAH ) bo th concluc tecl tra��ng 
�n the use o �  the FSES . There wa s a 1 so a one - ta• tra��ng 
cour se where we cer t � ��•cl about 25 �ns truc tor s .  

· 

Ano ther roaclb1ock to accep tance o �  the FSES ha s been 
re s� s tanc• on the par t o� exper�encecl ��r• sa �e ty 
surveyo r s . Mo s t  en �orcement author� t�e s accep tecl the FSES 
because o� the tra��ng they rece�vecl ancl we �ouncl them 
recep t�v• to such new �clea s .  The grea te s t  prob1ems we 
encoun terecl �n the tra�n�ng cour se s were ba secl on the 
operat�ona1 mecha�c s  ancl the concep t o �  equ�va1ency . but 
once the backgrouncl wa s exp1a�necl . ancl the mechan�c s  o �  the 
FSES uncle r s toocl . � t  wa s usua11y accep tecl . Mo s t  o �  the non­
accep t ance can be a t tr�butecl to a " no t  �nventecl by me " 
synclrome . We s t.i 1 1  see th� s synclrome toclay . 

4 5  
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5 .  FUTURE 

You hav• a1ready h•ard about an FSES which wi11 cov•r 
o � �ice s and 1abora torie s .  On• o� th• 1arg• s t  indus tri• s by 
t� year 2888 wi11 b• biom•4ica1 r• s•arch and 
manu�ac turing . Today we are s triving to d• t•rmin• th• t� 
o �  �ir• protec tion ne•d•d by •xi s ting 1abora tori• s tha t wi11 
1ead to th• n•w indus try . Ano th•r unknown ar•a i s  how to 
pro tec t  va1uab1e re search anima1 s .  W• can • t  us• typica1 
sprink1er sys t•ms and smok• de tec tor s . nor audib1• �ir• 
a1arms . 

5 . 2  A Non-Fir• App1ica tion 

Appendi x " F "  o �  the Li �• Sa �e ty Cod• i s  a grading procedur• 
�or de termining th• •vacua tion capabi1i ty o �  r• siden t s  in a 
bui1ding . Thi s sys t•m ha sn • t  b•en m•ntion•d J but I think 
thi s ra ting sys t•m ha s gre a t  po t•ntia1 in non - �ir• 
app1ica tion by the m•nta1 h•a1 th communi ty . Wh•n th•y 
di scover tha t i t  can be used in th•ir day- to - day work wi th 
menta1 pa ti•nt s .  i t  wi11 b•come a c1a s sic and mayb• •v•n 
surp a s s  th• int•re s t  in th• FSES . 

5 . 3  Bui1dinq Cons truc tion 

A speci �ic �uture need i s  a sub - sys tem typ• FSES �or th• 
c1a ssi �ica tion o �  bui1ding con s truc tion . W• a11 know th•re 
i s  no such thing as a �ire re s i s tive bui1ding . but the Code s 
k••P ins i s ting tha t con s truc tion i s  a key e1•m•nt in �ir• 
protec tion and 1 i �e sa �• ty . On• o� th• mo s t  di ��icu1 t ta sks 
a bui1ding authori ty �ace s is d• termining th• cons truc tion 
typ• o �  a bui1ding . 

Wi th an FSES �or construc tion c1a s s i �ica tion w• migh t ev•n 
ge t out o� the nin• teenth c•ntury wh•n i t  com• s to bui1ding 
ma teria1 s .  Some day w• may see bui1ding s wi thout �1Qor 
s1ab s . Wi thout �1oor cons truc tion as w• know i t . th• space 
be tween s torie s wou1d be �u11y acce s sib1• �rom bo th above 
and be1ow . Who knows . the suppor ting s truc ture may ev•n be 
p1as tic in s tead o� s tee1 . 

At pre sent . the various FSES • s  are bound a s  app•ndic• s o £  
the Li £e Sa£e ty Code and r• £erenc•d a s  " a1 t•rna tiv• s "  i n  the 
body o£ the Code . There i s  an upcoming proposa1 to p1ace 
the FSES • s  in a separa te document . to be known as 181 M .  
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Thi s i s  suppo se41y being 4one to keep the Li fe Sa fe ty Co4e 

froa becoaing too thick r but the NFPA 4oe sn r t  seem to worry 
about the thickne s s  o f  the Na tiona1 E1ec trica1 Co4e . I am 
concerned tha t put ting the various FSES r s  in a separa te 
4ocument

r 
e specia11y if tha t document is 4i s tribute4 

separa te froa the Li fe Sa fe ty Co4e r wi11 have the re su1 t  o f  
making the FSES r s  1e s s  avai1ab1e t o  Co4e user s . They wi11 r 
in e ffec t r cea se to be par t o f  the Co4e . I s  thi s the 
direc tion we shou14 be moving? 
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A USER ' S  PERSPECTIVE OF A 
FIRE SAFETY ANALYTICAL METHOD : 

THE FIRE SAFETY EVALUATI ON SYSTEM ( FSES ) 

K enneth Faul s t i ch 
veterans Admi n i s tr a t i o n  
8 1 0 vermont Avenue , NW 

Was h i ngton , DC 2 0 4 2 0  

ABSTRACT 

Analyti cal me thods for eval uat i ng f i re s a f ety i ncl ude 
nume r i cal grad i ng sys tems wh i c h  ar e us ually a po i nt scheme 
wh i c h  e i ther g i ve s  cred i t  or penal i z es for the f i r e  sa fety 
featur es present i n  the fac i l i ty .  The se sy s tems were 
deve loped to prov i de an a l ter nat i ve to prescr ipt i ve code 
requ i r eme n t s . One such method wh i c h  has been developed for 
the heal th care i ndustry i s  · the FSES ( F i r e  Safety Eval uat i o n  
Sys tem )  analys i s . The FSES was devel oped by the Nati onal 
Bur eau of S ta ndards a nd l a ter was i ncorporated i nto the 
Nat i o nal F i r e  Protec t ion As soc i at i on Standard No .  1 0 1 , L i f e  
Saf ety Code . T h i s  FSES a nalys i s  i s  one example of an 
analyt i c  method wh i c h  ha s bee n  used extens i ve ly and 
succe s s fu l ly . 

The VA ( Veter a ns Admi n i s tr a t ion ) dec ided to embark o n  an 
ambi t i ous prog ram to ut i l i z e  th i s  FSES ana lys i s  to eval uate 
the f i re safety r i sk at the i r  hosp i ta l  fac i l i t i e s  where the 
analy s i s could prove to be of be nef i c i al va l ue . Pr i o r  to 
s tar t i ng th i s  program ,  the VA had prev i ously ident i f i ed tho se 
fac i l i t i e s  wi th l i teral code de f i c i e nc i e s . However , the VA 
de termi ned that the corre spondi ng correct i ve ac t i o ns wer e  not 
often very cos t  e f f ec t i ve . The VA the n es tabl i s hed pol i c i es , 
procedures , tec hni cal g u i dance a nd tra i n i ng regard i ng the use 
of the FSES analys i s . Fac i l i t i e s  we r e  sur veyed by f i r e  
protec t ion e ng i neers a nd several sol ut i ons t o  compensate f o r  
t h e  def i c i e nc i e s  wer e  prese nted . I nd i v i dual hos p i tal s 
dec i ded on the cor r ec t i ve ac t i on wh i c h  be s t  s u i ted the i r  
need s . The FSES analy s i s  has proven s o  far to prov i de the VA 
wi th an a nalyt i cal too l to ensure that an eq u i valent level o f  
saf ety ca n be prov i ded a t  the mo s t  reasonable cos t  and impac t 
to the fac i l i ty .  
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I NTRODUCTION 

Analyt i cal methods for eval uat i ng the level of f i re safety 
have begun to appear for use by the f i r e  protec t i on eng i neer 
a nd others seek i ng an al ter nat i ve to prescr i p t i ve code docu­
me nt s . Why i s  th i s ?  One reason for th i s  i s  that as code s 
have been revi sed over the year s ,  succe s s i ve leve l s  o f  
r equ i r eme n t s  have bee n i ncorporated , each try i ng t o  addre s s  a 
par t i cular f i re s a f ety ha z ard a nd conce r n .  Some t i me s  the 
r equ i r eme nts do not nece s sar i ly take i nto cons i de r at i on the 
other f i re protec t i o n  features wh i ch are present or are be i ng 
provi ded . Th i s  ca n result i n  exce s s i ve f i r e  protec t i on 
features or may not provide the most e f f ec t i ve sol ut i o n  for 
the lowe s t  cos t to the cl i ent . By develop i ng a sy s tems 
appr oach ut i l i z i ng analyt i ca l  me thods one can eval uate the 
over a l l  leve l of saf e ty . Another reason why the se ana ly t i cal 
me thods are be i ng deve loped is that there is a wea l th of 
tec h n i cal i nforma t i o n  made ava i l able through re search to 
users of f i re protect i on standards and codes . However ,  the 
tech n i ca l  data and the analyt i c a l  me thod s ar e often i n  a 
format wh i ch may be i nt imidat i ng to the user . Al s o ,  i f  the 
us er ha s not had tra i n i ng in the appl i ca t i on of an analy t i cal 
me thod , the user may apply the me thod i ncor rectly. However ,  
these analyt i ca l  method s can prov i de f i r e protec t i o n  
e ng i neer s a nd other s wi th s c i ent i f i c a nd pro fe s s i onal too l s  
comme n surate wi th the i r  knowl edg e .  I t  i s  expec ted then that 
one does not have to r e ly str i ctly on prescr ipt i ve 
• cook-book • approaches to f i r e  sa f ety problems . 

NEEDS OP A USER 

What does a user then look for i n  an a nalyt i ca l  me thod? 
The method mus t be releva nt to the needs of the us er whether 
the user i s  an i nd i v i dual or an orga n i z at i o n . The me thod 
mus t be able to e f f ec t i vely measur e the f i r e  sa f ety r i sk and 
i f  appl i cabl e ,  must be able to prov i de cor respo nd i ng 
cor r ec t i ve ac t i ons . The method mus t be one wh i c h  wi l l  be 
acceptab le to others exter nal to the immed i ate user or c l i ent 
i f  approval of othe r s  is nece s sary . The method mus t be a 
repeatable sys tem wh i ch g i ves uni form r e s ul t s . The method 
mus t be de s i g ned to meet the qual i f i cat i ons of the us er and 
the i r  knowl edge of f i re protec t i o n . Tra i n i ng or i ns truc t i ons 
mus t be ava i l able for the us er in the appl i ca t i on of the 
me thod . 

PIRE SAFETY EVALUATION SY STEM 

O ne type of a nalyti cal me thod i s  the numer i cal g r ad i ng 
sy s tem .  The r e  ar e several examples of th i s  me thod ava i lable 
ut i l i z i ng a po i nt scheme . One o f  the mo s t  commonly used i s  
the P i r e  Saf ety Eva l ua t i o n  Sys tem ( FSES ) . 
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The r e  are several FSES s wh i c h  appear i n  the appe nd i x  of the 
L i fe S a fety Code , Na t i o nal F i re Protec t i o n  Assoc i at i on 
S tandard No . 10 1 .  The f i r st to appear i n  the 1 9 8 1  ed i t i on of 
the Code was a FSES for Health Care occupa nc i e s . There are 
a l s o  FSES s now for Board and Car e  occupanc i e s  and De tent i ona l/ 
Corr ec t i onal occupanc i e s  a nd one planned for Bus i ne s s  occu­
panc i e s  in the 1 9 8 8  ed i t i on of the Code . 

Bow does the FSES work? A l though each system i n  the L i f e 
Safety Code i s  ba sed on the l i teral requ i r eme nt s  i n  the body 
of the Code , the methodo logy i s  des i g ned to g i ve cred i t  for 
the f i r e protec t i o n  feature s  present and deduc t for those 
that are not prov i ded . The FSES is a system for measur i ng 
the relat i ve leve l of f i r e  sa f ety . I t  i s  only an analyt ical 
tool wh i ch a s s i sts one in the dec i s i on mak i ng proce s s  a nd 
doe s  not make any j udgeme n t s  for you . Al s o , the use of the 
FSES i s  ba s ed on the eq u i valency concept found today i n  al l 
codes and standards . 

F i r s t ,  the bu i l d i ng i s  d i v i ded i nto z o nes a nd a separate 
a nalys i s  is conduc ted for eac h zone . I nd i vidual f i re saf e ty 
parameters are estab l i s hed wh i ch are of i mpor ta nce to the 
par t i cular occupancy . For heal th car e  occupanc i e s , the 
parameters i ncl ude those f i re safety f eatur e s  such as 
cor r i do r  wal l s  and doo r s , smoke bar r i e r s  and compar tme nt s , 
protec t i on of haz ardous areas , construc t i on type , i n ter i o r  
f i n i s h , eg r e s s  pa ths , hor i z ontal ex i t s , prote c t i o n  o f  
ver t i cal ope n i ng s , smoke detec t ion , transmi s s i o n  of an a l a rm 
to the f i r e depar tme nt and spr i nkler protec t i on . A spec i f i c  
po i nt val ue i s  a s s i g ned for d i f f erent cond i t i ons for each o f  
the s e  parame t e r s . The cor re spond i ng po i nt va l ue i s  selec ted 
wh i ch r e f l ects the actual cond i t i ons as found in the f ac i l i ty .  

Next , other factors are co n s i dered such as the occupants ' 
evacuat i o n  capab i l i t i e s . For heal th car e , th i s  eva l ua t i o n  
cente r s  on t h e  pa t i ents and the i r  l ocat i on i n  the bui ld i ng , 
ag e ,  phys i ca l  mobi l i ty ,  number and the ava i l a b i l i ty of sta f f  
t o  a s s i st i n  evacuat i o n . Then there a r e  f o ur areas of f i r e 
safety wh i ch ar e con s i der ed i n  l i gh t  of the i nd i vi dual par a ­
me ter s ,  conta i nment , ex t i ng u i shment , people movement a nd 
gener a l  sa f ety . Not al l of the i nd i v i dual parame ter s however 
are con s i dered i n  each area s i nce they would not have an 
impac t  in that ar ea . F i n a l l y , a mandatory po i nt va l ue i s  
e s tab l i shed for each of the four areas . A compar i son i s  made 
of the po i nt va l ue s  chosen and what they have added up to 
i n  the four areas of cons i dera t i on wi th the ma ndatory va l ue s  
t o  s e e  i f  the fac i l i ty has an eq u i valent level of f i r e sa f ety . 
O ne last eval u a t i on i s  made of the ent i re s truc t ure for var i ous 
mi sce l l aneous items such as compl i ance of the ve nt i lat i on and 
e l ectr i cal sys tems wi th estab l i s hed code r eq u i rements . 
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FSES SOFTWARE 

They are the prog r ams wr i tten to computer i z e the usage of the 
FSES analys i s  for health car e  occupanc i e s . One such prog r am  
used by a f i re p rotec t i on e ng i neer i ng consu l t i ng f i rm i s  
ava i lable v i a  the BAS IC and LOTUS 1 2 3  programs on IBM 
compat i ble per s o nal computer s .  �aw data i s  entered r ega r d i ng 
the par amete r s  and other i nputs and the program prov ides you 
wi th i n forma t i on whether the z one pas ses the FSES a nd i f  not , 
prov i de s  al t e r nat i ve sol ut i ons . Th i s  g r eatly s i mpl i f i e s  the 
mecha n i cs o f  conduc t i ng the a naly s i s  v i a  the FSES worksheets/ 
table s . However , i t  only prov ides a number of pos s i ble 
sol u t i ons wh i ch must be j udged and eval uated to see if they 
are approp r i a te be fore selec t i ng the f i na l  so l ut i on . 

APPLI CATION OF THE FSES 

Why wou ld a user dec ide to u se a f i re saf ety analyt i ca l  
me thod such as the FSES ? The VA ( Veter a n s  Admi n i s trat ion ) 
dec i ded that when the FSES for hea l th care occupanc i es wa s 
be i ng deve loped to embark on a prog ram to use i t .  The ma i n  
reason that pus hed the VA i n  th i s  d i r ec t i on was a ser i e s  o f  
f i r e sa f ety i n spec t i ons of each o f  our med i c a l  center s 
conduc ted by outs i de co nsul tants i n  1 9 7 5  and 1 9 7 6 .  The VA 
needed a comprehe n s i ve sur vey at the t ime to ident i fy al l of 
the f i re safety def i c i enc i e s  in our f ac i l i t i es . The mos t  
commo n de f i c i e nc i e s  wh ich we re ident i f i ed and d i d  not lend 
themse l ve� eas i ly to a p r. ac t i cal sol ut ion wer e  dead e nd 
cor r i do r s  and i nadeq uate type s of cons truc t i on . 

But f i r s t ,  what k i nd of f ac i l i t i e s  are the VA respo ns i ble for 
to co n s truct and ma i nta i n ?  The VA ope r ates 1 7 2  med ical 
ce nter s along wi th nume rous outpa t i ent c l i n i c s , nurs i ng 
home s , research labo r a to r i e s and other o f f i ce spac e . Th i s  
i ncl udes thousa nd s  o f  b u i ld i ng s  f rom large , h i gh- r i se 
hosp i t a l s  to tur n-of - the-century h i s tor i c a l  structures 
i ncl ud i ng hundreds of pat i ent occup i ed bu i l d i ng s . 
E ng i neer i ng ser v i ces are prov i ded at each f ac i l i ty by a VA 
s ta f f  of e ng i nee r s  a nd plant tec h n i c i ans . I n  add i t i on , a 
g roup of eng i neer g ,  a r c h i tec t s  and pl a n ner s are located i n  
the VA C en t ral O f f i ce .  

� f ter th i s  ser i e s  o f  i nspec t i ons , the VA g r appled wi th the 
mag n i t ude of the de f i c i e n c i es and what wer e  the be s t  sol u­
t i ons to them . For example , provi d i ng a new s ta i r  tower for 
a dead end problem was not an attrac t i ve sol ut ion for several 
reasons . F i r s t , hea l th care occ upanc i es rely on mov i ng 
pat i ents hor i z ontally to a sa f e  place o f.  r e f uge . Sta i r  
towe r s  would not s i g n i f i cantly i ncrease the l eve l of f i r e  
sa f ety . Secondly , the cos t  of con s truc t i ng a new sta i r  tower 
wa s not cons i de r ed cos t e f f ec t i ve for the amount of add i t i o nal 
f i r e sa f ety be i ng prov i ded pl us the r e  was the potent i a l  impact 
o n  the loss of bed space . 
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At the same t ime , NBS ( Nat i onal Bur eau of Standards ) had bee n 
r eq ue s ted to re search a nd deve lop an eq u i valent approach to 
meet i ng the l i teral requ i r eme n t s  of the L i f e  Saf ety Code for 
hea l th care occupa nc i es . As the FSES took shape , the VA 
star ted appl y i ng i t  i n -house to ongo i ng f i r e  sa f ety improve ­
me nt construc t i o n  pro j ects to see i f  cost savi ng s or better 
protec t i o n  cou ld be prov i ded . As the val ue of the FSES became 
obv ious and i ts potenti al acceptance by other s ,  a n  amb i t i ous 
program was pl an ned to use it throughout the VA .  

OBJECTIVES 

What were the VA ' s ob j ec t i ve s ?  F i r s t ,  we expec ted our 
med i cal center s to establ i s h  pla ns of cor r ec t i ve ac t i on to 
e l imi nate f i re s a f ety def i c i e nc i es ba sed on the FSES 
analy s e s . Secondly , we wanted to coord i nate thi s pl an wi th 
each f ac i l i ty ' s f i ve year cons t r uc t i on plan wh i ch deta i l ed 
a l l  of the i r  improvement pro j ec t s  to the i r  fac i l i t i e s . 
T h i rd ly , we hoped to cor rect a l l  of the def i c i enc i e s  i n  a 
t ime l y  man ner . Four th , the ob ject i ve was to produce the mo s t  
c o s t  e f f ec t i ve sol u t i o n  t h a t  wou ld be ope r a t i o na l ly accept­
able to the med i ca l  center . Next , the FSES proce s s  would 
f i nd approva l by accred i tat i o n  bod i e s  such as the Jo i nt 
Comm i s s i on on the Acc r ed i ta t i o n  of Ho spi ta l s , and f i na l ly , 
each f ac i l i ty wou ld be provi ded wi th an eq u i va l ent level o f  
f i r e  sa f ety . 

PROCEDURE S 

What were o ur procedur es to impl ement the use of th i s  FSE S ?  
The f i r s t  s tep was dec i d i ng whe n  a n d  wher e t o  use the FSES . 
The VA has a s ta f f of tec h n i ca l  f i re safety pe r s o nnel who are 
advi sor s to each med i cal center . The s e  ar e our Sa f e ty and 
F i re P rotec t i on E ng i neers ( SFPEs ) .  They were asked to work 
with the Ch i e f  Eng i neer s at e�ch med i ca l  c� n t e r  to de termi ne 
if a f ac i l i ty could benef i t  f rom a FSE S . The i nspec t i on 
repor t s  ment i oned ear l i er wer e  cons u l t ed to see i f  the 
f ac i l i ty had code def i c i e nc i es wh i ch d id not l e nd themselves 
to a l i ter a l  cor r ec t i on . Nex t , we dec i ded tha t only qual i ­
f i ed pro f e s s i o nal per s o nnel s hould conduc t the FSES a nalys i s . 
I t  wa s dec i ded that outs i de cons u l ta n t s  should be us ed . They 
would have to be knowl edgeab l e  of the L i f e S a f e ty Code but 
a l s o  of f i re p r o t ec t i o n  sy s tems and concept s .  We f e l t  that 
f i re protec t i on e ng i nee r s  who had the qua l i f i ca t i ons of or be 
equ ival e n t  to a full membe r status of the Soc i e ty of F i r e  
P rotec t i on E ng i nee r s  s hould conduc t t h e  s urveys . S e l ec t io n  
of t h e  consultants was bas ed on the i r  qual i f i ca t i o ns , 
exper i e nce i n  hea l th care occupanc i e s , and the proposed cos t 
o f  the contrac t .  I n  add i t i on , we tra i ned our own SFPEs to 
rev i ew the a naly ses . The a nalys i s  wou ld i ncl ude a thorough 
i n spec t i o n  of the s i te and then prepar a t i o n  of the FSES 
documents . A d r a f t  copy a nd a f i na l  copy of the repo r t  wer e  
t o  be prov i ded . 
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S i nce the FSES was new and unfami l i ar to mo s t  of the people 
i nvolved wi th the proce s s , the VA deve loped a ser i e s  o f  our 
own i n terpretat i o n s  and tech n i cal gu idance for use by the 
consu l ta nts and SFPEs . The surveys wer e  contr acted for i n  
1 9 8 3 and 1 9 8 4 . As par t  o f  the analys i s ,  the con sultants were 
asked to prov ide at least two separate sol uti ons i ncl ud i ng 
cost est imate s . The i nd i v i dual medi cal cente r s  then cou ld 
choose wh i ch al te r nat ive was the mos t  attrac t i ve to them . 
The SFPE s would al so prov i de them guidance . The di f fe r e nt 
sol u t i ons proposed were to al so i ncl ude an eval uat i on o f  the 
impac t of the cor rect i ve ac t i o n s  on the faci l i ty .  Finally , 
each med i cal center would then deve lop a plan o f  correc t ive 
ac t i on i nd i ca t i ng how the cor r ec t i ve ac ti ons wer e  to be 
i mp l emented . Af ter the correct ive ac t i o n  was completed , then 
the med i cal ce nter could reque s t  an equivale ncy from the VA ' s  
Author i ty Hav i ng Jur i sd i c t ion and f rom the Jo i nt Commi s s i o n . 

What about the use o f  the FSES dur i ng des i g n  and construc t ion 
of new health car e  fac i l i t i e s ?  The VA has us ed the FSES 
excl us i ve ly for ex i s t i ng fac i l i t i e s  a nd not for new con­
struc t ion except i n  a few rare occas ions to help resolve 
complex bu i l d i ng des i g n  i s sues . I t  i s  the VA pol i cy not to 
us e the FSES as a too l to spec i f y the des i g n  but rather as an 
a nalyti cal me thod for eva l uat i ng the l eve l of f i re saf ety 
dur i ng the des i g n . 

RESULTS 

What wer e  the resu l t s ?  A total of over 5 0 0  bui ldi ng s  wer e 
surveyed . We found that less tha n f i ve percent of the 
s tr uc t ures were a l ready code comply i ng or needed o nly mi nor 
improveme nts or rout i ne ma i ntenance . These fac i l i t i e s  would 
therefore not need a ny f ur ther cons iderat i o n . As was 
expec ted , the dead- end cor r i do r s  and the def i c i ent types of 
construc t ion def i c i enc i e s  were e ncountered . The mos t  popu lar 
type of correct i ve ac t i on chosen was automa t i c  spr i nkler 
protec t i o n . Al though more costly at f i r s t  to i ns ta l l  than 
other improvements i n  some ca s e s , the advantages ga i ned from 
th i s  type o f  protec t i o n  provi ded med i cal center s with the 
mo s t  f l ex i ble sol ut i o n  i n  the long term . New sta i r  towe r s  
were se l ec ted i n  only two cases where dead end corr idor s were 
a def i c i e ncy . Smoke detec t i o n  sys tems also proved to be a 
popular me thod of upg r ad i ng the l eve l of f i re safety al though 
the cur r ent problem wi th fal se alarms and the cont i nu i ng 
ma i ntenance and te s t i ng costs detr ac ted from the i r  selecti o n . 
Although prec i se quan t i tat i ve f i gures ar e not ava i l able , i t  
i s  e s t imated that t h e  VA has a l ready saved tens of mi l l ions 
o f  do l l ar s  in l i eu of i ns tal l i ng s ta i r  tower s ,  etc . , whi l e  
prov i d i ng each med i cal ce nter wi th a unique so l ut i o n  t o  the i r  
faci l i t i e s . I n  many cas es , a n  increase i n  the level o f  
saf ety wa s a l s o  ach i eved . Were we s a t i s f i ed? Yes , th i s  
analyt i cal method has proven to be a va l uable tool to as s i s t  
o ur dec i s i on mak ers i n  the e f f i c i ent and sound expendi ture o f  
funds wh i l e  prov i d i ng a f i r e  sa f e  env i ronment f o r  our 
pa t i ents and VA emp loyees . 
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ANALYTICAL METHODS FOR FIRE SAFETY DES IGN 

James Quint:iere 
National Sureau o f  S tandards 

Center for Fire Research 
Gai thersburg , � 20899 

ADS 'l'RAC'!' 

The ab i l i cy  eo p redict aspec ts o f  f:re and i ts impact: on a bui :ding ' s  
s tructure , contents and people is discussed in terms o f  its app lication to 
s afety des i gn .  It is presented from the pe rspec tive of how research has 
addressed the prediction o f  fire phenomena . A review o f  Che state o f  the art 
on the capab i l i ty  fo r predic ting the fire , its impact: and raspon.e ,  is given . 
Examp les are cited to illus trate Che scope and accuracy o f  predic tive met:ho� 
and how they are be ing incorporated into some codes and seandar� . 

1 .  IN'I'ROOUCTION 

By analytical methods fo r des ign ,  we mean the ab i l i ty  to pe rform 
c al culations to ass e s s  the correceness of the des ign in terms of sc ient ific 
p r inc iples . Once a des ign is conceived , we can usa an analytical method to 
s elect: the s ize , shape and naeura o f  i ts materials and component: parts . In 
the des ign o f  a comp lex sys tem , it: is usual ly not: pos s ib le to have a method to 
p redict all · the i�cerac tions of c�e comp onent: parts . But by �aving an 
unde rs tanding o f  cba sys tam in terms o f parame ters • •  prope r ties and variab les 
- - con. istant: with requi rements of the analytical metho� . comp lex system. can 
b e  des igned . This understanding allows us to break the problem into trac tab le 
p ieces , whose so lut ion. in the end provide the sys tem des i gn .  As we learn 
mo ra about t�e sys t em , we can integrate t�e analys is to coup le mo ra and �o ra 
of i ts elements to g�t:her , or we can j us tify s ingle - e lement app roaches with 
mo ra certainty . 

F i re i ts e l f  is a complex phys ical and chemical sys tem so that: the 
inc lus ion o f  i ts e ffec t on s tructure and peop le make the s i tuation mora 
difficult to address . This is the realm o f fire safe ty enginee ring and i ts 
app lica t ion to fire safe ty de s i gn . I t  has only been ove r the las t �Jenty · five 
years that a mo ra quanti ta t ive unders tanding of fire and i :s impact: has lad to 
analytical me thods for its predic tion . I t:  is the refore no t: surpris ing that 
t:ha current: prevai l ing des ign prac t ice is no t: bas ed on analytical me tho� . 
The current: p rac tice o f  fire s afe ty des i gn is bas ed on mee ting spec ific 
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requiremer.cs in bui ldir.g codas ar.d re gula� ior.s ;:hac do t".o c  r.e cas s a r !. ly raq•..:.!.:-e 
any sc iancific analys !. s  i:-' ac� !. e·Te . !he ::- e qu i = amer.:s are -: :q: : e s s e d  fo r 
spec ific componencs o f  :he s::s i:am . and ;:he me ��ocs f o r  -:·:a l·..:.a : � =-. �  ::-.-: 
pe r:o r:nance o f che compor.e:lc a.:' a �i::en in : e r:::s c f ; : .lr.�..l : .is .1r1:: : : ,; : -:: a ::-. ., . .:.s . 
For tile mos c  part: , performance rankings by a specific ces c ha•1e been 
est:ab lished by consensu. and are app l ied co indicae• implied perfo rmance in a 
part:icular des ign app l icacion or use ; and in ocher cases , specificac ions are 
given vit:hout: any s cient:ific j uat:ificacion for che specific syscem under 
cons iderat:ion . For example , the requiremenc chac a wal l  lining macerial in a 
corridor mu.t: have a rat:ing of less chan 7 5  by a spec ific flammability cesc is 
an expression o f  performance .  For an analyt:ical method co be app licable , an 
al:ernacive st:acemenc for che performance IDU.I C  be developed such as : che 
macerial mu.t: noc allow sua cained flamespread in che specific corridor in a 
given cime for a given ignicion incens icy .  The exacc values o f  che 
performance paramecers are no c imporcanc here , but chey IDU.I C  be given in 
sciencific cerms . Of cours e che numeric values do become importanc when we 
wish co escab lish levels o f  equivalenc performance wich currenc no cions of 
safe ty .  

Therefore , the ab ility co assess the applicability o f  analytical me chods 
for fire safe ty design depends on cwo faccors . The firs c is che adequacy of 
the knowledge baae co allqw suicab le and sufficiently accurace prediccions . 
The second is the eaae o f  recognizing che relacionship becween prediccive 
capab i l i ties , and che prac cices and is sues eh&c arise in app lying fire safety 
codes and st:andards . This discus s ion wil l  address che firs t factor in some 
de cai l ,  and attemp c  co give some examp les which i l lus trace che second faccor . 

The process o f  develop ing che knowledge · base for fire has emerged from che 
agenda sec by the rese arch communi ty .  This agenda has been de cermined by a 
des ire co understand all aspeccs o f  fire and ics e ffeccs . Over the las t  
fifteen

.
years , chis research has been orienced to the issues o f  fire growth in 

buildings . Fifceen years ago our knowledge was very spars e , so chat a 
dis cuasion on the prospect o f  us ing s c ienci fic analys is in fire safe ty des i gn  
would have been premaeure . The ab ility co p redicc asp ec cs o f  fire had to 
firs t gain credib i l i ty  among sc ienci s cs . In 19 5 9 , i:he Incernacional s:rmpos ium 
on che Use o f  Mode ls in Fire Research was he ld ( l j . I �s focus was on 
fundamental knowledge and noc ics use , but the papers presenced demons craced 
the feaa ib i l i ty  o f  fire prediction and quant ificacion . In che mid - 70 ' s  che 
cerm � fire =ode l ing" was co ined co des cribe the various me thods , mainly 
computer mode ls , co predi c t  che deve lopmenc of fire in a room . A review o f  
compartmenc fire model ing , ics nature , accurac ies , and needs , was . given by 
chis aut:hor in 1984 ( 2 ] . In 1986 , Emmons ( 3 ]  reviewed the needs o f  " fire 
science • in cerm. of research needs , buc wi th a view co so lving p raccical 
prob lem. . In chis review , he c i tes 141 references whi ch give some suppor� co 
an emerging ordered- s e c  of informacion • •  a s cience of fire . A recenc book , 
incended for educacional purp o s e s , by Drysdale ( 4 ]  on ways co c ompuce aspects 
o f  fire is a further demonstracion o f  progress in the deve lopment o f  che 
knowledge bas e . The demand :o ass imilace chis knowledge has been high . I 
bel ieve Drysdale ' s  book is now in ics third princing . S everal years ago I 
s aw the new Japanes e  Fire Pro ceccion Handboo k .  I t  was ve ry d'ifferenc from ics 
p revious edit ions because the f i r s c  fe� hundred pages deal e wich che s c i ence 
of fire and quanci tacive me thods . !h o s e  s e ccions reminded me more o f  the 
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handbooks avai lab l e  : o  o the r engine e r ing p r � fa s s ions .  I : is  no cewo r:hy :hat 
in the USA ,  :he Soc ie ey of F i =a Pro tec t ion �ng i ne e r s  is now a c : e mp : i n �  = �  
deve lop a handbook that '.li l l  contain much ne•.r info rma c i on fr�m :- -:s a 3. :- ·: h . 
Thus , we see an evo lut ion o f  :he da•Te iopmenc  o f  f i : -e k�o · . ..- � � d ; e  :: ;:; . L . f f !. .:  !. a n :  
scope and dep th co  now allow i ts o rde rly des c r ip t ion fo r p rac c i eiona rs co 
learn and uae .  this is a s ignificant miles tone ,  buc recognize thac i t  has 
eaten 15 to 25 years to achieve . Moreover , the depth of knowledge in 
particular areu b shallow and in so• cues we have ho les . Also , predic tion 
capab iliey on fundamental aspects of fire research do noc always yie ld 
analytical cools for des ign. 

2 .  ANALYTICAL APPROACH TO FlU PREDICTION 

Here I use che cerm analytical me thods co mean any technique chac wi l l  
allow quanticacive predictions . The technique could involve approximate o r  
exacc uthematical solutions , nwaerical so lutions us ing computers , or analo g 
and scaling techniques . Often scaling techniques have allowed fo rmulas which 
have a vida range of  appl icab ility to be deve loped froa experimental data . 

2 . 1  Dissro ce Pbenggana 

Part of the prosress uda in fire prediction has been the ability to 
identify important feaeures of the fire processes . this has co .. about due to 
experimental observations , conceptual ization inco a defined e le .. nc for scudy , 
and chen the davelop .. nc inco a validated predictive result . For example , in 
a rooa fire , we identify the fire plume , a ceiling j e t ,  a hoc upper layer and 
flowa ac vencs . Feaeures assoc iated vi ch  these e leaencs have been s eudied and 
predic tive prescriptions developed . In many cases , correlations hcve been 
developed fro• experimental d&ca so chac algebraic formulas comprise che 
nature of che results . Examp les of reports which dascr�be computational 
techniques for discrete pbeno .. na have been given by Lawson and Quinciere [ 5 ] , 
and Ne lson [ 6 ] . 

2 . 2  Sys s;oms 

Typ ically a fire prob lea wi ll invo lve many processes , and i t  could be 
viewed as a set of  i�terac cing discre te e leaencs . The degree to which we 
coup le chese e le .. ncs depends on our knowledge and unders tanding of  them . For 
example , the evacuation of people in a fire will be affected by the fire 
conditions . thus a complete analyt ical me thod for evacuation should take the 
relevant fire conditions into account . The temperaeure in a beam heated by a 
fire will affect ics s truc tural properties and determine che l ike l ihood of  
failure . The beam temperature arises fro• the thermal state of the expos ing 
fire , and all o f  chis depends on che conservation of  energy . 

A particular approach to predicting fire condi tions in compartments has 
been to mathematically coup le toge ther regions of  dis tinc t phys ical charac te r . 
This re l i es on the app licat ion o f  the cons e rvation laws , as sump t ions o f  the 
?rop ercy dis c�ibutions w� thin the regions , and the predi c t ive ab i l i ty to 
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des crib e  the t�ans fe r o f  �as s and ane rgy at the boundaries  o f  :he re gions . 
!his has come to be  cal�eci  " : one :noda l ing " . The s o l u : !. o n  o f  t:h i .i  s :.·s .;em 
mainly invo lves the s o A.ution of nonl ine ar algebraic  and o r -i !. na r:: ·.! � : fe r en:: i a l  

• • • "'io ... • ' n  "'1' me ,.,.. ... s o � •..l- ' on - o  "' ar - ' " ,  d ' ; ;: . �  .. ..  - ' .l '  ... , . . . . , - ;  .... .. - · � · · · · · · -aq� - • ._ A.  '- • I. Llv a. - - .  w � • •  a .  "- - - ..., · - · · W • - - ! · - ·..., · • � • - � .. � .. - - � .;. .:. 0  
arise .  Thua , a small ( PC )  :o i!ledium · s i.:ed ( !llini ) compute r is  nec e s.sar:1 :. n  i :s 
solution. 

2 . 3  Exact So lu;ion o f  ;he Bas is LfWI 

It is possible to write the governing equations , based on uas , momencua 
and energy conservation for reacting fluid sys ceu . In principle , their 
solution achieved by numerical methods on computers can lead co a complete 
descrip tion of the variables over space .and time . However models need to be 
assumed for turbulence and for chemical reaction so chat even these solutions 
based on cbe exact differential equations are approximations . The mode ls for 
turbulence and chemis try come from applications o ther than fire , so questions 
of their app ropriateness are s till no t reso lved . But a careful app lication o f  
this approach to  fire prob lems can lead to  proper results , and this has been 
demonstrated in a number of app lications . Fire researchers have come to call 
this approach " field modeling" . 

2 . 4  Scale Mg4tls 

The analytical methods we are discuss ing are uthemacical in nature . But 
we could util ize scaling techniques based on the laws o f  phys ics co develop 
phys ical scale mode ls  to generate quantitative informacion for fire safety 
des ign . This has i ts counterpart in wind tunnel tes t ing o f  aircraft . For 
example , it has been demons trated that the thermal and flow conditions in 
roou adj o ining the fire room can be reasonab ly predic ted in full scale 
sys ceu by using scale models [ 7 , 8 ] . 

3 . STATE OF THE .�T FOR DES IGN 

I would like to review the capabilities for making predictions for various 
aspects of fire , its development and interactions as they re late to des ign .  
Ybere available , examp les of  the ir use in s tandards wi l l  b e  given . 

3 . 1  Fire S ource 

No general predictive me thod exis ts for the generation race of  fue l mass ,  
energy and combuation produces fo r ll&terials and produces that make up the 
contents of buildings . But for m&ny des ign applications ,  the initial fire 
source condi tions might be specified in terms o f  a p laus ib le or IIIXimull 
credib le fire condi tion for the prob lem under inves tigation . A suitab le 
database of  informacion on fue l packages , or a means to ob tain the information 
mus t  then be avai lab le . This is  �os s ib l e  by measuring the combus tion produc t 
conc entrations in a collect ion hood ab ove :he fre e ly burning fue l  �ackage ( 9 ] . 
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�anv research laboratories  have such devices s o  tha t examp l e s  o f  ::- e s u l : s  c an 
be found in the literac�re . 

For s imp le solid fue l sys tems . :!ame l? :!. a. t:  su::- : ac e s . ::- • : ::-:: :. � � - • - =  : �-. � � = : s s  
and correlations exis t t o  predic t the s caady race o f  �as s l o s s . : � j m 
collection hood apparacu.es , energy and combustion product yield  data can be 
geaarated on a per uait ... s loss bas is [ 10 ] . The availability of thes e  data 
provide a way to es timate steady generation rates for simple sys tea8 o f  
arbitrary size . 

The ability to predict isnition and flame spread only applies to flat 
solid fUels also , and requires particular data for the material . For example , 
these aoclels use the concept of an ignition te.aperature so it  DNS t  be 
appropriately determined for the material . A practical measurement technique 
to es timate such properties is available [ ll ] . 

From a hazard po int of view , it  is useful to lcnow the flame he ight . This 
can be co.aputed wi�h good accuracy for des ign purposes from corre lations that 
depend only on the energy re lease rate o f  the fire and the equivalent diame cer 
of the fual base [ 12 ] . The maxtmu. ve loc ity and te.aperature dis tributions 
aloq the ceaterliDe of the fire and its noncombusting plwae can be es timated 
in tar... of the s ... variables required for flame he ight [ 13 ] . This appears 
to be successful over an extensive range of scales co.aparable with normal 
cles ip naecla . 

The inability to completely predict the radiation heat traa. fer from 
flames in terms of prac tically measured properties l imits mode ls for burning 
rate and spread at relevant scales of interes t .  Howe•ter we do have some 
knowledge of the range of  radiant beating in some s i tuations which can prove 
useful in desip estta&tes . Except for dis tances ve ry close to the flame , the 
radiant beating of the surrouudings by the flame can be computed with good 
accuracy provided the fraction of energy radiated is known . This quanti ty  is 
available in the li terature for some materials and tenG. �o vary from 15 co 
SOt . I t  can be deduced from the free burn fue l package experiments . 

3 . 2  Effest o f  Sur;oypdings gn ;he Fire 

Ve know that the te�Rperature and oxygen concentration o f  the atmosphe re 
around the fire affect the burning and mass loss rate of the ( solid)  fue l . 
Also radiant heat flux from the surroundings is  a fac tor along wi th any 
illposed wind conditions . Mode ls for s teady burning and flame spread fo r 
simple confi,uratious provide a means to quantitative ly estimate the magni tude 
of  these eavironmantal effects . In some cases , algebraic express ions exis t 
for the steady simple configurations . For the more general case of uns teady 
burning of a complex fuel package , no generally accep tab le procedure has been · 

deve loped . Sens ible extrapolation of  the mathematical relationships gove rning 
s illple fue l  configurations is certainly viab le and reasonab le for des ign us e . 
Again property data for the fuel package is needed ; a key property is the 
affective beat of gas ification . In general , this property is  t ime - dependent ,  
and no s tandard tes t  exis ts for i ts de termina t i o n . But : ime - ave raged value s 
have been de termined fo r a number  o f  �a cerials  [ lO j . !he he a t  o f  gas ificat : o n  
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i s  e s s e
.
n t i a l  in de termining ::he rate  o f  gaseous fue l generat ion from :he 

avai lab le fue l  p ackage s a s  ::�a i r  dec ompo s i t i ons are augmented and � n i :: i a tad 
bv heat trans fer from ::he e n•r!. r o nme n t . !h i s  i s  a f e e db ac k  :) rllc a s s  ::,a:: r:he 
ftre l i•res and dhs � y . As : h e  f :!. ra gr�ws . e n•ti rol"'.me n t: a l ._. ;.: : r g � r-. 0.:..: .: ::- : . u e s  :nd 
che environmental heat ::ans fe r increases . I f  ::he fue l package is  :o tally 
tmmersad in an &�sphere o f  decreas ing oxygen , flamins combustion will  cease 
ae soa. cri tical value of oxysen concentration . This value is not �qua , but 
so• data and crude IU thods exist for its asei.Jiation .  Tan par cent or less is 
a nollinal rule of thumb . 

In addition to eha effect of the fire anvironm.ne on the fual s•neration 
race , i t  is wa ll known that the products of combus tion chan&• with the 
available oxygen supp ly rata . Ye can think of this u two straas : the fuel 
s cream caused by heat trans fer to the so l id fue l surface , and the oxyaan 
stream entrained into the fire p lume . The entrainment race can be calculated 
[ 12 , 13 ] . For several fue ls , Seyler ( 14 ]  has de termined and tabulated the 
product yields as a function of  the oxygen and fue l supp ly ratio . For water 
vapor and carbon dioxide , e s t imates could be adequate ly made from the known 
chemical compos i tion o f  the fue l . But for carbon monoxide , the maj or toxic 
fire produce for most common fuels , the experimental de terminacion procedure 
described by Beyler [ 14 ]  offers the only means for estta&tins CO in fire 
problems . Thus , as ei.Jiatas of CO are poss ible over a vide ranae of fire srovth 
condi tions , provided the fue l and oxygen supp ly races can be determined. 
S ince only limited material data exist , j udsamane mus e  be used to extrapolate 
to other materials . Nevertheless , this approach might be perfectly valid in 
design situations where an evaluation o f  a specific material is not at issue . 

3 . 3  Effect o f  Fire on ehe Sur;oundings 

A primary e ffect o f  the fire on its surroundings is the heat transfer 
caused by the direct interaction of the flame and its plume with surfaces and 
obj ects . For fires along walls there are good results available to assess 
convec tive heat trans fer [ 15 ] , and a corre lation has been developed to 
e s t imate the to tal heat flux dis tribution for flames o f  moderate s ize (< 2 m)  
[ 16 ] . For larger flames wi thin the flame zone , radiation heat transfer is  not 
generally predictable , but soma limited data exist to show i ts magni tude . A 
s imilar seaee o f  knowledge exis ts for flames impacting ca ll ings ; however ,  more 
work has gone into the study o f  this �rob lem than for walls . Again , 
convective heat trans fer i s  we ll  predicted [ 1 7 ] , and a more limi ted knowledge 
is available for the flame imp ingement region [ 18 ] . 

Very little general predictive ab ility for obj ects in fire p lumas has been 
pursued , but eo the extant that the ve locity and temperature fields are 
avai lable , es etmaeas of heat trans fer eo obj ects in these plumes can be made . 
In particular , a number o f  s tudies have been made to enable the predic tion of  
the ve loc ity and temperature dis tribution of a ce iling j e t that arises due to 
the interac tion of a fire p lume wi th a cailins . I t  should be mentioned hera 
that the princip le variables required to make these calculations of haae 
transfer are the energy releas e  rate of the fire and geometric variab les which 
de s c r ib e  the conf i guration . 
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An examp le o f  the usa o f  ce i l ing j e t research i s  in de te rmining :he 
response of alarm and suppre s s ion device s located in the j e t .  The s tandard , 

NFPA 72E on automatic fire de tec to rs . c o n t a i ns s upp l ementary i nfo r�a c i o n  �n 
how to de termine the sp ac ing of :he rmal de tec :o rs b as e d  � n  :he � a : :  : : � = ,� : h  
o f  a design fire , the ceil ing he ight , and the r e spons e cha r ac : a r i s c : c s  ;f :he 
detector to tamparacure [ 19 ] . Much of the research that underlies chi s  
procedure was davwloped at Factory Kueual Research Corporation ( FMRC ) , and is 
described in the Staadard. This procedure � been further developed into a 
series of PC compatible computer codes ( DEtACT) for more general application 
[ 20 ] . A necessary inarediant of this procedure , is the availability of tes t 
data on the theraal response of the detector . bsantially the detector is 
&�tproxt.atad as a Ullifomly heated obj ect in gas sere- of known te.aperacura 
and velocity . The overall caavactive heat transfer coefficient is determined 
froa thi.s test ( c�nly known as the •plunge test• ) and then re lated to the 
ceiling j et characteristics . This is an approximac'e Mthod that has been 
shown to vork, and refine•nts can even aaaka it  batter . It is s i gni ficant 
that it requires data for the detector or in general , the thermally responding 
device . The data are realizab le from a tes t  procedure , and are compatib le 
with an analytical procedure to make general predic tions of performance under 
fire conditions . 

3 . 4 Fire Cppditiona ip a &ppm 

I would now like to eurn my attention to computer models that describe the 
conditions that arise in a room due to the presence o f  a fire . There are many 
COIRpUter codes available and I will  not enumerate them all , but refer you to 
the citations given in References l and 2 .  They differ in approach . The 
field models attempt to represent all of  the fire pheno•na by solving the 
conservation equations . The zona models tie toge ther homogeneous 
phe�nalogical regions and relationships which describe their interaction by 
alobally applyins the conservation laws to these regions . The current state 
of computers allows three dimens ional so lutions in the field mode ls , and more 
chan one room is possible . The zone models differ in scope and generali ty ,  
wi th soma inc luding a limited amount o f  the known phys ics , o r  are res tric ted 
to a specific class of prob lems . Few of  the room mode ls address the e ffec t o f  
the surroUDdings on the fire , with many relying on a prescribed fire . Let us 
examine two classes of prob lems : fire in a closed room , and fire in a vented 
compartment . I will try to give soma background and a measure o f  success and 
application . 

3 . 4 . 1  Fir• in a Closed &oom 

Fire conditions in a closed room can be salved by the zane mode ling 
s trategy to give the depth and properties of the ho t upper layer formed by the 
collec ted fire gases . Typical mode ls cons ider no pressure rise for a room 
with a leak , which is characteris tic of conventional rooms in bui ldings . I t  
i s  possible to overcame this res triction . The basic theory was firs t put 
forth by Zukaski [ 21 ] , and later a computer vers ion was deve loped by Cooper 
[ 22 ]  which has seen popular use . That compute r  mode l i s  known as AS ET and i s  
l imi ted to j us t the c l o s e d  room . This zone mode ling app roach has yielded good 
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resul cs in :he predi c cion o f  che laver characceris cics in cime for smoldering 
fires [ 2 3 ] , and for a ,,ari e cy  o f  flaming condi:ions in comp l ex c los ed 
configuration. . In a series o f  experimencs des i gned co ces c che app roach : it: 
w u  found that t:he smoke laye r descent: is  p redic ced .,• r? ·..re i l  i.n  -: i :n e . �uc che 
cemperaeure results are only app roximaca ly ?rediccad s inc e :he ac :ual the r.nal 
stratification is more gradual enan the square -wave approxtmation of  the zone 
model [ 24 ] .  These experiMnts were doue in a cub ical room , 6 m on a s ide • •  a 
large ro011 . lensstou and Haglund [ 25 ] applied their 110del to an entire 
builcUns haviq a floor area of 1000 rl- and a height of 9 .  S m producing also 
good agre ... nt between the 110del and •uured results for the layer descent 
[ 25 ] . Nakgura [ 26 ) , using a 110re sophi.sticated zone IIOdel than ASIT , 
demonstrated good predictiv. ability for the layer temperature and descent 
rate for experiMnts conducted in a large exhibition hall with a doaed roof • 

• 2000 rl- of floor area and 19 . 2  m hip . Thus , this approach appears quite 
val id regardless of the scale of the fire and the coapartzaent . Of course , the 
fire source mu. t  be spec ified and is not influenced by the conditions in the 
compartment in any of these models .  

Field models have also been applied to this problem wi th  good results . 
The range of pre'Clicted variables is bas ically the saM u those of the zone 
models ; however , they can not: predict the degree of stratification. Cox at 
al . [ 27 ]  show good results for temperature and carbon dioxide distributions in 
experiMnts in a s iz·bed hospi tal ward. qaters [ 28 ]  has used the saM model 
to evaluate particular fire safety issues in buildinp \llldar deSipl. These 
iacludad the issue of safe egress time due to a fire in a larse airport 
cerminal , and the effect of inicial thermal s tratification of a fire in an 
atriwa space . 

3 . 4 . 2  Vented Compartments 

Field models do a good j ob at predictins the velocity and temperature 
dis tributions in compa:rtzaents including the flow at door or window veuts 
[ 29 , 30 ] . These verifications have been made for relatively small fires that 
only fill a small portion of  che room . 

· 

The use of the zone model for vented compartments was made possib le by the 
ab ility to predict the pressure - driven vent flows using a s imp le hydrostatic 
model with an orifice . qe nov have good confidence in this vent mode l . 
Recently , this model was proven to be very accurate for fire flows beeween ��o 
rooms with a fire room temperature as high as 1000 C [ 3 1 ] . In the app lication 
of  this hydrostatic model to the zone modelins approach , the added ass1.1111ption 
of unifom teaperatures in the upper and lower layers is invoked . To the 
extent that these uniformities occur and to the extent that the zone model can 
predict the layer teaperatures , the pressure - driven vent flows should be well  
predicted . �ere flows across  vents are due to instabilities or turbulent 
diffusion , such as the flow throush a s ingle ce iling vent in a heated 
compar�ent , we have no generally accepted way to compute the flow .  

A typ ical indication o f  the accuracy of  the zone mode l  capab ility has been 
reported by Mi tler and Rockett for the Harvard Fire Code ( 3 2 ] . An improved 
ve rs ion called FIRST has been deve loped for general us e .  In the ir comparisons 
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wi th ��o s imulated bedroom f i r e s , �hey ob tain good p redic t ions for lave r 
pos i tion , temperature and the pr imary combus t i on produc ts ( no t  CO ) , .,�n t  fl ow , 
and the burning rate o f  �he fire . !he mode l is  a l s o  c ap ab l e  o f  p r edic ting the 
surface temperature o f  a targe t and i ts i gni ::ion . � -=  a l s o  c an i. r.c : ·..;ca :!':.e oa l 
feedback e ffects to the fue l  provided the fue l p rope r t i a s  a r e  approp r i a te ly 
defined , aDd a compatible modal is supp lied for the fue l package of interes t .  
The Harvard ao�l has probab ly accounted for the effect o f  the surroundings on 
the fuel u auch or more thaD any other zone modal . But the capability s till 
nee� to be improved in dealing with feedback effects on the fire and for the 
cue of the fue l - rich fire . 

The probl .. of a roof-vented compar�ent fire , with a sufficient vent 
be low ,  wu studied by Thoiii&S and Hinkley nearly 25 years ago [ 3 3 ] . It was 
bued on the zone modeling approach , a� was intended for the s izing of roof 
vents in fire . The principles of that analytical method formed the bas is for 
several European venting s tandards , and a modified vers ion has now become the 
basis selecting the vent area in the s tandard , NFPA 204M [ 34 ) . A set  of  
des ign fires , described in terms of the ir rate o f  growth , is provided . Other 
needed information is the he ight of  the building and the configuration of  the 
curtain boar� . The vent area can be computed for a particular fire 
condition , or selected period of effective operation . A s tailar analytical 
.. thod has been included in ano ther s tandard [ 35 ]  which addresses the 
reco ... Ddad mechanical exhaus t capac ity for smoke control in a .ultitiered 
open cell block. Thus , we see that so• app lications of the zone modeling 
approach are finding their way into s tandards of recomm.ftded design practice . 

3 . 5  Fire Condi tions in a 
.
Bui l din& 

The zone modeling approach appears to be the only viable way to predict 
the conditioaa in a building due to fire . These conditioaa pertain to the 
motion of fire gases , the ir temperature and combustion product concentrations , 
and the speed at which spaces of the building fill with the sues . These 
computatioaa require mini - computer capac ity in the least . Also they would 
require j udsement in the way a building geome try is approximated in terms o f  
the necessary mode l input . All aspec ts o f  a building ' s  rooms and vents would 
not be feasible to include . 

A measure of the accuracy o f  zone mode ls in predic ting the fire condi tions 
in more than one room hu been described by Rocke tt , Morita and Cooper [ 36 j . 
they examined data from a re lative ly small fire in a series o f  three rooms . 
The results for temperatura and layer he ight ara estimated qui te we ll for 
each of the three rooms . Nakamura [ 26 ]  and Tanaka [ 3 7 ]  have demons trated 
computations for multi - storied buildings of up to 10 stories and 50 rooms . 
S tairwe lls or vertical shafts are currently treated as tal l roou . Ye lcnow 
this assumption is not satis factory once the plume gases fill the cross 
s ection of the shaft , but we do not have a measure of its inaccuracy or an 
alternative approach . A s imi lar limi tation applies to the mo tion of  fire 
sases through corridors , s ince the concep t o f  uniform filling from the top o f  
the corridor is not compatible with our observations .  This l imi tation wi l l  
caus e a dis c repancy when the c o rrido r  smoke trans i t  time is long compared t o  
i ts fi l l ing t ime . Again w e  d o  no t have a good measure o f  is sue . ��ile  i t  i s  
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pos s ib le , the zone mode ling app l icat ions to bui ldings have no t inco r�o rated 
the effec ts of the forced air heating and coo l ing sys tem , no r have addre s s e d  
the ini tial and amb ient condi tions that pe r tain to '' s tac k "  ( buo�/anc :r )  o r  ·.r ind 
e ffects . Althoush small spec i f i ed f i re s have been c o ns id� r � d  :� r : � �  �o s :  
pare in these applications , i t  is pos s ib l e  to cons ide r  large r fires  :ha t 
beco .. oxygen deficient [ 37 ] . Thus it  is poss ib le to predic t condi tions as a 
fire llisht spread froa rooa co room , buc we do noc have good experimental dau 
co support the assuapcions needed here . 

3 . 6  lffts; qf Firt qn tht s;;us;ura 

AD&lycical methods for predicting the load bearing capacity of  scruccural 
eleuncs in a fire are based on the current structural des ign me thods and the 
ability to predict the structural property data at high temperature . Much 
work has been done in this area , and suffic ient property data exis t to 
consider concrete , steel and even timber cons truction .  A good discuss ion on 
the state of the arc was recently prepared by Pettersson [ 3 8 ] . This approach 
considers a specified heating load to the s truc ture , and proceeds to compute 
the temperacure dis tribution , usually in two dimens ions , over time by a 
finite ;. el ... nc me thod . This is priJI&rily a heat conduction compucacion with 
the possibility of phase chana• 110de led for some materials . Sufficient 
confidence in this approach has led some European countries to accept a 
compucaciou to predict the failure cilia of concrete or steel be .. or column 
elements as exposed to a test fire , a time - temperacure curve representative of 
a s tandard furnace cesc . I have bean told that Sweden , Denmark and Norway 
have such provis ions in the ir national fire safe ty codes , and others are 
considerin& similar adoptions . 

In some of these applications , the fire heating load to the s cruc cure is 
computed from compar�nc fire mode ls or correlations for fully deve loped fire 
conditions . These siva the heating time - temperature curve in terms o f  the 
compar�nc size and thermal properties , vent area , and fue l load which is 
usually in based on data for wood cribs . Improvements are needed here . �e 
need better and more comp le te ways to predic t the p o s t - flashove r compar�ent 
thermal conditions for o ther fuel types and confisuz:oations . !'he thermal 
boundary conditions which express the trans fer of energy between the fire and 
the s cruccural elemanc need 110re attention . And heating effects o f  fire 
plumas co structures need to be charac terized . All o f  thes e  issues fall on 
the s ide of the fire and combustion sc ientist ; the s truc tural engineering 
ab ility appears to be in sood shape provided the heating condi t;ons can be 
es tablished . 

3 . 7  Efface of  Fire on People 

A maj or requirement o f  the fire safe ty des ign of  buildinss is the safe ty 
of peop le . Their ability to safely esress the fac i l i ty in a given pe riod o f  
time is essential . The fire behavior in a des ign calculation can de termine 
the critical times required for safe egress . Most current fire safe ty codes 
impose  exi t width requirements bas e d  on the type of fac i l i ty and i ts expec ted 
population . Time for e gre s s  i s  no t an exp l i c i t  requirement .  Bas ed on s tudi e s  
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o f  c rowd movement in bui l d i ng s  and exi t �ays , corre lat ions have been deve loped 
wh ich allow the c omputa t io n  of the p e op l e  movement s p e e ds , the numbe r o f 
peop le per uni t  t ime , and the. ove ral l e gre s s  t ime o f  the bui l d i ng p o pu l a t i on . 
A review o f  these  me thods and the s t a t e o f  :he a r t  has b e e n  g i ·:e n ·: ::  : : e: r. d !. �; 
( 3 9 ] , and a book on the subj ect has been trans l a t e d  from the Rus s i an 
li teraeure [ 40 ] . Kandik points out that only the building codes in the Soviet  
Union require a mathematical proof of the ir exit width requirement . � recent 
edition of the NFPA Life Safe ty Code 101 provides information on alternative 
calculations for determining s tair widths based on crowd egress tiae ( 42 ] . 

lie are see ing more and more cons iderations o f  matching the hazard time o f  

the fire with a computation of egress tille for the design population of the 
facility . For examp le , the exit des i gn  o f  a large enclosed seadiua wi th a 
capac ity o f  11 , 500 people was evaluated by computations of the smoke movement 
from a selected design fire and the traffic flow speeds of the spec tators 
( 42 ] . A formal adaptation o f  this process is  currently under cons ideration in 
J apan as a Fire Safe ty Des ign Me thod to be used as an alternative to the 
Building S tandard Law ( 43 ] . This des ign me thod addresses computations for 
smoke movement and peop le movement . 

For the most part the egress mode ls referred to above are independent of 
the affects of  the fire on the peop le .  A complete aualys is aus t  coaaider the 
effects of smoke on vis ibil i ty ;  the impairment , toleration and lethality 
caused by the fire and its products ; and the behavior of people in a fire 
environment . Ye are limi ted in our ab ility to quantitatively address all 
these effects . Huaan to lerance limi ts are not precise , and our ab ility to 
convert these affects into mathematical mode ls wi th a complete se t of 
variables will always be imperfect .  But for des i gn  or hazard analys is , it is 
poss ib le to addres s  some of these interac tions . Methodo logy which is 
indicative of the s tate o f  the art has recently been published and is being 
evaluated by an interes ted group ( 44 ] . This approach , limi ted to res idential 
s ingle - family dwellings , contains computations on the fire ; cri tical 
impairment to the people ; and the mo tion of the peop le baaed on behavioral 
dec is ions , smoke condi tions and a s imple traffic flow model . 

4 .  APPUCATIONS 

The review presented above has been qual i tative in that the specific leve l 
o f  the accuracy o f  the various me thods must be as sessed by an individual 
examination o f  the l i terature . Ano ther measure o f  accuracy is the wide spread 
acceptance of an approach by the scientific deve lopers , and i ts adoption by 
the engineers . I have tried to show some sense o f  that dimens ion . Many o f  

the analytical me thods are generic because of the ir wide use , but have been 
individualized in vehicles o f  execution • •  mostly computer codes . 

The application of thes' analytical me thods for fire safe ty have ranged 
from assess ing a particular feature of a new facility i� the design stage , to 

asses s ing condi tions in an exis t ing s tructure . They have been used to j us tify 
al ternatives to the spec ifications in bui lding regulations , and have been even 
inc luded in s tandards as p r e s c r ib e d  a l t e rna t ive s to traditional prac tices . I 
have t r i e d  to  g ive s ome no c ewo r �hy examp l e s  above , but I am sure that they 
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only represent: a small p ropo r � i on o f  the use o f  anal:rtical me thods by 
consul tancs , and che crend in the i r  us e has inc r e as e d  in r e c ent :rears . 

A more draaatic use o f  anal:n: i c a l  me thod in f i re i s  i :1  the r e c o ns : !'·.;c :: � on 
o f  an accidental fire disas cer . This is des ign analys is in r eve r s e , i n  that 
it .ugests what should have been done . Moreover , i t  provides a more 
quazu:itativ. bu is for escablisbin& r-dial action.s . The fact that 
resulatioaa aiibt � been violated before a fire disaster may have no thing 
to do vith the consequences of the fire . There hav. been several fire 
recoaatructions of real disasters · - sa.. due to a for.mal iaves tigation , 
others mostly due to litigation ov.r �ge claills . A recent analys is which 
used a very simple fom of &D&lytical relation.ships and computer models , but 
applied in a coaprehensiv. way , vas able to reconstruct the events o f  a fire 
growth in a hotel aDd its consequences [ 45 ) . T.be accuracy of the results 
appeared to be consistent vith the events , but that is not as significant u 
its illustration of the ab ility to quantitatively analyze a coaplex sequence 
of fire growth . 

S • FACTORS AFFECTING THE USE OF ANALYTICAL METHODS 

I sea three factors which are important to the use of &D&lytical me thods 
in fire safety . 

First , the results from scientific research suitable for des ign 
application must be assembled into a logical description for ease in 
Ullderstanding and learning . This is an educational and techno lo&Y trans fer 
process . Because the field of fire protection engineering has re lied on non· 
analytical techniques , the background required for these engineers to 
comprehend the &D&lytical methods must be provided in their training and 
for.mal edw:atioa . Text books are sorely needed . The use of user- friendly 
coaputer codes ailht tend to off - set the need for a comp lete unders tanding of  
the p�icular &��&lys is , but there is  a risk of their misuse . The user must 
have sufficient unders tanding t o  effec tive ly quest ion the computer answers ,  
and to app ly the computer code to prob lems wi thin its valid  scope . 

Second , research must contiuue to fill the gaps o f  knowledge needed by 
&D&lytical me thods in a timely manner .  If a me thod does not fulfi l  all of the 
expectations and needs of the des igner due to l imits in i ts sc ope , i t  could 
lose its appeal . Th�s loss is not necessarily due to its l ack of technical 
quality , but due to i ts comple teness . Speedy and p lentiful progr.ss has been 
l tlli tecl in developing the knowledge of fire safety by the comp lex nature of  
the fire probl• , its dependance on the maturity and analyt ical s tate of the 
related scientific disciplines , and the lack of great attention to its 
research . Mos t  of the analytical capability we see eme rging has had i ts bas is 
in fund••ental research . That fundaaental research has needed a luxury o f  
deliberate s tudy and evaluation t o  reach a sound conclus ion . Patience is a 
necessity here . qe have seen good progress  over the las t 2 5  years , but the 
mos t sys tematic aDd fruitful progress wi th bene fi t to de s i gn has come when a 
number o f  res earchers have focus ed on s imilar research issues with resources 
for long range s tudies . 
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Third ,  a good dialogue mus e exis e be cween ehe researcher and :he 
prac e i eioner . Des ign p rob l ems mus e be idene i fied and fo rmulaeed by che fire 
safe ty engineer and o ffic ial ,  and are iculated e ffec t ive ly co the : e s e archer . 
In many cues , ehe rese arch deve l opments have mo t i•tated p ro g r e s s  i �  ·.:ic: s !. &n 
applicaeioaa . Fire researche rs tend to p ick prob lems o f  inte res ting 
scientific challenge and logical exeeaaion of existing research . Fire s afe ey 
research a.eda more direction fro. the practicina co..uni ty , espec ially by 
Chose � � gaiaed an appreciation of analytical capab ilities . 

· 

6 .  FUrUU PROSPECTS 

Based on the recent interests in analy1:ical methoda in fire safety , we are 
l ikely to see their increuiq use . The ability of accessing analytical 
.. thods by personal computers is acce leratins ehe ir use . The research 
davelo,.ents are not advancins u swiftly u ehis erans fer process . This may 
ul tt.&te ly disappoint some . 

A computer fonaat for ehe transfer o f  analy1:ical u thoda may serve to 
cloud lalovledse rather 1:ban trans fer i t .  The issue o f  one method versus 

. &DOther v1ll always be present , and s tandard computer bencbllark codes v1ll 
haft to be rigorous ly developed to ll&ke these evaluatioas . The bencbaark 
codas v111 � to be j w:tsed by scientific peer review . 

Analy1:ical methoda vill influence the way we test compoaents for 
at1:ributes of fire safety . Data for components vill be needed in a fom 
required by the mathematical mode l . The model itself will es tablish the form 
of the data . The 110re seneral the results , the more the ir use will beco• . 
Oltt.&tely this will chaqe ehe nature of our exis ting fire tes1: uehods , and 
influe��ee the way we express our codes and sundarda . The feas ib iliey of 
predic1:iq the fire growth and ehe egress of peop le in a larse buildiq is 
possible . I ts acceptance as a viable analy1:ical u ehod v1ll alter the way 
accepted levels of fire safety are expressed . Analy1:ical •thoda have now 
siven us 110re information and more variab les . Our criteria for safety IIIUS t 
now be couched in ehese new terms . This wi l l  take cont inual discus s ion and 
reconciliation with current practices . 
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PDB PllOTBCTION ENGINBBRING APPLICATIONS Cll DBTEIUIINISTIC MOOBLS 

Ras s e l l  P .  lll eaiaa 
National llire Spriatl er As soc iat ion 

4 Rob ia Bill Park. P . O .  Box 1000 
Patterson. NY 12563 

ABSTIACT 

P ir• prote c tion eaa iaeera work ia a au.b er of d i fferent area s .  aaay 
of which o aa b ene fit froa the use of  analyt ical aethoda . Thi s paper 
addre s s e s  the appl ic at ion of deteraiaiatio aode la  ourreat ly ia us e 
by prao tio iaa fire protec tion eaa iaeera . aad focuse s  aaialy oa the 
uae of two rel ated aode l a .  the DErACT-QS and DErACT-12 aodel a .  as 
deve loped at the Nat ional Bureau of StaD4arda Ceater for ll ire Re se arch 
aDd proaoted throuah the Soc iety of P ire Protection Eaa iaeera . Aloaa 
with a basic de script ion of the aod e l a  aD4 the ir deve lopaeat . exaapl ea 
are a ivea of the ir appl icat ion to several are as of fire protec tion : 
f ire protec t ion aya teaa dea iaa. fire iave at ia at ioa. and standard s 
developaeat . Add it ional di aoua a ioa i s  provided re l at ive to the use 
of  other deteraiai atio aode l a  ia buildiaa dea iaa. aaoke ooatrol ayatea 
dea iaa. aD4 build iaa c ode deve lopaeat . 

The paper iao lud e a  a di aouaa ioa of us er aeeda aad ooao lude a  that ia 
order to fac i l itate the us e of deteraiaiatio aodela it  aay be  aeo eaaar.y 
to aubait thea to the ooao eaaua standards approach. peraitt iaa ataadard­
iaat ioa of critical  aaauapt ioaa . 

1 .  IN'l'R(I)UCTION 

Deteraiai a t io ae thod a aad aodela  are those which involve a predic t ion 
of re sults b aaed oa kaowa phys ic al variab l e s . Thi s ideat ifio at ioa 
of kaowa phys ic al variab l e s  aD4 the ir re lat ionships is what d i a t iaa­
uiahea de teraiaiatio ae thoda froa auaerio al arad iaa ae thoda or prob ab il i s­
tic aethoda of analys is . More thaa aaythiaa e l s e .  the app l ic at ion 
of deteraiaiatio aethoda c onst itutes what we oo .. oaly thiat of as 
the prac t ic e  of eaa iae eriaa . llor the purpos e s  of this p aper.  a aatheaat­
io a l  re lat ionship deaorib iaa a part icular proc e s s  or pheaoaeaoa is  
ooaa idered a deteraiai a t io aethod . whil e  a oo�uter proaraa written 
to haud l e  a oo� l io ated ae thod or aeries of aethoda is ooaa idered 
a de teraiai atio aod e l . 

Be fore a deteraiai a t io ae thod or aod e l  o aa b e  aade availab l e  to prao tio iaa 
eaa iaeera . the phys ic al var iab l e s  o f  a part icul ar proc e s s  or pheaoaeaoa 
aua t b e  ident ified aad ·corre lat ions b e twe en the var iab les estab l i shed 
by re searchers . This has b eea s low ia ooaiaa ia the field of fire 
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protect ion ena ineeriaa due to the co.,lexitiea  of f ire phenoaena . 
As a re aul t ,  today ' •  f ire protec tion ena ineer re l i e s  heavily on preacrip­
t ive approache s ,  with only a few appl ic at ions of analytical aetho4 a ,  
aoae of which are deteraini atic and aoae of which are of the nuaeric al 
aradina type . 

2 • CCIIIION DBTBIIIINISTIC JIETII(I)S AND JI(I)BLS 

The fire apriDkl er industry e8ploya deterainia t ic aethoda aore thaa 
aoat  other areas of f ire protect ion, due to the he avy interfac e with 
the aore-e atab l i ahed field of hydraul ic s .  The aoat  basic deteraini a­
t ic aetho4 in wide use in our indus try i s  the c alcul at ion used to 
predic t flow froa an ind ividual apriDkl er : 

Q - 1: (p) 1/2  ( 1 )  

where Q i s  the flow froa a apriDkl er in IP•• P i s  the total pre s sure 
at the apriDkler in p s i , and 1: is a di achara e coe ffic ient of the apriDkler 
or aoaal e . Thi s de teraini atic aetho4 has b een in co .. on use for decades 
and i s  fuadaaental to the hydraul ic dea ian of a apriDkl er ayatea . 

A aore e l aborate de teraini a t ic re lat ionship also  in co  .. on use i s  
that deve loped by Baaen and Will iaaa for fric tion l o s s  i n  p ipiaa : 

4 . 52 cr · 85 

p - ( 2 )  

c1 · 85 d4 . 87 

where p i s  the fric t iona l re s i s tanc e in p s i  per foot of pipe , Q is  
the flow in apa, d i s  the internal diaaeter of  the p ipe,  and C i s  
a frict ion los s coe ffic ient rel at ina to the expec ted rouahae a a  o f  
an aaed a a., l e  o f  p ipe . 

It i s  intere a t ina to note that when b¥draul ic c alcul a t i ons were first 
peraitted for wide spread us e by the NFPA apriDkl er installat ion s tandard 
in the early 1 970 s ,  hand c alcul ations e8ploy ina the above aetho4a 
were the aora, a s s i s ted by tab l e s  o f  prec a l cul a ted •fric t ion fac tors . •  
The added coap l ex i t i e a  o f  looped and ar idded p ip ina networks , however, 
have now led the indus try to us e co.,uter aod e l a . Ke l ly [1 ] ha s described 
the charac te r i s t ic s  o f  aore than a doz en such aodela  pre sently be ina 
aarketed in thi s country . 

With rea ard to f ire phenoaena, there are a l so aoae relatively a iBp l e  
deterainiatic aetho4a avai l ab l e .  Lawson a nd  Quintere have co8p i l ed 
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a au.b er of the s e .  which provide a deteraiai stio b a s i s  for e s t t.at iaa 
the arowth of f ire ia oo.,artaents aad its  ooas equeno e s  [2 ] . Ind ic ative 
of the state-of- the- art . however. the equatioas oftea apply oaly to 
spec ific fue l s  or oondit ioas . 

A auaber of deteraini s t io f ire aodels  have b e ea developed ia reo eat 
years . Bu4aiok and Wal ton [3 ] have l i s ted 14 zoae type deteraiai s t io 
fire aode 1 s  pre sent ly in the pub l ic doaaia (Tab l e  1 ) . aloaa with 10 
spec ial purpose fire aodel s ( Tab l e  2 ) . Whil e these aodel s aay be  
ia  the pub l ic doaaia. very few are ia  use  by prao tio iaa f ire proteo tioa 
eaa iaeers . Based oa the d i s tribut ioa of proaraa d i sks by the Nat ioaal 
Bure au of Standard s aad the Soc iety of Fire Protec t ion Baa iaeers.  
it  i s  e s t iaated that ASEr aad DErACT have s een the wid e s t  o iroul atioa 
and are ia the hands of about 300 eaa laeeriaa offic e s . FAST i s  aest 
ia l iae with ab out 100 cop i e s  di stributed . 

co.,ared to the sprinkler hydraul ic s proaraas . the fire aodels  are 
see iaa very l i ttle use ia prac tice at the pre s eat t iae .  They are 
soaet iae s  be ina appl ied to special  prob l eas and s i tuatioas by individual 
eaa iaeers . but are c ertainly aot in the aa iastreaa. Neverthe l e s s . 
use of the se proaraas o aa b e  a powerful tool ia the hands of the f ire 
proteot ioa eaa ine e r .  

3 .  A SAIIPLE DETEUINISTIC FI:U JICI)EL : DETACT 

The DErACT aode l s  deve l oped at the Nat l oaal Bureau of Standards Ceater 
for Fire Re search. b a sed on work doae at Fac tory Matual Re search Corpora­
t ioa and e l s ewhere. provide aa eso e l l eat esa.,l e of the raaa e of us e s  
t o  which a de teraiai s t io f ire aodel o aa b e  put i a  ourreat f ire proteot loa 
eaa iaeeriaa . 

Ia the past f ifteea year s .  a areat deal of e ffort has b een put lato 
the developaent of a aethod to predic t the operat iaa t iae s  of  heat 
detec tors and sprinkl ers . Thi s e ffort is arouaded ia re search aiaed 
at a b a s ic uaderstaad iaa of the te.,erature s aD4 veloc i t i e s  of o e il iaa 
air flow produc ed by fire s .  The first such work b rouaht to the atteat lon 
of the prao t io iaa f ire protec tion eaa iaeer was that of Alpert [4] . 
who ia 1972 pub l i shed a teohaio al art i c l e  which oont a iaed corre l ations 
of o e il iaa flow te.,erature and veloc i ty with total heat rel e a s e  rate 
froa steady state fire s . 

The d irec t appl icat ion of  the se  oorre l at ioas to the predio t ioa of 
re spoas e t iae of de tec tors and sprinkl ers was aot pos s ib l e  uat il the 
aeasureaeat of theraal seas i t ivity of detec tors and sprinkl ers was 
p ioae ered by Be ske s ted and Smith [ 5 . 6 ] . T.hrouah the use of the pluaae 
t e s t .  the theraal iaertia of the detec tor or sprinkler c ould be  quaat l­
f ied . Thi s property was first  ident ified as the t iae ooas taat or 
•tau fac tor• . which was depeadent oa the veloc i ty at which it was 
aea sured ia the pluaae tes t .  Later. the tera Rri ( Re spoas e Tiae lades) 
was c reated by mul t iply iaa the t iae o oastaat by the square root of 
the veloc ity at  which it wa s de terained [7 ] . The Fac tory Mutua l re search­
ers d e t e rained that thi s produc t could be used as  a b a s ic property 
of the d e t e c tor or spr iDkl er. s iao e it  was e s s ent ially iadepeadeat 
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of b oth a a a  te.,erature and veloc i ty .  

Rec ent ly the c onc ept of the Rri as oria inal ly defined has been ohall ena e4. 
b aaed on evidenc e that conduc tion of heat away froa a sprinkl er operat in1 
el eaent to the spr inkler body. the p ipe fittina . aDd the water in 
the p ip ina o an inc rease the Rri. e spec ially at re lative ly low aa• 
te.,erature a aDd veloc i t i e s  [ 8 ] . Thi s has l ed to a proposed aodifioat ion 
of the Rri conc ept to incorporate a conduc t ion tera. but ha s l e ft 
the b a s ic app l i c at ion unohanaed a s  the key to predio t ina detec tor 
aDd sprinkl er re sponse t iae a  [ 9 ] . 

Two separate ooaputer mode l s  are pre sent ly be ina used to pred ict  sprinkler 
aDd de tec tor re sponse : DErACT-QS and DErACT-12 . DErACT-QS is baaed 
on Alpert ' s  1 972 corre l at ions . while  DErACT-12 is b aaed on experiaenta 
c onduc ted for the F ire Detec t ion Institute in the l ate 1970 • by Be ake a te4 
aDd Del iohata ioa [10 ] . 

Both DErACT-QS aDd DErACT-12 were written at and are avai l ab l e  froa 
the Nat ional Bureau of Standard s  Center for Fire Re se arch [11 ] . 

The DErACT-12 proaraa i s  re stric ted to appl ic at ions in which the fire 
inc reas e s  in heat release rate proportional ly with the square of t iae 
froa ianit ion. such that : 

( 3 ) 

where 4 i s  the he at re lease rate . a i s  a cons tant . and t i s  t iae .  

A l ara e nu.b er o f  f ire s have b een found to exhib it this type o f  a rowth 
rate . As a re sul t .  fire re searche rs have dea ianated several •ataDdard 
t-aquared• heat rel ease curve s .  The s e  rana e froa a •s low• fire arowth 
curve which re ache s 1000 Btu/ sec in 600 aeooDda to an •ul tra-fast• 
fire arowth curve which reache s  1000 Btu/ aeo in 75  second s . The DErACT-12 
proaraa was aade po s s ib l e by Beyl er ' a  corre l at ions of Be ake ated aDd 
De l iohata ioa ' data [ 12 ] . 

DErACT-QS i s  c apab l e  of  use with any arb i trary he at re lease rate hi story . 
The ene ray release rate of the f ire is  repre s ented by a a e r ie s  of 
atra iaht-l ine aeaaenta c onnec t ina iDd ividual data po ints of  t iae aDd 
as soc iated total heat re lease  rate . Fo r rap idly-deve lopina fire s  
aoae inaccurac i e s  aay be  introduc ed unl e s s  the quas i-steady approxiaat ion 
i s  taken into account . Thi s aeana that the aod e l  i s  aa auaina that 
chana••  in the he at re l e a se rate at the f ire sourc e are imaed iately 
affec tina the aa• flow pas t the sprinkl ers or de tec tors . 

Both of the proa raaa analyz e re sponse uDder l arae unconfined o e il ina a .  
b aaed on the experiments which l ed t o  the te�erature and ve loc ity 
correlat ions . 
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4 .  FIRE PI.OTECTION ENGINBBRING APPLICATIONS OP DETACT 

4 . 1 F ire Protec t ion lr• t••• Dea ian Appl ic at ions 

The fire teat aeries that provided the basis  of the DETACT-12 proaraa 
waa initially used to write Append ix C of NFPA 72E [13 ) , with verific at ion 
froa a aeries of furniture te s ta at the Nat ional Bureau of StaD4azda . 

Append ix C of  NFPA 72E addre s s e s  apac ina of he at detec tors aD4 was 
pub lished as p art of the ataD4azd for the f irst t iae in the 1984 edit ion . 
It is  intended to provide a ae tho4 for aod i fyina the l i s ted apac ina 
o f  both rate-of-rise an4 f ixed te�erature heat detec tors to achieve 
detector reaponae to flaaina fire s at a spe c i f ic fire a lae , tat ina 
into account the he iaht o f  the c e il ina on which the detec tors are 
aounted and , for fixed teaperature detec tors , var iat ions in the &ab ient 
rooa teaperature . 

The append ix recoaniae a  that ex iat ina l i sted apac ina • for he at de tec tors 
are b aaed on re lat ive ly l ara• ( 1200 Btu/ sec ) fire s  burnina at a constant 
rate . The allowab le apac ina a iven any de tec tor in ita ! latina is  
that which shows coaparab l e  response to a 160°F ataD4ar4 sprinkler 
ins talled on a 10 foot by 10 foot apac ina . 

The tab l e s  that appear in Append ix C were not b aaed d irec t ly on DETACT-12 
but rather a Fac tory Matual aode l .  Neverthe les s .  the DETACT-12 proaraa. 
s inc e it i s  b aaed on the aaae experiaental data. provid e s  c lose results . 
An extena ive aeries of  tab l e s  a enerated ua ina DETACT-12 has b een pub l i shed 
by the Nat ional Bureau of Stand ard s  [14) . 

Ua ina the tab l e s  within Append ix C of NFPA 72E, a t iae cons tant value 
for a fixed-teaperature de tec tor is first e a t iaated b aaed on the l i s ted 
apac ina of the detec tor . Thi s t iae c ons tant is then used as input 
to the t ab l e s . alona with the d i ffe renc e b e tween de tec tor rated teaperature 
aD4 expec ted &ab ient rooa teaperature . c e i l ina he iaht , expec ted fire 
arowth rate , and des ired thre shold fire a lae at the t iae of de tec tor 
re sponse . The tab les provide the al lowab l e  apac ina of detec tors to 
achieve thi s des ired thre sho ld fire s ize . Sep arate t ab l e s  are provided 
to evaluate rate-of-rise detec tors . 

Ua ina the DETACT-12 proaraa. input cons i s t s  o f  &ab i ent rooa te�era­
ture , de tec tor Rri aD4 ac t ivat ion te�erature . detec tor rate of rise  
c r i teria,  c e i l ina he iaht , d e tector apac ina . radial  d i s t anc e froa the 
c enterl ine o f  the fire to the detec tor . and cho ic e of s low. aed iua, 
fas t or other fire arowth rate . The output is  a t iae o f  de tec tor 
ac tuat ion . 

Either ae tho4 peralta the fire protec t ion ena ineer aoae dearee o f  
control over the expec ted perforaanc e o f  a de tec t ion aya tea . 

4 .2 F ire Inve a t iaat ion Appl ic at ions 

F ire inve a t iaat ion and recons truc t ion prob ab ly p rovide the b e a t  current 
appl ic a t ion for deterainia t ic fire aode la  for one aa in reason :  the 
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universe of var iab l e s  i s  small e r .  A spe c i f ic o aae rather thaa overal l 
build ina fire safety is  to be  c ons idered . In the aftermath of a fire .  
the point of oria in and initially involved fue l s  are oftea kaown. 
aDd informat ion on spec ific rooa aeoaetriea  and oharao teri a ito a o aa 
be  used as iaput to a mode l .  Furthermore . the output i s  often used 
only to enhanc e ena ineeriaa J udaeaent . so the val idi ty  and aoouraoy 
of the model i s  not b e ina depended on for ac tual buildiaa safety . 

Several memorab l e  f ire inve a t iaat iona have emp loyed de teraiai a t io 
ae thoda . One of the earl iest was Em.ona ' hydraul ic model ina of corridor 
a a a  flow at the Beverly Bil l a  Supper Club f ire of 1 977 [ 15 ] . Moat  
rec ently . Nel son employed a nu.b er of individual determini stic aethoda 
aDd mod e l s  in hi s analy s i s  of the Dupont Pl az a Hotel fire [ 16 ] . 

In the l atter ha l f  of  1 985 I was ab l e  to use the DETACT-QS aodel a s  
a maj or t o o l  i n  a analy s i s  of  one o f  the other wel l-pub l ic ized fire s 
of  the decade : the Six Flaa s  Great A4veature •Haunted Castle• fire [ 17 ] . 
The analysi s wa s performed to  determine if  it  was l ike ly.  a s  s tated 
in defense expert witne s s  teatimoD¥ . that if sprinklers had b een installed 
in the walk-throuah amusement fac i l i ty.  they would have suppre s sed 
the f ire only after the deve lopaent of l e thal c ond i tions in the vic inity 
o f  the e iaht teenaa era who were killed . 

To the extent pos s ib l e the analys is  re l ied upon aaaumpt ioaa aade by 
the de fense expert witne s s e s . The se  inc luded assumpt ions as  to the 
l ikely t ime of fla shover of the room of fire or ia in ( three minute s )  
and assumpt ions a s  t o  the type (dry) and spec ific dea ian o f  the sprinkl er 
aya tea which would have b e en installed . Anothe r key assumpt ion made 
by de fens e experts was that for the first 90 aeooDd a  of the fire . 
an exhaus t fan loc ated over the po int of  fire oria in was assumed to 
have removed the heat  and smoke froa the f ire . Thi s nec e s s itated 
the use of the DETACT-QS proaram rather than DETACT-12 . so that the 
app arent he at release rate of the fire could be mod ified to a iaulate 
thi s loss of he at . 

Based on the se assumpt ions . the analy s i s  proc eeded with the fo llowina 
s teps : 

1 .  Se l e c t ion of Model F ires 

A ainimum rate of he at re lease nec essary for room flashover was 
e s t imated b aaed on the aeoaetry of the openina a in the room of 
fire oria in ( the Strobe  loom) ua ina a rul e-of-thu.b deve loped 
by Bab rauskas [ 1 8 ] . Dete rmined by a heat b a l anc e in the upper 
a a a  l ayer. thi s  repre sented the s iz e  of a oona tant ly-burnina 
fire which could produc e flashover . Baaed on this value aad 
the as sumed t iae of flashover.  the •ul tra-fast t-aquared fire• 
wa s selec ted as the mode l .  on the bas i s  that it reache s  6 Kl 
at 1 80 second s . For the sens itivity ana lys i s .  a second fire 
arowth curve was deve loped b aaed on the s ame key po int o f  6 Kl 
at 1 80 seconds . Thi s curve repre sented a faater-a rowina fire . 
in which heat re lease  was proport ional to the fourth powe r of 
t iae . 
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2 .  Confiraat ion o f  Fue l Load 

The ab i l i ty of the c o�ua t ib le wal l a  aDd c e i l ina • of the Strobe 
looa to produc e a 6 KW fire wa s conf iraed by a review of Park 
Se rvic e testa  c onduc ted at the NBS in rooaa with a iai l ar fue l 
load s . 

3 .  Plac eaent of Mod e l  F ire 

The fire was aa auaed to s t art at a po int thre e feet  b e low the 
c e i l ina at one end of the Strob e looa on the vert ic a l  surfac e 
o f  a flex ib le po lyure thane foaa p ad .  in accordanc e with trial  
te a t iaony . 

4 .  Se lec t ion of Spr inkler Sens it ivity 

Three d i fferent s ens i t ivit ies o f  spr inkler re spons e were s e lec ted 
for !nalyl1! • Re sponse t iae indexes  ( Rrl )  of 50 . 210 . and 500 
ft1/  sec were used to re spect ive ly repre sent quick re sponse 
sprinklers current ly availab le .  the aoat  s ens it ive standard sp rinklers 
ava i l ab le at the t iae the Haunted Cast le was c ons truc ted . and 
s t and ard sprinklers toward the least  sens i t ive end o f  the apec trua . 

5 .  Mod i f ic at ion o f  Mode l F ires  to St.ulate Aa suaed F ie ld Cond it ions 

The two fire arowth curve s we re aod ified by e l iainat ina a laost 
all  he at re lease for the first 90 seconds . re auaina to ful l  he at 
re l e a s e  at 100 second s  into the f ire . This repre s ented the aa auaed 
influenc e of the exhaus t fan . 

6 .  Calculat ion of Spr inkler Operat ina Tiae a 

The mod if ied f ire a rowth curve s .  alona with fire po int sourc e 
and spr inkler sens it ivit ie s .  were used aa input to the DErACT-QS 
proa raa .  The heat re lease  rat e s  were doub led dur in& proa raa 
input to re flec t the fac t that the fire was loc ated aa aina t a 
wal l .  reduc ina a ir ent ra inment aDd inc reaa ina the te�erature 
of the fire a a s e a . Sp r inkler loc at ions were b aaed on dea ian 
drawina a prepared by de fens e expert witne s s e s . 

7 .  Mod ific at ion o f  Sprinkl e r  Operat ina Tiae a for Qaaa i-Ste ady 
As aaapt ion 

The sprink l e r  operat ina t iae a p red ic ted by the DETACT-QS proa raa 
we re inc r e a s ed by 1 second per me ter of d i s tanc e b e tween the 
sprinkler and the fire to acc ount for the flow t iae needed for 
the hot a a a e a . The re sults  ind ic ated that the t iae of first 
sp r inkler op erat ion fo l lowina ianit ion would depend on the spr inkler 
sens it ivi ty and the f ire arowth curve . and would rana e from 98  
to 122 second s . 

8 .  Calcul at ion of Dry P ipe Valve Tr ip Tiae 

The t iae taken for 
·
a dry p ipe va lve to t r ip after first sprinkler 
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operat ion was c a lculated . tak ina into cons iderat ion the operat ina 
t iae s o f  the second and suc c e s s ive sprinkl ers us ina a aethod 
deve loped at Fac to� Matual [19] . It was deterained that sys tea 
d� va lve trip t iaes ranaed froa 14 seconds with the 171 50 sprinklers 
in the t-squared fire to 22 seconds with the Rri 500 sprinkl ers 
in the t-fourth f ire . 

9 .  Calculat ion of Water  Trans it Tiae 

Us ina a aode l  deve loped by Fao to� Matual [ 1 9 ] . the t iae taken 
for water to trave l from the systea d� valve to the first open 
sp rinklers was c alcul ated and found to ranae froa 4 seconds fo r 
the Rri 50 sprink l ers in the t-squared fire to 9 seconds for 
the Rri 500 sp rinklers in the t-fourth f ire . 

10 . Co�ar i son o f  Pred ic ted Water De l ive� Tiae to Fie ld Te sts  

As  a c heck on the va l id i ty o f  the d� valve trip and water trans it 
aod e l s . a c a lculat ion was aade of expec ted t iae of water de l ive� 
to a s imul ated inspec tor ' s  test  connec t ion and co� ared aa a ins t 
survey re sults for sys teas of s iai l ar shape and s ize . The c o� arison 
indic ated aood corre lat ion . 

11 . Ca loulat ina Tota l  Tiae o f  Water De l ive� to F ire 

Co� in ina the pred ic ted init ial sprinkler operat ina t iae with 
the va lve trip t iae and water trans it t iae .  the total t iae froa 
the s t art o f  the fire to water de l ive� was determined to rana e 
from 116 to 154 second s . In all  o as e s  the water d e l ive� t iae 
wa s found to take plac e  prior to Strob e looa flashover at 1 80 
second s  into the fire . 

12 . Coap ar i son of Mode led 2e sults to Ezper iaent a l  Data 

To c heck the reasonab l ene s s  of  the DErACT proaraa input .  a oo� ari son 
of o e i l ina teaperature profiles  was made b e tween the s t.ul ated 
fire s  and a c orr idor te s t  conduc ted at the Nat ional Bure au o f  
Standards in 1 976 [20 ] . The t e s t  invo lved a ve� s iailar aeoaet� 
and co�us t ib l e  wa l l  and o e i l ina finish . The ooap arison ind ic ated 
aood c orre l at ion b e tween the two s e t s  of data for c e i l ina teaperatures 
at the one-third . c enter, and end points o f  the corr idor . Sinc e 
the NBS test  was s topped when f l ames re ached the far end o f . the 
corridor and was not permitted to 10 to flashove r .  the ooap ari son 
also ind ic ated conservat ive assuapt ions were used re lat ive to 
the s imulated fire arowth his torie s . 

13 . Calculat ion o f  Sprinkler D i sohara e Dens it ies  

Us ina a sp rinkler hydraul ic s aode l .  the water dischara e dens i t i e s  
which would result from openina as  aany as  thirteen sprink lers 
were c alcul ated . and dete rmined to be we l l  in exc e s s  o f  that 
needed to suppre s s  the fire . 

14 . Review o f  Te sts  to Determine Suppre s s ion Ab i l ity o f  Sprinklers 
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Conc lus ions from two s ep arat e t e a t  p rosrama c onduc ted at the 
Nat ional Bureau of St andard s  were us ed to demons trate that c ontrol 
of fire on upper wal l a  and c e i l ins a would have b e en achieved . 

15 . Review of Te a t s  to Determine Life Safe ty I�ac t of Sprinkler 
Suppre s s ion 

The l i fe s a fe ty i� ac t of spr inkler suppre s s ion was addre s s ed 
throush re ferenc e  to NBS t e a t  p ros rama which ind ic ated that i f  
flashover of the room of fire oris in ia  prevented . l i fe-thre atenins 
condit ions do not deve lop in remote are as . 

16 . Calculat ion o f  Life Safety Imp ac t o f  Sprinkler Suppre s s ion 

The l i fe s a fe ty i�ac t was also  addre s s ed throush a c a lculat ion 
me thod ua ins an LC50 of 40 ms/ l iter for both flex ib le po lyure thane 

· and p lywood . A va lue of thre e t ime s  the LC50 was as sumed aa 
s a fe for the two to thre e minute exposure nec e s s ary to ex it  the 
bu i ld ins . Aa aumins a l l  p roduc ts of combust ion we re sp re ad evenly 
throushout the top ha l f  of the corridor apac e outward from the 
fire sourc e .  the l ensth of hazardous c orridor ove r t ime was e s t i­
mat ed . It was determined that at the t ime o f  water  d e l ivery 
to the sprinklers . haz ardous c ond it ions would have been confined 
to the Strobe Room or short ly out s ide . Howeve r .  within another 
60 seconds of unsuppre s s ed fire . hazardous c ond i t ions were pred ic ted 
to have spre ad b eyond the are a where the teenasera were k i l l ed .  
and throushout the ent ire Haunted Cas t l e  in l e a s  than four minute s  
from the s t art o f  the fire . 

The ana lys i s  made it c le ar that s everal fac tors had b een overlooked 
in the trial  test imony . St art ins from the po int the exhaust fan was 
ove rwhe lmed . it  was assumed that sprinkler operat ion would have proc eeded 
aa if  a sma l l  fire was jus t  a t art ins out . Ins tead .  a l arse and s rowins 
fire was we l l  under way . and would have re sulted in fast operat ion 
of even the s lowe s t  s t and ard sp rinklers . Al s o .  the e s t imate of the 
de l ay t ime c aused by the hypothe t ic a l  dry sys tem was b aaed on typ ic al 
water  d e l ivery t ime s as soc iated with d ry p ipe va lve t r ip t e a t s  in 
which a a ins le sprinkler ia opened . For a s rowins fire s ituat ion . 
the rap id op enins of add it ional sprinklers would have sub s t ant ially 
reduc ed trip t ime . re ault ins in a short er wat er d e l ive ry d e l ay .  F inally .  
the e s t imat e  of the ab i l ity of spr inklers t o  provide l ife s a fe ty was 
b a a ed on the re s ident ial  sprinkler t e a t  prosram .  The primary intent 
of the re s ident ial sprinkler pros raa .  however .  was the deve lopment 
of a low-c oat  sys tem c ap ab le of auppre a a ins fires with very l imited 
wat er supp l ie s . Unl ike the re s ident ial sprinkler t e a t  aya tema . the 
sys tem ins t a l led in the Haunted Cas t l e  would have b een c apab l e  o f  
d e l ive r ins hish water app l ic at ion d ens ities  without fue l ahie ld ins . 
Al s o .  the re s ident ial sprinkler prosraa was a imed at maint ainins tenab l e  
condit ions within the room o f  fire oris in . In the Haunted Cas t l e  
the d eaths oc currred some 100 fee t  down a twi a t ins corridor from the 
room of fire oris in . 

79 

Copyright © National Academy of Sciences. All rights reserved.

Report From the 1987 Workshop on Analytical Methods for Designing Buildings for Fire Safety
http://www.nap.edu/catalog.php?record_id=19114

http://www.nap.edu/catalog.php?record_id=19114


The anayl s i s  conc luded that if  a properly d e s isned and ma int a ined 
sprinkl er sys tem had b e en in the Haunted Castle  at the t iae of the 
fire . it  is l ikely that the los s of l ife would have b een prevented . 

An analys is  of this type shows the strens th of the determini s t ic .ode l s  
ava ilab le to the fire p rotect ion ens ineer as  p art of an overa l l  analyt ical 
approach . In a l l . three d i fferent determinis t ic mod e l s  and four s t.p le 
determinis t ic me thod s  were e� loyed . alons with re ferenc e  to ne ar ly 
a dozen other experiaental prosrams for purpos e s  o f  b a s ins as s�t ions 
and check ins reasonab l ene s s  of c alculated re sults . 

4 .3 St and ard s-Jrit ins Applicat ions 

In a s ens e . the us e of a de tec tor ac tuat ion mod e l  to c reate the t ab l e s  
within Append ix C o f  NFPA 72E was an ex � l e  o f  s tandard s-writ ins 
app l ic at ions of determini s t ic mod e l s . A re l ated e ffort i s  current ly 
und erway in the sprinkler field . 

One of the b iss e s t  ohallens e s  current ly fao ins the writers of sprinkler 
ins t a l l at ion s t and ard s is  how to addre s s  the us e of quick re spons e 
sprinklers . The re s ident ial sprinkl er and the ESPR ( Ear ly Supp re s-
s ion Fast Re spons e )  sp rinklers were e ach deve loped as a type of fast 
re spons e sprinkler int ended for spec ial  app l ic at ion.  with ins t a l l at ion 
criteria deve loped as p art of the s ame test  prosram as produc t deve lop­
ment . Lis ted quick re sponse sprinklers . however .  were deve loped s t.p ly 
by putt ins fast re spons e into sprinklers qualify ins as s t and ard sprink­
lers . At p re s ent there is no spec ific ins t a l l at ion suid ano e availab l e .  
and i n  fac t the re i s  some c onc ern that the use o f  quick repons e sprinklers 
under s t and ard sprinkler des isn c r iteria may b e  d i s advant as eous . 
The conc ern is  that if  the quick re spons e sprinklers fail  to suppre s s  
the fire early .  the he at re leased durins a •c ontrol• mode may ac t ivate 
an exc e s s ive nu.b er o f  sprinklers . ove rtax ins the water supply and 
lead ins to sys tem failure . 

The Nat iona l Fire Protec t ion Re s e arch Found at ion is  add re s s ins thi s  
c onc ern throush its  QDiok Re spons e Sprinkler Re s e arch Proj ec t .  The 
proj ec t has inc lud ed a series  of t e s t s  intended to me asure the supp re s­
s ib il ity of two fairly s evere fue l p aokas e s : an uphols tered furniture 
c orner sc enar io and a 6-foot hish arrans ement of polys tyrene cup s  
i n  oorrus ated c ardb oard c artons . In the s e  t e s t s . modeled after Fac tory 
Mutual ' s  BDD ( Required De l ivered Dens ity)  work in the development 
of the ESPR sprinkl e r .  the e ffec t of various rates of water app l ic at ion 
are inve s t is ated . c ommeno ins at var ious po int s in the fire s rowth 
his tory (21 ] . The total  he at re lease  hi s tory of the f ire i s  me asured 
by c onduc t ina e ach fire t e s t  b ene ath a l ars e c aloriaeter . 

In thi s pros ram. the DETACT-QS prosraa i s  b e ins used as an anal tyt io al 
too l in two different ways . 

Priaar i ly .  the p rosraa i s  b e ins used to he lp determine which s e quenc e s  
o f  he at re lease  his tory data c an be interpre ted as ind io at ins suppre s s ion 
took p l ac e . To do thi s .  as sump t ions are made of quick re spons e sprinkler 
RII . temperature rat ins . and sp ao ina . Suc c e s s ive iterat ions are then 
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aad e ua ina the DETACT-QS proaraa.  ua ina he at re lease data o f  the fire 
prior to the app l ic at ion of water . Various c e i l ina he iaht a are t ried 
unt i l  the p roa ram ind ic at e s  that operat ion of the first aprinkler ( a )  
would have t aken p l ac e  at a t iae corre apond ina to the t iae water wa s 
ac tual ly app l ied dur in& the teat . Ua ina thi s he iaht for the rema inder 
of the c alculat ions . DETACT-QS ia  employed to determine i f  the he at 
re l ease hi s tory of the fire after the app l ic at ion of wat er would re sult 
in operat ion of •sec ond r ina • sprinklers . those in the next rad ia l  
a roup ina from the fire . If  the second rina sprinklers are shown t o  
not have operated . and if the f ire d id not proc eed to the eda e a  o f  
the fue l  p actaa e .  the te a t  s e quenc e ia  c l as s ed aa a succ e s s ful suppre s­
s ion . 

It  ia  aa reed that thi s app roach ia  only rouahly approx imate .  in that 
the nature of the f ire p lume and c e i l ina flow would be d i s turbed by 
the openina of sprinklers . a fac tor ianored durin& the c alculat ions . 
Al so . the method aa auae a that when a fire ia  s ituated b e tween two 
or four sprinklers . a l l  first rina sprinklers open a t.ultaneoua ly 
to provide the water app l ic at ion d ens ity . Neve rthe l e s s . the DETACT-QS 
p roa ram ia the only too l ava i l ab le for thi s type of ana lys is  at the 
pre s ent t iae . Furthe r .  it ia noted that the approac h ia c ons e rvat ive 
in that the atmospher ic c ool in& ab i l ity of sp rinklers to prevent oute r  
r ina sp rinklers from openina i a  ianored . 

Another avenue of analys is b e ina inve a t ia ated ia  one which loots at 
the pos s ib l e  us e of quick re spons e sprinklers in a •tire contro l •  
dea ian approach .  For the two fue l  p actaa e a  tes ted . the IDD d a t a  repre s ent s 
the re sults  of a l ara e nu.b er o f  water app l ic at ion sequenc e s . some 
o f  whic h c an b e  c ons idered to have re sulted in suppre s s ion .  some o f  
which c an b e  cons id ered t o  have re sulted i n  succ e s s ful contro l .  and 
s ome o f  which c an b e  c ons idered unsuc c e s s ful in both suppre s s ion and 
control . Ua ina the DETACT-QS p roa ram aa out l ined above to determine 
an e ffec t ive c e i l ina he iaht c orre apond ina to the t iae of water app l ic at ion . 
it  may b e  pos s ib le to e s t imate the re lat ive nu.b era o f  both quick 
re spons e and s t and ard sprinklers which would have operated in a l ara e 
open area durin& the water app l ic at ion a e�enc e . 

The re sults  of this sec ond •control mode• ana lys is may make it pos s ib le 
to e a t iaate the dearee o f  expec ted dia advantaae or advant aa e from 
qu ick re spons e sprinklers . If ao . such a re lat ive c ondit ion c ould 
be acc ounted for in the are a/ dens ity dea ian approach throuah the use 
of an are a mod i fier.  a iailar to the 30 perc ent inc re a s e  aaa ianed to 
dry p ip e  aya tema . 

It should b e  noted that in both o f  the s e  approache s . the DETACT-QS 
proa ram ia  b e ina used s imp ly aa  an analyt ic a l  tool . Ful l-sc ale c onfir­
mat ion t e a t s  will  b e  needed prior to the fina l deve lopment of ins t a l l at ion 
stand ard s b aa ed on the analys e s . 

Dep end ina upon the dearee of sophi s t ic at ion which the s t andards-wr iters 
wi l l  permit . future edit ions of the sprinkl er s t and ard miaht c ont ain 
tab le s  for sys tem dea ian which incorporate the output of the DETACT 
mod e l s . or permit a d ir�c t app l ic at ion of the models  aa p art of the 
dea ian p roc e s s . I f  it ia  shown that aupp re a a ib il ity o f  a fire become s 
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more difficul t as  water appl ic at ion is d e l ayed. then the sprinkl er 
sys tem des ian process  should t ake into c ons iderat ion those var iables 
which affec t sprinkl er re spons e .  Determini stic aodels  .ate that pos s ib l e ,  

5 .  CUUBNT APPLICATIONS Oil OTBBil MOOELS 

5 .1 Build ina De s ian 

Lite the use of determini s t ic aode l s  in fire inve stiaat ion. buildins 
des isn appl icat ions are a eneral ly those which c a l l  for cons iderat ion 
of a spec ial c ase , To besin with. the build ins des isn prob l ea .us t 
warrant the nec e s sary ens ineerins t iae , For the aos t  p art this would 
be the c ase only with l arse or expens ive buildins s .  or other o a s e s  
where a s ina l e  o omp art.ent i s  of  concern ,  For exa.pl e .  a na.b e r  o f  
ens ineerina firms have e�loyed the two-z one rooa aodel ASBr [22 ] 
in comb inat ion with DETACT in occupanc ies rans ins froa nuc l e ar power 
pl ant s to exhib it ion hal l s . ASET provides  informat ion on the saoke 
l ayer temperature and d e sc ent in a clos ed rooa , The comb inat ion of 
the two aos t  widely d i stributed fire aod e l s  has been used to answer 
the followins types  of que s t ions . a iven a c ertain fire srowth condit ion 
and rooa aeome try : 

1 .  Wil l  proposed detec t ion systems operate provide early enoush 
al arm to allow e ffec t ive aanual suppre s s ion. or will  the desc ent 
of a saoke l ayer inhib it e ffec t ive aanual fire-fisht ins .  oreat ins 
the need for automatic suppre s s ion sys tems? 

2 .  Wil l  propos ed autoaat io suppre s s ion systeas operate e arly 
enoush to prevent spec ific types  of daaase .  as repres ented by 
l iait ina temperature cond i t ions in the upper l ayer? 

3 . Wi l l  the t iae b e tween d e tec t ion systea ac t ivat ion and the 
descent of the saoke l ayer permit adequate esre s s  t iae o ons ider ins 
the proposed arranseaent of exi ts?  

To soae extent determini s t ic aethods are  in  use in  the are a of fire 
re s i s tanc e c alcul at ions , The Stand ard Buildina Cod e .  for exampl e .  
has for years inc luded an Append ix P which. with the c onsent o f  the 
c od e  offic ial . permi t s  c alculat ion of the f ire re s i s tanc e of spec ific 
aaterials  or comb inat ions of materials  [23 ] , Whil e  the steel  industry 
has met with succ e s s  in some j urisdict ions in proaot ins the adopt ion 
of FASBDS-II as a ae thod of c alcul at ins f ire re s i stanc e of steel  struc­
ture s .  code reoosnit ion of fire aod e l s  i s  s t i l l  rare , Howeve r. al l 
of the aaj or aodel build ina c ode s do pre sent ly c ont a in l ansuas e to 
permi t  des isn alternat ive s or equival ent aethod s of achievins the 
s aae or better cons truc t ion aethod than that spec ific ally out l ined 
in the code text , In prac t i c e .  soae fire prote c t ion ens ineerins firms 
are t akins advantase of the openina the se s e c t ions provide for the 
use of determini s t ic aodel s ,  
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5 . 2 S.oke Contro l Sya teaa 

The pub l ic at ion of an ASBIAB aanual for the dea ian of pre s surized 
sta irwe lls  &D4 zoned aaoke control aya teaa has provided an exc e l l ent 
exaaple of the intearat ion of var ious deteraini a t ic me thods with a 
coaputer aode l  into a dea ian aanual [24] . The ASCOS aode l  provides 
a aeana to calcul ate the a irflows and pres sure d i fferenc e s  throuahout 
a build ina in which a aaoke contro l sys tem is operat ina . 

NFPA 92A. a rec oaaended prac t ic e  for the dea ian and ins t a l l at ion of 
aaoke contro l aya teaa . i s  b aa ed on the ASBIAB aanua l aD4 is schedul ed 
for adopt ion at the 1 987 Fall Mee t ina . In a eneral the docuaent defers 
to the ASBRAB aanua l for detailed ena ineerina d e a ian inforaat ion aD4 
as a re ferenc e  for deterainiat ic method s . For ex aap l e .  the docuaent 
auaaeata  aax t.ua pre s sure d i fferenc e s  ac ro s s  doors for various door 
s i zes and door c loser forc e s .  b aa ed on the 30 lb f max imua door-openina 
forc e a&D4 ated by NFPA 101 Life Safety Co4e [25 ] . For othe r door-openina 
forc e s  or other door s izes . the us er of the p ropos ed recoaaended prac t ic e  
is  re ferred t o  the c alculat ion proc edure provided in the ASBRAB aanual .  

It is  t.portant to note that the aaoke c ont ro l ae tho4a and aodela  
are not ac tual ly fire aode l a  s inc e they deal  with a ir flow other than 
the fire cond i t ion .  In that s ens e they are coaparab le to the sprinkler 
hydraulic s aode l a . 

5 . 3 Code-Writ ins Appl ic at ions 

In the current aaendaent cyc l e  of the Li fe Safety Code the ASBT aodel  
was used as the d irec t  basis  for a code chanae propos al . This aay 
have b e en the first such atteapt to use a deterainia t ic fire aode l  
d irec t ly i n  a c ode writ ina propos a l . 

The p art icul ar co4 e  chana e propos al dealt  with a requireaent to sprinkler 
•aaa l l  po4 a •  l e a s  than 2500 s quare feet in detent ion aD4 correc t iona l 
fac il i t ie s . a po4 b e ina a c e l l  houa ina are a within a perimeter wal l . 

Proposed from wi thin the NFPA 101 Subcommittee on Detent ion aD4 Correc­
t ional Fac i l i t i e s . the intent of the c hana e was c l arified throuah 
a proposed new append ix s ec t ion : 

•A-14-3 . 1 . 2 ( d )  Thi s requirement mandates  autoaat ic sprinkl er 
protec t ion throuahout houa ina area s  l e a s  than 2 . 500 sq.  ft . because 
a •aaa l l •  po4 c reates  a worse s ituat ion . The aaall  voluae allows 
for aore rap id he at buildup aD4 for a reater conc entrat ions o f  
aaoke to b e  pre s ent . Th e  re aul t ina untenab l e  he at and t.p aired 
vi s ib i l i ty condit ions just ify the sprinkl er requireaent • • •  •1 

T.be fac t that fire aod e l ina was us ed to deve lop thi s propos al was 
mad e a part of the pub l ic record only durina cons id erat ion o f  pub l ic 

11987 Fall Mee t ins Technic al Committee Report s .  Propos al 101-522 . 
Nat ional Fire Prot e c t ion As soc iat ion. Quincy . MA 
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c omment s .  when the proposed chanae was overturned . Perhaps thi s reversal 
indicates  a l ack of conf idenc e  in pre s ent use of fire aode l s . Neverthe­
l e s s .  it i s  intere s t ins that the nature of the proposal . a recoanition 
that the haz ard aay b e  worse in a saall  occupancy a s  opposed to a 
l ara e occupancy . i s  the type of ins isht which aay b e  s a ined froa appl ica­
t ion of f ire aodel s . Convent ional ena ineerina j udseaent would not 
b e  l ike ly to fore see  thi s  s i tuat ion . 

The re are aauy other potent ial appl ic at ions . For exaapl e .  use of 
a p art icular wal l fini sh aaterial aisht b e  evaluated by us ins its  
aea sured burnina charac teri s t ic s as  input to a fire  aod e l .  then deterainina 
the rate of haz ard developaent and the l ikely t iae of operation of 
detec t ion and suppre s s ion sys rteas . It could b e  determined if a particul ar 
fl ame spre ad of finish i s  l ikely to •outrun• protec t ion ae asure s .  

6 .  USER NEBDS 

The di scus s ion of appl ic at ions has shown that the use of determini s t ic 
f ire aethod s and aodel s c an he lp us t.prove the app l i c at ion o f  ensineerins 
j uda eaent . c an he lp us aove c l oser to defined performanc e l eve l s .  
and c an he lp u s  avo id costly rep e t i t ive fire t e s t ina . But the prospec t ive 
user of the s e  aode l s  and aethods aus t  have support . 

6 . 1 Documentat ion 

The mos t  obvious user need is the need for document at ion. for •user 
aanual s •  for all  de termini s t ic aethod s and aode l s . This document at ion 
should c l e arly ident ify the intended appl ic at ions of the method . the 
l imitat ions of the aethod . and the pos s ib l e  aars in of error . The 
user need s to understand what phy s i c a l  a s sumpt ions are be ins aade 
as  part of the aodel ina proc e s s . Espec ially c r i t ic al i s  advic e deal ins 
with required user as su.ptions . 

Without such document ation. the potent ial exi s t s  for unre al i st ic as sump­
t ions and app l ic at ions which convenient ly reach the des ired conc lus ion. 
for hand c alcul at ions a s  we l l  as  computer aode l s .  Determinis t ic c alcul a­
t ions b a s ed on totally inappropriate a s sumpt ions are worthl e s s . A 
common exaap l e  involve s the c ool in& ab i l i ty of water in an exposure 
prote c t ion s i tuat ion. and the erroneous as sumpt ion that v irtual ly 
all  of the water ab sorb s  he at with total e ffic iency . 

The ideal form of document at ion for determini s t ic aethod s i s  an authorita­
t ive textbook . The rec ent pub l ic at ion of such a text on the subj ect  
of fire dynamic s  i s  a aaj or s tep forward [26 ] . 

6 . 2 Comparatiye Experiaent ation Re ferenc e s  

At the first tutorial o n  fire aod e l s  sponsored by the Soc iety o f  Fire 
Prote c t ion EDa ineers in May of 1 985 . instruc tors Doua Wal ton of the 
Nat ional Bure au of Stand ard s and Phi l  DiNenno of Bushe s As soc i ate s 
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urs ed the attendees to avo id use of fire aodels  without ful l-scale  
te s t  data for b ack-up compari sons . Thi s reaains sood advic e today . 

There i s  a need for an acc ess ib l e  inventory o f  expert-ent al an4 experi­
ent ial data . Even with the b e s t  intent ions . i t  i s  very easy to misapply 
a determini st ic aodel  an4 obtain hishly inapp ropriate re sul t s . A 
l ib rary of referenc e  t e s t s  c an b e  used as a check asa inst real ity .  

6 . 3 More Co!pl ete Determini s t ic Ab i l it i e s  

There i s  a need t o  f i l l  i n  some of the aaj or saps in our un4erstan4 ins 
of f ire phenomena . In the sprinkler industry. for exaapl e .  we fee l  
the re s earchers have aade sreat s t ride s  i n  understand ins the sc ienc e 
of sprinkl e r  re spons e .  but only l t.ited s teps in the area of sprinkl er 
suppre s s ion . The analy s i s  o f  the Gre at Adventure Fire was  only pos s ib l e  
bec aus e  the answe r to the suppre s s ib il i ty que st ion was obvious . It 
is  pos s ib l e  to determine if there is more than enoush water for suppre s­
s ion. but extreae ly d i fficul t to determine if there i s  just enoush. 
We loot forward to the re sult s  o f  further re s earch. and hope that 
the federal e ffort in a l l  a spec t s  o f  fire re s e arch will  srow stronser 
rather than weaker . 

Even ex i s t ins aode l s  c an b e  improved . An enhanc eaent to the DETACT 
mode l  to account for the e ffec t s  of a comp artaent i s  alre ady in use 
at the Nat iona l  Bure au of Standard s .  al thoush the corre spond ins c ompute r  
co4 e  ha s not y e t  b e en made ava i l ab l e  to the pub l ic [27 ] . Thi s enhanc ement . 
aakes use of the ASET mode l .  t akins into account the he ated upper 
l ayer of sa••• accumulat ins within an unvented comp artment . The air 
ent ra ined into the plume i s  warmer. permitt ins hisher t emperature 
sa• flow past  the detec tor or sprinkl er.  re sul t ins in faster operat ion . 
Evans has indic ated that c omp artmentat ion c an reduc e the t t.e of re sponse 
by as much a s  40 perc ent . 

Another enhanc ement which will b e  needed is  the inc lus ion of the conduc t iv­
ity term wi thin the Rri fac tor . As aent ioned above . thi s c an b e  important 
for low-ve loc ity low-temperature fire s .  an4 e spec ially for the types  
of  sprinklers which have their  ope rat ins e l ement in c lose prox imi ty 
to the sprinkler body an4 waterway , Conversely .  it  i s  of l ittle  import anc e 
for sprinkl ers which are we l l  insul ated b e tween the operat ins e l ement 
and the sprinkler b ody .  such as s l a s s  bulb sprinklers . 

6 . 4 Wide spre ad Traininc 

The re i s  a need to move determini s t ic me thod s aore into the aains tre .. 
of fire protec tion ens ineer ins . Thi s c onferenc e i s .  of course .  one 
s tep alons that path ,  The Soc iety of F ire Protec t ion EDs ineers i s  
a l s o  wort ins i n  thi s are a throush its  •aini-s eminars•.  d i s t ribution 
of computer c ode s .  c alcul at ion handb ook deve lopaent .  and other prosr .. s ,  
It i s  important to note that tra inins mus t  inc lude authorities  havins 
j urisd ic t ion as  we l l  as  des isn profe s s ional s .  s inc e the inab i l i ty 
to properly review a determini s t ic approach will  wort as a inst its  
seneral acc ept anc e , 

· 
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7 .  CONCLUSIONS 

Us iaa one determini s t ic fire mode l  as the priaary exa.pl e ,  it has 
b een shown that there are aaay pos s ib i l i ties  for app l ic at ion by fire 
protect ion eaa iaeers . At the pre s ent t iae , howeve r ,  the l iaitat ioas 
d i scus s ed as user needs prevent a wide appl icat ion of determini s t ic 
aod e l s . The s aps ia our kaowleda e .  the l ack of uaderstandiaa aaoaa 
not only des iaa profe s s iona l s  but the review authori t ie s ,  and the 
c omplexity of f ire pheaoaeaa and the aodels  theas e lve s al l work aaaias t 
the ide a  of a tot a l ly performanc e-oriented approach to fire protec t ion 
at the pre s ent t iae . 

Unt il  the s e  needs are ae t ,  determinist ic me thods should c ont inue to 
a row in use as  an aid in iaproviaa the pre script ive approach.  Those 
who are on the fore front of thi s new techaoloay have an ob l iaat ioa 
to work within the pre s ent sys tem, poiat iaa out ways in which the 
new aethods c an fill  a aps and c reate e ffic ienc ie s . 

By way of introduc t ion to the use o f  determini s t ic aode l s  I d i scus sed 
the wide spre ad use of hydraul ic s aodels  within the sprinkl er indus t ry .  
Pe rhaps some l e s sons c an b e  l e arned froa the way in which those aodels  
a a iaed acceptanc e .  It was  throuah the c oac easus stand ard s systea, 
which permi tted a dearee of confidenc e amoaa users and enforc ers in 
the val id ity of the ae thod s . The coac easus s t andards also  enforc ed 
the use of certain assuaptioas with the ae thods , preveat iaa abus e s . 
Ia other word s ,  a sprinkler systea des iaaer c annot arb itrar ily choose  
a C-fac tor for p ipe fric t ion loss  c alculations , nor c an he  even elect  
to c alculate p ipe fric t ion los s us iaa a ae thod other than Hazen and 
Wi l l iams . Thos e  choic e s  have b e en made for him by the NFPA Committee 
oa Autoaat ic Sprinkl ers . 

Another fac t that should not b e  overlooked i s  that sprinkler hydraul ic 
c alcul at ion me thod s quickly a aiaed favor due to an ec onomic inc ent ive . 
More e ffic ient ly des iaaed p ip iaa systems were l e s s  expens ive , j us t i fy iaa 
the added c oapl ex i ty of c alculat ions . If fire mode l s  are to achieve 
s iail ar arowth in us e ,  they too mas t be shown to produc e ecoaoaic 
s aviaa s . 

If we are to eac ouraa e wide spre ad use of sophi s t ic ated fire aode l s ,  
we should s eek t o  famil iarize  the wri ters of s t andard s  and cod e s  with 
part icular des irab l e  app l ic at ions , and thea s e ek the ir support and 
endorsement for the use of those  mod e l s  in such appl ic at ions . · Ia 
the proc e s s  the mod e l s  aiaht lose some of the ir aaa ic and b ecoae eacaab ered 
with some dearee of reaul at ioa, but thi s is a trade-off we should 
be will iaa to acc ept . Ul t iaate ly ,  the introduc t ion of sound determini s t ic 
approac he s  into cod e s  and s tand ard s should permi t  aore e ffec t ive and 
economical fire prot ect ion . 
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Tab l e  1 

List ins of Enc losure Computer F ire Mod e l s  

( fro• Budnick aa4 Wal ton. NPPA F ire Protec t ion Handbook . 16 th ldit ion) 

Jlocle l 
N .. e 

ASBT 

ASE'J.\-B 

BFSK 

BRI 

CALTBCB 

COIIPBUBN 

COJIPF.l 

DACPIIr3 

Author 

Cooper 
Stroup 

Walton 

Swartz 
Berlin 
Fahy 
Conae l ly 
D•ers 

Tanaka 

Z11koski 
Kub ota 

Siu 

Babrauskas 

MacArthur 

Maintainins Computer-Laasuase 
Ors ani:ut ion 

NBS Micro Fortran 

NB S  Mic ro Bas ic 

National Fire Mini Fortran 
Protect ion 
As soc iat ion 

Bui14 ins Mini Fortran 
Re s e arch 
Inst • •  1apaa 

NBS Mini Fortran 
Cal if . In a t . 
of Techaolosy 

UCLA Mini Fortran 

NBS Mini Fortran 

FAA Main Fortran 
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Appl icat ions 
Spec ial 

Feature s 

Sins l e  rooa 
enc losure 
fire ao4el  

Sina l e  rooa 
Enc losure 
fire ao4el 

St ate trans it ion 
ao4el  b a a e4 
on s t at i s t ical 
l ikel ihood of 
event s 

hl t i-rooa. 
aul t i-floor 
enc losure 
fire ao4el 

Two rooa 
enc losure 
fire ao4el 

Sins l e  rooa 
enc losure fire 
ao4el . 4eve lope4 
for nuc l ear 
power fac i l ities 

Sins l e  room. 
post-flashover 
enc losure f ire 
ao4e l  

Enc losure f ire 
aodel  for 
aircraft c ab in 
seoaetries  
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Tab l e  1 ( oont . )  

DSLAYI Baaal1UUI Nat ional llini 
De fenae 
Re aearoh 
Inat i tute ,. 
Sweden 

FAST 1one a NB S  llini 

FLASBOVER Baaa l1UUI Nat ional llini 
De fenae 
Re a e aroh 
Ina titute ,. 
Sweden 

IIARVAJID -on a NBS llini 
llitler 

osu Sllith Ohio State llini 
Satij a Unberaity 

liP IDS Pape Ill inol a  llini 
Wateraan Ina t .  of 

Teoh. Re aearoh 
Inatitute 
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Fortran 

Fortran 

Fortran 

Fortran 

Fortran 

Fortran 

Sina l e  rooa 
eno loaure fire 
aode l ,.  aaoke 
filUq 

llal ti-rooa 
eno loaure f ire 
aodel 

Sinale  rooa 
enoloaure f ire 
aode l  

ED.o loaure fire 
aode l ,.  vera ion 
5 a iq l e  rooa,. 
vera ion 6 aul ti-
rooa 

Sina l •  eno loaure 
fire aode l ,.  
input fro• AS'DI 
B 906 o alort.eter 

Sina l •  eno loaure 
fire a rowth 
aode l  
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Table 2 

Spec ial Purpose Co�uter Fire Xo4ela 

( froa Budnick and Walton. NFPA Fire Protect ion Handbook. 16th Edit ion) 

Appl ic a t iona 
locl e l  Author Xaintainina Xo4e l  Co�uter-Lanauaae Spec ial 
Naae Ora ani z at ion Type Feature a 

AS COS l:lote NBS Saoke Xicro Fortran Steady 
Control a tate 

network 
flow 
aodel 
for aaoke 
control 
evaluat ion. 
no fire 
condition 

DETACT-QS Bvana NBS Thenaal Xic ro Bas ic Calcul ates 
devic e actuat ion 
ac tuat ion t iae 

for heat 
detec tor a 
and apr i:a.-
kler a .  
unconfined 
c e il ina • 

BVACNET+ l:iako Univers i ty Build ina Xini/Xicro Network 
Franc ia of Flor ida ear••• Fortran/Baa ic aodel 

for c alcu-
l atina 
evaluat ion 
t iae : 
mult i-rooaa . 
mult i-floors 

FIIB9-'1'3 Id ina American Structural Xini Fortran 3-d iaena ional 
Bresler Iron and heat heat 
Nizaauddin Steel Ina t .  transfer transfer 

analyaia 
throuah 
structural 
aaaeab l iea 
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Tab l e  2 ( cont . ) 

FASBU8-II Chiapetta American Struo tural llini Fortran Finite 
Bre aler Iron Stee l  re aponae eleaent 
Idina Ina t .  aaalyaia 
Jeane a of 1 truo tural 
Breeae re aponae 

of ateel 
framed 
floor a 

FBBS/. Alvord MI S  Blleraency llini Fortran Siaul a t i on 
e ac ape of eaeraency 

e ac ape 
aa4 re acue 
t bae a ,  
deve loped 
for board 
aDd c are 
fac i U t i e a  

FOREST Rotherae l  US Dept of Fire TI-5 9  Predic t ion 
FIRES Aaricul ture apread of apre ad 

aa4 inten1 i ty 
of fore a t  
aa4 ranae 
fire a 

BPO 10 Banaever Technic al Struc tural Jlain Fortran Fini te-
Univ . of re aponae e l eaent 

Brauaachwe ia , analyaia  
Geraaay of re inforc ed 

conc re te  
b e aa  
atruc tural 
aDd theraal 
re aponae 

BSLAB AbrahDI IOn National Beat llini Fortran ODe-
Baaa luad Rea earch trana fer d baena ional 
Iauon Inatitute , c alcul at ion 

Sweden .of trana ient 
teiiPerature 
in conc re te 
a l ab a  

IIINE Greuer llichiaan Shaf t Jlini Fortran Sbaul ation 
VENT Technic al vent of UDder-

Uaive r a i ty arouad 
aine 
fire 
interac t ion 
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FIRE RISK ASSESSMENT PROGRAMS 

Frederic B .  Clarke , Ph . D . 
Benj amin/Clarke Associates , Inc . 
1 0 6 0 5  Concord Street , Suite # 5 0 1  

Kens inqton , Maryland 2 08 9 5  

ABSTRACT 

Fire risk assessment involves the coupl inq of probabil istic 
concepts ,  such as the l ikel ihood of iqnition and the expectat ion of 
findinq a qiven fire load , to deterministic fire models , which predict 
fire conditions as the result of known physical variables . This 
presentation , based on the National Fire Protection Research Foundation 
Fire Risk assessment Proj ect is an update and discussion of how the 
method is des iqned . The approach is to emphasize products found in 
bui ldinqs rather than des iqn features of the buildinqs themselves , 
althouqh the latter can be incorporated as wel l . Scenario analys is 
often s impl i f ies the computational tasks : for example , most typical 
res idences are of a s i z e  that l i fe safety e ffects are not influenced 
either by very sma l l  fires or by detai l s  of the post-flashover 
situation . Althouqh post-flashover fires are important in larqer 
bui ldinqs , relat ively simply computational schemes can somet imes be 
used because less-deta iled knowledqe of the fire environment is 
requi red . Present approaches are to use a fire data system , such as 
NFIRS , to weiqht the outcome of the modeled scenarios by the l ikel ihood 
that iqnition wil l occur . Much of the fire load data must be suppl ied 
by industry sources , or by panel s  of experts . Prel iminary results o f  
the method ' s  appl icat ion t o  uphol stered furniture are discussed , as 
wel l  as a description of the work undertaken in Phase Two o f  the 
proj ect ,  commencinq in Fal l  o f  1 9 8 7 . 

1 .  INTRODUCTION 

Beinq able to supplement experience with technol oqy has always been 
a qoal of those who bui ld and requlate structures . When it comes to 
safety , experience has served us wel l .  It is not too difficult to se� 
a reqular decrease in fire l i fe l osses , beqinninq before the turn o f  
the century , which fol lows the development of buildinq codes . As an 
understandinq of the danqers of fire has improved l osses have qone 
down . Where once we worried about los inq entire cities to f i re , we 
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were subsequently able to confine fire to individual bui ldinqs , then 
individual floors of buildinqs , now well separated by fire res istant 
barriers and , finally , to the individual rooms of fire oriqin . Today , 
most fire deaths are closely associated with a s inql e  room on fire . 
Losses have been decl ininq s l iqhtly in the past few years , but are 
fairly stable at about 3 0  deaths per mil l ion population in the United 
States . Other industrial ized countries do cons iderably better , and the 
reason for this disparity are not particularly wel l  understood . 

In the past 15 years , renewed attention has been directed to fires 
in bui ldinqs and their contents , partly because of chanqes in building 
trends and partly as the result of us inq new classes of material s . It 
is useful to recal l  that , up until about 19 5 0 , almost all combustible 
materials in a bui ldinq had their oriqins as wood , wood products ,  or 
cotton , (which is chemically s imilar) . Therefore , the only materia l s  
which were l ikely t o  appear i n  smoke were carbon , hydroqen and oxyqen . 
As new synthetic materials were developed , an entire menu of elements 
beqan to appear in the smoke : nitroqen , chlorine , fluorine , bromine , 
sul fur and others . Hundreds of years of experience with wood smoke was 
no preparation for this at a l l . In addition , many of these new 
materia ls burned qual itatively differently than the traditional ones , 
so that we were poorly prepared to predict their fire performance and 
to forecast the impact that smoke from them miqht have on buildinq 
occupants . 

This recoqnition prompted a spate of new , much better , 
laboratory-based test methods for buildinq components , contents , and 
des iqns . It also spotl iqhted how hard it is to predict the course of a 
real fire from laboratory measurements .  The best test of a buildinq ' s  
performance is burninq it down a fter it is built , but an acceptable 
method has to be somewhat less destructive . This need is the 
j usti fication for mathematical fire model inq as we know it today . 
Several speakers here will  be discuss inq how mathematical model s  are 
developed , how they can be appl ied to buildinqs , and wil l  qive you some 
indication of the power they offer . 

Irwin Benj amin and I founded Benj amin/Clarke Assoc iates in late 
19 8 1  larqely on the expectation that modern fire science - - new test 
methods and mathematical model s  in particular - - was ready to be 
appl ied to real fire s ituat ions . There is a qrowinq l ist of such 
appl ications . For example , Howard Emmons ' eleqant reconstruction and 
analysis of the Beverly Hil l s  Supper Club fire ( 1 ) , us inq many elements 
of modern model inq ,  is a part icularly noteworthy case . More recently , 
we at Benj amin/Clarke have used a multi-room fire and smoke transport 
model , the second qenerat ion of the famous Harvard Fire Code , to 
analyze events in the Biloxi , Mississippi j a il , the scene of a traqic 
fire in 1 9 8 2 . You may also have seen Bud Nelson ' s  recent descript ion 
of the DuPont Hotel fire in Puerto Rico ( 2 ) . In all o f  these fires , 
computation us inq the buildinq layout and structure played a key part 
in answerinq questions as to the proqress both of the fire and smoke . 
S imi lar methods are also appl icable to individual bui ldinq components . 
At Benj amin/Clarke Assoc iates , we routinely use room fire models to 
estimate the fire performance under actual use conditions of thinqs 
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like cables ( 3 ) , various types of upholstered furniture ( 4 ) , and 
combustibles concealed behind walls ( 5 ) . In particular , mathematical 
model inq played a s iqni ficant role in recent chanqes in the National 
Electrical Code , to allow wider use of flexible non-metal l ic conduit . 

Two years aqo , the National Academy of Sciences empaneled a 
Committee on Fire Toxicoloqy . The qroup ' s  initial focus was solely on 
the toxic potency of smoke , but the Committee members soon real ized the 
necessity of evaluatinq all important aspects of a developinq fire 
before a fair j udqement of fire hazard can be rendered . The Committee 
enthusiastically endorsed mathematical model inq as the riqht way of 
dea1 inq with problems in fire hazard . I invite your attention to two 
brief case studies , which the Committee carried out on a abbreviated 
bas is , which appear in their 1 9 8 5  report ( 6 ) . 

Fire hazard assessment tel l s  what wi ll happen if a qiven fire 
occurs in a qiven buildinq environment , if it encounters a qiven set of 
combustibles , and if the smoke reaches a qiven population of potential 
victims . It does not tel l  you , however , the l ikel ihood that any of 
those conditions wil l  be ful f i l led .  I f  the probabil ity that the 
various components of hazard can be establ ished , then the inqredients 
are there to predict the xiak of the fire . This kind of approach had 
its oriqins in the fault tree work common in various sa fety-related 
discipl ines , and in particular with the work carried out by NFPA 
committees and GSA , in the 1 9 6 0 ' s  and 7 0 ' s ,  which provided the 
analytical framework for such risk based systems i f  the numbers could 
be suppl ied ( 7 ) . Bob Fitzqerald ' s  proqress on the buildinq L curve , 
which you wil l  hear more about in this meetinq , is the latter day 
descendent of this approach . 

Recently , the National Fire Protection Research Foundation , the 
research arm of NFPA , has undertaken a qeneral ized risk assessment 
proj ect aiminq at marryinq fire experience data with fire hazard 
assessment in order to provide some overa l l  quantitative estimate of 
fire risk . In the fol lowinq sections of this paper , I will describe 
the rationale and loqic of the risk system , results to date - - which 
are admittedly prel iminary - - and finally offer some thouqhts about 
where I think this approach fits in the qeneral scheme of improved 
analytical methods of buildinq fire safety . 

2 .  FIRE RISK ANALYSIS 

The obj ective of the fire risk analys is proj ect is to develop a 
readily used , quantitative , qeneral method of characteriz inq the fire 
risk of products in terms of their expected use and measured fire 
properties . 

In the best of a l l  worlds , the way to do a fire risk analys is of a 
product is to keep track of a l l  fire incidents in which the product is 
involved , qarnerinq all relevant information about each inc ident . Then 
a relationship can be drawn between the fire properties of the product , 
as measured in the laboratory , and the circumstances and effects of 
each fire which actual ly occurred . Occasionally , somethinq l ike this 
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approach is taken . The Flammable Fabrics Accident Case and Testinq 
System ( FFACTS ) operated by NBS under the Flammable Fabrics Act in the 
late 6 0 ' s  and early 7 0 ' s ,  actual ly tracked down a sizable fraction of 
the more serious flammable fabrics incidents which occurred in the 
nation every year . 

Althouqh such a proqram is a feasible qeneral approach , especial ly 
when ubiquitous products l ike upholstered furniture are cons idered , i f  
an approach l ike this could be fol lowed , the next step would be to 
qroup product fires into s imilar cateqories : those occurrinq in 
residences would have different characteristics than those occurrinq in 
publ ic assembly occupancies , for example . The combination of 
circumstances of location , type of iqnition , spread of the fire ,  and 
s imilar qua l i f iers toqether constitute what is commonly cal led the 
" scenario" of the fire . In principle , all product fires can be qrouped 
into a family of scenarios : the narrower the circumstances of use of a 
product , the fewer the kinds of fire scenarios in which it is 
involved . Fina l ly , to estimate how important each kind of product fire 
is , we need to know the relative l ikel ihood , or probab i l ity ,  of each 
fire scenario . For example , fatal fires from iqnition of upholstered 
furniture by ciqarettes , (which leads to a smolderinq fire ) , are more 
common than those from iqnition of uphol stered furniture by a match or 
l iqhter (which a flaminq fire is usually the result ) . So , risk 
assessment of uphol stered furniture must be able to deal with the 
possibil ity that improvinq furniture ' s  res istance to one kind of fire , 
e . q . , smolderinq has a di fferent payoff , because it is a more common 
fire , than improvinq res istance another kind , e . q . , open flame 
iqnition . 

It is obvious that many s impli fications are necessary to produce a 
practical one for a risk assessment system . Several mil l ion fire 
incidents occur in the United States each year , and doinq an in-depth 
investiqation of even a sma l l  subset is wel l  beyond anyone ' s  
capabilit ies . So the problem is to synthesize nationally-aqqreqated 
data and what is known about fire phenomena in order to develop a 
predictive method , or "mode l " , o f  the relationship between product fire 
properties and risk . These cons iderations produce several sel f-evident 
characteristics : 

1 .  The system is tied to a fire data col lect ion source . The 
present system uses the NFPA fire database , as expressed by 
NFPA 9 0 1 , method of class i fyinq fire information . It can in 
principle operate with others . 

2 .  S ince the NFPA system col lects data primarily on products ,  as 
opposed to buildinq types or occupant behavior , a product 
oriented risk analys is is produced . Equa l ly fine-qrained data 
on bui ldinqs could - - perhaps - - be used for a 
bui ldinq-oriented risk system . 

3 .  S ince the system depends to some extent on aqqreqations of 
numbers , it does not predict chanqes in risk in any qiven 
incident , but expresses its results in terms of chanqes in the 
outcome of expected , averaqe , or typical inc idents . 
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The system itself is a marriage of fire experience data to fire 
hazard assessment models . In essence , it attempts to weight the 
calculated severity from a given scenario by the l ikel ihood that that 
scenario wil l  occur . It is only for the probabil istic elements that we 
must depend on the fire experience data . Other portions of the method , 
i . e .  the hazard models , can sti l l  be used without probabi l it ies to 
compare the merits of s imilar products in identical scenarios . 

The method is intended to be general enough that it can be used for 
variety of products and , equally important , serve a variety of 
potential users . Three maj or classes of users are : product 
manufacturers 1 builders and building requlators 1 and insurers . 

Product des igners can use this system to evaluate the effects of 
improving fire performance under simulated in-use conditions . In 
part icular , it allows one to choose among d i fferent options with 
potent ially compet ing effects l ike lowering toxicity at the cost o f  
flame ·spread . Product l iabi l ity issues are particularly important 
today and techniques to identi fy unexpected exposure are helpful . This 
method is intended to answer questions l ike :  Does one particular subset 
of the potential market represent a bigger fire risk than others , and 
is it therefore perhaps to be avoided? 

A bui lding official would make use of the same information qu ite 
differently . It allows him to identi fy what product offer the most 
potent ial for l i fe safety improvements if their f ire propert ies are 
improved . Conversely , it allows one to identi fy areas in which 
improvements in fire properties have l ittle or no payof f  in reduced 
l i fe risk . These two attributes are of uti l ity not only to the 
building official , but to those who des ign buildings as wel l . It 
provides a vocabulary , or a lanquage , in which building fire sa fety 
regulations can be discussed . In effect , it puts the same tools into 
the hands of both s ides of the question . Ultimately , such a method 
would be at the heart of completely performance based code , although it 
is not news that a performance based code is easier to do in the 
abstract than in concrete . 

Insurers have a well -developed system for estimating property loss 
of fires but , unt i l  recently , l i fe loss and the underwriting which goes 
with it has not received the same attention . It is anticipated that 
this approach could be helpful , i f  adapted to a fire database 
appropriate for insurance . 

2 . 1  Logic of the Model 

In order to synthes ize a risk model , fire experience data must be 
converted to quant itative information about how fires burn . Speci fying 
the product of interest ( i . e . , the one whose fire properties are going 
to be related to the risk) and the occupancy in which it is to be used 
( i . e . , the kind of bui lding : residences , offices , public assembly , and 
the l ike ) allow one to define a typical set of phys ical c ircumstances ,  
such as room s i ze , layout o f  the continuous space and inventory of 
other obj ects l ikely �o be ignited . 
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Reports of fire usinq the NFPA 9 0 1  system qeneral ly qive the 
item-first-iqnited and the l imits of f ire spread . I f  the qeometry of 
the compartment in which a fire occurred can be approximated , and i f  
the compartment contains sufficient fuel to carry the compartment to 
flashover , then : 

a .  The size the fire reached , in enerqy release rate , can be 
class i f ied ,  since the enerqy release rate is directly related 
to upper room temperature , which is in turn related to fire 
spread . 

b .  The averaqe rate of fire buildup can be estimated from a 
knowledqe of the item iqnited by reference to a two-parameter , 
9 -valued , table of possible fire qrowth and heat release rate 
which is used to characterize all items appearinq in the NFPA 
9 0 1  taxonomy . 

c .  The l ikel ihood that the f ire wil l  spread to the product of 
interest ( assuminq it wasn ' t  iqnited oriqinally )  can be 
estimated from the intens ity of the oriqinal fire ( a .  and b .  
above ) , the iqnition characteristics of the product , and how 
far it is typ ically l ikely to be from the item first iqnited . 

For flaminq fires , there are 4 0  poss ible combinations of fire 
profiles arisinq from these descriptors . Smolder-prone combinations o f  
source and fuel fire sources are also treatable under thi s  approach ; 
these are relatively few in number . When smolderinq and flaminq fires 
are combined there are typica l ly 4 0-50 total fire profiles which 
result . 

To date this part of the model , the so-called " scenario qenerator11 
has been the most difficult to des iqn and quant i fy ;  it is also where 
the qreatest number of semi-quantitative estimates and averaqes must be 
made . By the same token , it is the heart of the method . As estimates 
can be improved , so can the uti l ity of the results . 

The scenario qenerator then "draws " the heat release rate curves of 
the family of fires to which the product of interest qives rise and 
weiqhts them accordinq to their frequency of appearance in fire 
statist ics . The loqic in a l ittle more detai l  i s  shown in Exh ibit 1 .  

The actual haz ard depends on how smoke and heat are distributed 
throuqh the space containinq and adj oininq the fire , and upon the 
escape capabil ities of those exposed . Fire and smoke transport models 
are relatively wel l-developed ( at least for s inqle-floor spread ) : the 
system presently uses " FAST" , a versatile model multi-room fire model 
which can predict t ime-based profiles or heat , hot layer depth , smoke 
density and fire qas concentration anyplace in a network of 
compartments from a heat release curve such as drawn by the scenario 
qenerator . 
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An adj unct program to FAST can compare the capabil ities of various 
classes of fire victims to the conditions in the compartments and 
determine whether that victim can escape . Because potential victims 
can be young or old , healthy , or infirm , drunk or sober , a 
demographically based profile based on what a building class is 
expected to contain is required . For res idences , a complete occupant 
set can be inferred from u . s .  Census and related data : for other 
building types , those exposed may show less divers ity in their escape 
capabilities but quantitative information is correspondingly less 
available . In any event , the method requires that a description of the 
occupants , in terms of their escape capabil ities , be available . 

This , then , is the general strategy : 

1 .  Trans forming fire experience into a manageable number of fire 
scenarios for a given product , where each scenario is 
characterized by a frequency of occurrence and a s ingle , 
quantitative fire profile . 

2 .  Calculating the development of heat and smoke in an occupancy , 
using this family of fire profiles and obtaining a separate 
answer for each scenario . 

3 .  Comparing the calculated levels of heat and smoke with the 
escape capabil ities and location of those who can be expected 
to be exposed . An expected mortal ity count or " deaths per 
fire" is thus obta ined for each scenario . 

4 .  The scenarios are weighted according to their frequency of 
occurrence , leading to an overal l  expected mortal ity 
associated with a given product . 

2 . 2  Bencbmarks and Standards 

In order to determine i f  a change in product properties changes the 
fire risk , it is necessary to have a benchmark product or product mix , 
associated with the present level of risk , aga inst which improvements 
can be measured . The room in which the fire occurs is general ly 
reported for each occupancy , but the room size , total number o f  rooms 
in the occupancy and the ir arrangement is not , so the characteristics 
of standard occupancies conta ining the rooms in quest ion must be 
inferred . 

Speci fying benchmark fire properties characteristics is done by 
expert j udgement . In some cases , such as upholstered furniture , a good 
deal of information is ava ilable from publ ished studies on the ignition 
properties , heat release rates and smoke toxicity of various furniture 
materials . Synthes iz ing this information into a description of the 
typical , compos ite , article of uphol stered furniture was done by a 
panel of experts . 

For res idences , the annual hous ing census carried out by the u . s .  
Department of commerce provides much o f  the needed data on size and 
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l ive load . For other occupancies , a variety of sources are tapped , 
including occupancy and building census data from landlords and 
building managers , e . g .  GSA . 

A fairly complete l ist of the benchmark data needed is presented in 
Exhibit 2 .  

2 . 3  Building Capabil ities 

The risk assessment scheme is intended to be general , but it must 
be configured and loaded with data speci fic for each product and 
occupancy . 

In the course of evaluating the f ire risk of uphol stered furniture 
in one and two family residences , the first application undertaken , the 
model must be programmed with the relevant characteristics of the 
benchmark houses - - room s i ze , layout , thermal characteristics of 
wal ls , etc . - - and the properties of the compos ite furniture chosen to 
be typ ical of today ' s  household furniture inventory . I f ,  as a second 
candidate , we were to choose to look at fire risk associated interior 
finishes in residences , we would obviously have to supply a new set of 
product fire properties , but we should not have to redo the occupancy 
characteristics . 

In fact , the development strategy is to carry out a series of risk 
analyses for a product-occupancy combinat ions which have no 
commonal ities , so that at the end of the development period ( some 
eighteen months away ) we wi ll have the data ava ilable to do a 
substantial ly larger number of cases with relative ease . The second 
case chosen is floor coverings in commercial office occupancies . Thus , 
after this case is undertaken , we should be able to do floor coverings 
in residences and uphol stered furniture in offices with relatively 
l ittle further modification . We plan to do perhaps f ive more cases in 
the next eighteen months . If this expectation is rea l i zed , then , by 
the same logic , some 44 additional cases can be worked us ing the same 
data . (Not a l l  of them are necessari ly " real "  cases , though . )  

2 . 4  Execution 

The actual computation cons ists of several d i fferent steps . 

First , computation of the benchmark , or base case , us ing the input 
shown in Exh ibit 2 ,  Step 1 .  

Second , computation of the risk ( i . e . , the expected mortal ity )  from 
introduct ion of the new product . S ince the only thing that is changed 
in going from the old product to the new is the fire properties , only 
these must be changed in the model . As presently conceived , the 
frequency of ignition of the product benchmark case is used for the new 
case as wel l .  However ,  better products wil l  spread the fire more 
slowly ( or not at a l l ) , and in scenarios where the product is not 
first-to-ignite , a harder-to-ignite product will be involved in a 
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smal ler fraction of the fires . I f  the new product produces less heat , 
smoke density or toxicity than the base , then the bui ldup of these 
threats in the occupancy wil l  be slower and the escape t ime w i l l  be 
l onger . Depending on who ' s  exposed , this increase may or may not let 
someone get out who couldn ' t  in the base case . 

Third , Sens itivity studies must be run . In s imple terms , this 
means picking another set of inputs , running the calculat ions aga in and 
seeing how the answer is affected . S ince a large number of input 
parameters are necessarily estimates , this is particularly important . 

To do a complete execution for one product the method must 
calculate the buildup of approximately 2 2 0  f ires , assuming 4 5  scenarios 
potential ly burning in any room of a 5-room occupancy . This 
corresponds to some 5 0  hours of computing using a minicomputer s imilar 
to a VAX . I f  a modern ma inframe is available , the t ime required 
col l apses to more l ike 3 0  minutes . 

There are , however ,  a number of ways this computing t ime can be 
shortened . For example , often only scenarios involving the largest 
f ires wil l lead to deaths , so the largest fires are run first . For a 
given room , the two flashover scenarios are run before those confined 
to the room of origin ; those in turn are run before f ires conf ined to 
the area of origin , etc . Once a room fire of given intens ity is found 
to produce no deaths in an occupancy , it is certain that no deaths will 
be produced by fires in the same room which are smal ler yet , so , in a l l  
such cases , the number of deaths per fire is zero . Thus , i f  flashover 
is required to produce death , as often found to be the case , only about 
thirty runs - - about a s ixth of the total possible - - is requ ired . 

Nevertheless , the computing requirements of the method are now 
substantial . Almost all of the computing time is in the f ire model . 
To the extent that simpler , i . e . more approximate , f ire model s  can be 
used these requirements wil l  become less onerous , although they 
probably wil l continue to necess itate the use of a 3 2 -bit mach ine and a 
hard disk . It ' s  rea l ly too soon to say , for certa in . 

3 .  DISCUSSION 

Let us return aga in to the basic definit ions . When we attempt to 
est imate fire hazard , we try to predict the severity of a given fire in 
a g iven set of c ircumstances , using a prescribed fuel . Th is ha z ard 
predict ion can be done by actual fire experiments or by computat ion 
commonly cal led "model ing" . When we change one of the condit i ons under 
wh ich we make the prediction , e . g . , a new set of fuel properties or a 
different environment in which the fire is to be burned , we also change 
the severity of the outcome . Hazard assessment is s imply choos ing what 
changes are to be evaluated , and comparing the outcomes , whether 
experimental ly or computat ionally . 

Risk is carrying the concept one step further . S ince a real 
s ituation can potent ially involve a number of d i fferent kinds of f i res , 
a risk assessment beg�ns with doing hazard assessment on each kind . 
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What distinguishes risk from hazard is s imply the abi l ity to weight 
these f ires according to their expected l ikel ihood of occurrence , so 
that a compos ite expectation of safety can be drawn . The spec ial 
challenge of risk assessment is ass igning the probabi l it ies to the 
various foreseeable kinds of fires . Therefore , it is poss ible to do 
ha zard est imates without knowing anything about risk ,  but it is not 
possible to do risk est imates without any knowledge of hazard . This 
makes the analytical methods which were the subj ect of the earl ier part 
of this conference the soul of both approaches .  It i s  worth returning 
to them to see what we can expect . 

In my own view fire hazard assessment is a tremendously powerful 
tool , the potent ial of which has scarcely been real i zed .  Conferences 
such as this are tremendously helpful in acqua inting potent ial users o f  
these techniques with their capabil it ies . But a l l  the salesmansh ip i n  
the world is not going t o  substitute for concrete results . It ' s  t ime 
to spend more effort us ing what we have to try to solve problems rather 
than emphas i z ing what we don ' t  know . Certa inly , there are many det a i l s  
yet t o  f i l led in , but i f  we wait for a system of ha zard assessment to 
be perfected , we will retard , rather than accelerate , its trans ition 
from an academic discipl ine into a pract ical tool . 

In my view ,  we have often allowed ourselves to be wrongly 
influenced by the concerns of researchers , who understandably are 
concerned with making accurate and quant itative predict ions . We have 
doc ilely accepted the researchers ' view that model ing techniques are , 
to say the least , imperfect . But what we should be seeking is areas in 
wh ich they ' re " good enough" . Many pract itioners do not need to know 
the magnitude of a ha zard in great deta i l , they rely on such techniques 
ma inly to make deci s ions such as : " do I use product A or Product B? 
Wi l l  extending a corridor , or reducing a floor area , increase or 
decrease the sa fety of a des ign? " In short , the techniques we are 
discuss ing today are intended to be a ids to dec is ion making ; whether 
they are monol ith ic disc ipl ines in the ir own right is a separate but 
irrelevant question . Once a technique has been developed su ffic ient ly 
so that a decision can be made with greater conf idence than it can 
without the technique , the ut il ity of further development i s  
increas ingly t o  the researchers , and decreas i ngly t o  the dec i s i on 
makers . 

It is certa inly true that models a l l ow one to draw incorrect 
conclus ions and false inferences , and this danger increases as the 
experience and capabil it ies of those using the model s  decl ine . One 
would certainly view skept ical ly any dec is ion based on model ing whi ch 
confl icted with ones normal expectations , and in such cases the deta i l s  
of any model should be very careful ly examined . But i n  my experience , 
it is the assumpt ions which underl ie the computations which should get 
more scrutiny , most of the attention focuses on the computat ions 
themselves . This aga in underscores the need to use these ana lytical 
techn iques as a backup to profess ional capabil it ies . It i s  common to 
ask what model was used in address ing a problem . It is less common , 
but at least as important , to ask who was using it . Modern ana lyt ical 
methods may make a mathemat ician out of a f i re expert , but they cannot 
make a f i re expert out o f  a mathematician . 
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Set 1 .  

Set 2 .  

Set 3 .  

Exhibit 1 

Scenario Cateqoriea 

Product is first item iqnited . 

-
- Draws curve up to Qmax • uainq secondary items (unspecified) as 

necessary if qp product alone not sufficient to reach Qmax · 
- I f  4p > 6max • fire is cut off at Qmax · 
- I f  6max is flashover energy , q = Qmax until fire load of room is 

• 
exhausted . I f  extent of fire spread is such that Qmax < flashover 

. 
energy , fire declines as soon as Qmax reached . 

Product is DQt first item iqnited and fire confined to obj ect . 

- Draws curve up to Qmax ( from 2 -parameter l ibrary of fire 
characteristics of items DQt product) 

. 
- If  qp < Qmax • secondary items (unspecified) as necessary to reach 

Qmax · 
- I f  qp > 6max ' fire cut off at Qmax · 

Product DQt first item iqnited and fire spread beyond obj ect of origin 

- Finds maximum separation distance for iqnition baaed on matrix of fire 
intensity and product iqnitabil ity ;  compares distance in matrix to 
item-product distance . 

3a . I f  product close enouqh to iqnite . 

- Product iqnitea when RHR of initial obj ect is larqe enouqh to 
produce iqnition flux (determined from iqnition ease of product 
and ita distance from obj ect) • 

• 
- I f  q0 + qp < Qmax • secondary items burned as necessary to 

reach Qmax · 
. . "' -

- If  � + qp > Qmax • fire cut off at Qmax · 
- I f  Qmax is flashover energy , q = Qmax until fire load of 

room is exhausted . I f  6max < flahover , fire decl ines as soon 
. 

as Qmax is reached . 
3b . I f  product not close enouqh to iqnite . 

- Product does not iqnite (product too far away) . 
- Sequence same as Set 2 
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Step 
1 .  Base case 

2 • New Product 

3 .  Sensitivity 
Studies 

Exh ibit 2 
Input Needed for Risk Assessment Model 

Inout Needed 
1 .  Occupancy Characteristics 

- room sizes 
- room arrangement 
- doorway sizes 

2 .  Fire experience data 
Fires in Occupancy 
chosen by : 
- room of origin 
- item- first-ignited 
- frequency of ignition 

3 .  Fire properties of product 
- ignitabil ity 
- smoldering time , i f  any 
- heat release rate 
- smoke obscuration 
- fire spread rate 
- smoke toxicity 

4 .  Characteristics of other 
items first ignited 
- average , or typical , 

distance of items from 
product , by room 

- fire growth and peak 
heat release rate of 
items 

5 .  Characteristics of those 
exposed 
- occupancy sets 
- frequency of sets in 

building 

1 .  Fire properties of Product 
( same ones as 3 ,  above) 

Changes in any input variable 
as appropriate 

Source 
C for upholstered furniture) 
Census of Housing 

and 
Scenario Panel 

NFPA 901 

Expert Panel , based on 
on measured properties 
of typical furniture 

Scenario Panel 

Estimates of expert 
panel 

Laboratory 
Measurements 

Used In 
Scenario Generator 

and 
Fire Model 

Scenario Generator 
and 

Scorekeeper 

Scenario Generator 
and 

Escape Model 

Scenario Generator 
to predict 
secondary ignition 
of product 

Exit model to 
predict who gets 
out and who 
doesn ' t  

Scenario Generator 
and exit model on 
new product 
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An Integration Method 

for 

Translating Research into Engineering Practice 

Roben W. Fitzgerald 
Center for Firesafety Studies 

100 Institute Road 
Worcester Polytechnic Institute 

Worcester, Massachusetts 01609 

Abstract 

Dming the past quarter of a century significant progress has taken place in the understanding 
and quantification of many pans of the building firesafety system. The quantification through 
scientific research of theoretical relationships, deterministic equations, and complex computer 
programs provides an ability to study parameters and relationships in a more sophisticated manner 
than has been possible with experimental and experiential methods alone. In order to realize the full 
benefit of new discovery in the construction of buildings, an integrative framework is needed to 
coordinate the promise of research with the experience and needs of engineering practice. 

This paper will describe briefly an engineering method that is structured to incorporate research 
results into performance related building firesafety analyses. Quantification procedures relating 
modem research tools with experience and practice to describe expected behavior are presented. 
An example is given to illustrate techniques for using deterministic relationships and computer 
models to establish probabilistic performance expectations. With this example as a foundation, 
additional topics include discussions of a computer program to assist in building evaluations, 
research into developing deterministic empirical equations with reliability assessments, practical 
applications, and capabilities and limitations of the method. 

107 

Copyr ight  © Nat iona l  Academy of  Sc iences.  A l l  r ights  reserved.

Repor t  From the 1987 Workshop on Analy t ica l  Methods for  Des ign ing Bui ld ings for  F i re  Safety
ht tp : / /www.nap.edu/cata log.php?record_ id=19114

http://www.nap.edu/catalog.php?record_id=19114


1 . INTROD.JCT ia-.1 

The practice of bui lding f i resafety ana l ysis and design is in a state 
of transitia� . In the rni!llinstream of today ' s  bui lding f i resafety , most 
decisia�s are based a� prescri ptive code requi r�ts . Ca l cu l atia� 
procedures for certain isol ated components of bui lding f i resafety are 
avai labl e .  The interrelatia�shi ps and interdependencies of the compl ete 
fi resafety system genera l l y  are recognized . The capabi l ity to move from 
a ca�vent iona l  prescr i ptive code structure toward a perforrni!llnce oriented , 
integrated engineering method for fi resafety analysis and design is 
a l most percept i bl e .  

During t he  past fifteen years , WPI , i n  col l a boratia� with  others , 
has been devel oping eng ineering procedures for eva l uating the performance 
of t he  bui l ding f i resafety system . At t he  present t i me ,  this method 
a l l ows an engineer to structure bui l ding fi resafety probl ems so that the 
technica l  basis for sol ut ia� is organized and ca�sistent . The method at 
present provides a framework for identi fying specific  probl ems and 
structuring the sol uti a�s . The framework del i neates the functia�a l  fi re­
bu i l d ing system in a rni!llnner that enabl es  interactia�s and 
interdependencies to be identified . 

The method has an important attri bute of organizat ia�a l  ca�sistency . 
Al l of the tool s that current ly exist in f i resafety rni!IIY be incorporated 
where appropriate . This includes bu i l d ing codes , fi resafety standards , 
experience , fai l ure ana l yses ,  experimental research,  theoretica l  
relatia�shi ps ,  and ca l cu l atia� procedures and model s . The method 
pr"ovides a structure with which the sci entific  base rni!IIY be l inked to the 
engineer ing base . 

The eventua l goal is the devel opment of integrated , cal cu l at ia�­
based ana l ysis and des ign procedures for use by pract icing professional 
engi neers . These procedures are envisia�ed to functia� in a rni!llnner 
anal ogous to structura l and mechanica l eng ineer ing methods . Al though 
this bui l di ng f i resafety engineering method has reached a l evel of 
matur i ty where it can be used for appl icat ia�s today , it  has evolved a� l y  
part of the wa y  toward the compl ete ,  eva l uation based method that is 
envisioned . Each new app1 1cat ia� provides addi tiona l  experience toward 
t he  evol uti a�  of this engineering method for f i re .  For both present uses 
and future devel opments , the objecti ve is to design bu i l d ings for f i re 
better and at l ess cost . 

The framework for this system provides a structure t hat can rel ate 
both scient i fic research act ivi ties and bui l ding code requ i r�ts to 
functiona l  perforrni!llnce components . I t  has been tested l oca l ly  in 
academica l l y rel ated act ivities to bu i l d  conf idence in i ts appl icabi l i ty . 

The rni!llin purpose of this paper is  to i l l ustrate how ca l cu l ation 
procedures and computer model s may be integrated into this framework for 
purposes of pract ical f i resafety ana l ysis and design . For thi s  
discussion , the method rni!IIY be ca�s idered a s  an engineering pract ice 
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oriented tecmique for risk analysis . However ,  before addressi ng a 
specific i l l ustrative example ,  a bri ef discuss i on  of engineering methods 
in general is given .  The recogn i t i on  of the nature of engi neering 
methods is useful to put the evol ution of bui ld ing fi resafety analysis 
and design i nto perspect i ve .  In add i t i on , the tecmiques of 
quanti fication as they are used in this engineeri ng method today a re 
discussed brief l y .  These quanti f icati on  procedures give a useful insight 
into relati ng sci entific research and r i sk management .  

2 .  ENGINEERING METHODS 

Sci ence and engineering a re l inked in the minds of most peopl e .  To 
t he  laym!ln , the two often a re synonymous . In reseerch ,  devel opment , and 
a'lg ineeri ng practice ,  the distinct ions may be recogni zed more easi l y .  I f  
one were to define t he  "scient ific method " , references wou l d  be read i l y  
ava i labl e .  However , i f  one were to seek a def i n i t i on  of t he  " engineering 
method " , the avai labl e references are sparse . Often " engineering "  is 
defined by the resu l t ing product , rather than the process of how the 
product was creeted. Koen [ 1 ] , in a recent book ,  defines the engineeri ng 
method as 

" t he  strategy for causing the best change in a poor l y  
understood or uncerta in s i tuat ion wi thin t he  avai lable resources . "  

The eng ineering method as defined above is va l id regardl ess of t he  
historical era i n  which i t  is appl ied . However , the eng ineering product 
that i t  produces is qui te temporal and dependent upon the means ,  
knowl edge , and experience ava i lable at the t ime of i ts creet i on . 
Al though the bri ef treetment of Keen ' s  message given here is necessari l y  
inadequate , a few of his concepts may be usefu l within t he  context of 
this paper . 

A design strategy norma l l y  invol ves a number of al ternat ives , eech 
l imi ted by resources and constraints . The " best "  sol ution depends upon 
the problem being addressed , and rrust be related to the needs and 
constraints present . Keen notes that " Best for the scientist impl ies 
congruence wit h  an assumed externa l nature ; best for the engineer impl ies 
congruence with a specific view of nature . . .  One al ternative does not 
repl ace another by confrontati on ,  but by doing a better Job in a given 
context " . 

kl engineering product i s  temporal , and i ts des ign rrust be based on 
the state of the art at the time of i ts devel opment . No matter how 
precise the determi nistic base for quanti fication model s may be ,  an 
amount of subject ive decisionrnaking and Judgment is an integra l  part of 
the process . I f  a proposed sol uti on  deviates too far from what the 
engineer might expect , that engineer wi l l  quest ion , reca l cu l ate , and 
chal l enge . The engi neer Judges soluti ons t hrough his state of t he  art 
capabi l i ti es  at the time . 
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It is important to recognize that the engineer must a l ways provide 
an answer wi thin the cawtraints of t i me ,  money ,  and the state of the 
art . Scia1ce is appl ied wha'l appropriate . kl engineering probl em is 
defined by i ts resources , and the a1gineer nust make decisi01s wi thin the 
amount a l l ocated . Devel oping , retrieving , and appl ying scient i f ic 
knowledge a l ways  incurs cost . In some cases the resources are sufficient 
01 l y  to permit a so1 utiO"l based 01 past experience , intuitiO"l , fol kl ore ,  
and educated gu•ses . In other cas• , the resources are enoug h  t o  afford 
science . Koen notes that " We  must admi t that modem science has fuel ed 
the machinery of modem engineering , �t 1o1o1e should not assume that i t  is 
the machinery i tsel f . •  

The engineering profess i 01 i tse 1 f usua 1 1  y provides the advancement 
of the state of the art through devel opment of i ts technica l  base of 
professi onal pract ice . The f i re protectiO"l 8"\Qineering cormun i ty has not 
yet establ ished a techn ica l base of engineer ing pract ice where cost and 
actual f i resafety performance may be related in a meaningful way . 

3 .  FRAMB«>RK FOR El.J I LDING F I RESAFETY ANALYSIS AND DESIGI 

The eva 1 uatiO"l of � i 1 ding f i resafety invol ves the integratiO"l of a 
large number of factors that canprise the compl ex f i resafety system . 
Over the years , systematic procedures have evol ved to structure the 
probl ems and sol uti01s . The complete method CO"lSists of n i ne major parts 
that can be grouped into three categories : 

A .  Performance Ident i ficatiO"l and Needs 

1 .  Establ ish Perfonmance Cri teria 

a .  Peopl e 
b .  Property 
c .  Cont inui ty of OperatiO"ls 

B. Bu i l ding Analyses 

2 .  Prevent Ign i t i O"l  and Establ ished Burn i ng 

a .  Prevent Ign i t i 01  
b .  Initial F i re Growth Hazard Potential 
c .  Special Hazard Automat ic Extinguishment 
d .  Occupant Extinguishment 

3 .  F1 arne Movement 

a .  Fi re Growth Haza rd Potent ial 
b .  Automatic Sprinkler Extinguishment 
c .  Fi re Department Extinguishment 
d .  Barrier Effectiveness 
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c .  

4 .  Smoke Movanant 

a .  Ai r Vol ume  Generatia1 
b .  Smoke Generati a1 

- Obscuratia'l particulates 
- Toxicity 

c .  Ai r Vol ume Modificatia1s 
d .  Barrier Effect iveness 

5 .  Structural Frame 

a . Heat Energy Impact 
b .  Protectia'l Effectiveness 
c .  Def l ectia1 
d .  Structural Capabi l i ty 

6 .  Peopl e Movement Anal ysis 

a .  Alert Effectiveness 
b.  Path Movanant 

El.l i l d ing Design 

7 .  Peopl e Protecti a1 

a .  Evacuatia'l 
b .  Areas of Refuge 
c .  Defend in Place 

8 .  Property Protecti a'l  

a .  Move 
b . Defend in Pl ace 

9 .  Cont inuity of Operatia'ls 

The anatomy of the five analysis components of Part B is an 
organized framework that identifi• the interrelatia'lsh'f ps of the parts 
of t he  bu i l d ing fi resafety system . Every part of the bui lding 
ccnstructia'l or prescri ptive bu i l ding code requ i rement can be identified 
with a spec1fic analytica l  component of the system . For example, a door 
latch becanes a part of barrier effect iveness for f l ame or smoke l'riOV8na'1t 
and the architectural l ayout is a factor in the analysis of fi re 
department agent appl icatia'l . 

The anal yses of Part B above invol ve engineering procedures to 
predict the performance of an existing or proposed bu i lding and i ts 
fi resafety system . Some parts of the framework are more ful l y  devel oped 
than others . I t  should be noted that the anatomy of the framework is 
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c l osel y coupl ed with quant ification techniques descri bed  in the next 
section . The organizat ion and structure of the fr�k has bean 
devel oped to address the funct ional engineering questions ,  rather than to 
conform to avai l abl e data or computati onal models . 

To i l l ustrate briefly the types of issues that are addressed , 
consider the ' Performance Identification and Needs ' of Part A .  To the 
casual observer , it  would appear that the establ ist'Ynent of performance 
criteria would be rel at ivel y simpl e .  In fact , it is a rel atively easy 
task to ident ify , on a superf icial  basis , the l ife safety needs and the 
i tems and l ocat ions of high property val ue at risk . I tems that are 
critical  to maintain the operat ional mission of the organizati on  are more 
difficu l t  to ascertain for a corporation having a number of interrel ated 
sites . However , when one attempts to quantify performance measures and 
identify acceptable risk , the task becanes canpl ex .  In part , acceptable 
risk is dependent upon perception of and aversion to risk on the part of 
managema"'t or the publ ic . 

The total cost of protection al ternatives , uninsured l oss expenses , 
business i nterrupt ion and market share l osses , and 1� term operational 
expenses , inc l uding insurance coverage , nust be weighed against a 
perceived level of risk . To a l arge extent , this more disc i pl ined risk 
management nust await the development of the fi resafety anal yses of Part 
B and the comparison of analytical  resul ts with recognized si tuat ions and 
case histories . If  engineering anal yses are made for bui l ding fi resafety 
components for any unique bui l di ng , then comparative cost-effect iveness 
rel at ionshi ps can be establ ished for al ternative solut ions and effective 
risk managema"'t can be achieved . The degree of conf idence in the resul ts 
is  dependent upon the l evel of conf idence in the quantif icat i on . The 
concept to be recognized here is that , whi le attent ion to ech component 
in isol ation is necessary for devel opment , the interact ion of al l parts 
are necessary for effect ive risk menagema"'t . 

4 .  QUANT I F I CATION 

The goa l of this engineering method is to design bui ldings for 
fi resafety better and at l ess cost . In addi t i on , thi s  method should 
permit more rat ional eval uations for risk managema"'t . Q.Janti f ication i s  
essential  t o  eval uate the cost-effect i veness of al ternative sol ut ions and 
to sel ect the most appropriate courses of action . 

One purpose of this paper is to address the quant ificat i on  in some 
detai l  because it  is an important part of any eng ineering method , and i t  
is essent ial  for using f i re reserch resul ts in practica l bui lding 
appl ications . The framework , descri bed  brief l y  in Sect ion 3 ,  
interrel ates the many compl ex parts of the system . The quantificati on  
forces an expl ici t eval uat i on  of the effect iveness of f i re design for 
these parts . The framework and t he  anci l l ary computer model used to 
answer the " what if " a l ternatives have been structured in a manner that 
is compat i bl e  wi th quant i f i cation current l y  used , as wel l as t he  
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deterministic equaticn/rel i�bi l ity based procedures envisioned for the 
future . 

Before specific i l l ustr�t icns of quant ific�ticn �re given , one 
shoul d  distinguish between the quanti f ic�t icn envisioned " tanorrcw" and 
the tempor�ry quant ific�ti cn  procedures used " today" . Tanorrow , 
empi r ic�l equ�ticns �re envisioned which wi l l  �bl e the engineer to 
ev�l �te or t�i l or haz�rds �nd solutions for unique bui l dings . These 
equat ions wi l 1 c�l cu l �te performance , end the resul ting l evel of risk may 
be est�bl ished by l �d and resistance factor or by �rti�l  safety f�ctor 
procedures . 

Tod�y . the quanti fication uti l izes the engineering knowl edge and 
Judgment as it exists , and appl ies science , as Koen not• , when 
�ppropri�te . To do this , the �nalysis components descri bed earl ier in 
Section 3 �re structured into network diagrams . Considerable effort has 
been expended to decompose the system in � mamer that is c l ear to the 
user and �l lows an av�l uaticn to proceed �la'lg a consistent , raticn�l 
sequence . It has been ap�rent that these networks �lso enhance 
camuniceticn �nd understanding wi th related professiona l s , such �• 
�rchitects , engineers , code official s ,  �nd the f i re service . The 
procedures are �rticu l er l y  useful for com�ring design � l ternatives . 

To provide � temporary bridge that � 1 l ows  t he  method to be used now 
in practica l  appl ications , the networks are structured to use 
probabi l istic assessments . Al though the quantific�ticn could uti l i ze 
consensus v� l ues or la'lg run st�tistics i f  they _,.e avai l abl e ,  these 
�ppr�ches have been conscious l y  reJected . I t  is bel ieved that premature 
use of stat istics or consensus v� l ues wi l l  del ay the development of 
engineering procedures based en science end experience . Consequentl y ,  
t he  probabi l ist ic assessments used i n  this method today are the 
subject i ve Judgments of the engineer . 

The structure of the networks provides � frame of reference for the 
Judgmenta l ev�l u�ticns . Using concepts of " divide �nd conquer " , the 
network events have been carefu 1 1  y se 1 ectad and tested . The necessary 
Judgments are made wi thin �n ordered conceptual envi ronment . Whi l e  
focusing en one component , the engineer has conf idence that the other 
interrel ated �rts of the fi resefety system wi l l  be addressed 
appropriatel y .  In many �ys . these networks are anal ogous to the free 
body concept of mechanics . 

Al though the networks structure the envi rcnnent for the subJect ive 
assessments of the probabi l ity of success for the various system 
components , the basis for those Judgments c�uses concern among many 
observers end users . The question constant ly  �rises , how do I obtain 
�ppropri�te probabi l ist ic val ues? Thi s is an import�nt question that 
must be addressed in sever� 1 �ys . 

A major concept is that the probabi l istic assessments used today �re 
a measure of the personal bel ief of the engineer , �nd not a frequency of 

1 1 3  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

R e p o r t  F r o m  t h e  1 9 8 7  W o r k s h o p  o n  A n a l y t i c a l  M e t h o d s  f o r  D e s i g n i n g  B u i l d i n g s  f o r  F i r e  S a f e t y
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 1 4

http://www.nap.edu/catalog.php?record_id=19114


occurrence b!tsed a"' l ong  run statistics . Mostel l er [2] notes that the 
personal ist can apply probabi l ity to al l of the problems an obJectivist 
studies . and to many more . The obJect ivist l i kes to make interpretat ia"'S 
a"' l y  from repeated events . The persa"'al ist brings other kinds of 
evidence into his inferences . The prob!tbi l istic eval uatia"'s used today 
in this method are the professia"'al opinia"' of the engineer . They depend 
upon the situatia"' , ca"'ditia"'s , and resources . and are b!tsed a"' a variety 
of sources including : 

a .  �ical and chemical  phenanena 
b .  Fire test resu l ts 
c .  Codes and standards experience 
d .  El.li l ding performance ana lyses 
e.  Computationa l  model s 
f .  Stat istical data 
g .  Persa"'al experience 

The tee mica 1 b!tse for ca"'temporary fi resafety has bean improving 
exponential l y .  · Neverthel ess , i t  is sti l l  \IMII!Ik whEn f i re  tectnology nust 
answer questi a"'S for a pract ica l  bui l ding analysis and design . The 
engineer fi'LISt provide the l ink between tecmology as i t  exists today and 
the economic and safety needs of t he  bui l ding design . 

The probabi l istic assessment by the eng ineer within the framework of 
the anatany provides the means by which the fi resafety components may be 
quantified today . The quantification . therefore . provides a rel ative 
comparison of one al temative to another .  or of a"'e bui l ding to another . 
The prob!tbi l istic values should not be viewed as being necessari l y  
synonymous wi th l ong run statistical predict i a"'S . However . evErl with the 
presErlt l imitations . the method provides a basis for design equivala'1Cy 
assessments and for comparative ranking of bui l di ngs . 

The Erlgineer is forced to make expl icit eval uations of the prob!tbl e 
success of the components . Init ial l y .  a"'e usual l y  is apprehensi ve  about 
making these Judgments . However , after a"'e or two bui l dings are 
ana l yzed .  and the functiona l  simpl icity of the process is recognized . the 
apprehensia"' seems to disappear or decrease significant l y .  CUrrent l y ,  
efforts are being di rected towerd devel oping guidel i nes and organized 
data to assist in making the eval uatia"'s . However . in the end the 
Erlgineer is ca"'fra"'ted wi th weighing the situation and the avai lable 
informat ion and applying his best Judgment of the prob!tbl e success in 
order to achieve the best solut i on  wi thin the ava i l abl e resources and 
constraints . 

5 .  I LLUSTRAT IVE EXAMPLE 

One of the components that is eval uated in the f l ame  movement 
analysis is the prob!tbi l ity that the l ocal f i re department wi l l  be abl e 
to extingu ish a f i re in the room of origin before it becanes ful l y  
invol ved .  This component was selected because it i l lustrates t he  
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quanti f ication tecmiques of " today" and integrates current research 
stud i es  i nto the engineering analysis for a very compl icated probl.m. 

As an overview of the ana l ys is , we rrust eval uate the paral l el 
evolut i ons of t he  roan f i re development and the f i re department 
suppression activi ties . Time is the parameter that enabl es these two 
separate activiti •  to be rel ated . Determinati on  of the probabi l ity that 
the roan wou l d  f l ashover at al l would have been included in an earl ier 
canpcnent . Here , the analysis is based on the condition that f l ashover 
can occur . 

Consi der fi rst the f i re independ8"\t l y .  Establ ished &Jrning ( EB) i s  
the s i ze of fire that t he  engineer sel ects as t he  start of t he  bu i l ding 
.-w.l ysis . A 25 kw f l ame  size is a useful definition for Establ istwd 
ll.lming . With zero time set at EB, the t ime relationshi ps for continued 
fire development are estimated unti l  ful l roan invol VWIB'lt occurs .  

Corlsider next the bui lding-f i re department interactions necessary to 
appl y extinguishing agent and put out the f i re .  The main events are ( 1 )  
Not i f ication of the Fi re Department , ( 2 )  Agent appl ication by the Fi re 
Department , and ( 3 )  ExtinguistTnent . Table 1 idS"\tifies the maJor 
evaluation events in the process . Each of these sequential events 
requ i res time to canplete . As a prel iminary indication of the l i kel i hood of 
success in �"M�nUal ly extinguishing the f i re before ful l  roan invol vement 
( FRI ) occurs , the expected time for FRI is canpared to the time of agent 
appl ication . I f  the time to agent appl ication is less than the time to 
FRI , the expected roan conditions and bui lding design features , as wel l 
as the f i re department extinguistTnent capabi l i ties , are evaluated to 
estimate the probabi l i ty of success of extinguistTnent before the roan 
becanes ful ly invol ved .  

TABLE 1 

1 .  F I RE DEPARTMENT NOTI FICATICJt.l 

a .  Fi re is detected 

b .  Decision is made to noti fy t he  f i re department 

c .  Message i s  SS"\t to t he  f i re department 

d .  Correct message i s  accuratel y  received by the f i re 
department 

2 .  AGENT APPL ICATICJt.l 

a .  Equi pment responds to the site 

b .  Nozz le enters the roan 

c .  Agent discharges fran t he  nozz l e  
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3 .  EXTINaJ istfENT 

a .  Enough water discharges from the nozzl e  

b .  Water discharge is c�tinuous 

c .  Bl ackout occurs 

The engineering time avai l able for analysis is di rect l y  rel ated to 
the fee that the cl ient is wi l l ing to pay .  That fee is rel ated to the 
purpose and needs of the analysis . Engineering office time is a val uabl e 
ccrrmodi ty .  If  bui ldings are to be designed for f i re  in a routine manner , 
professi�al practice procedures must be establ ished in a manner 
anal ogous to structural engineering practice .  The expl anatory procedure 
that fel l �  may appear to be compl ex and requ i re unreasonabl e 
engineering t ime .  �r , experience indicates that design guides can 
make t he  process rel ati vel y  eff icient . The expl anati �  here is  intended 
primar i l y  to identify a mechanism to integrate research studies with 
engineering practice .  

As an i l l ustration of rel ating research and pract ice ,  c�si der the 
room of Figure 1 .  Assume that this is a representative l iving room for 
an apartment bui l ding .  One would be eval uating a specific bui lding .  
Therefore , i ts locat i� .  s i ze ,  archi tectural l ayout , and constructi� 
features would be knCM'l or identified as a design al ternat ive .  The 
ava i l abl e water suppl y ,  as wel l as the l ocal f i re department size ,  
l ocati�s . and operati ng procedures a l so wou l d  be knCM'l or determined . 

Given Establ ished 8.Jrning , the time to FRI rrust be estimated . 
Assume that the room of Figure 1 measures 1 2 ft . x 9 ft . x 8 ft . and that 
�e open door connects this room to an adjacent room . The furni ture is 
as shCM'l . Most pieces are rel at ively old and the combusti bl e  materials  
are predominantl y  cel l u l osic . The wal l s  and cei l ing are painted gypsum 
board . 

5 . 1 Time to Fl ashover 

A time durati� between EB and FRI fi'LISt be selected as a base for 
eval uati� . Obvious l y ,  the l ocat i� of the ign i t i �  source has a major 
inf l uence � this time durati� . Also ,  the stabi l i ty of furniture 
arrangement , the movement in and cut of occupant rel ated materials (eg . 
papers , books ,  clothing , etc . ) ,  and the s i ze and l ocati� of openings are 
other important factors . Nevertheless , a t i me  durat i� from EB to FRI 
must be sel ected as representative for these conditi�s . 

In the absence of guidel ines , mathematical expressions , or codified 
procedures to ident ify the time durat i� quickl y ,  the engineer has 
several opti�s . One is  to study the behavior of test fi res in rooms 
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that most resembl e this room . Information selecti01 and retrieval wi l l  
usua l l y  be a probl em in this  approach .  

A second approach might uti l ize the f i re  growth rel aticnshi ps 
recentl y  incorporated in Appendix C of NFPA Standard 72E [3] . In this 
standard , the rate of f i re growth is modeled in the form of a simple 
algebraic expression : 

where , 

• 
Q = Heat rel ease rate ( kW) 
t = time (S) 

( 1 )  

ex = a pre-exp01ential  c01stant W'lich may be a kind of 
material  property 

p = the f i re growth exp01ential  factor , taken as 2 at 
present 

The term ex may be used to describe the cOI'Ibust i01 characteristics of 
the fuel packages . At the present time sel ecti01 of va l ues for ex is 
Judgmenta 1 . Free burn tests for specific representative fumiture i tems 
can be assumed to be rel ativel y stable and reproducibl e .  When these 
items are c l ose to a wal l or a corner , more radiative feedback and l ess 
Ca"'vactive cool ing wi l l  occur . This resu l ts in faster buming , and the 
val ue  of ex must be adJusted to refl ect this enhancement . Simi l ar l y ,  W'len 
combusti bl e  contents can ignite combusti bl e  wal l l inings , the val ue of ex 
can be increased significantl y  . 

• 
The rate of heat release , Q ,  of Equati01 ( 1 ) must ref l ect f l ashover 

condit ions . O'le approach is to assume that flashover occurs whEn the 
heat rel ease rate reaches a val ue descri bed by Equat i01 ( 2 ) . St i l l  
another is to use the Thomas f l ashover correl ati01 ava i l abl e in reference 
[4] . The Thomas correl at i on  assumes that no heat is l ost through t he  
bcunding surface , and is more c01servative than Equat ion ( 2 ) . 

Cl 
t 

0 . 00 1 4  
1 6  min 

0 . 0028 
1 1  min 

Tabl e 2 

0 . 0 1 1  
6 min 

0 . 045 
3 min 

0 . 1 78 
1 . 5 min 

Val ues of ex can be derived for individual it.,. by matching the heat 
release characteristics from fi re tests with the Q = ext • rel at ionship . 
Reference [5] provides sane data to do this . This may be augmented by 
engineering Judgment to rel ate t he  actual conditions to the test 
001ditions . 

Q = 6 1 0 ( h� IHv> 1/2 ( 2 )  
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where ,  
• 
Q = rate of heat rel ease ( kW) 

� = effective heat transfe� c�ficient through the 
bounding surface ( k4Am- I\ ) 

A 
w 

= area of bounding surface (m
2) 

A 
v 

= total area of vent opening (m
2) 

H = height of vent openi ng (m) v 

• 
Incorporat ing this va l ue for Q into Equat ion ( 1 )  a l l owa  t he  t ime to 

f l ashover to be cal cul ated as shown in Tabl e 2 .  

To i l l ustrate the differences , for the one open door for the roan of 
Figure 1 ,  Q is 1 230 kw from Equatia'\ 2 , assuming h

k is 0 . 035 , and the 
Thomas correlatia'\ is 1 380 kw .  

• 
The time to fl ashover lni!IY be cal cul ated from Equati a'\  ( 1 ) ,  assuming Q 

of 1 250 kw . Table 2 shows the time to f l ashover for different val ues  
of ex .  

A thi rd approach might eval uate different scenarios by using a 
ccmputer f i re growth model , such as the Harvard Code V ,  (now knC*n as 
F I RST) . The time to fl ashover might be selected as an intu i t i ve  " feel " 
after studying the resu l ts . 

A modificatia'\ of this l ast procedure can form��l ize the process 
sign i ficant l y .  Bl aisdel 1 [6] , i n  an �rgraduate WP I  student proJect , 
devel oped a tecmique for establ ishing a probabi l ity of f l ashover and a 
t i me  to f l ashover by applying a Monte Carlo sirrulatia'\ to the room of 
Figure 1 with Harvard Code .  Figure 2 shows the resu l ts for the foam padded 
furni ture and gypsun wa l l board ca'\ditia'\s ident ified earl ier .  Heat 
rel ease val ues were obtained from experimental tests a'\ furniture that 
was assuned to be simi l ar to that descri bed in Reference [4] . 

Let us assume for the present that a t i me  from establ ished burning 
( EB) to ful 1 room invol vement ( FRI ) of 1 6  minutes were selected for this 
room . A discussia'\ of this estilni!lte wi l l  fol low the f i re department 
suppressi a'\ ana 1 ysi s . 

5 . 2  Fi re Department Suepressia'\ 

Tabl e 1 ident i f ies the events that rrust be eva l uated with respect to 
the expected design f i re .  " Today" thi s  eval uatia'\ consists fi rst of 
est ilni!lting the time durat ia'\ of the events l eading to agent appl icatia'\ , 
and t,._.. , t he  probabi l ity of success for t he  events . The t i me  rel ated 

1 1 8  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

R e p o r t  F r o m  t h e  1 9 8 7  W o r k s h o p  o n  A n a l y t i c a l  M e t h o d s  f o r  D e s i g n i n g  B u i l d i n g s  f o r  F i r e  S a f e t y
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 1 4

http://www.nap.edu/catalog.php?record_id=19114


ana l ysis gives an indicatia'l of the f i re caldit ia'ls to be expected at 
the t i me  of agent appl icatia'l . This provides the base fran which to 
Judge the probable success of extinguist'Ynent before the f i re extends . 
Tabl e 3 provides some hYpothetical , but real istic , times for this room a'l 
the second floor of a bui lding l ocated ale mi l e fran a fire stat ia'l in a 
�ate sized city . 

Tabl e 3 

EVENT Incrementa 1 CUnu l ative Q( kw) 
Time Time 

Datectia'l 0 1 5  
Decide to cal l fire department 2 m 2 m  70 
Cal l f i re department 1 m 3 m  1 20 
Fi re department receives message 1 m 4 m 1 70 

Notif icat ia'l 4 m 

Al arm handl ing time 1 m 5 m 230 
Turnout t ime 0 . 5  m 5 . 5  m 270 
Travel time 2 . 5  m 8 m 400 
Nozz le enters room 4 m 1 2  m 950 
�tar discharges from mozz l e  1 m 1 3  m 1 000 

Agent Appl icat ia'l 1 3  m 

In practice , i t  is relat ivel y easy to estimate the f i re size at the 
time of detectia'l . The f i re size at detectia'l depa Ids upon whether the 
tunan or the automatic detectia'l system is used .  If tl.Jman detectia'l is 
assurl8d ,  the number , activi ty , Calditia'l , l ocatia'l , and expected 
responses nust be eval uated . If  an automat ic detectia'l system is used ,  
computer ana l yses such as DETACT [7]  wi l l  give an indicatia'l of the f i re 
size at the time of detectia'l . This detectia'l estimate l inks the f i re 
growth and the f i re department suppressia'l time l ines . 

The " decide to notify " , "send the message" and " receive the message" 
events nust be estimated for time duratia'lS . If notificatia'l is by 
di rect , automatic means , the time elapse is effectivel y zero minutes . If  
tunens nust interact , the time duration wi l l  be extended . Al though no 
data is avai l able for these events , it  is not difficu l t  to estimate times 
for sel ected sceneries . It  may be noted that normal l y  this component is 
eval uated separatel y for Calditia'ls where the spaces are occupied and for 
ccnditions where they are unoccupied . 

The a l arm handl ing t i me ,  turnout t i me ,  and travel time combine to 
determine the response time .  The time to gain access to t he  bui lding ,  
l ocate the f i re ,  reach the f i re f l oor ,  and move the nozz l e  to the rooms 
combine to determine the time for the nozz l e  to enter the room . Adding 
the t i me  for water to discharge from the nozz le provides the time for 
agent appl icatia'l . This time gives an indicatia'l of the s i ze of f i re at 
agent appl i catia'l by comparing the t11110 t i me  l ines of Figure 3 .  
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After understanding the operat ions and practicing a few times , mc.t 
peopl e become comfortabl e at identi fying the time durations . Eva l uating 
fire al arm tapes , turnout procedures for the spec i f ic f i re departnB'lt , 
and travel distances give good indications of expected time durations and 
thei r variabi l ity . The time to accompl ish hose evolutions nellds sane 
training . Another student proJect demonstrated that Critical Path Method 
analysis can be an effective tecmique to evaluate the time duration 
between arrival at the site and agent appl ication . 

The final  act ivity in eva luat ing the probabi l ity of success for f i re  
departnB'lt extinguishment is the establ ishment of probabi l istic val ues . 
In  the case of equ i pment , the instal l ed  and long term rel iabi l ity are 
incorporated . For the other events , the onl y means at present is the 
personal bel ief that is the best Judgment of the angineer for the 
conditions present . Whi l e  this may appear to resu l t  in a wide range of 
val ues for a specific case , such does not occur . The framework is 
constructed in such a manner that t he  incren&"'ta 1 Judgments are 
ccrnparatively easy to achieve . I l l ogical val ues  are c l early evident . 

Consistency of eval uati on  does not extend to one very difficu l t  
even t  i n  this component , however . This eva l uation is item 3c of Table 1 ,  
the probabi l i ty that a f i re departn&'lt can extinguish a f i re  of a given 
size before i t  extends . This evant is difficu l t  to assess wi thout fire 
f ighting experience . To al leviate this probl em ,  another WPI 
undergraduate student proJect with a District Chief of the Worcester Fire 
DepartnB'lt , developed a rudimentary expert system to eval uate f i re 
department suppression . This proJect is cont inuing in 1 987-88 to improve 
the quant ification and scope of opt i ons . This expert system proJect is 
not the issue here . Rather , the point to be recogni zed is that as 
weaknesses becane identified , eva luative tecmiques evol ve to enabl e the 
user to improve conf idence in the assessments . 

To compl ete this i l l ustration , h!fpothetical , yet real i st ic 
probabi l ist ic val ues are estimated for the events . For this scenari o ,  
the probabi l ity of success in ext inguishing the f i re before ful l roan 
invol vement is P(M) = 0 . 38 . A set of completed network diagrams are 
inc l uded in the appendix to i l lustrate the process . The cal cu l ations are 
not important here . Rather , i t  is the analytical process to eval uate the 
bui l ding , because the f i re department suppression component actual l y  
eval uates t he  bui l d ing ' s  abi l ity to enabl e t he  f i re department to 
extinguish the f i re before it gr� to a predetermined size .  

The uncertainty i n  select ing val ues for human act ivi t ies can be 
crit icized . To the casual observer , the exercise may be of doubtful 
value .  However , in practica l  appl icat ions , an extremel y good insight is 
gained for the bui l ding design wi th regard to f i re departn&'lt 
suppression . In addi tion , the exerc ise provides a vehi c l e  for f i re 
departments to art icu l ate thei r  concerns to the bui l ding des igner . 
Experience has indicated that the f i re service is usua l l y  comfortabl e in 
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estirmtting times and l i kel i hood of achievement , as l a1;  as the quasticns 
are framed in a careful rni!U'Vler .  

The rmtJor benefit from this ana l ys i s  is the abi l ity to recognize the 
infl ua1Ce of the parameters on this canponent . For example ,  what if 
combusti bl e  interior finish or foam plastic rmtterials cause the a factor 
to increase .  I f  time to f l ashover were reduced by 4 minutes , the fire 
departna'lt has no chance for extinguisi'Ynent before fl ashover . Whether 
that is important depends upon the object ives . Q, the other hand , i f  
not i f i cation time is  reduced by design ,  the probabi l ity of success is 
improved . Fina l l y ,  i f  the room were on the twenty-second floor , rather 
that the second floor , t he  numerical val ues may vary because the 
conditions for bu i l ding transportation rel iabi l ity and water pressure may 
be different . The anal ysis , however , al l ows one to eval uate the 
conditions and to compare resu l ts on a rel ative basis . 

6 .  APPL ICA TIO'.IS 

The princ i pa l  focus of this  eng ineering method is the routine 
ana l ysis and design of bui ldings of al l occupancies and sizes . The 
method is not yet in a stage of docuna'ltation and refinement that it can 
be used in  an " off the shel f "  manner . Nevertheless , i t  is  bei ng used in 
a variety of ways in bu i l ding appl ications . Most of these appl ications 
might be descri bed more properl y  as deYal OPna'lt activities to test the 
method ,  identify its strengths and l imi tations , and create new ana lyt ica 1 
tools for practical usa . 

This sect ion wi l l  descri be very briefly some of the racalt proJects 
that are being undertaka'l .  Some have been compl eted , and a few are 
current l y  i n  progress . Most are student academic proJects which are 
unsponsored . Over the years , a 1 arge number of student proJects have 
been undertaken to address differalt analysis or devel OP"*"tal 
tect-niques . Most might be c l assified as feas i bi l i ty studies in which 
tect-niques were devel oped to sol ve  a probl em . For exampl e ,  several years 
ago a tect-nique was devel oped to rel ate a bui lding code to this method 
and to teach entry l evel eng ineers or pl ans �iners and inspectors both 
bui l ding code use and fi resafety concepts .  After devel oping feas i bl e  
tecmiques for achieving thi s , the student act ivity wa s  finished . The 
work was never wri tten for the open l iterature , and the report became 
Just another interest ing appl icat i on  awai t i ng a potential opportuni ty for 
use . 

To date,  t he  most compl ete appl icat ion of this engineering method has 
been the eva l uat ion of the fi resafety design of a new Pol ar Icebreaker 
Repl acement ( P I R )  for the U . S .  Coast QJard . The individual in charge of 
this proJect was Mr . Robert C .  Richards , the Chief , Marine F i re and 
Safety Research Staff of the Marine Tecmical and Hazardous Materials 
Division of the Coast QJard Office of Marine Safety , Secur i ty ,  and 
Envi ronna'lta l Protect ion . The goa 1 was to eva l uate the proposed 
shi pboard f i resafety system using this engineering method . This proJect 
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has been essenti�l l y  compl eted . and papers �re planned for the fi resafety 
l iter�ture . A brief discussia1 of the proJect may be hel pful to 
i l lust r�te how the method IMIY be used for � pr�tic� l  appl icatia1 of this 
type . 

The proJect di rector was Mr .  R1chards . He was assisted by his st�ff . 
the Coast QJard shi p designers in t he  Office of Engineering , the Center 
for Fi resafety Studi• at Worcester Polytecmic Insti tute . and engineers 
�t Rol f Jensen & Associat• . A canputer program was used for the f l ame  
movemen t  analysis of this 4 0 5  roan structure . This program incorporated 
the f i re  growth hazard potenti�l , autani!lted suppressia-1 , manual 
suppressia-1 , b!trrier effect i va.ss and frequa,cy of est�bl ishad burning 
to canpute the rel �tive frequency of f�i l ure of each compartment . 
Missia1 effect iveness for target roans was ev�l�ted using these resu l ts ,  
and canpered to the obJect iv. set by the ship design team . 

Eval�t i a1  of t he  cc:mpa'lents was �compl ishad by the team using 
�v�i l �ble ev�l�tia1 procedures . For example ,  two nernbers studied � 
simi l �r shi p �t sea for five d�ys to understand and ev�l�te t he  
oper�t ia-1 , funct ia-1 , missia-1 , and existing firesafety system . This 
infor!Mit ia1 was combined with f i re test dat� that had been devel oped by 
Calst QJard research resu l ts over the yel!llrs and by the equi pment ev�l�tia1 
by engineers �t Rol f Jensen & Associ�tes . These factors bec�me the basis 
for the prob!tbi l ist ic ev�l u�t ia1 for the proposed shi �rd f i resafety 
system . Thi s ev� l u�tia1 exerci se provided � good i nsight into t he  
expected performance of the proposed fi res�fety features and their 
inst�l l �tia-1 , �nd became the b!tsis for the recannendatia1s a1 t he  
proposed f i re protection system . 

The Pol �r Icebreaker Repl �emant was the most extensi ve  test of this 
method to �te . Much was l earned that wi l l  en�ble future appl icaticns to 
be ev�lu�ted better and more eff icient l y .  The method becomes a natur�l 
�iz�t ia1� 1 structure that � l l ows research and experience to be used . 
As they �re used , the ev�l u�ti a1  b!tse becomes enhanced , and each new 
piece of inforiMitia1 c�n be �dded to the existing base . The qua l i ty of 
report for the next shi p an�lysis wi l l  be great l y  alhanced because the 
b!tse of knowledge wi l l  be expanded , and bec�use the nav�l �rchi tectur�l 
group and the engineers wi l l  have a better understanding of what c�n be 
�compl ishad . 

In � simi l �r !Minner , a number of student proJects have been and �re 
being undert�ka-1 to test the method , to est�bl 1sh � base of ev�l u�tia1 
using modern research resu l ts , �nd to devel op tecmiques of pr�tic� l  
aval �tion . An example of this �ctivi ty is � three man graduate student 
proJect invol ving nineteen fr�tern i ty hcus• on the WPI c�mpus . These 
bui l dings �re lodging hcusas , �1 1 gener�l ly  simi lar in size . styl e ,  
Ca1Structi on ,  use , �nd occupancy . Al l are code compl ying . The proJect 
wi l l  �ttempt to use this method to devel op tecmiques and their 
Just i f ic�t ia1 for ranking the bui l dings for l ife s�fety risk . 
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The eval uatia� uti l iz• existing flashover correlatia'IS , test data , 
f i re  devel opment theory , smoke movement mcx:lel s , and other tools avai lable 
to the fire camuni ty to eval uate the compcr �ents . After a rationale is 
developed for ranking the b.li ldings , a means of relating the 
effect iveness of proposed improvements and thei r costs shoul d  be evident . 
This proJect , a l a�g with the other student work ,  is unsponsored and 
f\.ncticns primari ly as a vehic l e  for studalt educatia� . Whi l e  the 
educat ional funct ia� is the princi pal focus , the tecmiques that are 
devel oped in the process becane a b.& for future student proJects and 
for the Ca'lt inued evolutia� of the engineering procedures . 

7 .  DISCUSSIQI 

The Engineering Method , as wit h  al l methods , has strengttw and 
lillllll!lknes._ . Rather than to ident i fy the advantages and l imitations in a 
ccnc i se l ist ing , it  is fel t  that a discussia� in terms of the quest ia'IS 
mos t  f�t l y  as ked  may provide a better descr i ptia� of the state of 
the art of the method .  

Q1 . What ecfucat ia�al background is necessary to use the a1gineering 
met hod?  

A1 . The method is being developed for professional engineeri ng analysis 
and design of b.li ldings . The method wi l l  al l ow  the f i resafety of 
each b.li lding to be tai lored to f i t  the needs of the b.li lding ,  
consistent wi th professiona l  standards of care . To do this , 
professia�al engineers knowl edgeabl e in f i re scia'lee and f i re 
engineering are requ i red .  

Although efforts are not being di rected at this time to the 
devel opna'\t of a simpl i fied format , several years ago the 
feasi bi l ity for Ca'lstructing short forms for rapid inspectia� 
screening or insurance eva luatia'IS ..,... studied .  It did appaar 
feas i bl e  that paraprofessia�a l s  can inspect and rank existing 
b.li l dings in a cost effective fN!If'Yler . � . the activi ty in this 
area was dropped because the time cannittment would detract from 
efforts to devel op and quant i fy the engineering needs . 

Q2 .  How can thi s  met hod  be used today? 

A2 . The engineering method can be used today for a detai led ana l ysis of 
the b.li lding f i resafety performance . The work with  the U . S . Coast 
QJard a1 shi pboard f i re design i l l ustrat• that the method can 
provide a clear picture of the effectiva"'l•s of standards and 
specified systems when appl ied to specific problems . The 
performance eval uat ia� of al ternatives in a cons istent manner is 
easier to understand with the structure of this method .  However . 
the quantificat fa� is st i l l  based a1 engineering Judgment .  
Cawequent l y ,  the qua l i ficatia'IS of the engineering tel!lm are 
important . 
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The evaluat ia'\ of the hazards and the fi resafety systems is the most 
important engineering acti vity .  Wherl these are incorporated into 
the computer model , the engineer can gain a good insight into the 
interactia'\ of the compl ete f i resafety system . The ans..rs to " what 
i f "  quest ia'\s al low the f i resafety system to be tai l ored to the 
needs of the bui lding to provide cost-effect ive sol utia'\s . The 
computer analysis can enabl e obscure , but important features to be 
recogni zed and ordered to address specific needs . 

Q3 . What does the computer model do? 

A3 . The computer model may be descri bed  as a " bookkeeper" at the present 
t i me .  It wi l l  perform a variety of cal culatia'\s a\ a temporal 
basis , as wel l as ordering the al ternatives and thei r resul ts . For 
exampl e ,  the basic bui lding response of fi re growth hazard and 
barrier effect iveness can be eval uated for a f i re starting in each 
room of the bui lding .  For exampl e ,  if  i t  is est imated that the f i re 
department wi l l  be abl e to appl y agent 23 minutes after ignitia'\ , 
the computer analysis can identi fy such factors as the order of the 
worst rooms of ign i t ia'\ and the number of rooms that have a 
probabi l ity of invol verna"'t at the time of agent appl icat i a'\ . In 
that way the capabi l i ty of f i re department response can be eval uated 
for the expected type of f i re .  

The computer model can incorporate a variety of al ternatives , such 
as the f i re department suppression or automat ic sprinkl er 
suppression , ei ther separatel y or in combinat ia'\ . It can enable the 
engineer to ask a variety of "what if " quest iaw f ran a design 
viewpoint and obtain the resul ts in numer ical or graphica l form . 
Thus , cost effectiveness studies and graphica l representations of 
resu 1 ts may be c:la\e . 

The computer model a l so enabl es a variety of other studies to be 
ccnducted . For example ,  the trade-off of automatic sprinkl er with 
f i re resistance or exi t access distance requi rements is often 
questia'\ed . The engineering method and i ts computer model can 
address quest ions of t his  type and provide comparati ve  level s  of 
risk so that the phi losophica 1 quest ia'\s can be considered in a 
performance ca'\text . 

Q4 .  What are the computer programs avai l abl e for the method? 

A4 .  Computeri zat ia'\ of parts of the method have been under deve1 opment 
for nearl y  a decade . Professor Ramon C .  Scott of the \IIPI Computer 
Science Department has been the princ i pa l  individual in the various 
computer model s . Actual l y ,  t here are several computer programs that 
are compl ementary , but not yet integrated . The esrl i est \IIPI model 
was a people moverna"'t s i mu l at i a'\ . From t hat ini t i a l  model , a 
variety of programs have been written to simulate f i res or to 
provide support to the engineering design needs for bui l ding 
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f 1 resafety . The mcst developed canputer program is  the flame 
movanant .-.a lysis of the method . Rac.,tl y . expert systems model s  
ha ve  bean started for eval uat ing the roan f i re growth hazard 
pot.,t ial and the f i re department extinguishing capabi l ity . lw 
these expert systems are developed .  it is .,visiawd that they wi l l  
either be a basis for empi r ical quantification procedures or wi l l  
provide a 

·
check for other sc i.,tific  theories or model s . 

Q5 .  What are the canputer requ i rements for the programs? 

AS .  O,ly the maJor program wi l l  be described here . It i s  modular in 
format and written in Pasca l . The maJor parts of the program are 
l isted below wit h  the amount of memory requ i red to run an executable 
code . The addi t ional memory requ i remants for the data stored during 
execut ion can be l arge due to the exponential nature of f i re path 
propagation . 

1 .  Graphica l  Input 
(al l ows  the bui l ding pl ans to 
be input en a graphical  format )  

2 . Room connectivi ty 
( Identifies barrier connect ivi ty 
between roans in three dimensional 
space) 

3 .  Ca l culat i on  
(Calculates a var i ety of 
components in three 
dimensicna 1 f l ame movement ) 

4 .  Data Base Structure 
(A data base was wri tten 
to enabl e the design quest ions 
to be addressed and data to be 
stored for 1 ater reca 1 1 ) 

5 .  O...tput 
(A  variety of numerica l  and 
graphical descri ptors are 
avai l abl e for engineering 
ana l ys i s )  

Memory Raqui remants 

64K 

1 4 2K 

95K 

64 K 

Inc l uded wi thin 
other programs 

The computer program has been under cont inual development for a 
number of years . and recognized ,  desi rabl e .,hanc8ments wi l l  invol ve 
cont inued work for several more years .  It  is possi bl e  to use a 
personal computer , a l t hough the number of roans is l imi ted . The 
U . S .  Coast Q.Jard Hewl ett Packard Computer was used for the 
ana l ys i s  of the 405 roan polar i cebreaker . 
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Q6 .  How can cne obtain a copy of the canputer program? 

A& . The canputer program is a useful tool for use with this 
engineering method .  However . it is cnly cne part of the devel opment 
of the method . A " users group" i s  being established for the 
organi zati ons and individua l s  who are interested in devel oping the 
engineering method as an effective method for f i resafety design . 
This group wi l l  periodical l y  exchange informst i on  and experiences to 
foster general devel opment of the method . Since the canputer model 
is st i l l  under devel opment and test . and it is so closel y coupl ed to 
the framework and the quantification tecmiques . the computer 
program is not yet avai l abl e for rout ine commercial use . 
computer program is . therefore . en l y  a part of the engineering 
method devel opment . ·  

Q7 .  What are the rMJor 1 imi tat ions of the engineering method? 

A7 . There are several maJor l imitations that are obvious at the 
present t i me .  01e is  that of canpl eteness . Smoke movement 
and peopl e  movement anal yses are very crude at the present time . A 
detai led decanposition framework for these analyses . where an 
engineer can feel conf ident that he is abl e to predict the behavior 
on the basis of Judgment . has not yet been devel oped for these 
canponents . 

A second maJor deficiency invol ves quant i f i cation . At the present 
time the quanti ficat ion requ i res the engineer to predict the 
probabi l i ty of success for sel ected fi resafety bui l ding features . 
They ref l ect his bel ief in the performance success of the canponent . 
The basis for this subJecti ve  probabi l ity Judgment may incl ude 
theoret ical  behavior based on scient i f i c  and engineering princi pl es . 
interpretation of deterministic  computer model studies or of 
deterministic rel ationshi ps obtained in the f i re l i terature . and 
personal experiences . Whi l e  the method encourages use of state of 
the art scient ific  resource resu l ts . this can be extremely t ime 
consuming for the pract itioner and expens i ve  for the c l i ent .  Cost 
effecti ve .  semi-empi rical equati ons relating design parameters are 
necessary for the quanti f i cat ion to have widespread use . 
Development of eval uat i ve  procedures where two eng ineers wi l l  obtain 
the same val ue for the same ccnditions is the next maJor thrust of 
the devel opment effort . After that . for l onger term pl aming . 
rel iabi l i ty studies wi l l  be conducted using c l assical l oad and 
res istance factor tecmiques to identify the l evel of risk and 
factors of safety for the design procedures . 

Another rMJor def iciency invol ves the l ack of adequate 
documentat ion . Documentat i on  is needed to expl ain the theory . 
practices . and i l l ustrative exampl es to potential users . Whi l e  
existing documentation has been eval uated t o  s ane  extent by others . 
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a r igorous . critical examination for accuracy . compl eteness . and 
appropriateness is needed . 

.Another l imitation relates to scope of use . 0'\ly rel ati ve  l evel s  of 
risk can be canpared today . As more consistent tecmiques of 
quantification evol ve .  the resul ts m.Jst be canpared numerical l y  to 
other benchmarks . such as the bui lding code and stat istica l  data . 
HCMeVer . at the present time the rnethcx:l is l imited to examining and 
�al uating the f i resafety system for unique structures and for risk 
management for ident ifiabl e obJect ives . 

Q8 .  What are the m��Jor advantages of the engineering methcx:l? 

A8 . The m��Jor strength of the engineering rnethcx:l is i ts organizational  
structure . The structure interrelates the m��ny canpcnents in a 
manner that enabl es the bui l ding fi resafety to be understood as an 
integrated system . Such diverse individuals as code officia l s . 
engineers . f i re officia l s . equi pment m��nufacturers . archi tects . and 
plant engineers are able to understand how the d i fferent parts of 
this canpl ex system interact and how to eval uate . on a subJecti ve  
basis . expectations of bui l d ing perform��nce . The structure enabl es 
camunication between these groups so that a c l ear understanding of 
the problem and the l i kel y  effect iveness of the sol ution can be 
c l early canprehended . 

The second advantage of the structure of the engineering rnethcx:l is 
its abi l ity to incorporate a variety of eval uati ve  tecmiques . 0"1 one 
end of the scal e  the quant ification can be m��de by engineering 
Judgnalt ut i l izing theory . empi rical  resu l ts .  or experi ence as the 
basis fo the est im��tes . It  would be possi bl e  to establ ish val ues 
and appropriate guidel ines for sel ected conditions by loss 
experience stat ist ics . Del phi procedures . or concensus . Whi l e  these 
tecmiques mey be useful for certain purposes . i t  is not appropriate 
for the engineering design envisioned as the princ i pa l  gOI!!Il for the 
methcx:l .  Final l y .  the present structure can acccmnodate l OI!!Id and 
resistance factor probabi l ist ic rel i abi l i ty ana l ys i s  for 
determinist ic design procedures wi thout reorgani zation of the basic 
framework . 

Q9 .  I n  what types of appl ications has t he  engineering rnet hcx:l  been used? 

A9 . Practical . commercial  appl ications are very important to the 
devel opment of the engineering rnethcx:l . Whi l e  i t  has been used to a 
l imited extent by a few i ndividua l s  over the years . on l y  in the past 
few years has the methcx:l m��tured enough that confidence in i ts use 
for special engineering appl ications is Just i f i ed . The ana l ys is and 
design of the polar icebreaker is the l argest known appl icat ion to 
date . 
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A number of bui l di ng  ana l yses have been and are ca'\t inu i ng  to be 
da'\e as a part of our academic program . This work is devel opnental 
in nature and attempts to rel ate theory and computat i a\a l  methods to 
practical engi neer ing probl ems us i ng the method as the 
organ i zat i a'\a l  framework . Thi s work i nc l udes  such act i vi t i es  as 
devel oping tecmiques of risk managanant or risk assessna"\t . doing 
cost-benef i t  stud i es . rel at ing t he  method to bui l ding codes and 
standards . and cr i t i ca l  test i ng of the method and i ts 
quant i f i cat i a'\ . 

8 .  CLOSURE 

The eng ineer ing met hod desc r i bed  in this paper has some distinct 
advantages . as wel l as recognized weaknesses . It may be noted that a l l 
methods used for f i resafety W�a l ys i s  today have strengt hs and 
l imi tat ia'\s that are un ique to t he  procedures . Thi s cond i t i a'\  wi l l  
cont i nue unt i l  the disc i pl i ne evol ves from i ts i nfancy . through 
adol escence . to matur i ty .  T he  growt h of f i re protect i on  a1gi neer i ng 
capabi l i t i es  c l ea r l y  are beg i nn i ng to mature . HO'#eVer . i t  appaars that 
t he  process may experience some trauma during near term future . 

Rather than to descri be t he  advantages and 1 imitations i n  the 
abstract . a frame of reference of convent i ona l  bui l ding des i gn for 
f i resafety is used . Today . f i re protect i on  eng ineers are rarel y a part 
of t he  usua l bu i l di ng des ign team . 8J i l d i ng f i resafety i s  i ncorporated 
by compl iance wi t h  the l oca l  bu i l ding code . The author i ty having 
Juri sdict ion makes the Judgment of code compl iance . /t.s c i ted in " America 
8Jrn i ng "  [ 8 ] . most des i gners assume t he  code provi des adequate protect ion 
for f i re .  Rarel y does a des i gn professional knowl edgabl e in f i re 
protect i on  beccme invol ved in the bu i l ding process . 

I n  thi s  system . the bu i l ding code assumes the resPa\s i bi l i ty for 
f i resafety des ign . rat her than a des ign profess iona l  who s pec i a l i zes in 
the f i el d . The advantages of this system are that i t  i s  easy to use and 
admin i ster . and invol ves rel at i vel y  l ow  des i gn t i me  costs . 

The l i mi tat i ons of the present system invol ve bot h tecmical and 
operat i ona l  factors . From a tecm i ca l  viewpoint . t he  l evel of risk 
establ ished by a code i s  indeterminate . and cost-effect i veness 
rel ationshi ps are mean i ng l ess . Whi l e  the code provides a compi l at i on  of 
good pract i ces . the tecmi ca l  bas is for the requi rements is weak . From 
an operat i ona l  viewpoint severa l d i f f i cu l t i es  are evident . The code 
enforcement t hroughout the count ry is uneven . and des i gn/construct i on  
control is d i f f i cu l t t o  atta i n . T he  sheer magn i tude and comp l ex i ty of 
regu l atory requ i rements are overwhelming . and the des igner often i s  
pl aced in a n  adversary pos i t ion with regard t o  compl iance . 

We may put these st rengths and 1 imi tat ions of the exist ing system 
into perspect i ve by traci ng the enormous improvement in f i re protect ion 
t hat has occurred in the bu i l t  envi ronment . Thi s can be att r i buted to 
t he  evol ut ion of the modern bu i l d i ng code and to i ts enforcement by 
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dedi cated code off i c i a l s .  Today . the bui l ding code systan and t he  f i re 
servi ce provi de  the pr inc i pa l  protect i a�  for the c i t i zen . In add i t i a� . 
regard l ess of t he  vi ew of bui l ding codes . t he  code i s  t he  l aw .  

The evolutia� of des i gn and ca�struct i a�  tecm i ques and mater i a l s  i n  
this century has caused maJor changes i n  bui l d i ng ca�struct ia� . 
Tecm i ca l l y .  rruch is possi bl e  today that was inca�ceivabl e at the turn of 
t he  century . and even a generat ia� ago . As bu i l di ngs have become more 
compl ex .  so have code requ i rements . The bui l ding code has grown during 
this same peri od .  a l though its fundamental phi l osophy has not changed 
s i gn i f i cant l y .  That phi l osophy i s  that the code . rather than a 
profess ia�a l  engineer ing speci a l i st . assumes the respons i bi l ity for 
f i resafety design . 

Wi t hin this envi ra�ment a number of other factors are beg i nn i ng to 
i nterface wi t h  the bu i l d i ng f i resafety camun i ty . O'le is that bu i l d i ngs 
and t hei r  operat ia� and use are becoming more compl ex .  and eca�omic 
ana l yses are more sophist i cated . The cost and effect i veness of t he  f i re 
part of a bu i l d i ng code are comi ng under increased scrut i ny by the na�­
f i re camun i ty .  

The gap between f i re sc ience and bu i l d i ng desi gn pract i ce for f i re is 
l arge and i ts rate of change i s  accel erati ng . The t ime ccmni tmant for a 
pract icing profess i ona l  to ma i nta in currency wi t h  computat i a�a l  changes 
i s  enormous , and the expense cannot be borne a� l y  by c l i ents . 

The l i abi l ity concerns are i ncreasi ng wi t h  t he  advancement of f i re 
research . Wi thin the next decade we can expect a f l oodgate to open with 
more and more computer model s used in bui l d i ng des i gn and in c i vi l 
H t i gatia� cases . These model s wi l 1 be used whet her or not t hey  are 
appropri ate for t he  probl em or have been va l i dated and thei r l imi tat i a�s 
i dent i f i ed . Most pract i t ioners have neit her the background nor the ski l l  
to use t hese model s effect i vel y  or appropriatel y .  The bu i l ding des igner 
wi l l  need a more g l oba l  knowl edge at des ign t i me  because they wi l l  be 
hel d accountabl e at t r i a l  t i me . 

There are natura l i nst i tut i a�a l  ca�f l i cts between t he  t rad i t i ona l  
prescr i pt i ve  consensus code and standard system and t he  pred ictiva 
model s . Both t he  codes and t he  pred i ct i ve  model s have substant i a l  
l imi tat i a�s a t  the present t i me . M amount of trauma , uncerta i nty . and 
ca�fus ion l i es a head for t he  des ign ccmnun i ty .  I t  i s  important t o  f i nd a 
rat i ona l  means by which t he  new tool s can be incorporated into the 
preva i l i ng po l i t i  ca 1 and economic envi ra�ment . It is far more important 
for the des ign profess i ona l  than for the sc ientist to have a framework 
whi ch a l l ows  standards of professi a�a l  pract ice to ref l ect the knowl edge 
base and engineer ing sol ut i ons . 
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