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SUMMARY 
This paper is aimed at describing the principles on which are based the current concepts of fire 
engineering design of steel structures. The first parr deals with the design methods for fire 
safety through the definition of heat exposure and structural models. The second part reviews 
the state of art in structural fire calculation methods, according to  different levelsof assumption. 

RESUME 
Cer article se propose de decrire les principes sur lesquels se fonde la conception et le calcul de 
la resistance au feu des structures rnetalliques. Sa premiere partie est consacreea la presentation 
de rnodeles concernant a la fois la description de l'incendie et la maniere de prendre en cornpte 
le cornporternent de la structure. La deuxierne partie passe en revue iesdifferentes rnethodesde 
calcul de la resistanceau feu des structures en acier. 

ZUSAMMENFASSUNG 
Der voriiegende Beitrag befasst sich mit den Prinzipien, die dern Sicherheitskonzept und der 
Berechnung des Feuerwiderstands von Stahikonstruktionen zugrunde liegen. Der erste Teil 
beschreibt Modelle fur den Brandverlauf und das Tragwerkverhalten. Der zweite Teil zeigt die 
verschiedenen Methoden rur Berechnung des Brandwiderstands von Stahlkonstruktionen. 
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1. INPRODUCTION 

During t h e  l a s t  two decades, remarkable j rog ress  has been made i n  understanding 
not  only the  parameters which inf luence  *-be development of building f i r e s  but 
a l s o  t h e  behaviour of f i r e  sxposed s t r u c t u r a l  ma te r i a l s  and s t r u c t u r e s .  Ln j a r -  
t i c u l a r ,  fo r  s t e e l  s t zuc tu res  t h i s  progress has r e su l t ed  i n  t h e  prcductian of 
very  d e t a i l e d  r u l e s  f o r  the  design and ca lcu la t ion  of s t r u c t u r a l  behaviour and 
load bearing capac-ty i n  f i r e .  

Nevertheless,  it must be admitted t h a t  up t o  now t h e  g r e a t e r  p a r t  of the  r e -  
sea rch  e f f o r t  i n  r e l a t i o n  t o  t h e  f i r e  behaviour of s t e e l  s t r u c t u r e s  has been 
confined t o  *-be two aspects  mentioned above, although i n  r ecen t  years it has 
become obvious t h a t ,  whatever progress may have been made i n  a b e t t e r  assessment 
of L5e r b l e  played by compartmentation and s t r u c t u r a l . f i r e  behaviour, the answer 
t o  t h e  problem of the  f i r e  sa fe ty  of building i s  W. incomplete one. 

I t  must be r e c a l l e d  -&at t h e  f i r e  s a f e t y  of a building a l s o  depends on other 
prevent ive  measures such a s  automatic f i r e  de tec t ion  and ex t inc t ion  systems, 
smoke con t ro l  ana e x c a c t  systems, as  well  a s  t5e thorough ana lys i s  of tine po- 
tential r i s k s  ( f i r e  Load, oxygen supply,  f i r e  spread,  f i r e  e x i t . . . ) .  

Th i s  paper reviews t h e  most recent  developments and new concepts i n  the  f i e l d  of 
fire res i s t ance  of s t e e l  structures and f i r e  s a f e t y .  

2. PRINCIPLES OF FIRE ENGINEERING 

2.1. Objectives and analyses f o r  f i r e  s a f e t y  i n  bui ld ing 

F i r e  s a f e t y  ob jec t ives  a t  l a rge  can be summarized a s  follows l l , 2 ) ,  : - Reducing the  r i s k  of in ju ry  and death  of people. - Reducing t h e  r i s k  of damage and Loss of the  bu i ld ing ,  
t h e  contents  and t h e  environment. 

' I n c o r r e c t  dec i s ions  regarding the  l e v e l  of f i r e  p ro tec t ion  axe l i a b l e  t o  have 
s e r i o u s  consequences : 

- Too low a standard of f i r e  s a f e t y  may involve unacceptabie r i s k  f o r  persons 
i n  t h e  bui ld ing as  well  ss f o r  f i r e  f igh t ing  personnel ard may lead t o  exces- 
s i v e  monetary los ses .  - Too high a standard of f i r e  s a f e t y  w i l l  e n t a i l  unnecessary expense. 

There i s  an evident  need to develop p r i n c i p l e s  and procedures which lead t o  op- 
t ima l  f i r e  s a f e t y  standards.  F i r e  prevention measures and suppression i n  genera l  
serve  both s o c i a l  and monetary i n t e r e s t s  simultaneously.  The o v e r a l l  objec t ive  
is an optimum re tu rn  on investment i n  f i r e  precaut ions  i n  terms of l i v e s  and 
property saved. A s  f a r  a s  monetary f i r e  lo s ses  only  a r e  concerned, a c o s t  bene f i t  
a n a l y s i s  balancing gains  w i t h  l o s ses  should be made. In o ther  cases ,  both mone- 
t a r y  l o s s e s  and s o c i a l  l o s ses ,  such a s  i n j u r y  and death  by f i r e ,  have t o  be taken 
i n t o  account. 
I d e a l l y ,  a r a t i o n a l  ana lys i s  f o r  f i r e  s a f e t y  should c m p r i s e  the  following e l e -  
ments : 

1. agreed l e v e l s  of l i f e  and property s a f e t y ,  

2 .  q u a n t i t a t i v e  methods assess ing p o t e n t i a l  hazards,  

3 .  q u a n t i t a t i v e  methods assess ing the  e f fec t iveness  of p ro tec t ive  measures and 
combinations t o  meet the  required l e v e l s  of s a f e t y  f o r  che idenz i f i ed  poten- 
t i a l  hazards. 



  he present  regula t ions  f o r  s t r u c t u r a l  f i r e  s a f e t y  and the  s t a t e  of knowledge 
however, do no t  genera l ly  c w p l y  with the  above condit ions.  Therefore,  f i r e  
prevention measures f o r  building and i n  p a r t i c u l a r  the  s r r u c t u r a l  performance 
requirements a re  o f t en  a matter  of controversy between a u t h o r i t i e s  ani' des i -  
gners .  The th ree  elements of a r a t i o n a l  a n a l y s i s  a re  discussed b r i e f l y  below : 

Element 1. 

The intended l e v e l  of f i r e  sa fe ty  i s  usual ly  not  e x p l i c i t l y  s t a t e d  i n  building 
r egu la t ions  and is  not  even knownin a l l  r e l evan t  aspects .  A common fea tu re  of 
ex i s t ing  reguia t ions  i s  Lhat requirements f o r  t k e  benef i t  of human l i v e s  and 
neal th  are more s t rongly  emphasized than those aiming a t  protec t ion of pro- 
pe r ty .  
Element 2 .  

I n  assessing the  p o t e n t i a l  hazards f o r  s t r u c t u r a l  s a f e t y , t h e  a u t h o r i t i e s  take 
i n t o  account not  only the  expected seve r i ty  and dura t ion of the f i r e ,  bu t  a l s o  
i n  a  r a the r  a r b i t r a r y  way, f a c t o r s  such a s  t h e  type of occupancy , the  height ,  
rhe s i t u a t i o n  of t h e  building and the importance of the  s t r u c t u r e  o r  s t r u c t u r a l  
element. The expected dura t ion of the f i r e  and the  e f f e c t  of the  add i t iona l  
f a c t o r s  a r e  "added" and expressed i n  one s ing le  parameter, i . e .  the  required 
f i r e  r e s i s t ance  time (see 5 2 . 3 . ) .  

Element 3. 

A mixture of ob jec t ives  f o r  l i f e  and property s a f e t y  and the  a r b i t r a r y  way i n  
which t h e  p o t e n t i a l  hazards f o r  the  s t r u c t u r a l  s a f e t y  a re  expressed i n  the  re-  
quired f i r e  r e s i s t a n c e  time makes it d i f f i c u l t , i f  not . imposs ible , to  balance 
a l t e r n a t i v e  p ro tec t ive  measures t o  meet the  same l e v e l  of s a f e t y .  The s ing le  
parameter "required f i r e  r e s i s t ance  time" pu t s  the  emphasis an  s t r u c t u r a l  f i r e  
p ro tec t ion  and hampers an  assessment of a reduct ion i n  s t r u c t u r a l  f i r e  protec- 
t i o n  when ac t ive  measures such as  e a r l y  de tec t ion  and s p r i d l e r s  are employed. 

Doring r ecen t  years  a changing a t t i t u d e  t o  e x i s t i n g  r egu la t ions  and codes has 
become apparent,  and attempts a re  being made t o  a r r i v e  a t  a  more r a t i o n a l  ana- 
l y s i s  f o r  f i r e  s a f e t y  (see  5 2 . 3 . ) .  

A r e l a t e d  problem i s  the  inf luence  of insurance p o l i c i e s  on f i r e  sa fe ty  i n  
bui ld ings  0 ) .  
F i r e  insurance companies have, through t h e i r  grading and r a t i n g  systems, an 
important influence on f i r e  protec t ion.  The insurance indust ry  a f f e c t s  deci -  
s ions  made about f i r e  protec t ion by p r i v a t e  ind iv idua l s  and by p r i v a t e  and 
publ ic  bodies.  Consider, f o r  example, the f i r e  protec t ion of a s i n g l e  building:,  
i n  gene ra l ,  insurance canpanies r equ i re  c e r t a i n  minimum prevention measures, 
otherwise the  insu re r  w i l l  re fuse  t o  insure  the bui ld ing.  When add i t iona l  f i r e  
prevention measures a re  employed, such as  s p r i n k l e r s ,  de tec to r s  and compartmen- 
t a t i o n ,  the r a t i n g  is  reduced. Thus the  owner of t h e  building can decide 
whetheror no t  t o  inves t  i n  preventive measures. Such an approach is the  b e s t  
t h a t  an individual  can do t o  minimize t o t a l  expenditure.  The insu re r  however 
d e a l s  with l a rge  numbers of d i f f e r e n t  r i s k s .  This is  the  reason why h i s  c r i -  
t e r i a  f o r  assessing r i s k s  a re  g lobal  and simple and sometimes even incons i s t en t  
i n  p a r t i c u l a r  aspects .  Therefore insurance grading,  based on f i r e  losses  a t  
l a r g e ,  may he a poor ind ica t ion  f o r  optimal f i r e  p ro tec t ion  f o r  a p a r t i c u l a r  
bui ld ing.  Insu re r s  show a  genera l  re luctance  t o  br ing t h e i r  r i s k  assessment, 
premiums, p r o f i t  and los s  accounts i n  d e t a i l  pu t in to  the  open. Therefore no 
independent s t u d i e s  of the  e f f e c t  of insurance p o l i c i e s  on f i r e  protec t ion a re  
ava i l ab le .  
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2.2. S t r u c t u r a l  f i r e  protec t ion and a l t e r n a t i v e  p ro tec t ive  measures 

Personal r i s k  and s t r u c t u r a l  damage can be prevented o r  l imi ted  by many 
measures which gene ra l ly  serve l i f e  and property s a f e t y  sssmltaneously. I f  a 
Limited budget is  t o  be used, how should resources  be a l loca ted  t o  provide *be 
optimum l e v e l  of f i r e  protec t ion ? That i s ,  how much e f f o r t  should go i n t o  
a c t i v e  measures such as e a r l y  de tec t ion  and s p r i n k l e r s ,  and how much should go 
i n t o  pass ive  measures provided by the building s t r u c t u r e  i t s e l f ?  Apart from 
some p i l o t  s t u d i e s ,  few d a t a  a r e  ava i l ab le  f o r  def in ing the inpu t  and output  
of f i r e  prevention measures i n  terms of c o s t s  and p rcdcc t iv i ty .  

I n  order to reduce i n j u r y  and l o s s  of Life , the  most e f f e c t i v e  p ro tec t ive  mea- 
s u r e s  a r e  e a r l y  de tec t ion ,  lay-out of escape rou tes  and con t ro l  of combustihk 
materials. The r i s k  of a large  f l r e  oc<ururrencecan be reduced by ComparCnentation, 
the use of a u t m a t i c  sp r ink le r  systems and e a r l y  detec t ion.  

One of the  o l d e s t  and, where s t e e l  s t r u c t u r e s  a re  concerned, the  most r e s t r i c -  
t i v e  f i r e  prevention measures is an inc rease  i n  t h e  f i r e  r e s i s t ance  of t??e 
s-cructural  members. I t  is  important  t o  apprecia te  t h a t  p ro tec t ion  afforded by 
s t r u c t u r a l  f i r e  r e s i s t a n c e  alone does not  gene ra l ly  ensure adequate reduction 
i n  ma te r i a l  damage and personal  r i s k .  Indeed. experience shows t h a t  la rge  f i r e s  
o f t e n  damage the  building so  badly t h a t  i t  has eo be demolished re sa rd les s  of 
whether the  s t r u c t u r e  has collapsed or  not. The investment i n  s t r u c t u r a l  f i r e  
p ro tec t ion  would be use le s s  i n  chat  case.  Examples a r e  i n d u s t r i a l  f i r e s  where 
no sg r ink le r s  a r e  ava i l ab le  t o  avoid flash-over o r  p a r t i t i o n s  t o  l i m i t  the  f i r e  
spread. Ins tead of an over designed f i r e  r e s i s t a n c e  of the  srzucturalmepibers 
t h e  e s s e n t i a l  measures which should be considered' f o r  i n d u s t r i a l  bui ld ings  a re :  

- Spr ink le r s  t o  avoid flash-over and f i r e  growth. 
- P a r t i t i o n s  t o  L i m i t  t h e  f i r e  spread. - F i r e  v e n t i l a t i o n  to reducesmoke and corrosion damage and t o  f a c i l i t a t e  the  

f i r e  f i g h t i n g  . 
When, f o r  reasons of l i f e  and property s a f e t y ,  s p r i n k l e r s  a re  i n s t a l l e d ,  it 
can be argued that t h e  f i r e  r e s i s t ance  of s t r u c t u r a l  elements can be reduced. 
Therefore methods should be developed t o  a s sess  t h e  reduction cf s t r u c t u r a l  f i r e  
p ro tec t ion  when a l t e r n a t i v e  p ro tec t ive  measures a r e  employed. 
This  mat ter  becomes inc reas ing ly  important because the re  is  a growing use of 
automatic de tec t ion  and extinguishing systems i n  industzial a s  well  a s  i n  pu- 
b l i c  bui ld ings .  Examples of the  l a s t  category a r e  the  increas ing number of 
l a r g e  covered shopping developments and high r i s e  b u i l d b g s .  The t rend of in-  
creas ing use of a c t i v e  f i r e  grevention measures is connected w i t h  t h e  improve& 
s tandard  of l i v i n g  and p ro tec t ion  i n  the  western countr ies .  

Higher s tandards  of l i f e  and property s a f e t y  a r e  demanded by pub l i c  a u t h o r i t i e s  
a s  wel l  a s  insurance companies. This change i n  approach t o  the  des ign of f i r e  
s a f e t y  can have an important implication.  I f  f i r e  s a f e t y  is  assured by other  
measures, it seems l o g i c a l  t h a t  reduction o r  even e l iminat ion of s t r u c t u r a l  
f i r e  p ro tec t ion  should be  considered (see  5 2.3.). 
h important item is  t h e  c o s t  of f i r e  protec t ion ( 3 ) .  The c o s t  of structuural 
f i r e  p ro tec t ion  f o r  s t e e l  elements depends on seve ra l  f a c t o r s ,  such a s  the  
ma te r i a l s  used f o r  p ro tec t ion ,  rhe type of s t r u c t u r e  t o  be protec ted  and t i e  
degree of f i r e  r e s i s t ance  required.  Also an important f a c t o r  is  t h a t  some pro- 
t e c t i v e  measures f u l f i l  add i t iona l  funzt ions  a s  p a r t i t i o n s  or  suspended c e i l i n g s .  
A rough es t imate  of t h e  c o s t  of f i r e  p lo tec t ion  f o r  European non-industrral  
bui ld ings  i n  s t e e l  is given i n  Lie accmpanying t a b l e .  The cos t  of f i r e  pro- 
t e c t i o n  is  expressed a s  a percentage of t f e  cos t  of the  s t e e l  s t r u c c ~ r e ,  f o r  
d i f f e r e n t  required  f i r e  r e s i s t ance  times. In  order  t o  see  these f igu res  i n  
L5eir c o r r e c t  proportion one should bear i n  mind t h a t  genera l ly  the c o s t  of 
L?e s t e e l  s t r u c t u r e  only forms 5 t o  10% of the t o t a l  building cos ts .  
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I t  is  a l s o  emphasized t h a t  the  f igu res  cannot 
be used a s  a guide when making preliminary es-  
t imates.  Deviations of say 30% upwards a s  well 
downwards a r e  poss ib le .  
I t  appears tinat t h e  cos t  of protec t ion increases  
appreciably with increased f i r e  r e s i s t ance .  

However, s t u d i e s  a s  well as examples r evea l  
t h a t  when t h e  f i r e  protec t ion i s  in tegra ted  i n t o  
the  design from the  beginning of the study of 
the  p r o j e c t  the  cos t  of f i r e  protec t ion can be 
considerably reduced ( 4 ) .  

I t  i s  p a r t i m l a r l y  use fu l  t o  consider cmbining functions such as  anti-corrosion 
o r  aes the t i c  f i n i s h e s  with f i r e  p ro tec t ion ,  o r  combining f i r e  protec t ion with 
thermal in su la t ion  f o r  energy conservation. 

2.3 Design methods f o r  s t r u c t u r a l  f i r e  sa fe ty  

2.3.1 Introduction 

In te rna t iona l ly ,  the  genera l ly  accepted method f o r  t h e  design of load bearing 
s t r u c t u r a l  elements exposed t o  f i r e  i s  based on a c l a s s i f i c a t i o n  system, com- 
p r i s ing  two main components ( 5 )  : 

1. A f i r e  exposure according t o  IS0 834, with a required time of dura t ion 
tfd,  s t i p u l a t e d  i n  building regula t ions  and codes f o r  the  s t r u c t u r a l  appl ica t ion 
In  question - usual ly  expressed i n  mul t ip les  of 30 minutes. 

2 .  A standard f i r e  r e s i s t ance  t e s t  according t o  IS0 834 by which the  f i r e  re-  
s i s t a n c e  time tfr of t h e  s t r u c t u r a l  element i n  question is determined experimen- 
t a l l y  - usual ly  c l a s s i f i e d  i n  mul t ip les  of 30 minutes. 

Tine design impl ies  a proof t h a t  the  s t r u c t u r a l  element has a f i r e  r e s i s t ance  
tfr, which meets t h e  required  time of f i r e  dura t ion t 

f d '  
Although the  c l a s s i f i c a t i o n  system has been i n  use f o r  over ha l f  a century,  it 
has some se r ious  weaknessess. These weaknessess apply t o  both components of the  
design procedure and can be summarized a s  follows : 

1. The r i s e  of temperature a s  a funct ion of time according t o  IS0 834 and the  
f i r e  dura t ion a r e  a rough approximation of the  r e a l  gas-temperature time curve 
of a f u l l y  developed compartment f i r e .  

The required time of f i r e  dura t ion is genera l ly  r e l a t e d ,  not  only t o  the  e s t i -  
mated f i r e  exposure, bu t  a l s o  t o  various s a f e t y  considera t ions  re levant  f o r  the 
bui ld ing i n  question.  This  usual ly  l eads  t o  a required time of f i r e  dura t ion,  
which is  more severe than the  ac tua l  f i r e  exposure. The estimated f i r e  exposure 
and t h e  sa fe ty  considera t ions  a re  intermingled inex t r i cab ly ,  which i s  a conse- 
quence of the  f a c t  t h a t  t h e  bui ld ing regula t ions  do not  provide any guidance as  
t o  t h e  sa fe ty  l e v e l s  t h a t  they imply ( 2 ) .  

2. The spec i f i ca t ion  of the  f i r e  r e s i s t ance  t e s t  according t o  IS0 834 is  insuf-  
f i c i e n t  i n  seve ra l  a spec t s ,  such a s  heat-flow c h a r a c t e r i s t i c s  of furnaces,  ma- 
t e r i a l  p rope r t i e s  and imperfections of the  specimen, temperature d i s t r i b u t i o n  
along members and r e s t r a i n t  condi t ions .  Thus, repeated t e s t s  i n  the same furnace,  
no t  t o  mention d i f f e r e n t  furnaces ,  may y ie ld  a considerable va r i a t ion  i n  r e s u l t s .  
The s t r u c t u r a l  element t o  be t e s t e d  i s  supposed t o  be modelled with respect  t o  
ac tua l  condit ions expected i n  the s t r u c t u r e .  However, devia t ions  from condit ions 
i n  tne  ac tua l  s t r u c t u r e  areunavoidable because of the  l imi ted  dimensions of the  
furnaces ,  ideal ized c h a r a c t e r i s t i c s  of the  loading device and i n s u f f i c i e n t l y  
def ined support  condit ions during t h e  t e s t  i 6 , 7 ) .  



The deficiencies of t i e  present  c l a s s i f ~ c a t i o n  system have c e r t a i n l y  st lmularad 
%be development of r a t i o n a l  mec~ods  of f i r e  r i s k  assessment and a n a l y t i c a l  mo- 
d e l l i n g  of thermal process as  wel l  a s  s t r u c t u r a l  response, which p o t e n t i a l l y  
g ive  *he p o s s i b i l i t y  of achieving so lu t ions  w i ? J  g r e a t e r  economy and a defined 
and more uniform s a f e t y  L l  , 1 1 , 1 , 3 1  . Moreover, it is  recognized t h a t ,  
following p r o b a b i l i s t i c  design procedures i n  o t i e r  f i e l d s  of design for acci -  
d e n t a l  events ,  s t r u c t u r a l  f i r e  engineering design should be p robab i l i ty  based. 
I n  contzast t o  the  p resen t  c l a s s i f i c a r i o n  system, p r o b a b i l i s t i c  design includes 
a methodology by which a l l  r e l evan t  f a c t o r s ,  such as sa fe ty  considera t ions  from 
both t h e  human and economic po in t  of view. p robab i l i ty  of f lash-over,  uncer ta in-  
t i e s  i n  f i r e  exposure and s t r u c t u r a l  response,  the e f f e c t  of f i r e  brigade ac- 
t i o n s  and sp r ink le r s  can be d e a l t  with sys temat ica l ly  L14.151. 

2 . 3 . 2 .  Main elements fox a  s t r u c t u r a l  f i r e  engineering design 

Generally a s t r u c t u r a l  f i r e  engineering design includes two maxn elements, cor-  
responding t o  the  components a s  described i n  the  introduction.  

I .  A h e a t  exposure model 8, f o r  t h e  determination of t h e  r i s e  of temperature a s  
a  funct ion of time. 

2 .  A s t r u c t u r a l  model S ,  f o r  the  determination of the  hea t  t r a n s f e r  t o  and within 
t h e  s t r u c t u r e  and the  u l t imate  load bearing capaci ty  of the structure. The s t r u c -  
t u r a l  model may be experimental o r  a n a l y t i c a l .  

The design implies a  proof t h a t  t h e  s m c e u r e  o r  s t r u c t u r a l  member, under a  de- 
f ined load and subjected t o  the  spec i f i ed  h e a t  exposure, f u l r i l s  c e r t a i n  func- 
t i o n a l  requirements,  expressed by the  l i m i t  s t a t e s  with r e spec t  t o  load bearing 
caoac i ty ,  the-nal  i n s u l a t i o n ,  f i r e  i n t e g r i t y .  

The ava i l ab le  h e a t  exposure models ( H I  and the s t r u c t u r a l  models (S) can be cha- 
r ac te r i zed  w i t \  r e spec t  t o  the  type of thermal exposure and L3e type of st-uc- 
t u r a l  system. The models a r e  l i s t e d  i n  sequence of improved shematic idea l i za -  
t i o n ,  w i t h  a  consequent increase  i n  complexity of solut ion.  For both t F e s  of 
model the l i s t i n g  starts with the  components of the  present  de te rmin i s t i c  c l a s -  
s i f i c a t i o n  system, d iscussed i n  paragraph 2.3.1. The improved models are proba- 
l i s t i c ,  including t h e  e x p l i c i t  t reatment of safecy considera t ions  and the  e f f e c t  
of a c t i v e  p ro tec t ion  measures, such a s  sp r ink le r s  (14,151. 

The following p r o b a b i l i s t i c  aspeces a r e  considered : 

- i n t r i n s i c  randomness of design parameters and p roper t i e s .  - model unce r t a in t i e s  of the  a n a l y t i c a l  models f o r  the  hea t  exposure and the  
s t r u c t u r a l  r e s p n s e .  - assessment of frequencv_determined by t h e  p robab i l i ty  of f lash-over ,  Ule 
e f f e c t  of f i r e  brigade a c t i o n s . . t \ e  r e l i a b i l i q  of de tec t ion  systems ana 
sp r ink le r s .  - s a f e t y  considera t ions  from both Lbe human and economic point  of view such a s  
the he igh t ,  volume and occupancy of t h e  bu i ld ings ,  the  a v a i l a b i l i t y  of escape 
rou tes  and rescue f a c i l i t i e s ,  a s  well  a s  the  consequences of reaching a l i m i t  
s t a t e .  

Heat exmsure  models 

( H l )  A r i s e  of temperature as  a  function o f  time according t o  :SO 834.  
The dura t ion of t h e  temperawre r i s e  is  equal t o  the  "required time of 
f i r e  dura t ion" ,  expressed i n  bui ld ing regula t ions  and codes. 

( H Z )  A r i s e  of temperature a s  a funct ion of time according t o  :SO 834. 
The dura t ion of t h e  temperacure is  equal CO the "equivalent time of f i r e  
e x p s u r e " , a  quan t i ty  which r e l a t e s  a non-standard o r  na tu ra l  f i r e  exposure 
t o  the standard temperature-time curve (see Chapter 3 . 2 . 3 . ) .  



(H ) A r i s e  of temperature a s  a function of time character ized by an analyt ica l  
determination of the gas temperature-time curve of a f u l l y  developed com- 
partment f i r e .  

S t r u c t u r a l  models 

(S ) The load bearing s t r u c t u r e  is  composed of a s e r i e s  of s ing le  members with 
s impl i f i ed  r e s t r a i n t  condit ions such a s  beams and columns. The model can 
be e i t h e r  experimental - standard f i r e  r e s i s t ance  t e s t  - o r  ana ly t i ca l .  

(S ) The load bearing s t r u c t u r e  i s  composed of a number of sub-assemblies, such 
a s  beam-column systems. Aldough the  model can occas ional ly  be experimental- 
standard f i r e  r e s i s t ance  t e s t  - an a n a l y t i c a l  approach w i l l  be the  norm. 

(S I The load bearing s t r u c t u r e ,  such as  a bui ld ing frame o r  a f loo r  s l a b  system 
is  analysed a s  a whole. The model is  o n l y  s u i t a b l e  f o r  an  ana ly t i ca l  design. 

A Classiflcotlon System for Methods ot Structuroi Fire Enqineerlnq DRK 

Structural  

Mode! 

Exposure 
Model 

Elements 

lpr~bob,l,sl,cl 
OCCO510"Ol 

and lor resporch 

Figure 1 : Matrix of hea t  exposure and s t r u c t u r a l  models i n  sequence 
of improved i d e a l i z a t i o n .  
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2.3.3. Combinations of neat  exposure and s t r u c t u r a l  models 

m +ae t a b l e  of f i g . l  the  neat  e x F s u r e  models and s t v c r u r a l  models a re  combined 
i n  a  matrix i n  sequence of improved i d e a l i z a t i o n .  In p r inc ip lepeach  element i n  
the  matriw represents  a p a r t i c u l a r  design procedure. The marrlx L!erefore can be 
considered as  a  c l a s s i f i c a t i o n  system f o r  methods of s t r u c t u r a l  f i r e  engineering 
design.  It is  evident  t h a t  no t  a l l  models oan b u s e d  i n  a l l  combinations and -he 
r u l e  should be t o  provide a  sens ib le  pa i r ing  a t  each l e v e l  of advancement. In 
t h e  t e x t  of f igu re  1  reference  is  made t o  these  aspects .  In p r i n c i p l e ,  a d i f f e -  
r e n t i a t e d  f i r e  engineering design o f f e r s  problem-oriented choice f o r  the combi- 
na t ion  of h e a t  exposure model and S-ductural  model. 
The f i n a l  choice may a l s o  depend on na t iona l  preferences ,  the  s impl i c i ty  of ap- 
p l i c a t i o n  and on t h e  p a r t i c u l a r  design s i t u a t i o n  (11?,151 : 

The design method H i  - S and occas ional ly  H - S with experimental v e r i f i c a t i o n  
i  l 2 .  of the  f i r e  r e s i s t a n c e ,  corresponds t o  Lke v a s t  malor i ty  of na t iona l  building 

codes (see  5 2 . 3  . l . ) .  In  many countr ies  improved methods based on hea t  exposure 
models H 2  and E3 (8,9,10,131 have occas ional ly  been used,  bu t ,  except i n  Sweden, 
they a r e  n o t  y e t  automatically accepted as methods which s a t i s f y  the  requirements 
of t h e  bui ld ing regula t ions .  
I n  conrsas t  t o  the acceptance of improved h e a t  exposure models,there is  a  growing 
acceptance of design methods Y - S1 and E - S with an a n a l y t i c a l  v e r i f i c a t i o n  

1  1 2  of L?e f i r e  r e s i s t ance .  In seve ra l  countr ies  these  methods a r e  now being used a s  
an a l t e r n a t i v e  t o  the standard t i r e  r e s i s t ance  t e s t .  Recently the Fi re  Committee 
of t h e  European Convention f o r  Const ruct ional  Steelwork (ECCSI completed Recom- 
mendations providing a  reference  document f o r  na t iona l  codes of p rac t i ce  (111. 

3. STATE OF THE ART I N  STRUCTURAL FIRE: CALCULATION MXTEODS 

3.1 Limit s t a t e  condi t ion  

Generally,  the  design c r i t e r i o n  i n  a  f i r e  design r equ i re s  t h a t  no l i m i t  s t a t e  is  
reached during t h e  f i r e  exposure. Depending on t h e  type of p r a c t i c a l  appl ica t ion,  
one,  two o r  a l l  of t h e  following l i m i t  s t a t e  condi t ions  apply : 

- l i m i t  s t a t e  with r e spec t  t o  load bearing capaci ty .  
- l i m i t  s t a t e  with r e spec t  t o  in su la t ion .  - l i m i t  s t a t e  w i t h  r e s p e c t  t o  i n t e g r i t y .  

For r load bearing s t r u c t u r e ,  the  design c r i t e r i o n  impl ies  t h a t  the minimum value 
of t h e  load bearing capaci ty  ~ ( t )  during the f i r e  exTosure s h a l l  meet tqe load 
e f f e c t  on t h e  s t r u c t u r e  S ,  i . e .  : 

min [ R(t1) - SA0 p.i] 
The c r i t e r i o n  must be f u l f i l l e d  f o r  a l l  r e l evan t  types of f a i l u r e  - bending f a i -  
l u r e ,  shear  f a i l u r e ,  t o r s ion  f a i l u r e ,  i n s t a b i l i t y  f a i l u r e ,  e t c . . .  

For a  separa t ing s t r u c t u r e ,  t h e  design c r i t e r i o n  wi-A respect  t o  in su la t ion  can 
be formulated analogously as  : 

T - m a x  c r  ! ~ ~ ( t l : , "  [3.2] 

where 

T = maximum temperature of the unexposed s i d e  of the  separa t ing s t r u c t u r e ,  ac- 
c:$table with r e spec t  t o  the  requirement t o  prevent a  f i r e  spread from the  f i r e  
compartment t o  an adjacent  comparment, and 
T e ( t l  = highes t  temperature on rhe unexposed s i d e  of +he separa t ing s t r u c t u r e  a t  
t b e  t of tine rebsvant f i r e  process.  

For the  requirement with respect  t o  i n t e g r i t y ,  which can be dec i s ive  f o r  some 
types of separa t ing elements - f o r  in s t ance ,  doors - t he re  is  no a n a l y t i c a l l y  
expressed design c r i t e r i o n  avai lable  a t  p resen t .  



In the farm given by Eqs. [3.l]and[3.2], the design criteria are directly 
adapted to structural fire design methods, based an the characteristics of the 
natural fire exposure - heat exposure model fig according to fig.1. in fire design 
methods, based on a thermal exposure according to the standard temperature-time 
cul-ve as specified in IS0 834 - heat exposure models H, and H2 - the time to 
reach the decisive limit state defines the fire resistance of the structural ele- 
ment tfr and, consequently, the design criterion is transferred to the alternative 
form: 

where t is the required fire resistance or time of fire duration, specified 
in the &din9 codes and regulations. 

The design crirerion then applies to load bearing as well as separating struc- 
tural elements. 

3.2 Type of physical model and related fire exposure 

3.2.1 Exposure according to standard temperature-time curve 

As discussed in 2.3.1, virtually all countries use a fire engineering design 
procedure far structural elements based on classification and standard fire 
resistance test according to IS0 834 (with fixed heating conditions). In the 
design, the results of such fire resistance tests are compared directly with 
the requirements given by the building codes and regulations. Fig.2 illustrates 
this design procedure. 

OCCUPATION 

BUILDING HEIGHT 

BUILDING VOLUME 

PROPOSED STRUCTURE 

DESIGN LOAD AT 
SERVICE SThTE 

Figure 2 : Structural fire engineering design procedure used 
in most countries based on classification and results of 
standard fire resistance tests. 
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I n  the  f i r e  r e s i s t ance  t e s t ,  the  specimen i s  exposed i n  a furnace t o  a tempera- 
t u r e  r i s e ,  which is  con t ro l l ed  s o  as t o  vary wiLk time withkin spec ie i ed  L i m i t s  
according t o  the  r e l a t ionsh ip  (5 )  - hear exposure mods1 H I 

T-T 1 345 logi0 ( E t +  1)  o 1 3 . 4  I 
where 
t = time, i n  minutes. 

0 T = furnace temperature a t  time t, i n  C oand 
To- furnace temperature a t  time t = 0, i n  C.  

m e  important progress ,  made during the l a s t  cen yea r s ,  i n  the  development of 
computation methods f o r  an a n a l y t i c a l  s t r u c t u r a l  f i r e  engineering design gives  
t h e  opportunity f o r  f i r e  r e s i s t a n c e  t o  be determined by ca lcu la t ion  f o r  many 
p r a c t i c a l  app l i ca t ions .  Consequently, more and more count-ies now permit  a 
Class iCicat ion of load bearing s r r u c t u r a l  elements wirh r e spec t  t o  f i r e  t o  be 
formulated a n a l y t i c a l l y ,  a s  an a l t e r n a t i v e  t o  t e s t i n g .  This l eads  t o  a design 
procedure as shown i n  f i g  . 3  (16). 

WlLDlNG HEIGHT 

I 
PROPOSED STRUCTURE F;, 

CUrnE #cCORDING TO 
STANDARD FIRE 
RESISTaNCE TEST 

F >  : Analyt ica l  f i r e  engineering design of load bearing s t r u c t u r a l  

elements,  based on c l a s s i f i c a t i o n  and thermal exposure according t o  the 
s tandard  temperature-time curve ,Ea. 13.41 

With the  gas temperature-time curve accorcing t o  Eq. L 3 . 4 1  a s  thermal exposure, 
Lke temperature- the  f i e l d s  of the  s t ruc t l l r a l  element can be ca lcu la t ed ,  using 
( a )  *Ae s t r u c t u r a l  c h a r a c t e r i s t i c s  of the  proposed s m c t u r e ,  ( b )  t h e  thermal 
p rope r t i e s  of -he sr -uctura l  ma te r i a l s ,  and (c )  the c o e f f i c i e n t s  of hea t  L-ans- 
• ’er  f o r  the  various su r faces  of the  s t r u c t u r e  a s  f u r t h e r  input  da ta .  In t ro-  
ducing (d )  the mechanical p rope r t i e s  of t?e  s t r u c t u r a l  ma te r i a l s ,  and (e)  the  
load c h k a c t e r i s t i c s ,  Lhe time va r i a t ion  of the  r e s t r a i n t  fo rces  and moments, 
'Aermal st-esses and load bearing capaci ty  can then be determined. The time 
a t  which the  load bearing capacizy has decreased t o  the  l eve l  of the design 
load a t  s e rv ice  s t a t e  def ines  -he time of f a i l u r e  o r  :.:e f i r e  res is ta i ice  c. 

IT' and the design c r i t e r i o n  t o  be s a t i s f i e d  i s  t h a t  t ,t;. - c f .  Eq. l3.31. 
f r  = .c 
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3 . 2 . 2  Natural  f i r e  exposure 

~n applying da ta  on the  f i r e  r e s i s t ance  of s t r u c t u r a l  elements i n  p rac t j ce ,  it 
i s  important t o  consider t h a t  the  standard f i r e  r e s i s t ance  t e s t  - wnether experi-  
mental o r  ca lcula ted  - does not represent  the  r e a l  f i r e  exposure i n  a bui la lng 
MT does it measure the  behaviour of the  s t r u c t u r a l  element as a p a r t  of an  
assembly i n  a bui ld ing.  Wnat the t e s t  o r  the  corresponding ca lcu la t ions  do is  t o  
grade s t r u c t u r a l  elements and the  building codes and regula t ions , then require  
differenr-  grades of element according t o  the  circumstances. 

These de i i c i ences  have given r i s e  t o  the  development of ana ly t i ca l  s t r u c t u r a l  
f i r e  design methods, based on the c h a r a c t e r i s t i c s  of na tu ra l  compartment f i r e s  
and on wall-defined funct ional  requirements and performance c r i t e r i a .  Such ana- 
l y t i c a l  design methods nave now reached a comparatively advanced l e v e l ,  espe- 
c i a l l y  a $  f a r  a s  f i r e  exposed s t e e l  s t r u c t u r e s  a re  concerned. To a id  the  prac- 
t i c a l  app l i ca t ion ,  design diagrams and t a b l e s  have been sys temat ica l ly  produced 
and published,  giving d i r e c t l y ,  on the  one hand, the  temperature of the f i r e  
exposed s t r u c t u r e ,  and on the  o t h e r ,  a t r a n s f e r  of t h i s  infornat ion t o  the  corres- 
ponding load bearing capaci ty  of the s t r u c t u r e  - c f .  , f o r  ins tance  ( 8 )  , ( 1 1 )  , 
( 1 7 ) ,  ( 2 0 ! , ( 2 3 ) .  

I n  genera1,the design methods f a l l  i n t o  two groups with r e spec t  t o  the use of 
the  bas ic  da ta  of the  compartment f i r e .  The methods of the f i r s t  group are  cha- 
r ac te r i zed  by a design procedure, based d i r e c t l y  on d r f f e r e n t i a t e d  gas  tempe- 
rature-t ime curves of the  complete process of a na tu ra l  f i r e  development - hea t  
exposure model H The c h a r a c t e r i s t i c  of the  methods of the  second group is  a 

3 ' .  design procedure wrth t h e  varying p roper t i e s  of a  na tu ra l  f i r e  development taken 
i n t o  account over an equivalent  time of f i r e  exposure, r e l a t e d  t o  the heat ing 
according t o  t h e  standard temperature-time curve - hea t  exposure model H 

2 ' 
The physical  model fo r  a  s t r u c t u r a l  f i r e  engineering des ign,  based an  the heat  
exposure model H3, is  shown summarily i n  f i g . 4 ,  f o r  a load bearing s t r u c t u r e .  

FIRE LOAD DENSITY 

FIRE EXPOSURE 

FIRE COMPARTMENT I 
STRUCTURAL DATA TEMPERATURE STATE 

I ! 

1--1 ~ ~ A D ~ E A R I N G  
CAPACITY R, I 

LOAD E F F E C T  
AT F I R E  5 

Figure 4 : Physical  model f o r  an a n a l y t i c a l  f i r e  engineering design of load 
bearing s t r u c t u r e s ,  based d i r e c t l y  on the c h a r a c t e r i s t i c s  of the na tu ra l  
compartment f i r e -hea t  exposure model H 

3 ' 
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m e  design procedure s t a r t s  by a determination of the f i r e  exposure, given by, 
f o r  ins tance ,  the  gas temperature-time curve of the na tu ra l  compartment f i r e .  In  
t h e  individual  ? rac t i ca l app l i ca t ion ,  Lle f i r e  exposure then can be obtained 
e i t h e r  by h e a t  and mass balance ca lcu la t ions  f o r  L\e f i r e  compartment c f . ,  
(B), ( 2 0 ) .  ( 2 4 )  t o  ( 3 0 )  or  d i r e c t l y  from a systematized design b a s i s  of the  t-me 
exemplified by f i g .  5 ( 8 )  ( 2 0 )  ( 2 5 ) .  
The combustion c h a r a c t e r i s t i c s  of the  S i re  load and :le geometrical ,  v e n t i l a t i o n  
and thermal p rope r t i e s  of f i r e  com2arment a re  :\e important f a c t o r s .  

h". , n , 
Figure 5 : Gas temperature-time curves f o r  a complete, f u l l y  developed compart- 
ment f i r e  ~ i t h  varying values f o r  the  f i r e  load dens i ty  q and t h e  opening 
f a c t o r  A +./At . A is  t h e  t o t a l  opening a rea  of the  f i r e  compartment, h i s  a 
weighted mean value of the  he igh t  of the openings based on che i r  s i z e ,  and A 
is  t h e  t o t a l  i n t e r n a l  surrounding a rea  of Lhe f i r e  compartment, including 
openings. F i r e  compartment, type A ( a ) ,  (201 , (25 )  . 
The gas temperature-time curves T - t i n  f ig .5  apply t o  a f i r e  compartment 

t with surrounding,s t ructures ,  made of a ma te r i a l  with a thermal conduct iv i ty  
A = 0 . 8 1  W . 6 '  and a h e a t  capaci ty  pC = 1.67 M J . ~ ~ '  'C' , f i r e  comparment 

3 type A. Such a surrounding ma te r i a l  corresponds roughly t o  w average of b r i c k ,  
concre te ,  and aera ted  concre te .  For f i r e  compartments with surrounding s t ruc -  
t u r e s ,  whose thermal p rope r t i e s  devia te  from compartment type A, the  ac tua l  
f i r e  process can be cransferrad  t o  a gas temperature-time curve f o r  f i r e  c m -  
?artment type A by us ing an  e f f e c t i v e  f l r e  load dens i ty ,  qf , and an e f f e c t i v e  
apenlng f a c t o r  (AV'h/A )f , calcula ted  from the  r e a l  f i r e  load dens i ty  q and 
the r e a l  opening facforf .1,,fi/~~ according t o  the  formulae : 
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In ( E ) ,  (17 ) , and ( 2 0 ) ,  the  coe f f i c i en t  Kf  i s  given f o r  seven types of f i r e  
compartments defined by t h e i r  surrounding s t r u c t u r e s .  

The f i r e  load densi ty  q  is  given by the  r e l a t ionsh ip  : 

m, = t o t a l  mass of combustible mater ia l  v (kg) 
l%d = c a l o r i f i c  value of combustible mater ia l  v 

( ~ ~ . k g - i  
= a f r a c t i o n  between 0 and l ,  giving the  r e a l  degree of combustion fo r  each " individual  component v of the f i r e  load,  and 

= t o t a l  i n t e r i o r  a rea  of t h  surfaces  bounding t h e  f i r e  compartment, 5 A t  including a l l  openings (m ) . 
,- 

In  t h e  opening f a c t o r  of the  f i r e  compartment A \ ~ / A  
t 

A = t o t a l  a rea  of door and window openings (mL), and 

h  = mean value of the heights  of the openings, weighted with r e spec t  t o  each 
individual  opening a rea  ( m ) .  

me gas  temperature-time curves according t o  f i g .  5 a r e  appl icable  to f i re  
compartmen&of a  s i z e  representa t ive  of dwell ings,  ordinary o f f i c e s ,  schools,  
h o s p i t a l s ,  h o t e l s ,  and l i b r a r i e s .  For f i r e  compartments with a  very l a rge  volume 
f o r - i n s t a n c e ,  i n d u s t r i a l  bui ld ings  and s p o r t  h a l l s  - the  curves give an unsa- 
t i s f a c t o r y  desc r ip t ion  of the  r e a l  f i r e  exposure. A t  p re sen t ,  there  is no v a l i -  
dated design b a s i s  ava i l ab le  f o r  the  determination of t h e  f i r e  exposure i n  
compartments with a very l a r g e  volume. 

Returning to the  physica l  model, a s  shown i n  f i g .  4 ,  i n  the  next  s t e p ,  the  
f i r e  exposure is  t r ans fe r red  a n a l y t i c a l l y  t o  t r a n s i e n t  temperature f i e l d s  i n  
the  exposed s t r u c t u r e  and then a determination i s  c a r r i e d  o u t  of the  time va- 
r i a t i o n  of the  load bearing capaci ty  ~ ( t ) .  

A comparison between t h e  minimum value R of t h e  load bearing capaci ty  ~ ( t )  
during the r e l evan t  f i r e  Drocess and th: loari e f f e c t  a t  f i r e  S decides 
whether t h e  s t r u t u r e  can f u l f i l  i t s  required  funct ion o r  not  during L". f i r e  
exposure, as  spec i f i ed  by the  l i m i t  s t a t e  condi t ion  according t o  Eqi [ 3 . 1 ]  . 
For a separa t ing s t r u c t u r e ,  t h e  physical  model g ives  t h e  t r a n s i e n t  temperature 
s t a t e ,  def in ing t h e  maximum value,  max ) ] Ts( t), , of t h e  h ighes t  temperature on 
t h e  unexposed s i d e  of t h e  s t r u c t u r e  during the  r e l evan t  f i r e  process . The 
corresponding l i m i t  s t a t e  condit ion follows ~ q .  r3.21 w i t h  respdcr. t o  the  
required  function of in su la t ion .  The supplementary l i m i t  s t a t e  condit ion regar-  
ding t h e  i n t e g r i t y  funct ion has t o  be proved experimentally,  when required,  i n  
e i t h e r  a  f i r e  r e s i s t ance  t e s t  or  a  s impl i f ied  small  s c a l e  t e s t .  

3 . 2 . 3 .  Equivalent time of f i r e  exposure 

The design scheme f o r  a f i r e  engineering design of a load bearing s t r u c t u r a l  
element, based on the  hea t  exposure model E l 2 ,  i s  i l l u s t r a t e d  i n  f i g .  6 114). 
The design comprises a determination of the  u l t ima te  s t a t e  of the s t r u c t u r a l  
element on one hand f o r  a na tu ra l  f i r e  exposure, on t h e  o the r  hand f o r  a 
thermal exposure according t o  the standard f i r e  r e s i s t ance  t e s t ,  IS0 834 - 
E .  [3.4].  
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Fire exposure -K'= 

Figure 6 : Procedure f o r  a determination of the e-ivalent time of f i r e  exwsure .  

For ;he or0 types of e x p s u r e , t h e  temperature s t a t e  and the  r e l a t e d  load bearing 
capac i ty  a r e  determined f o r  -he s u u c t u r a l  element. Input  information is data  on 
the  s t r u c t u r a l  design an& t h e  thermal, st-ength and deformation p roper t i e s  of 
t h e  s t r u c t u r a l  ma te r i a l s .  The minimum load bearing capaci ty  of t h e  s t r u c t u r a l  
element during t h e  r e l evan t  na tu ra l  cmpartment f i r e ,  p u t  equal to the  minimum 
load bearing capaci ty  a t  t h e  thermal exposure according t o  t h e  standard f i r e  
r e s i s t a n c e  t e s t ,  g ives  t h e  equivalent  time of f i r e  exposure t The minimum load e '  
bearing capaci ty  may be defined by a c r i t i c a l  va lue  of a maximum def l ec t ion ,  o r  a 
maximum r a t e  of de f l ec t ion  o r  a maximum temperature. 

To be  p r e c i s e ,  t h e  equivalent  time of f i r e  exposure depends n o t  only on the 
parameters inf luencing t h e  n a t w a l  cornpartmarit f i r e ,  D Q ~  a l s o  on a number of s u a c -  
t u r a l  parameters. For f i r e  exposed s t e e l  s f r u c t u r e s ,  (8  ) ,  ( 2 0 ) ,  and (31) give  
a design b a s i s  which f a c i l i t a t e s  a p r a c t i c a l  approach t o  determining rh i s  form of t h e  
equivalent  time of f i r e  exposure. 

More roughly, te can be described a s  dependent only on f a c t o r s  a f f ec t ing  the 
compartment f i r e  according t o  the  following approximate formula (31) : 

t = 0.067 
9f (min) 

e ( A  L , ~ / A ~ )  1 3 - 7 1  

v e r i f i e d  f o r  app l i ca t ion  t o  unprotected a d  protec ted  s t e e l  s t r u c t u r e s .  I n  t h e  
formula, q is the  e f f e c t i v e  f i r e  load dens i tv  c e r  u n i t  a rea  of rhe surfaces 
bounding d e  f i r e  compartment ( ~ . m - 2  land ( A & / A ~ )  t h e  e f f e c t i v e  opening fac-  
t o r  of the f i r e  compartment ( m'4 ) , calcula ted  accorcing t o  Eqs. [ 3 .S] and [3 .6  1. 
Written i n  this form, the  formula enables the inf luence  of varying thermal ijro- 
p e r t i e s  of the surrounding s t r u c t u r e s  of t h e  f i r e  compartment t o  be taken i n t o  
account. 

The f o m u l a  has t h e  same l i m i t a t i o n s  with r e spec t  t o  the s i z e  of f i r e  complrtment 
a s  s t a t e d  i n  3 . 2 . 2 .  f o r  the  gas  temperature-time curves according t o  f i g . 5 .  
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The des ign c r i t e r i o n  i n  a f i r e  engineering design based on the  hea t  exposure 
model H i s  t h a t  the  f i r e  r e s i s t ance  of the s t r u c t u r a l  element t f L s h a l l  meet 

2 .  t h e  r e q u ~ r e d  f i r e  r e s i s t ance ,  expressed as the  equivalent time of zire exposure 

te' 
i . e  - cf .Eq. [ 3 . 3 ] .  

t - t e > O  [3 A] 
f r  

The f i r e  r e s i s t ance  t then can be obtained e i t h e r  experimentally by standard 
f r  

f i r e  r e s i ~ t a n c e  t e s t s  according t o  IS0 8 3 4  - or  a corresponding nat ional  s t an -  
dard - o r  by ca lcu la t ion .  

3 . 3 .  A pcobabil i ty based s t r u c t u r a l  f i r e  engineering design 

The modern development of funct ionnal ly  well-defined, a n a l y t i c a l  s t r u c t u r a l  
f i r e  design methods includes  a  p r o b a b i l i s t i c  approach, based on e i t h e r  a system 
of p a r t i a l  s a fe ty  c o e f f i c i e n t s  or  the  sa fe ty  index concept (91, ( 1 0 ) , ( 1 4 ) , ( 3 2 ) ,  
( 3 3 ) .  

A probab i l i ty  based s t r u c t u r a l  f i r e  design should o r ig ina te  from val idated  mo- 
d e l s ,  descr ib ing the re l evan t  physical  processes and s t r i c t l y  specifying the 
connected unce r t a in t i e s  and r e l i a b i l i t y  models. Only design methods, based on 
the h e a t  exaosure models H2 and H f u l f i l  these  requirements from a conceptual 
point  of view. 

3 '  

For the  p r o b a b i l i s t i c  model t o  be in t eg ra ted  with the  physical  model, various 
l e v e l s  of ambition can be dis t inguished : 

- an exac t  evaluation of the f a i l u r e  p robab i l i ty  P ( R  C S) using multi-dimen- 
s i o n a l  in t eg ra t ion  o r  Monte Carlo simulation,  - an approximate evaluat ion of t h e  f a i l u r e  p robab i l i ty  P ( R  < S) based on 
f i r s t  order r e l i a b i l i t y  methods (FORM) , and 
- a  p rac t i ca ldes ign  format ca lcu la t ion ,  based on p a r t i a l  s a fe ty  f a c t o r s  and 
taking i n t o  account c h a r a c t e r i s t i c  values f o r  ac t ion  e f f e c t s  and response capa- 
c i t i e s .  

For p r a c t i c a l  purposes,  an  exact  evaluat ion of  f a i l u r e  p robab i l i ty  is  not poss ib le .  
Also, t h e  FORM approximations a r e  too  cumbersome f o r  everyday design and more s i m -  
p l i f i e d  p r a c t i c a l  design formats have t o  be used. 

T i  

i 0. .- 
: WCHANICPI  ! SIRENGIH 

! F I R E  IXTINGUISH-  
M E N .  F IRE F l W  1- j P R O P E R T i L i  "* ~ M ~ , ~ ~ ) . H ~ ~ ( T  --l L. . ,  
TIN6 CHkRIICTE- 
,RLSTiCS ! 

i 1 

Fig. 7 summarises a p r a c t i c a l  design format ca lcu la t ion  f o r  a f i r e  exposed 
load bearing s t r u c t u r e ,  using the heat  exposure model Hj ( 1 4 ) , ( 3 2 )  t o  ( 3 4 ) .  
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~ r o m  Me design f i r e  load dens i ty  ad and the  geometrical ,  v e n t i l a t i o n  and thermal 
c h a r a c t e r i s t i c s  of the f i r e  compartment, t h e  design f i r e  exposure is determined, 
given a s  the  gas temperazure-time curve T-t of the  f u l l y  developed compartment 
f i r e  and obtained e i t h e r  from a systematized design bas i s  a r  by h e a t  and mass 
balance ca lcu la t ions .  

Together w i t h  the  s t r u c t u r a l  design daca,  the  design thermal p r o p e r t i e s  and the  
design mechanical s t r eng th  of t h e  s t r u c t u r a l  ma te r i a l s ,  the  design f i r e  exposure 
provides the  design temperature s t a t e  and the  r e l a t e d  design load bearing capa- 
c i t y  Rd f o r  t h e  lowest va lue  of t h e  load bearing capaci ty  during t h e  r e l evan t  
f i r e  process.  

A d i r e c t  comparison between t h e  design load e f f e c t  a t  f i r e  S f i n a l l y  e s t a -  
d. b l i s h e s  wheLher or  not  the s t m c t w e  can f u l f i l  i t s  required runotion on expo- 

sure t o  f i r e ,  i . e  the  design format condi t ion  t o  be proved is  

R - S d , O  
d 

[ 3 . 5 ]  

Depending on t h e  t e e  of p r a c t i c a l  app l i ca t ion ,  t h e  fu l f i lmen t  of the  condi t ion  
has t o  be v e r i f i e d  f o r  e i t h e r  the  complete f i r e  process o r  a l imi ted  p a r r  of it 

tdr determined by t h e  time necessary f o r  the  f i r e  t o  be exringuished under the  
most severe  condi t ions  o r  by the  design evacuation time f o r  t h e  bui ld ing.  

The p r o b a b i l i s t i c  inf luences  a r e  taken i n t o  account by specifying c h a r a c t e r i s t i c  
values  and r e l a t e d  p a r t i a l  s a f e t y  f a c t o r s  f o r  the  f i r e  load dens i ty ,  such s e u c -  
t u r a l  design data  a s  imperfections,  t h e  thermal p rope r t i e s ,  the  mechanical 
s t r eng th  and t h e  loading.  The p a r t i a l  s a f e t y  f ac to r s  a r e  ~ \ @ n  derived by a proba- 
b i l i s t i c  ana lys i s ,  based on a f i r s t  order  r e l i a b i l i t y  method WORM), wiLh the  
following e f f e c t s  and inf luences  taken i n t o  consideration.  

- . the uncer ta in ty  i n  speci fy ing t h e  f i r e  load dens i ty ,  - t h e  uncer ta in ty  i n  speci fy ing t h e  v e n t i l a t i o n  c h a r a c t e r i s t i c s  of the  f i r e  
compartment and the  k e r m a l  p rope r t i e s  of t h e  s a c t u r e s  surrounding t h e  f i r e  
compartment, - t h e  uncer ta in ty  of the  a n a l y t i c a l  model f o r  the d e t e m i n a t i o n  of the compart- 
ment f i r e  and its thermal exposure on t h e  s rxucture ,  - t h e  uncer ta in ty  i n  speci fy ing t h e  design da ta  of the s t r u c t u r e ,  dimensions, 
p o s i t i o n s  of reinforcement,  imperfections,  e t c . . .  , - t h e  unce r t a in ty  i n  speci fy ing t h e  thermal and mechanical p rope r t i e s  of t!!e 
s e r u c t u r a l  ma te r i a l s ,  - t h e  unce r t a in t i e s  of t h e  a n a l y t i c a l  models f o r  t h e  ca lcu la t ion  of Lhe hea t  
t r a n s f e r  t o  and within t h e  s t r u c t u r e  and t h e  u l t imate  load bear ing capaci ty  
of t h e  s t r u c t u r e ,  - t h e  uncer ta in ty  i n  specifying t h e  loads,  - t h e  uncer ta in ty  of t h e  model, descr ib ing the  load e f f e c t  on t h e  s t r u c t u r e ,  - Lie p robab i l i ty  o f o c c u r r e n e o f  a f u l l y  developed compartment f i r e ,  - t h e  e f f i c i ency  of t h e f i r e  brigade a c t i o n s ,  - the  e f f e c t  of an i n s t a l l e d  ex t inc t ion  system, and - t h e  consequences of a s t r u c t u r a l  f a i l u r e .  

For a s t r u c t u r a l  f i r e  engineering des ign,  based on the hea t  exuosure model R 
the p r a c t i c a l  design format can b e  given ;n the  following form (14)  : 2 '  

t f r  [3.10] 
2 '"2 'e te 

i n  which tfr is  t h e f i r e  r e s i s t ance  of tb.e s t r u c t u r a l  element, t equivalent  e time of f i r e  exposure according t o  E q .  [3.7 .) . and Y f  . Y ? , ,  yn2 and ye 
p a r t i a l  s a f e t y  f a c t o r s ,  taking i n t o  account a l l  unce r t a in t i e s  i n  t h e  design 
system. 



me p a r t i a l  s a f e t y  facrory, covers the  unce r t a in t i e s  of the  f i r e  load densicy 

and the  r i r e  comparment c h a r a c t e r i s t i c s ,  including the unce r t a in t i e s  of the 
ana ly t i ca l  models f o r  a determination of the  f i r e  exposure. The p a r t i a l  safe ty  
f a c t o r  yf considers the  unce r t a in t i e s  of the mechanical load and the  
thermal and mechanical mater ia l  p rope r t i e s  of the s t r u c t u r a l  element, including 
the  unce r t a in t i e s  of the  ana ly t i ca l  models f o r  a determination of the  load 
e f f e c t ,  the t r a n s i e n t  temperature s t a t e  and the  load bearing capaci ty  i f  the 
f i r e  r e s i s t ance  i s  evaluated ana ly t i ca l ly .  The add i t iona l  p a r t i a l  s a fe ty  fac- 
t o r s  y n ,  and yn, include t h e  e f f e c t  of the  p robab i l i ty  of a f u l l y  de- 
veloped compartment f i r e  and t h e  consequences of a s t r u c t u r a l  f a i l u r e .  Then yn2 
i s  a p a r t i a l  s a fe ty  f a c t o r  due t o  average r e l i a b i l i t y  requirements, and yn,  
a co r rec t ion  f ac to r  due t o  devia t ions  from average r e l i a b i l i t y  requirements, 
correc t ing f o r  ins tance ,  f a r  the e f f e c t  of a sp r ink le r  system o r  the  e f f i -  
ciency of the  f i r e  brigade ac t ions .  

3.4. Temperature d i s t r i b u t i o n  i n  s t r u c t u r a l  s t e e l  elements a t  f i r e  exposure 

For a f i r e  exposed,, uninsulated s t e e l  s t r u c t u r e ,  the  energy balance equation 
gives  t h e  following formula f o r  a determination of the  s t e e l  temperature-time 
curve T - t ( f i g .  8 ) .  

r igure  8 : F i r e  exposed, uninsulated s t e e l  s t r u c t u r e .  
T = g a s  temperature within f i r e  compartment, T = 
t 

S t e e l  temperature a t  time t. 

a P 

AT, I- (Tt- Ts) A t  ( "C)  [3.11] 
=PS "S 

where 

AT = change of s t e e l  temperature ( - C )  ducing time s t e p  A t ( s )  
S 

a = c o e f f i c i e n t  of h e a t  t r a n s f e r  a t  f i r e  exposed surface  of s t ruc tu re  
(w.m-2 O C - ~ ) ,  

p, 
= dens i ty  of s t e e l  mater ia l  (7850 kg m - 3 ) ,  

C = s p e c i f i c  hea t  of s t e e l  mater ia l  (~ .kg-"c- ' ) ,  
PS 
F = f i r e  exposed surface  of s t e e l  s t r u c t u r e  pe r  u n i t  length ( m )  

S 

Vs = volume of s t e e l  s t r u c t u r e  pe r  u n i t  length  ( m 2 ) ,  

Tt = gas  temperature ( ' C )  within f i r e  campartment a t  time t ( S ) .  
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sq. [3.ll]presupposes t h a t  the s t e e l  temperature T5 is  uniformly d i s t r i b u t e d  
over the  c ross  sec t ion of the s t r u c t u r e  a t  any time t. 

 he c o e f f i c i e n t  of heat  t r a n s f e r  cr can be ca lcula ted  from the approximate 
formula 

g iving an accuracy which is s u f f i c i e n t  f o r  ordinary p r a c t i c a l  purposes. 

E i s  t h e  r e s u l t a n t  emiss iv i ty  which f o r  p r a c t i c a l  app l i ca t ions  can be chosen 
according t o  the  following t a b i e ,  giving values which a r e  genera l ly  on the  
s a f e  s i d e .  

l ,  Column, f i r e  exposed on a l l  s i d e s  
2. Column, outs ide  a facade 
3. Floor s t r u c t u r e ,  composed of s t e e l  beams with a 

concrete s l a b  on the  lower f lange of the  beams 
4 .  S t e e l  beams wich a f l o o r  s l a b  on the  upper f lange 

of the  beams 
a )  Beams of I cross-sect ion with width/height 20.5  
h )  Beams of I cross-section with width/height C 0 .S 
C )  Beams of box cross-section and t r u s s e s  

In  i 8 ) . (17) .  (ZO), more accura te  values a r e  given f o r  E i n  -&e case 4 of 
app l i ca t ion .  

;or a given gas temperature-time curve T,- t, t h e  s t e e l  temperacure T car, be 
i i r e c t l y  ca lcu la t ed  from Eqs. [3.11] and-63 .l21 with allowance fo r  the  tempera- 
tu re  dependenceof C and 3 . Such computations have been ca r r i ed  o u t  i n  a 
systematized way g i d a g  design t ab les  a s  published i n  (11 ) ,  ( 1 8 ) .  (19 1 
(22 I ,  1 231, f o r  a thermal exposure according t o  the standard temperature-time 
curve and i n  ( B ) ,  117 l ,  (20 ) ,  f o r  a n a t u r a l  comparment f i r e  exposure accor- 
d x a  t o  f ig .5 .  The f i r s t  s e t  of t ab le s  g ive  t h e  s t e e l  temperature a s  a function 
o i  tne timeof exposure t f o r  varying values of F / V  r a t i o  and t h e  r e s u l t a n t  s emlssrvzty E .  From the  second s e t  of t e b l e s ,  i ' e  m&mum s t e e l  reaperature T, 
during a complete compartment f i r e  can be determined d i r e c t l y  as a fusc t ion of 
the e f f e c t i v e  f i r e  load densi ty  qf, the e f f e c t i v e  cpening fac to r  ( ~ 6 1 ~ ~ ) ~  
tile F /Vs  r a t i o  and t h e  r e s u l t a n t  emiss iv i ty  E. 

5 

S imi la r ly  f o r  a f i r e  exgosed insu la t ed  s t e e l  s t r u c t u r e , a  s impl i f ied  energy 
Dhiance equacion gives m e  i=Llowing formula f o r  a d i r e c t  determination of the  
s t e e l  teinperature-time csrve ? . - - ( f ig .91.  - 
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Figure 9 : F i r e  exposed, insula ted  scee i  s t r u c r u r t  

T = gas  temperature wlthin tne t i r e  comparmcnr 
t 

. - . -. - . T- = s t e e l  temperamre a t  :me c. 

A 1 
T = ITt-T_)?t ( " C )  [3.i3] 

s ~ l / a + d . / ; . i  3 C  V 
- 

1 I i p s  S .L. iJ 

with the  additional q u a n t i t i e s  

A = i n t e rna i  enclosing surface  area of insuia-  
t ion  per u n i t  iength ( m )  

d ,  = thickness of rnsula t ion (m1 , 

h .  = thermal conductivity of in su la t ing  material  

1w.m-l. .c-' I 

Eq. [3.13] presupposes t h a t  the s t e e i  temperature T is  uniformly d i s t r i b u t e d  
over t h e  cross-section of the  s t ruc tu re  a t  any time ?, t h a t  f o r  the  insu la t ion  
the  temperature g rad ien t  is  l i n e a r  and the  hea t  absorption neg l ig ib le  and t h a t  
t h e  h e a t  t r a n s f e r  i s  one-dimensional. 

Computations, o r ig ina t ing  from Eqs. [3.12] and [3.13] provide a systematized 
design b a s i s  f o r  a p r a t i c a i  f i r e  design. Siich a design b a s i s  is  published i n  
(11 ) , ( 18 1 ,  (19 ) , ( 2 2  l ,  ( 23 ) , f o r  a thermal exposure according t o  the  

, standard temperature-time curve,  giving the  s t e e l  temperature a s  a funct ion of 
the  time of exposure t f o r  varying values of t h e  A .  /V  and d / A i  r a t i o s .  
( 8 , ( 1 7 ) ,  ( 20 ) include a corresponding designLbas?s f o r  B n a t c r a l  compart- 

ment f i r e  exposure giving the  maximum s t e e i  temperature Ts,,, fo r  varying va- 
lues-of the e f f e c t i v e  f i r e  load densi ty  qf , t h e  e f f e c t i v e  opening f a c t o r  

( A \ ,  h /At 1 f and the  Ai/VS and d . /  A .  r a t i o s .  
L 1 

For a s p e c i f i c  in su la t ing  ma te r i a l ,  systematized design diagrams o r  t a b l e s  can 
be computed very accura te ly  w i t h  regard t o  the temperature dependence of the  
thermal p rope r t i e s  of t h e  i t e e l  as well a s  the insu la t ing  ma te r i a l .  The in f lu -  
ence of an i n i t i a l  moisture content and of a d i s i n t e g r a t i o n  of the insu la t ing  
ma te r i a l  can be considered,  too .  P rac t i ca l ly ,  such a determination can be 
c a r r i e d  ou t  over a numerical da ta  processing by computers on the  b a s i s  of a 
f i n i t e  d i f f e rence  o r  a f l n i t e  element method. A  g r e a t  number of design t ab les  
computed according t o  such an accura te  procedure,  a r e  presented i n  ( 8 ) .  

The design b a s i s  r e fe r red  t o  genera l ly  assumes the  s t e e l  temperature t o  be uni- 
formly d i s t r i b u t e d  over t h e  cross-section of the  beam or column a t  any time t. 
A  more accura te  theory which enables a 6etermination of the temperature var ia-  
t i o n  over t h e  cross-section of the  s t e e l  s t r u c t u r e ,  is  presented i n  ( 3 5 ) ,  136 ) ,  

together  with computer rou t ines .  The algorithm described can e a s i l y  be coupled 
t o  most f i n i t e  element programs. 

An i l l u s t r a t i o n  of the  c a p a b i l i t y  of the theory i s  given i n  f i g .  10 ,  which 
shows ca lcu la t ed  temperacure d i s t r i b u t i o n  along the  l i n e  of s p e t r y  of a gypsum 
i- .sulsted s t 2 e i  ;em ,,with a c c n c r e t e  slzb a t  C& t a p  f l a n g e , a t  se lec ted  times 
of t i enda l  exposure icccz3;np tc the standar- :e!?peririre-time czrve. 
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'C 

CONCRETE -.., 'IM l 

r i g m e  10 ; Calculated temperature d i s -  
t r i b u t i o n  along l i n e  of symmetry of a 
s i e e l  beam, insula ted  by a 16 mm gypsum 
board (dens i ty  770 kg.m-31 and carrying 
r 150 mm concrete s l ab  on top f l ange ,  a t  
s e l ec ted  t i n e s  of a thermal exposure 
according t o  the  standard temperature- 
c m e  curve ,  Sq. [3.4]- ! 35 1 , (36 ) .  

POSITION. S 

3.5 Load bearing capacirv of s t e e l  s t r u c t u r e s  a t  f i r e  exoasure 

A t r a n s f o m a t i o n  of t h e  t r a n s i e n t  temperature s t a t e  of a f i r e  exposed s t r u c t u r e  
o r  a s t r u c t u r a l  element t o  da ta  on the  s t r u c t u r a l  behaviour and load bearing ca- 
p a c i t y  r equ i re s  access t o  val idated  matnematica1 models of t h e  mechanical beha- 
viour of t h e  s t r u c t u r a l  ma te r i a l  i n  t h e  temperatwe range associa ted  w i t h  f i r e s .  

For s r e e l ,  such models have been ava i l ab le  :or many years  - c f . ,  fox ins t ance ,  
( 3 7 1  t o  ( 4 0 1 .  The nodels decompose the t o t a l  s t r a i n  i n t o  thermal s t r a i n .  ins-  
tancaneous e l a s t i c  and p l a s t i c  s t r axn  , and time and temperature dependent 
creep s t r a i n .  Some of the  models opera te  with temperature comDensated time t 
according t o  DORN 1 3 7 1 ,  defined by the  formula 

T 

where -1 
H = a c t i v a t i o n  energy required  f o r  creeD 13. mol ) 
R = un ive r sa l  gas constant  (~.mol- ' .  K 1 l and - 
T = absolute  t m p e r a t u r e  ( K ) 

Analyt ica l  models f o r  a determrnarion of the mechanical behaviour and load bea- 
r i n g  capac i ty  of f i r e  exposed i s o s t a t i c  and hyper s t a t i c  s t e e l  beams, columns and 
frames a r e  presented i n , f o r  in s t ance ,  ( 381 - L 43 1 .  The most genera l  method is  
the  one described i n  ( 4 0 ) ,  based on a f i n i t e  element e l a s t i c -p la s t i c -c reep  ana- 
l y s i s  inc luding the inf luence  of geometrical  non- l inear i t ies  of the s t r u c t u r e .  
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?. s impl i f ied  design b a s i s ,  giving d i r e c t l y  the load bearing capacity f o r  a de- 
sign load e f f e c t  can be found i n  l 8  , ( l l  , ( 17 ) to ( 23 ) .  The design b a s i s  
can be used fo r  the  thermal exposure given by t h e  standard temperature-time 
curve o r  the  natura l  f i r e  concept. The design bas i s  i s  i l l u s t r a t e d  by f i g s .  11, 
12 and 15. Figures 11 and 12,  l  8 ) ,  ( 201, give  the load bearing capaci ty  

hkr, Pkr,  qk ) of f i r e  exposed beams of constant  I cross  sec t ion a t  d i f f e r e n t  
types of loa i ing and support  condi t ions ,  as a function of the s t e e l  beam tem- 
pera ture  T . The design c u v e s  i n  f i g .  11 apply t o  a slow r a t e  of heating - 
assumed to5be dOc.min-l, followed by a cooling with a r a t e  of 1.33T.rni.n-l - 
and f ig .12  gives the  co r rec t ionha  of the load-bearing capacity c o e f f i c i e n t 6  
due t o  a more rapid  r a t e  of heat ing.  I n  the  formula f o r  load-bearing capacity 

(I  - y i e l d  s t r e s s  of s t e e l  ma te r i a l  a t  room temperature ( MPa), 

L = span of beam (m) 
3 W = e l a s t i c  modulus of beam cross  sec t ion  (m ) 

Figure 11 : Coeff ic ient  B fo r  determination of c r i t i c a l  load (Xk, , Pkr , qkr) 
f o r  f i r e  exposed s t e e l  beams of I c r o s s  sec t ion  a t  d i f f e r e n t  types of loading 
and support  condit ions a s  a funct ion o f t h e  s t e e l  beam temperature T,. The 
curves have been ca lcula ted  f o r  a  slow r a t e  of heating of 4'C min-l and a  
subsequent cooling,  assumed t o  be one t h i r d  of t h e  r a t e  of heating ( 8 ) .  (201. 
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The design curves i n  f igu res  11 and 12 have been detm?nin& on the  bas i s  of 
t h e  deformation curve of the f i r e  exposed beams calcula ted  by an a n a l y t i c a l  mo- 
d e l ,  presented i n  ( 3 8 1 ,  which takes  i n t o  account the  s o f t l y  rounded shape of 
t h e  shape of the s t r e s s - s t r a i n  curve of s t e e l  a t  elevated temperatures a s  well  
a s  the  inf luence  of creep s t r a i n .  As can be seen from f i g .  12, this influence 
of c reec  begins t o  be not iceable  f o r  ordinary  s t r u c t u r a l  s t e e l s  a t  temperatures 
i n  excess of about 450 'C. 

i 
0 .02  l l 
0 

450 500 550 6 0 0  6s0 7 'S 

Figure 12 : Increase AB of c o e f f i c i e n t  Q determined according t o  f i g .  11, 
f o r  a r ace  of heat ing a 2 4'C. min , a s  a funct ion of the  s t e e l  beam tem- 
pera ture  T ( 8 1,  (20 I .  

S 

i n  the European Recommendations f o r  t h e  f i r e  s a f e t y  of s t e e l  s t r u c t u r e s  (11 ) ,  
an a l t e r n a t i v e  s impl i f i ed  approach i s  given f o r  t h e  determination of the  load 
bearing capaci ty  of a s t e e l  s t r u c t u r e  a t  Uniform elevated  temperature T . The 
elementary theory of p l a s t i c i t y  is d i r e c t l y  app l i ed ,  r e l a t e d  t o  an ef feczive  
y ie ld  s t r e s s  gSrTS i n  which t b e  inf luence  of creep is  included i m p l i c i t l y .  

The b a s i c  s t r e s s - s t r a in . cu rves  are exemplified i n  f i g .  13 f o r  the  s t e e l  grade 
Fe 360. The l a rge  gap between t h e  curves f o r  200 and 300•‹C is  due t o  the  s0- 
c a l l e d  "thermally ac t iva ted  flow" ( 4 1 ) .  For an u l t ima te  l i m i t  s t a t e  design,  
the  curves a r e  cu t  o f f  a t  c e r t a i n  s t r e s s  l e v e l s ,  def in ing the e f f e c t i v e  y i e l d  
s t r e s s  a S , ~ S  a s  a funct ion o f t h e  s t e e l  temperature Ts - f ig .14.  

lY1 

m I 

i a i  
Figure 13 : Stsess - s t r a in  curves a t  e levzted  temperatures T, f o r  s t e e l  grade 
Fe 360. In the  curves ,  the  inf luence  of creep i s  included i m p l i c i t l y  (11). 



Ts ( " C )  

Figure 14 : Quot ient  between e f f e c t i v e  y ie ld  s t r e s s  T s , ~ *  a t  elevated tempe- 
r a t u r e  T and y ie ld  s t r e s s  a t  room temperature a s  a funct ion of s t e e l  tempera- 
t u r e  T . S ~ h e  curve app l i e s  t o  s t e e l  grades Fe 360 t o  Fe 510 with an accuracy,  
which :S s u f f i c i e n t  f o r  p r a c t i c a l  purposes (11) 

- 
A 

0 0.2 0.1 0.6 0.8 1.0 L2 1.4 - 
Figure 15 : Relationship between non-dimensional buckling load N H  and s l en -  
detness  f a c t o r  .( a t  varying s t e e l  temperature T f o r  a x i a l l y  compressed 

5 
s t e e l  columns ( i l ) ,  (44 ) .  
The curves i n  f i g .  15 ( l l ) ,  (44) g ive  thg var i a t ion  with t h e  s t e e l  temperature 
T of the  non-dimensional buckling load Nt, f o r  a x i a l l y  compressed columns a s  a 
fznct ion of the slenderness f a c t o r  

h 
h = [3.15] 

4 E/US 

where 
X = column slenderness r a t i o  
E = modulus of e l a s t i c i t y  a t  room temperature, and 
as = y ie ld  s t r eng th  a t  room temperature 

The curves a r e  experimentally val idated  by t e s t s  made recen t ly  i n  seve ra l  
European countr ies .  The curves a r e  appl icable  under the  presumption t h a t  the  
column is  unres t ra ined with r e spec t  t o  long i tud ina l  expansion during t h e  f i r e  
exposure. For a f i r e  design of columns, p a r t l y  r e s t r a ined  t o  longi tudinal  ex- 
pansion, see  reference  ( 8 ) .  
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3 .6  Consistency between a n a l v t i c a l  and experimental approaches 

The a n a l y t i c a l  determination of the f i r e  r e s i s t a n c e  of load bearrng s t r u c t u r a l  
elements a s  an a l t e r n a t i v e  t o  t e s t i n g  has r a i sed  a problem of inconsis tency,  
r ecen t ly  analysed i n  (45  ) ,  a s  concerns s t e e l  s t r u c t u r e s .  

Due t o  high c o s t s ,  a f i r e  r e s i s t ance  t e s t  i s  usuaXy l imi t ed  t o  one r e s t  speci -  
men - i n  a few countr ies  t o  two t e s t  specimens. For a s i n g l e  t e s t  specimen, the  
a c t u a l  ma te r i a l  q u a l i t y  represents  a random sample from a wide v a r i e t y .  Conse- 
quent ly ,  a standard f i r e  r e s i s t ance  t e s t  is  gene ra l ly  c a r r i e d  o u t  on a t e s t  spe- 
cimen w i t h  a load bearing capaci ty  which is  g r e a t e r  - mostoften s i g n i f i c a n t l y  
g r e a t e r  - than t h e  load bearing capaci ty  r e l a t e d  t o  t h e  c h a r a c t e r i s t i c  value of 
the  m a t e r i a l  s t r eng th .  In  cu r ren t  p r a c t i c e ,  no co r rec t ions  a r e  made of the  t e s t  
r e s u l t s  w i t h  r e spec t  t o  t h i s .  

An a n a l y t i c a l  d e t e n u n a t i o n  of the  load bearing capac i ty  of a s t r u c t u r a l  element 
is  based on t h e  c h a r a c t e r i s t i c  value of the ma te r i a l  s t r eng th .  This g ives  an ana- 
l y t i c a l l y  determined f i r e  r e s i s t ance  wnich is Lower - normally s i g n i f i c a n t l y  
lower - than ihe  corresponding value derived from a standard f i r e  r e s i s t a n c e  
t e s t .  

S impl i f ied  methods f o r  a ca l cu la t ion  of the  temperature of f i r e  exposed s r e e l  
s t r u c t u r a l  elements a r e ,  a s  a r u l e ,  based on the  assumption of a uniformly d i s -  
t r i b u t e d  temperature over t h e  cross  sec t ion  and along the  s t r u c t u r e  a t  each time 
of f i r e  exposure. In  c e r t a i n  types of s t e e l  s t r u c t u r e s ,  f o r  example beams witb 
a slab on i \ e  upper f lange,  a considerable temperature va r i a t ion  a r i s e s  over 
t h e  c ross  sec t ion  a s  well  a s  i n  the  longi tudinal  d i r e c t i o n  during a f i r e  r e s i s -  
tance  t e s t .  A s impl i f i ed  method, which neglects  t h i s  inf luence  gives  a f u r t h e r  
underestimation of the  f i r e  r e s i s t ance  i n  r e l a t i o n  t o  the  corresponding r e s u l t  
obtained i n  a f i r e  r e s i s t ance  t e s t .  

I n  ( 4 5  ) a l t e r n a t i v e  methods of co r rec t ion  are ou t l ined  f o r  obta in ing b e t t e r  
agreement between the  a n a l y t i c a l  and experimental approaches. One of these  
methods i s  developed f u r t h e r  t o  a design bas i s  chat can be appl ied  e a s i l y  i n  
p rac t i ce .  1n pr.incip.ple,the metbod implies t h a t  t h e  a n a l y t i c a l l y  determined load 
bearing capac i ty  R is mul t ip l ied  by a correc t ion f a c t o r  f ,  which is  a funct ion Of 
t h e  uniformly d i s t r i b u t e d  ca lcu la t ed  s t e e l  temperature Ts and t h e  type of s t r u c t u -  
r a l  element. Fig.  16 gives  the correct ion f a c t o r  der ived and p r a c t i c a l l y  appl ied  
i n  the  ECCS Recommendations f o r  t n e  f i r e  s a f e t y  of s t e e l  s t r u c t u r e s  ( 1 1 ) .  m e  
metiiod of correct ion i s  a rough approach and should be seen a s  a temporary solu- 
t i o n  of the  problem. 

f 

t 

Figure 16 : Correction f a c t o r  f f o r  load 
1.0 bearing capaci ty  R a s  a funct ion of uni- 

formly d i s t r i b u t e d  ca lcula ted  s t e e l  tempe- 
r a t u r e  T f o r  columns, isos ta t ic  beams. s and h y p e r s t a t i c  beams with two reaundan- 
c i e s .  For hyper s t a t i c  beams with only one 
redundancy, f can be chosen a s  approxima- 

1.5 t e l y  the  average of the  values f o r i s o s t a -  
t i c  beams and hyper s t a t i c  beams with 
two redundancies (45 ) . 

1.0 1 5  
0 100 200 300 LOO 500 60[1 700DC 



REFERENCES 

1. Law, M. : F i r e ,  the Risk and the  Precautions.  IABSE Conference - 
T a l l  bui ld ings  and people,  England 1975. 

2. Witteveen, J. : P o l i c i e s  f o r  F i r e  Safe ty ,  C I B  Symposium on Fire  Safe ty  i n  
Bui ld ings ,  Amsterdam 1977. C I B  - Proceedings - Publ ica t ion 48. 

3. Witteveen, 3.  : Western-European Trends i n  F i r e  Protecrion of  S t e e l  St ruc-  
tures .  Proceedings ECCS-symposium "S t ruc tu ra l  steelwork i n t o  the 80's". London, 
June 30 - July  1,1981. 

4. F i r e  Protec t ion Bu l l e t ins ,  Canadian S t e e l  Indus t r i e s  Construction Council ,  
201 Consumers Road, Su i t e  300, Willowdale, Ontario,  Canada. 

5. IS0 : F i r e  Resistance Tests  - Elements of Building Construction.  In t e rna t iona l  
Standard 834, 1975. 

6. Pe t t e5son .O.  and Magnusson S.E. : F i r e  Tes ts  Methods, Background, Philosophy, 
Trends and Future Needs. Doc. Gen. 011 NORDTEST, Stockholm 1977. 

7. Witteveen, J. andTwil t  L.  : A C r i t i c a l  View on t h e  Results  of Standard F i re  
Resistance Tests  on S t e e l  Columns. F i r e  Safe ty  Journal ,  Vo1.4, N o .  4. 1982. 

8. Pe t t e rSon ,O.  Magnusson, S.E. and Thor, J. : Fi re  Engineering Design of S t e e l  
S t ruc tu res .  Swedish I n s t i t u t e  of S t e e l  Construction,  Publ ica t ion 50,  Stockholm 
1976. 

9. BUb, H. e t  a1  : Baulicher Brandschutz. I n s t i t u t  f u r  Bautechnik, Ber l in  1979 

10. D I N  18230 Entwurf : Baulicher Brandschutz Im Industriebau,August 1978. 

11. ECCS : European Recommendations f o r  t h e  F i r e  Safe ty  of S t e e l  S t ruc tu res ,  Ju ly  
1981. A summary i s  published i n  : Witteveen, J. : S t e e l  S t ruc tu res  exposed t o  
t h e  standard f i r e  : An in t roduct ion t o  t h e  European Recommendations - American 
Socie ty  of C i v i l  Engineers. Spring Convention, New York 1981. P repr in t  81-035. 

12. CEB : Design of Concrete S t ruc tu res  f o r  F i r e  Resistance. Bu l l e t in  d71nforma- 
t i o n  no 145, 1982. 

13. Law, M. : Design Guide f o r  F i r e  Safe ty  of Bare Exter ior  S t ruc tu ra l  S t e e l .  
Ove Arup and Pa r tne r s ,  London 1977. 

14. CIB/W14 : Towards a P robab i l i ty  Based Code on S t r u c t u r a l  F i r e  Sa fe ty ,  1982. 

- p a r t  A : General Pr inciples .  Prepared by L. Twi l t ,  
A. Vrouwenvelder and J. Witteveen, with an in t roduct ion by 
M. Kersken-Bradley. - p a r t  B : Methods of v e r i f i c a t i o n .  Prepared by 0. Pet tersson.  

- Appendir 1 : S t a t i s t i c a l  Assessment of Tes t  Results .  
Prepared by M. Karsken-Bradley. 

- Appendix 2 : Simple Fau l t  Tree f o r  Multiple F a t a l i t y  Disas ters .  
Prepared by D . J .  Rasbash. 

15. Witteveen, J. : A Systematic Approach Towards Improved Methods of S t r u c t u r a l  
F i r e  Engineering-Design,Proceedings,6th In te rna t iona l  F i r e  Protec t ion Seminar, 
organized by VFDB, Karlsruhe 1982. 

16.  Pettersson,O.:Structural F i r e  Protec t ion.  Report of Group Session 5.2, C I B  
W14 Commission Meeting, Copenhagen, May 1978. F i r e  and Mater ia ls ,  Vo1.4 No.1, 
1980. 

17. Petters~on,O.:Theoretical Design of F i r e  Exposed S t ruc tu res .  Division of 
S t r u c t u r a l  Mechanics and Concrete Construction,  Lund I n s t i t u t e  of Technology, 
B u l l e t i n  51, Lund, 1976. 



18. BarthelBmy, B. and Kruppa,J. : Re%istance au f e u  des  s t r u c u r e s  - BBton, 
Acier,  a O i s .  Edi t ions  Eyro l l e s ,  P a r i s  1978. 

19. F r u i t e t ,  ?.L. : Guide pour l a  Conception des  EBtiments B Stxuctures  en 
h c i e r .  Office Technique pour l ' u t i l i s a t i o n  de L'Acier ( O T O A ) .  ?axis. 1978. 

20. Pettersson,O. and Odeen, K : Brandteknisk dimensionering - p r m c i p e r ,  
underlag,  exempel ( F i r e  Engineering Design of Building SWuctures - Prln-  
c i p l e s ,  Design Basis ,  Examples). Liber f o r l a g ,  Stockholm, 1978. 

21. H-athy, T.Z. : Design t o  Cope w i t h Z u l l y  Developed F i r e s .  
ASTM Symposium "Design of Building f o r  F i r e  Safe ty" ,  ASTM Specia l  Technical  
Dubl ica t icn  685, Washington, 1979 ,pp 198-276. 

22. T w ~ l t ,  L. and Wirteveen, S.  : arandvei l igheid  S taa lcons t ruc t i e s  ( F i r e  Resis- 
tanCB Of Steel S t r U c t T e s l .  Etaaicentrum Nederland, 1980. 

23. Thrane, E.J. : Brandteknisk dimensjonering av bygningskonstruksjoner ( F i r e  
Engineering Design of Building S m c t u r e s ) .  Tapir  f o r l a g ,  Oslo,  1981. 

24. Kawagoe, K. and Sekine,  T. : Estimation of F i r e  Temperature-Time Curve Ln 
Rooms. Occasional Report No. 11, Building Research I n s t i t u t e ,  Tokyo 1963. 
Kawag0e.K. : Estimation of F i r e  Temperature-Time Curve i n  Rooms. Research 
Paper No. 29, Building Research I n s t i t u t e ,  Tokyo, 1967. 

2 5 .  Magnusson, S .E. and Thelandersson, S .  : Temperature-Time Curves f o r  -he 
Complete Process of F i r e  Development - A Theoret ica l  Study of Wood Fuel  
F i r e s  i n  Enclosed Spaces. Acta Polytechnics Scandinavica. C i  65 ,  Stockinolm. 
1970. 

26. Harmathy, T.Z. : A New Look a t  ComparSnent F i r e s .  P a r t  I ,  F i r e  Technology. 
vol .  8 ,  ~ 0 . 3 ,  ~ u g u s t  1972. - p a r t  11, f i r e  Technology, vo l .  a ,  ~ 0 . 4 ,  NO- 

vember 1972. 

27. Thomas, ?.B. : Some Problem Aspects of Fu l ly  Developed Room F i r e s ,  ASTM 
Symposium "F i re  Standards and Safe ty"  held a t  NBS, Gaithersburg,  5-0 Apr i l  
1976, ASTM Specia l  Technical Publ ica t ion 614, Washington, 1977. 

28. Babrauskas, V. and Williamson, B .  : Post-Flashover Compartment F i re s .  Uni- 
v e r s i t y  of C a l i f o r n i a ,  Bexkeley, F i r e  Research Group, Report No. UCB FRG 
75-1, December 1975 - Post-Flashover ComparSnent Fires-Basis of a Theoreti-  
c a l  Model. F i r e  and Mate r i a l s ,  Vol.2, No.2, 1978. 

29. Babrauskas, V. : COMPF2 - A Prograic f o r  Calcula t ing Post  - Flashover Comgart- 
ment F i r e  Temperatures. Technical Note 991, National Bureau of Standards,  
Washington, 1979. 

30. Babrauskas, V. : A Closed-form Approximation f o r  Post-Flashover Compartment 
F i r e  Temperatures. F i r e  Sa fe ty  Journal .  Vol. 4 ,  No. 1 ,  August 1981. 

31. PetterssDn.0.  : The Connection between a Real F i r e  Exposure and the  Heating 
Conditions according t o  Standard F i r e  Resistance Tests .  European Convention 
f o r  Constructional  Steelwork. Chapter 11, CECW - I11 7 4  - 2E. 

32. Magnusson. S.E. and Pet tersson.0 .  : Rational Design Methodology f o r  F i r e  
2xposed Load Bearing S t ruc tu res .  F i r e  Safe ty  Journa l ,  Vol. 3 ,  1980/81, pp 227-241. 

3 3 .  Petterss>n, 0. : R e l i a b i l i t y  aased Design of F i r e  Exposed Concrete S t ruc tu res .  
Contemporary European Concrete Research.Stockholm, June 9-11, 1981. 

34. Magnusson. S.E. and Pe t t e r rnon  0 .  : Functional Approaches - An Outline . CIB 
symposium on F i r e  Safe ty  i n  Buildings : Needs and C r i t e r i a ,  Held i n  
Amsterdam 1977-06-02/03, Publ ica t ion 48, C I B  Proceedings, 1977, pp.120-145. 

35. WickstrBm, U .  : A E(rmerica1 Procedure f a r  Calcula t ing Temperature i n  Hollow 
S t ruc tu res  Exposed t o  F i re .  Department of S t r u c t u r a l  Mechanics, Lund I n s t i t u t e  
of Technology, Report No. 79-3, Lund, 1979. 



36. Wickstrdm, U .  : TASEF-2- A ComputerProgram f o r  Temperature Analysis of 
 structure^ Exposed t o  F i r e  . Department of S t r u c t u r a l  Mechanics, Lund Ins- 
t i t u t e  of Technology. Report Na.79-2, Lund. 1979 

37. Dorn, J .E.  : Some Fundamental Experiments on High Temperature Creep. Journal  
of the Mechanics and Physics of S o l i d s ,  Vol. 3 ,  1954. 

38. Thor, J. : Deformations and C r i t i c a l  Loads of S t e e l  Beams under F i r e  Ex- 
posure Conditions. Division of S t ruc tu ra l  Mechanics and Concrete Construction,  
Lund I n s t i t u t e  of Technology, Bu l l e t in  35, Lund 1973. 

39. Harmathy, T.Z. : Creep Deflection of Metal Beams i n  Transient  Heating Pro- 
cesses,  with P a r t i c u l a r  Reference t o  F i r e .  Canadian Journal  of C i v i l  Engi- 
neering,  Vol. 3 ,  No.2, June 1976. 

40. Furumura, F. and Shinohara, Y .  : I n e l a s t i c  Behaviour of Protected S t e e l  
Beams and Frames i n  F i re .  Research Laboratory of Engineering Mater ia ls ,  
Report No. 3 ,  Tokyo, 1978. 

41. Witteveen, J. , W i l t ,  L .  and Bi j l aa rd ,  F.S.K. : The S t a b i l i t y  of Braced 
and Unbraced Frames a t  Elevated Temperatures. Symposium on S t a b i l i t y  of 
S t e e l  S t ruc tu res ,  Liege, Apr i l  1977. 

42.  Beyer, R.  : Der Feuemiderstand von Tragwerken aus Baustahl. Berechnung 
m i t  B i l f e  des  Traglas tverfahrens .  Der Stahlbau,  46. Jahrgang, Heft  12 ,  
Dezember 1977. 

43. Beyer R. and Bartmann, B .  : Eine Untersuchung des L a s t f a l l e s  Brand b e i  
Stahlrahmen, Kolloquium ftfr F i n i t e  Elemente i n  der Baupraxis, Hannover, 
Apr i l  1978. 

44. Janns,  J. and Minne, R. : Buckling of S t e e l  Columns i n  F i re  Conditions. 
F i r e  Sa fe ty  Journal ,  Vol. 4 ,  No. 4 ,  1981/82, pp 227-235. 

45. Pet tersson.0 .  and Witteveen, J .  : On the  F i r e  Resistance of S t r u ~ t u r a l  
S t e e l  Elements Derived from Standard F i r e  Tes t s  o r  by Calculation.  F i r e  
Safe ty  Journa l ,  Vol. 2 ,  1979/80, pp. 73-87. 





IABSE PERIODICA 2/1983 
PERIODICA AIPC 
IVBH PERIODICA 

May 1983 

IABSE PROCEEDINGS 
M E M O I R E S  A I P C  
IVBH ABHANDLUNGEN 

Fire Protection of Steel Structures 
Examples of Applications 
J. Brozzetti, M. Law, 
0. Pettersson, J. Witteveen 

international Association for Bridge and Structural Engineering IABSE 
Association internationale des Ponts et Charpentes AlPC 
lnternationale Vereinigung fijr Bruckenbau und Hochbau IVBH 



The Proceedings are open for discussion until August 31, 1983. 

La discussion de ce Memoire est ouvene jusqu'au 31 aoirt 1983. 

Diskussionsbeitrage zu dieser Abhandlung werden bis 31. August 1983 erbeten. 

Editor - Publisher - Advertising 
Redacteur - Editeur - Annonces 
Redaktion - Herausgeber - lnserate 

IABSE - AIPC - IVBH 

ETH-Honggerberg 
CH4093 Zurich. Switzerland 

Tel.: 011377 26 47 
Telex: 82'2 186 lABS CH 
Teleg:.: IABSE. CH-8093 Zurich 

Papers published under the sole responsibility of the authorjs). 

Les articles sont publies sous la seule responsabilite de (des) I'auteur(s). 

Die Artikel werden unter der alleinigen Verantwortung des oder der Autoren veroffentlicht 



Fire Protection of Steel Structures - Examples of Applications 

Protection contre le feu des structures acier - Quelques exemples d'applications 

Brandschutz der Stahlkonstruktionen - Einige Anwendungsbeispiele 

Jacques BROZZETTI 
Dir.. Dep. Etudes 
CTlCM 
Paris. France 

Ove PETTERSSON 
Professor 
Lund Inst. of Technology 
Lund, Sweden 

Margaret LAW 
Technical Director 
Ove Arup and Partners 
London, Great Britain 

Jelle WITTEVEEN 
Professor 
TNO 
Delft, the Netherlands 

SUMMARY 
This paper presents a review of the practical aspects of fire protection of steel structures by 
different techniques taking the desired fire rating into account. Some guidelines for correct 
practice are given. A number of these concepts of i ire protection are illustrated by recent 
examples of steel building structures in Dublin, London, Manchester and Paris. 
The last part of the paper discusses the priorities for future action and research. The use of cal- 
culation methods for the design of structural fire protection is  gaining increasing acceptance 
and there is  a growing recognition of the need to clearly identify the safety objectives related 
to fire within the context of overall safety. 

RESUME 
Cette contribution presente un rappel des aspects pratiques de la protection contre le feu des 
constructions rnetailiques, realisee au rnoyen de techniques diverses avec prise en cornpte de 
la duree de resistance souhaitee. Quelques indications de bonne pratique sont donnees. Ces 
concepts de protection anti-incendie sont illustres par quelques exernples de constructions 
rbcentes. 
La deuxierne partie est consacree a la discussion des problernes qui devraient constituer a I'ave- 
nir les priorites en rnatiere de conception et de recherche. L'utilisation de rnethodes de calcul 
pour la conception d'une protection efficace contre le feu est de plus en plus largement accep- 
tee et la necessite de definir clairernent les objectifs de cette securite dans ie cadre d'une con- 
ception globale de la securite est iargernent reconnue. 

ZUSAMMENFASSUNG 
Oieser Beitrag gibt einen Oberbiick uber die praktischen Aspekte des durch verschiedene Mass- 
nahrnen und unter Berucksichtigung der angestrebten Feuerwiderstandsdauer erreichbaren 
Brandschutzes. Regeln fur die praktische Anwendung werden gegeben. Einzeine dieser Kon- 
zepte werden an Beispielen illustriert. 
Irn zweiten Teil werden die Problerne besprochen, welchen die Verfasser die grosste Prioritat in 
der zukunftigen Forschungstatigkeit einraurnen. Die Anwendung von rechnerischen Methoden 
zur Beurteilung eines wirksarnen Brandschutzes wird irnrner rnehr akzeptiert und die Not- 
wendigkeit einer klaren Festlegung der Feuersicherheitsziele im Rahrnen eines urnfassenden 
Sicherheitskonzepts wird in steigendern Masse anerkannt. 
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l .  INTRODUCTION 

The decrease o f  s t e e l  s t r eng th  p r o p e r t i e s  a t  e levated  temperature  > 300 'C) is 
now wel l  e s t ab l i shed .  This might induce i n  t h e  publ ic  mind a c e r t a i n  re luctance  
to use s t r u c t u r a l  s t e e l  i n  bui ld ings .  To prevent l o s s  of s t r eng th  and consequent 
r i s k  of s t r u c t u r a l  f a i l u r e  due t o  f i r e ,  i t  is  e s s e n t i a l  t o  provide p ro tec t ive  
measures which i s o l a t e  s t r u c t u r a l  s t e e l  elements from d i r e c t  hea t  a t t a c k .  

Obviously the  more p ro tec t ion  the re  i s ,  t h e  higher the f i r e  r e s i s t ance  w i l l  be ,  
b u t  the  ques t ion a r i s e s ,  t o  what e x t e n t  i s  the increase  i n  f i r e  r e s i s t ance  
j u s t i f i a b l e  economically ? 

After  d iscuss ing the  cases  where it is accepted t h a t  it might be unreasonable 
to p r o t e c t  s t e e l  s t r u c t u r e s ,  t h i s  paper p resen t s ,  i n  i t s  f i r s t  p a r t ,  some c u r r e n t  
types of passive p ro tec t ion  measures and t h e i r  e f f ec t iveness  with regard  t o  t h e  
expected f i r e  r e s i s t a n c e  dura t ion.  The second p a r t  of the  paper gives p a r t i c u l a r  
examples of r ecen t  bu i ld ings ,  which i l l u s t r a t e  the  a p p l i c a t i o n s o f  d i f f e r e n t  types 
of s t r u c t u r a l  f i r e  p ro tec t ion ,  and the  t h i r d  p a r t  draws a t t e n t i o n  to seve ra l  
p r i o r i t i e s  f o r  research which could s t imula te  the  use of s t r u c t u r a l  steelwork f o r  
bui ld ings .  

2. ?3lE PRACTICAL ASPECTS OF FIRE PROTECTION OF STEEL STRUCTURES, SOME GUIDELINES 
FOR CORRECT PRRCTICE 

Under t h e  conventional procedure t o  determine s tandard  f i r e  r e s r s t ance ,  i t  has 
been proved t h a t  unprotected s t r u c t u r a l  s t e e l  s e c t i o n s  i n  common use w i l l  c a r ry  
loads  f o r  some t e n  t o  f i f t e e n  minutes. This per iod is r e l a t e d  t o  t h e  s tandard  
f i r e  exposure and i s  r e f e r r e d  w a s  t h e  " f i r e  r e s i s t ance  time". With such a 
reduced response i n  f i r e ,  it may be thought that s t e e l  s t r u c t u r e s  a r e  unsafe 
without p ro tec t ion ,  b u t  it should be borne i n  mind t h a t  this low f i r e  r e s i s t a n c e  
is r e l a t e d  to the  s tandard  f i r e  t e s t  procedure, which has d e f i n i t e  l i m i t a t i o n s  
and has been t h e  s u b j e c t  of numerous c r i t i c i s m s .  

A major decis ion f o r  t h e  designer is t o  determine, wheLter o r  not  it is necessary 
to provide f i r e  p ro tec t ion  f o r  t h e  s t e e l  elements, through insu la t ing  ma te r i a l s  
o r  c ladding,  o r  any p ro tec t ive  measures provided by such techniques a s  screens  
(e .g .  f a l s e  c e i l i n g )  o r  systems l i k e  wa te r - f i l l ed  hollow sec t ions .  The decis ion 
is d i c t a t e d  by t h e  necessary s a f e t y  requirements, t h e  c o s t  and/or a e s t h e t i c  
considera t ions .  

Some na t iona l  regula t ions  have begun to r e f l e c t  t h e  r e l a t i v e  importance of t h e  
f i r e  r e s i s t a n c e  of s t r u c t u r a l  elements among the  f i r e  sa fe ty  measures i n  bui l -  
ding. Also some na t iona l  f i r e  codes do not  r equ i re  f i r e  r e s i s t ance  f o r  low-rise 
cons t ruc t ion  ( l ) ,  o r  f o r  s t r u c t u r e s  used f o r  a c t i v i t i e s  which do not  l ead  t o  
excess ive  f i r e  loads .  In  s p o r t  h a l l s ,  c e r t a i n  i n d u s t r i a l  h a l l s , a t c .  .. t he re  a r e  
very low r i s k s  o f  f lash-over o r  even f i r e  which could r e s u l t  i n  any danger f o r  an 
unprotected s t e e l  s t r u c t u r e .  Experimental evidence ( f i g .  1) of r e a l  f i r e  behaviour 
shows t h a t  f o r  f i r e  loads l e s s  than 15 kg of wood equivalent  pe r  square metre 
of f l o o r  a rea ,  it would genera l ly  be unnecessary t o  improve t h e  s t r u c t u r a l  f i r e  
r e s i s t ance  by p ro tec t ive  measures. The c o s t s  o f  f i r e  p ro tec t ion  a re  sometimes 
not  f u l l y  j u s t i f i e d  i n  terms of l o s s  reduction,  and more advantages can be 
obta ined from con t ro l  and f i r e  prevent ion measures. 
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TEMPERATURE 

l (V) 

Fig.  1  
Natural f i r e s  behaviour 
under d i f f e r e n t  f i r e  loads 

TIME (min) 

It is genera l ly  accepted t h a t  c a s u a l t i e s ,  s t r u c t u r a l  damage, and damage and l o s s  
t o  t h e  contents  of t h e  building a r e  more e f f i c i e n t l y  avoided by using ac t ive  
f i r e  p ro tec t ion  measures r a the r  than pass ive  protec t ion measures. 

Active f i r e  p ro tec t ion  measures include de tec t ion  systems, s p r i n k l e r s ,  which 
suppress a f i r e  a t  an i n c i p i e n t  s t age ,  and smoke con t ro l l ed  d i l u t i o n  o r  venti-  
l a t i o n  systems. 

Clear ly ,  a r b i t r a r y  requirements f o r  f i r e  r e s i s t ance  serve  l i t t l e  purpose. Much 
can be gained by a  ca re fu l  and coordinated f i r e  design which makes use of 
complementary f i r e  s a f e t y  measures. 

2.1. Accepted cases of  unprotected s t e e l  s t r u c t u r e s  

In  some coun t r i e s ,  the  o f f i c i a l  r egu la t ions  do no t  require  any f i r e  r e s i s t ance  
f o r  s i n g l e  s torey bui ld ings .  However, s p e c i f i c  s a f e t y  measures may be required 
by the r egu la t ions  o r  be demanded by the  con t ro l l ing  a u t h o r i t i e s  depending upon 
the  type of  a c t i v i t y  associa ted  with t h e  building, ,  the f l o o r  a rea  and the  number 
of  people occupying o r  using the  bui ld ing.  

2 .2 .  Unprotected s t e e l  complying with t h e  1/2 h  r e s i s t ance  requirements 

m r e l a t i o n  t o  f i r e  r e s i s t ance  requcrements, many bui ld ing codes s i n g l e  o u t  
s t r u c t u r a l  elements according t o  t h e i r  p a r t i c u l a r  funct ions .  In  genera l ,  the  
only s t r u c t u r a l  elements t o  be checked f o r  t h e i r  f i r e  r e s i s t ance  r a t i n g  a re  
those which a c t u a l l y  ensure the  proper general  load bearing function of the  
s t r u c t u r e ,  o r  which con t r ibu te  t o  the e f fec t iveness  of the  f i r e  compartmenta- 
t i o n  . 
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Compared t o  o t h e r  const ruct ional  ma te r i a l s  (concre te ,  wood) the  f i r e  r e s i s t ance  
time o f  1/2 h under s tandard  f i r e  condi t ions  i s  c e r t a i n l y  the mst unfavourable 
r e q u i r m e n t  f o r  s t e e l  const ruct ion,  from an economical p a i n t  of view. 

2.2.1. Bare s t r u c t u r a l  elements 

The f i r e  r a t i n g  o f  l / i  h may be obta ined f o r  s t r u c t u r a l  elements with a so  
c a l l e d  "sect ion f a c t o r "  o r  "massivity f ac to r "  l e s s  than Fs/ VS = 30m-l, (where 
f i s  the  f i r e  exposed surface  and V the  volume pe r  u n i t  length of the s t e e l  

S S 
s t r u c t u r e .  Bowever, these  massive elements a r e  r a r e  i n  bu i ld ing  const ruct ion,  
where most s t e e l  elements i n  cu r ren t  use have a sec t ion  f a c t o r  g r e a t e r  than 
200 m-', Depending upon the c r i t i c a l  temperature of the  bare  s t e e l  element, a 
S i r e  r e s i s t a n c e  of about 15 mrnutes may be expected when these  elements a re  
subjected  to the  s tandard  f i r e  t e s t .  

To achieve a g r e a t e r  f i r e  r e s i s t a n c e ,  by increas ing the  c r i t i c a l  temperature of 
the  s t e e l  elements, i t  is  necessary to a l t e r  simultaneously o r  sepa ra te ly  the  
sec t ion  f a c t o r ,  the  s t r e s s  l e v e l  and the  grade of s t e e l .  Cer t a in ly ,  the  most 
e f f i c i e n t  way of improving the  f i r e  r e s i s t a n c e  of a s t e e l  s t r u c t u r e  is  m h e  
use of design concepts which involve s t a t i c a l l y  indeterminate s t r u c t u r e s .  

2.2.2. Mixed cons t ruc t ionof  s t e e l  and concrete 

By conveniently assoczat ing s t e e l  and concre te ,  f i r e  s t a b i l i t y  may be improved 
beyond t h e  c r i t i c a l  30 min without ex te rna l ly  p ro tec t ing  the s t e e l .  The s t ruc tu -  
r a l  elements of composite const ruct ion comprise : 

- composite f l o o r  cons i s t ing  of a s t e e l  beam and a concre te  s l a b ,  

- concre te - f i l l ed  hollow tubular  sec t ions .  

- composite deck composed of  a corrugated metal shee t  and concrete s l ab .  

The s t e e l  which is assoc ia t ed  with the  concre te  s l a b  t o  form t h e  composite 
. s t r u c t u r a l  element does no t  i t s e l f  have improved f i r e  r e s i s t ance .  The increase  

i n  f i r e  r e s i s t ance  f o r  standard f i r e  exposure above 30 minutes i s  genera l ly  
provided by add i t iona l  r e in fo rc ing  bars  which a r e  incorpora ted  i n  and protec ted  
by the  concre te .  In  t h e  case of continuous composite beams, s p e c i a l  care  must be 
t&en i n  choosing the  type of r e in fo rc ing  bars  under negative bending moment, a s  
premature f a i l u r e s  have been experienced with low-ductile bars .  

A g r e a t  number of experimental r e s u l t s  is given i n  t h e  l i t e r a t u r e  ( 2 )  f o r  these  
elements, and the  da ta  a re  s t i l l  being analysed. Calcula t ion methods a re  being 
developed, and a s  soon a s  t h e i r  r e l i a b i l i t y  has been es t ab l i shed ,  the methods 
wiI .1  be incorpora ted ,  i n  the form of  t echn ica l  no tes ,  i n  t h e  European Recommen- 
dat ions  f o r  t h e  ca lcu la t ion  of f i r e  behaviour of s t e e l  s t r u c t u r e s  ( 3 ) .  I n  addi- 
t i o n ,  much information e x i s t s  i n  the  form of da ta  bases,  which may be useful  
i n  eva lua t ing  the  f i r e  r e s i s t ance  of  such s t r u c t u r a l  elements by means of a 
judicious analogy. 

2.2.3. External  s t r u c t u r a l  elements exposed t o  f i r e  

I t  is  known t h a t  s t r u c t u r a l  elements which a r e  i n  'ae open a i r  outs ide  CTe f i r e  
compartment, and thus  not exposed d i r e c t l y  to t h e  f i r e ,  may not reach a c r i t i c a l  
temperature. 

The f i r e  exposure of elements such a s  ex te rna l  columns and beams va r i e s  not  only  
w i t h  the  pos i t ion  i n  r e l a t i o n  t o  d i s t ance  from the  fa$ade, bu t  a l s o  with the f i r e  
load of the compartment, the  window opening and shape,  and random inf luence  of 
wind speed and d i r e c t i o n .  
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I n  order t o  lower the r a t e  of temperature r i s e ,  ex te rna l  co lmns  should be placed 
a t  a c e r t a i n  d is tance  from the  f a p d e ,  o r  should he protec ted  by screens,  so  as 
not  t o  be placed i n  d i r e c t  contact  with t h e  flame and a l s o  t o  be protec ted  from 
rad ia t ed  hea t .  A screen may be na tu ra l ly  provided by the  mullions.  Furthermore, 
experimental evidence shows t h a t  beam t o  column connections a re  of major impor- 
tance and much can be gained from using r i g i d  connections 14) .  

But, on account of t h e  very complex f i r e  behaviour, the  knowledge concerning the 
heat ing process of the  ex te rna l  s t e e l  elements during these l a s t  years  has been 
g rea t ly  improved, t h e  evaluat ion of the ex te rna l  heat ing process tending t o  
become as  r e l i a b l e  a s  the  determination of the temperature f i e l d  evolution 
ins ide  the compartments. Compared with experimental observat ions ,  ca l cu la t ed  
s t r u c t u r a l  response g ives  predic t ion on the  sa fe  s i d e  ( 4 , 5 ) .  

Tes ts  on p ins  ended columns may provide us with some useful  information on the  
heat ing process,  but  more may be gained from sub-assemblies of s t r u c t u r a l  
eiemenzs. They show the  r o l e  played i n  t h e  f i r e  r e s i s t ance  by the  connections 
( 4 , s )  ; together  with the  non uniform temperature f i e l d ,  t h i s  may expla in  the  
remaining d i f f i c u l t y  i n  g e t t i n g  inaccura te  predic t ion of the ou t s ide  column 
f i r e  response. 

2.3. Protec ted  s t r u c t u r e s  

Depending upon the  f i r e  in su la t ion  mater ia l  and i t s  th ickness ,  1/2 hour t o  4 
hours f i r e  r e s i s t ance  f o r  load bearing s t r u c t u r e s  subjected t o  the standard 
f i r e  exposure can be achieved. 

A g r e a t  va r i e ty  o f  f i r e -p ro tec t ion  methods and techniques e x i s t  which may be 
summarized under the  following headings : 

- intumescent p a i n t  - spray appl ied  mater ia l  
- i nd iv idua l  encasement of the s t e e l  s t r u c t u r a l  element with wallboard 

type of ma te r i a l  o r  concrete 
- s t r u c t u r a l  elements protec ted  by membrane systems. 

2.3.1. Intumescent p a i n t  

Although s i m i l a r  i n  appearance tc normal paintwork, intumescent p a i n t  i s  a 
coat ing which swel ls  a t  about 150PC t o  300•‹C t o  form a "meringue" whose 
th ickness  may reach seve ra l  centimetres and which a c t s  as a h e a t  sh ie ld .  

Generally,  intumescent pa in t  appl ied  t o  a s t e e l  s t r u c t u r a l  element provides 
a f i r e  r a t i n g  of up t o  one hour. P a r t i c u l a r  a t t en t ion  should be paid t o  the  
q u a l i t y  con t ro l  o f  those coat ings ,  and p a r t i c u l a r l y  t o  the  d u r a b i l i t y  of  the  
intumescent c r u s t .  

2.3.2. Spray appl ied  material  

The composition of sprayed products genera l ly  involves gypsum, which includes 
20 % c r y s t a l i s a t i o n  water,  o r  cement and expanded vermicul i te ,  p e r l i t e ,  g l a s s  
o r  mineral f i b r e s .  

The u s e  of abes tos  f i b r e s  mixed with gypsum o r  cement has been prohibi ted  i n  
many coun t r i e s ,  because of the heal th  hazard they represent ,  both for  workers 
and occupants. 



m e  f i r e  performance of these  spray compound product depends l a rge ly  on : 

- the  L\ermal c o n d u c l v i t y ,  s p e c i f i c  hear capaci ty  and thickness of t h e  ma te r i a l  
i t s e l f .  Tes t  methods have been proposed f o r  measuring these  p roper t i e s  
( 7 .  11). 

- the mechanical behaviour of the ma te r i a l  under impact i f  subjected  t o  knocks 
a t  ambient temperatures and the  tendency t o  f a l l  o f f  during a f i r e .  Good 
adhesion t o  the  s t e e l  surface  is an impoRant requirement f o r  spray appl ied  
f i r e  p ro tec t ion  ma te r i a l s .  Spray ma te r i a l  may be appl ied  d i r e c t l y  t o  t h e  s t e e l  
element o r  on metal l a t h  f ixed t o  t h e  s t e e l .  High f i r e  r e s i s t ance  up t o  4 hours 
may be achieved with such p ro tec t ion .  

Several  methods of ca l cu la t ion  now e x i s t  which give  the  thickness of the protec- 
t i o n  t o  be sprayed on s t r u c t u r a l  s t e e l  elements. The most sophrs t i ca t ed  and genera l  
0 . 8 )  takes  i n t o  account the  loading to determine the c r i t i c a l  temperature, and 
then the  r e s i s t a n c e  time. Others have derived (9 )  empir ica l  formulas based on tes'& 
which give  d i r e c t l y  the  r e s i s t ance  time f o r  a f ixed c r i t i c a l  temperature ( 5 5 0 • ‹ C ) .  

2.3.3. Individual  s t e e l  s t r u c t u r a l  elemen-encased with concrete o r  boards 

In  this case ,  t h e  concre te  encasement serves  only a s  a p ro tec t ive  ma te r i a l  and 
does not  ca r ry  any load. An empir ica l  equation has been developed (9 )  which is  
based on t h e  thermal p r o p e f i i e s  of concrete and on the  equil ibrium moisture 
content  by volume of the  concrete.  

References (3.8) a l s o  provide a genera l  approach to evaluat ing the  f i r e  r e s i s t an -  
ce of s t e e l  sectAons encased i n  concrete.  

Columns o r  beams may a l s o  be p ro tec ted  aga ins t  f i r e  by gypsum wall-boards, suppl ied  
i n  a range of th icknesses ,  which a r e  assembled around the  s t e e l  shape. The f i r e  
r e s i s t a n c e  i s  very s e n s i t i v e  t o  the  f ab r i ca t ion  and s p e c i a l  ca re  should be taken,  
on s i t e ,  t o  verzfy t h a t  the  wallboard assembly f ix ing  system ( type  and spacing of 
f a s t e n e r s ) ,  f u r r i n g  channels,  seam j o i n t s ,  and shee t  s t e e l  covers,  i f  any, a r e  
t h e  same a s  f o r  the  p a r t i c u l a r  f i r e - r e s i s t a n c e  assembly t e s t ed .  

2.3.4. S t r u c t u r a l  elements protecred by membrane p ro tec t ion  systems 

Because of the  complexity of a load carrying s t r e s s  system, t h e  b e s t  method of 
achieving the  des i r ed  s tandard  of p ro tec t ion  i s  t o  encase the  whole s t r u c t u r a l  
element between p a r t i t i o n  w a l l s ,  thus preventing the  passage o f  f i r e .  I n  t h i s  
case ,  it i s  p a r t i c u l a r l y  important  t o  g ive  c a r e f u l  considera t ion t o  any construc- 
t i o n a l  d e t a i l s  which may cause t h e  f i r e  t o  spread. 

The technique of  compartmentation i s  a l s o  very important  i n  f l o o r  and roof 
const ruct ion.  Floors i n  multi-storey bui ld ings  genera l ly  c o n s t i t u t e  the  major 
compartment boundaries which prevent the  spread of a f i r e  and provide hor i zon ta l  
b a r r i e r s  which fo rce  the  smoke i n t o  the  s h a f t s .  

Many t e s t s .  under s tandard  f i r e ,  have been performed on a l l  types of const ruct ion 
systems. The most conrmon type of f l o o r  system used i n  s t e e l  const ruct ion is the  
composite f l o o r ,  w i t h  s t r u c t u r a l  s t e e l  beams ( s t e e l  j o i s t ,  c a s t e l l a t e d  beams. 
r o l l e d  o r  welded shape) shear-connected t o  a concrete s l a b  o r  a composite s l a b  
(cold  formed s t e e l  f i o o r  and c o n c r e t e ) .  F i r e  p ro tec t ion  methods f o r  these types 
of f l o o r  c o n s i s t  of var ious  suspended c e i l i n g  systems and spray-applied f i r e  
p ro tec t ion .  No c a l c u l a t i o n  method e x i s t s  f o r  such types of f l o o r  systems, and f i r e  
r e s i s t ance  performance should be evaluated from r e s u l t s  of ava i l ab le  t e s t s .  Mono- 
graphs (2 )  have been published which show how t o  e s t ima te ,  on a comparative basis. 
t h e  s e r u c t u r a l  f i r e  r e s i s t a n c e  of the  proposed const ruct ion.  
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2.3.5. Water f i l l e d  hollow sec t ion  

Many of the  protec t ion systems which have been described do not  allow the  s t ruc tu -  
r a l  s t e e l  t o  be exposed, and t h i s  i s  detrimental  t o  the  a r c h i t e c t u r a l  character  of 
s t e e l  s t r u c t u r e s .  

The idea  of l i q u i d - f i l l e d  columns between f l o o r s  and unconnected with pipe loops 
Was o r i g i n a l l y  patented i n  1884 by G.F. WRIGHT. 

Important s t r u c t u r a l  systems have been achieved using the  techniques of water- 
f i l l e d  hollow s t r u c t u r a l  elements; they a r e  now well  accepted methods i n  the 
U.S.A. and Europe. 

The appl ica t ion of t h i s  technique r equ i re s  p a r t i c u l a r  a t t en t ion  t o  t h e  design 
of the  water c i r c u l a t i o n  system. The replenishment of the water evaporated 
i s  assured e i t h e r  by g rav i ty  through a s torage  tar& o r  by a pressure pump system. 
Corrosion i n h i b i t o r s  should be incorporated i n  the  water and i n  cold cl imates 
an an t i f r eeze  agent  is  required.  The water flow pa t t e rn  of a l oca l ly  heated 
column i s  not  y e t  well  understood. 
A n  experimental standard f i r e  t e s t  on a 250 X 250 m column f i l l e d  with water shows 
a f i r e  r e s i s t ance  of 30 minutes. Water cooled s t e e l  columns w i l l  be l a rge ly  below 
the  c r i t i c a l  temperature value of the  s t e e l ,  i f  water c i r c u l a t e s  properly and i f  
t h e  formation of steam t r aps  is  avoided. 

The concept of water f i l l e d  s t r u c t u r e s  has been l a r g e l y  extended t o  f u l f i l  more 
than one function.  Several  examples (10) of water f i l l e d  s t ruc tu res  coupled with 
an in t eg ra ted  heating and cooling system have been b u i l t  which have permitted 
g r e a t e r  economies of t h e  p ro jec t .  Moreover t r u s s  systems have been erected  whose 
main members a r e  hollow sec t ions ,  f i l l e d  with water,  which serves as a network 
f o r  a sp r ink le r  system. 

3. INTERESTING USES OF STEEL I N  BUILDINGS I N  RELATION TO FIRE SAFETY 

The bui ld ing described i n  t h i s  chapter  i l l u s t r a t e  some of the  design approaches 
ou t l ined  i n  paragraphe 2 .  

3 . i .  U.S. S t e e l  Corporation Headquarters, P i t t sburgh,  USA (12) 

Archi tec ts  : Harrison & Abramavitch and Abbe 
S t r u c t u r a l  Engineers : Worthington, S k i l l i n g ,  Helle & Jackson, and Edwards & 

Hjorth. 

For t h i s  64-storey o f f i c e  bui ld ing the  e x t e r n a l  columns a r e  of weathering s t e e l  
and a r e  f i l l e d  with water f o r  f i r e  p ro tec t ion .  The columns are f u l l y  connected 
and designed on the  assumption t h a t  the  water flow w i l l  be induced when f i r e  
hea t s  some columns while o the r s  remain cool .  Despite the  columns being a t  a 
d i s t ance  of about 0.9 m from the  ex te rna l  fafade,  t h e  a u t h o r i t i e s  required a 
f i r e  r e s i s t ance  of 4 hours and it was necessary t o  provide storage tanks t o  
replenish  the  water which would be boi led  o f f  by t h i s  length of exposure. The 
he igh t  of the bui ld ing (about 257 m1 could have produced very hiigh water pressu- 
re and the re fo re  the  system i s  divided i n t o  4 v e r t i c a l  zones. The performance 
of the  cooling system and the  amount of water s torage  w a s  e s t ab l i shed  by calcu- 
l a t i o n  (13) .  

3.2 W.D. and H . O .  Wil ls ,  Head Of f i ce ,  B r i s t o l ,  England ( 1 4 )  

Arch i t ec t s  : Skidmore, Owings and Merrill, Chicago ; 
York Rosenberg Mardall, London 
S t r u c t u r a l  Engineers : Fel ix  J Samuely and Pa r tne r s  

This  an example of the use of e x t e r i o r  weathering s t e e l  without cladding,  the 
waiver of t h e  requirements of building r egu la t ions  f o r  f i r e  r e s i s t ance  being 
based on  ca l cu la t ions .  
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The head o f f i c e  bui ld ing f o r  W.D. and 8.0. W i l l s  has a f ive-storey s t e e l  frame 
sec t ion  above a two-storey concrete podium, t h e  upper f loo r s  being 67 X 28.8 m 
on plan.  The e x t e r i o r  s t r u c t u r e  s tands  about 1.8 m i n  f r o n t  of the  g laz ing l i n e  
on a l l  s i d e s  of the  bui ld ing.  The o u t e r  columns and the  t i e  beams connecting them 
i n  t h e  o u t e r  plane a r e  i n  exposed weathering s t e e l .  The t ransverse  beams t h a t  
pene t ra t e  the  fafade a r e  encased i n  concre te  and c lad  in weathering s t e e l  sheet .4  
weathering s t e e l  g r i l l e  is placed a t  each f l o o r  l e v e l ,  betveen the  racade and the  
e x t e r i o r  s t r u c t u r e .  Calcula t ions  were made of flame p ro jec t ions  from t h e  windows 
and the  h e a t  t r a n s f e r  to the  e x t e r i o r  s t e e l ,  i n  conjunction with the  F i r e  Research 
S t a t i o n ,  Bcrehmood ,  t o  suppar t  the  app l i ca t ion  f o r  a waiver. 

3.3. Liber tv  Plaza Building,  New York Ci ty  (15) 

n r c h i t e c t  : Skidmore, Owings and Mer r i l l  
S t r u c t u r a l  Engineers : Weidlinger Associates and Weiskopf & Pickworth ( j o i n t  
venture)  

This i s  an example of using deep spandrel  g i r d e r s  t o  form the  faqade of the  bu i l -  
ding.  Because t e s t s  demonstrated t h a t  t h e  f i r e  exposure above t h e  window openings 
would be low, t h e  e x t e r n a l  face  of the  web i s  f u l l y  exposed. 

The 54-storey o f f i c e  bui ld ing was developed by the Galbreath-Ruffin Corporation 
i n  a s soc ia t ion  with t h e  US S t e e l  Corporation. Each f l o o r  is  approximately 68.5 
X 49.5 m wit!! 2.59 m f l o o r  t o  c e i l i n g  he igh t .  The s t r u c t u r e  i s  a r i g i d  s t e e l  frame 
with wide bays on t h e  e x t e r i o r  and c l e a r  span from the  e x t e r i o r  t o  the  core.  

The long e l eva t ions  have f ive s t r u c t u r a l  bays, wi th  t h r e e  bays on L!e s h o r t  s ides .  
The deep spandrel  g i r d e r s  a r e  the  same depth a s  the  window openings, 1.78 m. The 
f langes  a r e  protec ted  with sheet  s t e e l  flame s h i e l d  and sprayed mineral  f i r e  
p ro tec t ion  i s  appl ied  t o  the  i n s i d e  su r faces .  The webs of the spandrel  g i r d e r s  a r e  
f u l l y  exposed external-ly,  and pa in ted  black.  

Agproval f o r  t h e  use of the  exposed spandrel  g i r d e r s  was only given by the  New 
York City a u t h o r i t i e s  a f t e r  f u l l  s c a l e  f i r e  t e s t s  on a mock-up of one bay had 
been c a r r i e d  ou t  (16,17) . 
3.4. The Roval Exchange Theat re ,  Manchester. England (18) 

Arch i t ec t s  : L e v i t t  Berns te in  Associa tes ,  
S t r u c t u r a l  Engineers : Ove Arup & Par tne r s  

For t h i s  bui ld ing,  f i g u r e  2 ,  a f i r e  engineer ing appra i sa l  was used t o  demonstrate 
t h a t  cladding of the s t e e l  was not  e s s e n t i a l  f o r  the  purposes of bui ld ing regula- 
t i o n s .  The Pnyal Exchange Theatre i s  a concen t r i c  auditorium standing wi th in  t h e  
Great  Hall  of the  Manchester m y a l  Exchange - formerly used f o r  t r ad ing  i n  cot ton.  
There is  an open-stage auditorium, seven-sided i n  p lan  with s tage  and sea t ing  f o r  
450 a t  t h e  l e v e l  of t h e  Exchange f l o o r  and two g a l l e r i e s  above, each of which 
s e a t s  a f u r t h e r  150 people. The Theatre i s  c l ad  with toughened g l a s s  and roofed 
wit!? metal decking. I t  was imperative t o  develop a s  l i g h t  a s t -ncture  a s  poss ib le  
and t h i s ,  t&en together  with the des i r e  t o  achieve a high degree of L-ansparen- 
cy, l e d  to a system o f  tubular  s t e e l  t r u s s e s  from which the g a l l e r i e s  a r e  suspen- 
ded, tine t r u s s e s  being supported by e x i s t i n g  b r i ck  p i e r s .  

A f u l l  f i r e  engineering appra i sa l  was c a r r i e d  ou t ,  i n  cooperation with the  c i t y  
a u t h o r i t i e s ,  and t h i s  l e d  t o  an agreement t h a t  the steelwork could remain unpmtec- 
t ed ,  thus  avoiding t h e  c o s t  and add i t iona l  weight and bulk o f  f i r e  cladding. The 
a p p r a i s a l  included an examination of means of escape. smoke generation and crowd 
movements being c a r e f u l l y  analysed,  and a generous number of e x i t s  was provided. 
It was e s t ab l i shed  t h a t  should the  f i r e  remain unchecked a f t e r  evacuation, the 
f l o o r  of the Exchange could survive  co l l apse  o f  the  s t r u c t u r e  and consequently 
the re  would be no add i t iona l  hazard to f i r e  f i g h t e r s .  



Non-combustible o r  low flammability ma te r i a l s  a re  used throughour, and arrangements 
have been made t o  ensure detection of e f i r e  and fo r  su rve i l l ance  by the thea t r e  
s t a f f  whenever the  publ ic  i s  present .  

F ig .  2 Royal Exchange Theatre-Manchester 

3 . 5 )  Centre Pompidou, P a r i s ,  France (19) 

Archi tec ts  : Piano and Rogers, 
s t r u c t u r a l  Engineers : Ove Arup & Par tners  

Much of the  s t r u c t u r e  of t h i s  bui ld ing i s  exposed ex te rna l ly  ( f i g u r e  3 ) .  Where 
ca lcu la t ion  o f  the  e x t e r n a l  f i r e  exposure showed protec t ion of t h e  elements t o  
be necessary t o  reach the  2 hours f i r e  r a t i n g  required,  p ro tec t ion  was provided 
genera l ly  by water cooling o r  by shie ld ing although a few p a r t s  have conventional 
f i r e  p ro tec t ion .  The Centre Pompidou has a s t e e l  supers t ructure  r i s i n g  above 
a concrete subst ructure .  The main bui ld ing has s i x  s to reys  above ground, each 
7 m high and 166 m long. The main l a t t i c e  g i r d e r s  span 4 4 . 8  m between s h o r t  
c a n t i l e v e r s  p ro jec t ing  from the  main columns, the ou te r  ends of the can t i l eve r  
members being r e s t r a ined  by v e r t i c a l  t i e s .  The glazing l i n e  genera l ly  follows 
t h e  junction between t h e  l a t t i c e  g i rde r s  and can t i l eve r  brackets .  The main columns 
a r e  1.6 m ou t s ide  t h i s  l i n e  and a r e  water f i l l e d  f o r  f i r e  p ro tec t ion ,  c i r cu la t ion  
being achieved within each col- by pumps. The c a n t i l e v e r  brackets  a r e  7.6 m 
long; thus  the  o u t e r  l i n e  of tens ion "columns" and associa ted  bracsng members a r e  
7.6 m from t h e  windows. Calcula t ions  showed t h a t  i n  the  event  of f i r e ,  a l l  the  
members on t h e  o u t e r  plane a r e  protec ted  by v i r t u e  of the  7.6 m d is tance  from 
t h e  windows; the  can t i l eve r  brackets a re  shie lded by f i r e - r e s i s t a n t  panels i n  the  
fafade .  There a r e  sp r ink le r s  on t h e  ex te rna l  wal ls  and the  can t i l eve r s .  Horizon- 
t a l  bracing members c lose  t o  the  windows would be l o s t  i n  a f i r e ,  bu t  with each 
f l o o r  divided i n t o  two compartments, the  l o s s  of a proportion of the bracing does 
no t  endanger r e s i s t ance .  
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Fig.3. - Pompidou Center 
P a r i s  

3.61 Bush Lane House. London. England ( 2 0 ) .  

Archi tec ts  & St ruc tu ra l  Engineers : Arup Associates.  

P r i o r  t o  t h e  const ruct ion of this bui ld ing ( f i g u r e  4 ) ,  water cooling had only 
been used f o r  the  protec t ion of v e r t i c a l  columns, s ince  i t s  use fo r  beams r a i s e s  
considerable d i f f i c u l t i e s  i n  ensuring t h a t  adequate control led  water flow occurs 
and no steam pockets develop: In Bush Lane House, water cooling i s  used f o r  t h e  
e x t e r n a l  s t r u c t u r a l  s t e e l  and p ro tec t s  columns, l a t t i c e  members, and a c r i t i c a l  
t op  hor izonta l  member. Bush Lane House provides e i g h t  o f f i c e  f l o o r s  above a f i r s t -  
f l o o r  p l a n t  room. Each t y p i c a l  f l o o r  is  approximately 35 m long X 16 m wide. 
supported by the  l i f t  core and th ree  columns s e t  l 1  m from t h e  ex t remi t i e s  of 
the  bui ld ing.  The s t a i n l e s s  s t e e l  l a t t i c e  which t ransmits  the  f l o o r  loads i s  exter -  
na l  t o  the  bui ld ing envelope and leaves t h e  o f f i c e  space uninterrupted.  The s t e e l  
members a r e  water f i l l e d  and inter-connected, so  t h a t  i n  the  event  of f i r e  the  
water c i r c u l a t e s  and steam is  vented a t  high l e v e l  o r  separated i n  a tank on the  
roof .  This tank a l s o  serves  as a r e se rvo i r  t o  replenish  and keep t h e  system f u l l  
of water. The p a t t e r n s  of water flow, maximum p o t e n t i a l  s t e e l  temperature, and 
the  amount of water s torage  were a l l  e s t ah l i shed  by ca lcu la t ion .  
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Fig. 4 - Bush Lane House 
London 

3.7) Centra l  Bank Off ices ,  Dublin, E i re  (21) 

Archi tec ts  : Stephenson Gibney and Associates,  
S t r u c t u r a l  Consultants : Ove Arup & Partners, Dublin. 

For t h i s  bui ld ing ( f igu re  5 )  t h e  c r i t i c a l  condi t ion  f o r  f a i l u r e  of the  s t e e l  
hangers was e s t ab l i shed  by ca lcu la t ion ,  s ince  no standard t e s t  method was appro- 
p r i a t e  fo r  tens ion members. In  addi t ion ,  the  f i r e  exposure of the hangers, being 
ex te rna l ,  was ca lcu la t ed  so  t h a t  the  necessary cladding could be determined. 
The main bui ld ing of the Central  Bank o f f i c e s  complex i n  Dame S t ree t ,  Dublin, i s  
an e ight -s torey block with 8500m2 of o f f i c e  space. Uninterrupted f l o o r  a reas  and 
minimal obs t ruc t ion  t o  windows were considered t o  be of s i g n i f i c a n t  a r c h i t e c t u r a l  
advantage. The f l o o r s ,  measuring 45 m x  30 m a re  supported a t  12 hanger points  
around the perimeter and on twin re inforced concrete cores .  From the  hanger po in t s  
the loads a r e  t ransmit ted  d i r e c t l y  t o  roof l e v e l  through p a i r s  of high t e n s i l e  
Macalloy s t e e l  ba r s .  Cant i lever  frames t ransmit  t h e  v e r t i c a l  react ions  t o  the  
cores. The f i r e  protec t ion of the Macalloy ba r  hangers presented a somewhat un- 
usual.problem. They were t o  be exposed on t h e  fayade of the  bui ld ing and it was 
of considerable a r c h i t e c t u r a l  importance t h a t  they be expressed as separa te  bars .  

I t  was e s s e n t i a l  therefore  t o  provide a f i r e  cladding which would give  adequate 
p ro tec t ion  without being very th i ck ,  s ince  each 40 m bar was t o  be encased i n  an 
aluminium tube not  exceeding 120 mm diameter. A research programme was necessary 
t o  e s t a b l i s h  the  Macalloy s t e e l  c h a r a c t e r i s t i c s ,  thus leading t o  a d e f i n i t i o n  of 
the  c r i t i c a l  condi t ion  f o r  the  s t r u c t u r e  under f i r e  exposure. Fi re  engineering 
ca lcu la t ions  e s t ab l i shed  t h a t  the  bars  would be l e s s  severely exposed than i n t e r n a l  
members and the  cladding f i n a l l y  adopted was 20 mm th ick  Marinite machined t o  form 
in te r lock ing  sec t ions  round t h e  ba r s .  
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Fig. 5  - 'The Central  Bank, - 
Dublin 

4.  PRIORITIES FOR RPPURE ACTION AND RESEARCH 

During the l a s t  two decades a g r e a t  deal  of research has been devoted t o  studying 
S t n c t u r a l  behaviour under d i f f e r e n t  f i r e  condit ions.  Certainly the  knowledge 
gained by the experimental and a n a l y t i c a l  s tud ies  i s  t h e  reason why the  calcula- 
t i o n  methods t o  determine f i r e  behaviour and re s i s t ance  are now recognized on a 
regula tory  bas i s  as  equivalent  t o  labora tory  t e s t s .  Now i s  the  time f o r  a change 
of p r i o r i t i e s  f o r  research programmes. They should be more o r i en ted  towards a 
b e t t e r  assessment of f i r e  r i s k s  i n  r e l a t i o n  t o  sa fe ty  considerations i n  order  t o  
e s t a b l i s h  more r a t i o n a l  requirements f o r  s t r u c t u r e s  and components ( 2 5 ) .  

a)  Most of the  e x i s t i n g  bui ld ing regula t ions  f o r  f i r e  sa fe ty  a r e  no t  based on a 
c l e a r  d e f i n i t i o n  of  sa fe ty  ob jec t ives .  The reason may be a t t r i b u t e d  t o  the  f a c t  
t h a t  e x i s t i n g  bui ld ing regula t ions  a re  the r e s u l t s  of a compilation of ru l e s  
based on h i s to ry  and p a s t  experience i n  the  country concerned. 
obviously,  comparison of  t h e  nat ional  f i r e  bui ld ing requirements of d i f f e r e n t  
countr ies  w i l l  show considerable d iscrepancies .  Consequently, it is  thought 
t h a t  harmonization of r egu la t ions  i s  unl ikely  t o  be achieved through a compa- 
r i son  of ex i s t ing  nat ional  code requirements, bu t  i t  should be the  consequence 
of a thorough examination and d e f i n i t i o n  of t h e  p o t e n t i a l  r i s k  t h a t  socie ty  i s  
ready t o  accept .  I t  should be borne i n  mind t h a t  i n  some circumstances, it i s  
impossible t o  guarantee f u l l  protec t ion aga ins t  f i r e ,  e .g . ,  when f i r e  has a 
criminal o r ig in .  

Some t e n t a t i v e  approaches have been made i n  t h i s  d i r ec t ion  (22 .23  . 2 4 , 2 6  ) and 
they need t o  be more widely developed and j u s t i f i e d .  

I n  t h i s  context ,  a thorough examination of data  and a survey of p o t e n t i a l  hazards 
i s  c e r t a i n l y  of a major importance. 
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Quant i t a t ive  methods need t o  be derived,  t o  evaluate  the  f i r e  r i s k s ,  and t o  
sca le  t h e  required s t r u c t u r a l  f i r e  protec t ion together with a l t e r n a t i v e  pro- 
t e c t i o n  measures. For example, s t a t i s t i c s  ind ica te  t h a t  the r i s k  of a se r ious  
f i r e  occurring i n  open parking place is  neg l ig ib le  ; desp i t e  t h i s  f a c t ,  no t  
a l l  coun t r i e s  accept  unprotected s t e e l  s t r u c t u r e s  i n  open ca r  parks. 

b) S u b s t a n t i a l  reduction i n  s t r u c t u r a l  f i r e  r e s i s t a n c e  requirements should be 
allowed i n  the  presence of an approved automatic sp r ink le r  system. For some 
coun t r i e s  bu t  no t  a l l ,  recommendations e x i s t  f o r  the des ign,  the i n s t a l l a t i o n ,  
the q u a l i t y  con t ro l  and the inspection of s p r i n k l e r  systems, and the  r e l i a b i l i t y  
of such systems has been es t ab l i shed .  

C )  S tudies  should be ca r r i ed  o u t  t o  determine the  f i r e  endurance of various 
s t r u c t u r a l  components such a s  f l o o r  and c e i l i n g  assemblies,  load-carrying s t ruc -  
t u r a l  members or s t a b i l i t y  members encased between wallboards. a t t e n t i o n  should 
be paid  t o  the  o v e r a l l  f i r e  behaviour of such assemblies ; f o r  example,a very 
f l e x i b l e  f l o o r  system under f i r e  may f a i l  t o  prevent flame passage a t  t h e  ho- 
r i z o n t a l  i n t e r s e c t i o n  between t h e  f l o o r  and the  wall  o r  the c e i l i n g  and the  wall .  

d )  Codes of good p r a c t i c e  need t o  be developed f o r  a r c h i t e c t s ,  and decis ion 
makers, which expla ins  when s t r u c t u r a l  f i r e  p ro tec t ion  i s  needed, and which 
give information on d i f f e r e n t  methods of providing f i r e  protec t ion t o  steelwork 
and t h e i r  r e l a t i v e  c o s t s .  

e )  I t  h a s  been argued t h a t  a t  present  i n  seve ra l  countr ies  the  insurance po l i cy  
f o r  ind iv idua l  bui ld ings  o f t en  d iscr iminates  a g a i n t  s t r u c t u r a l  5 t e e l . E f f o r t s  
should be  i n t e n s i f i e d  t o  remove the d i f f e rence  i n  insurance premiums f o r  s t e e l  
and concre te  s t r u c t u r e s .  

5 .  CONCLUSIONS 

The competi t iveness of s t r u c t u r a l  steelwork f o r  bui ld ings ,  i n  r e l a t i o n  t o  o ther  
s t r u c t u r a l  ma te r i a l s ,  is  impaired both by excessiverequirements with regards t o  
f i r e  p ro tec t ion  and a l s o  by hrgher insurance premiums f o r  s t e e l  than concrete 
S t ruc tu res .  Cer t a in ly  a re th inking of t h e  c w r e n t  f i r e  r egu la t ions ,wi th  a view 
t o  a b e t t e r  assessment of the  f i r e  r i s k  and s a f e t y  ob jec t ives ,  would give a 
b e t t e r  approach t o  an optimum leve l  of f i r e  protec t ion design.  

Despite t h e  impl ica t ions  of the  above mentioned problems on t h e  use of s t e e l  i n  
bu i ld ings ,  much w i l l  be gained i f  s u i t a b l e  f i r e  design s t r a t e g i e s  r e l a t i v e  t o  
ac t ive  o r  passive protec t ion measures, a re  c l e a r l y  defined a t  an e a r l y  s t age ,  i n  
t h e  conception of a p ro jec t .  I n  such a design wi th in  the frame work of these  
s t r a t e g i e s ,  t h e  load bearing s t r u c t u r e  should be d e a l t  with as  a component i n  
an in t eg ra ted  f i r e  hazard evaluation of the  t o t a l  ac t ive  and passive f i r e  pro- 
t e c t i o n  fo r  a bui ld ing.  This would open the  door f o r  assess ing the  e f f e c t s  of 
t r ades  of and f o r  comparing a l t e r n a t i v e  designs f o r  the t o t a l  f i r e  protec t ion 
with t h e  same l e v e l  of sa fe ty  from t h e  c o s t  p o i n t  of view. 
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