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ABSTRACT 

During the last two decades, a rapid progress has been made in the development 
of analytical methods for a fire engineering design of load bearing and separat- 
ing structures and structural members. Consequently, more and more countries 
are now permitting a classification of structural members with respect to fire 
to be formulated analytically as an alternative to the internationally prevalent 
method of classification based on results of standard fire resistance tests. 
In a long-term perspective, the development goes towards an analytical design, 
directly based on a natural fire exposure, specified with regard to the combus- 
tion characteristics of the fire load and the geometrical, ventilation and ther- 
mal properties of the fire compartment. 

Parallel to this progress, a further development is going on towards a reli- 
ability based structural fire engineering design. The development includes con- 

! tributions related to a practical design format calculation, based on partial 
l 
! 

safety factors, as well as to an evaluation, based on first order reliability 
methods. 

i The paper describes and comments on these developments. 

INTRODUCTION 

During the last twenty years, important and rapid progress has been noted in 
the development of analytical and computation methods for the determination of 
the thermal and mechanical behaviour and the load bearing capacity of building 
structures and structural members exposed ro fire. Consequently, an analytical 
design can be carried out today for most cases where steel structures are in- 
volved. validated material models for the mechanical behaviour of concrete under 
transient high-temperature conditions and thermal models for a calculation of 
the charring rate in wood exposed to fire, derived during recent years, have 
significantly increased the area of application of analytical design. To aid 
this application, design diagrams and tables have been systematically computed 
and published, giving directly, on the one hand, the temperature state of the 
fire exposed structure, and on the other, a transfer of this information to the 
corresponding load bearing capacity of the structure 11-27]. 

FIRE SAFETY SCIENCE-PROCEEDINGS OF THE FIRST INTERNATIONAL SYMPOSIUM 



METHODS OF STRUCTURAL FIRE DESIGN 

The i n t e r n a t i o n a l l y  app l i ed  methods f o r  a  f i r e  des ign of load bear ing s t r u c t u r e s  
and s t r u c t u r a l  members may be described i n  o u t l i n e  wi th  re fe rence  t o  t h e  matr ix  
s e t  ou t  i n  Figure  1 [25 ,  281. The matr ix  i s  based on t h r e e  models f o r  thermal 
exposure (H1, H p  and H3) i n  r e l a t i o n  t o  t h r e e  types of s t r u c t u r a l  models (S1 ,  S2 
and S3) ,  
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FIGURE 1 .  Summary d e s c r i p t i o n  of d i f f e r e n t  methods f o r  des ign of load bearing 
s t r u c t u r e s  and s t r u c t u r a l  elements under f i r e  exposure cond i t ions .  

The thermal exposure cond i t ions  o r  models a r e  def ined a s  fo l lows:  

H1 - A thermal exposure descr ibed by t h e  sta=dard temperature-time curve 

a s  s p e c i f i e d  i n  IS0 Standard 8 3 4 ,  "Fire  Resis tance  T e s t s  - Elements of 
Building Construction".  T t = f u r n a c e  temperature a t  time t (OC), To=furnace 
temperature a t  time t = O  (OC) and t = t i m e  i n  minutes.  The time of exposure 
t f d  represen t s  t h e  time during which t h e  s t r u c t u r a l  e l e m e n t - o r  substruc- 
t u r e - i s  r equ i red  t o  f u l f i l  i t s  load bear ing andfor  separa t ing  func t ion  
according t o  s p e c i f i c a t i o n s  i n  codes and r e g u l a t i o n s .  The func t ion  may be 
v e r i f i e d  e i t h e r  by t e s t  or  by c a l c u l a t i o n .  

H2 - The same thermal exposure a s  f o r  H 1  except t h a t  t h e  dura t ion  of exposure te 
i s  determined i n  each case  f o r  t h e  c h a r a c t e r i s t i c s  of a  p a r t i c u l a r  compart- 
ment f i r e .  Accordingly, te represen t s  an  equ iva len t  time of t h e  s tandard 
f i r e  exposure which produces t h e  same e f f e c t  upon t h e  s t r u c t u r a l  element o r  
s u b s t r u c t u r e  with r e s p e c t  t o  t h e  d e c i s i v e  l i m i t i n g  cond i t ion  a s  t h e  r e l e -  
van t  n a t u r a l  f i r e .  For p ro tec ted  and unprotected s t e e l  s t r u c t u r e s ,  t h e  



following approximate formula a p p l i e s  [291: 

where f  = f i r e  load dens i ty  per  u n i t  a r e a  of the su r faces  bounding the  f i r e  
compartment ( M J . ~ - ~ ) ,  A \ ~ / A ~ ~ ~  = 9 ~ e n i n g  f a c t o r  of the f i r e  compartment (m$, 
A = t o t a l  a rea  of t h e  openings (m ) ,  h=mean value  of t h e  h e i g h t s  of the  
openings, weighted with respec t  t o  each ind iv idua l  opening a rea  (m) and 
A t o t = t o t a l  i n t e r i o r  a rea  of t h e  s t r u c t u r e s  enclosing the compartment, 

2  opening a reas  included (m ) .  

Eq. (2) i s  v e r i f i e d  t o  be appropr ia te  f o r  use  a l s o  f o r  those  re in fo rced  
concrete  beams where the  c r i t i c a l  concern i s  y ie ld ing  of the reinforcement 
under bending cond i t ions .  For o t h e r  types of load bearing and separa t ing  
s t r u c t u r a l  elements,  t h e r e  a r e  very few s t u d i e s  reported on t h e  app l i cab i -  
l i t y  of the  formula. 

H3 - A thermal exposuredetermined by t h e  condi t ions  of a  f u l l y  developed com- 
partment f i r e  with cons ide ra t ion  given t o :  t h e  combustion c h a r a c t e r i s t i c s  
of the  f i r e  load ,  t h e  v e n t i l a t i o n  of t h e  f i r e  compartment and the  thermal 
p r o p e r t i e s  of t h e  s t r u c t u r e s  enclos ing the  f i r e  compartment. I n  t h e  ind i -  
v idual  case ,  t h e  exposure can e i t h e r  be ca lcu la ted  from t h e  energy and mass 
balance equat ions  f o r  t h e  compartment f i r e  o r  be derived from curves  o r  
t a b l e s  i n  manuals, g iv ing  t h e  t ime v a r i a t i o n  of e i t h e r  t h e  gas temperature 
wi thin  t h e  compartment o r  t h e  corresponding h e a t  f l u x  t o  t h e  s t r u c t u r e  - 
c f . ,  f o r  ins tance ,  [ 2 ,  7 ,  8 ,  13, 17 ,  281 and f u r t h e r  r e fe rences  given i n  
these  pub l i ca t ions .  Figure  2 g i v e s  an example of such d a t a ,  taken from the  
Commentary 1976:l t o  t h e  Swedish Building Code. 

The s t r u c t u r a l  models a r e  def ined a s  fo l lows:  

S1 - A s i m p l i f i c a t i o n  of a  r e a l  s t r u c t u r e  by d i v i s i o n  i n t o  s i n g l e  elements such 
a s  beams and columns. The s t r u c t u r a l  model may e i t h e r  be represented by a  
t e s t  specimen o r  d e a l t  wi th  a n a l y t i c a l l y .  

S2 - A s b n p l i f i c a t i o n  of a  r e a l  s t r u c t u r e  by d i v i s i o n  i n t o  subs t ruc tu res  such a s  
beam-column systems. The s u b s t r u c t u r e  thus  der ived i s  provided with well-  
de f ined ,  s impl i f i ed  cond i t ions  of support  andlor  r e s t r a i n t  a t  i t s  o u t e r  
ends o r  edges. As with S 1 ,  t h e  s t r u c t u r a l  model may e i t h e r  be d e a l t  with 
a n a l y t i c a l l y  o r  - excep t iona l ly  - be represented by a  t e s t  specimen. 

S3 - A complete r e a l  s t r u c t u r e ,  e .g.  a  two o r  t h r e e  dimensional frame, a  beam- 
s l ab  system o r  a  column-beam-slab system. Such s t r u c t u r a l  models a r e  
genera l ly  d e a l t  with a n a l y t i c a l l y ,  normally requ i r ing  t h e  support  of a  com- 
pu te r .  

The i n t e r n a t i o n a l l y  most p reva len t  s t r u c t u r a l  f i r e  des ign i s  charac te r i zed  by 
t h e  combination HI-SI. The des ign i s  u s u a l l y  r e l a t e d  t o  the  r e s u l t s  of t h e  s tan-  
dard f i r e  r e s i s t a n c e  t e s t  according t o  t h e  IS0 Standard 834 o r  some equivalent  
n a t i o n a l  s tandard.  The f i r e  r e s i s t a n c e  may a l s o  be der ived a n a l y t i c a l l y  and t h i s  
a l t e r n a t i v e  i s  now o f f i c i a l l y  being permit ted  i n  more and more c o u n t r i e s .  A few 
coun t r i e s  a l low the  a p p l i c a t i o n  of t h e  model combination HI-S2, normally by ana- 
l y t i c a l  methods. The combination HI-S3 involves a  too g r e a t  d i f f e r e n c e  i n  t h e  
accuracy of s imulat ion between t h e  thermal exposure and s t r u c t u r a l  models t o  be 
acceptable  i n  p r a c t i c e .  
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FIGURE 2. Examples of gas temperature-time curves for a natural fire as a func- 
tion of fire load density f and opening factor A f i / ~ ~ , ~  of the fire compartment. 
Enclosiny structures, made of a material with a thermal conductivity k = 0 . 8 1  W. 
.m-'.•‹C- and a heat capacity pc = 1.67 MJ.~-~-OC-'; fire compartment type A [71. 

P 

The substantial progress during the last twenty years in the development of ana- 
lytical methods, referred to above, has considerably increased the possibility 
of performing a structural fire design, based upon the thermal exposure models 
H2 and H3 as an alternative to the conventional use, at present, of the thermal 
exposure model H,. 

A design directly based on a natural compartment fire exposure H3 is generally 
characterized by an analytical treatment. For rapid practical application, it is 
necessary for systematized design data in the form of e.g. manuals to be avail- 
able. Usually, then the model combination H3-S2 is used, and in certain cases 
the model combination H+,. Design according to the combination H3-S3 generally 
demands access to a computer. This combination is of central importance in the 
research context. 

A structural design for thermal exposure of the H2 type is based indirectly on 
a natural compartment fire, described by the temperature-time curve according to 
IS0 834, Eq. ( l ) ,  with reference to the concept of equivalent time of fire ex- 
posure te. The structural behaviour, calculated for such an exposure, differs 
from the behaviour in a natural fire situation in cases where the heating histo- 



r y  i s  of s i g n i f i c a n c e .  I n  t h e  combination H2-S,, t h e  des ign can be performed 
e i t h e r  a n a l y t i c a l l y  o r  on t h e  b a s i s  of a  furnace  t e s t  according t o  IS0 834. I n  
t h e  combination H2-S2, a n a l y t i c a l  des ign i s  t h e  normal procedure,  and experi-  
mental v e r i f i c a t i o n  i s  an exception.  The combination H2-S3 may he questioned 
from a  p r a c t i c a l  s tandpoint  s i n c e  it does no t  provide f o r  the  s i m p l i f i c a t i o n s  of 
a  design developed us ing t h e  model combination H3-S3. 

CHARACTERISTICS OF RELIABILITY BASED STRUCTURAL FIRE DESIGN 

The most r ecen t  t r end  i n  t h e  development of t h e  s t r u c t u r a l  f i r e  design i s  t o  
adopt modem loading and s a f e t y  philosophy and include 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 f e t y  f a c t o r s  ( p r a c t i c a l  design format) o r  
t h e  s a f e t y  index concept [25,  26, 28, 30-371. For an everyday des ign ,  a  d i r e c t  
a p p l i c a t i o n  of t h e  s a f e t y  index concept then i s  too cumbersome and t h e  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.  

The fundamental components of such a  r e l i a b i l i t y  based s t r u c t u r a l  f i r e  design 
a r e  

* the l i m i t  s t a t e  condi t ions  
* the  phys ica l  model 
* the  p r a c t i c a l  des ign format 
* der iv ing  t h e  s a f e t y  elements. 

Depending on t h e  type of p r a c t i c a l  a p p l i c a t i o n ,  one,  two o r  a l l  of t h e  following 
l i m i t  s t a t e  cond i t ions  apply:  

* Limit s t a t e  with respec t  t o  load bearing capac i ty  
* l i m i t  s t a t e  wi th  respec t  t o  i n s u l a t i o n  
* l i m i t  s t a t e  wi th  respec t  t o  i n t e g r i t y .  

For a  load bear ing s t r u c t u r e ,  the  des ign c r i t e r i o n  impl ies  t h a t  the  minimum 
va lue  of t h e  load  bear ing capaci ty  R ( t )  during t h e  f i r e  exposure s h a l l  meet the  
load e f f e c t  on t h e  s t r u c t u r e  S, i . e .  

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 e v a n t  types  of f a i l u r e .  The require-  
ments wi th  r e s p e c t  t o  i n s u l a t i o n  and i n t e g r i t y  apply t o  separa t ing  s t r u c t u r e s .  
The des ign c r i t e r i o n  regarding i n s u l a t i o n  implies t h a t  the  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  - max{Ts(t)} - s h a l l  meet t h e  temperature 
Tcr, accep tab le  wi th  regard t o  t h e  requirement t o  prevent a  f i r e  spread from t h e  
f i r e  compartment t o  an ad jacen t  compartment, i . e .  

For t h e  i n t e g r i t y  requirement,  t h e r e  i s  no a n a l y t i c a l l y  expressed design c r i t e -  
r i o n  a v a i l a b l e  a t  p resen t .  Consequently, t h i s  l i m i t  s t a t e  cond i t ion  has t o  be 
proved exper imenta l ly ,  when requ i red ,  i n  e i t h e r  a  f i r e  r e s i s t a n c e  t e s t  o r  a  
s i m p l i f i e d  small  s c a l e  t e s t .  

The & s i c a l  modcl; comprises t h e  d e t e r m i n i s t i c  model, desc r ib ing  t h e  re levan t  
physical  processes  of t h e  thermal and mechanical behaviour of t h e  s t r u c t u r e  a t  
s p e c i f i e d  f i r e  and loading cond i t ions .  Supplemented wi th  re levan t  p a r t i a l  safe-  
t y  f a c t o r s ,  t h e  physical  model is t r a n s f e r r e d  t o  t h e  



Related t o  an  a n a l y t i c a l  f i r e  design of load bear ing s t r u c t u r e s ,  d i r e c t l y  based 
on the  n a t u r a l  compartment f i r e  exposure - thermal exposure typeeg3 - t h e  prac- 
t i c a l  des ign format can sumnarily be descr ibed according t o  t h e  f low c h a r t  i n  
Figure  3 .  
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FIGURE 3 .  Flow c h a r t  f o r  an a n a l y t i c a l  f i r e  des ign of load bear ing s t r u c t u r e s  
on t h e  b a s i s  of a  n a t u r a l  compartment f i r e  exposure. 

From t h e  des ign f i r e  load and t h e  geometr ica l ,  v e n t i l a t i o n  and thermal charac- 
t e r i s t i c s  of t h e  f i r e  compartment (opening f a c t o r  and type of f i r e  compartment), 
t h e  des ign f i r e  exposure i s  determined e i t h e r  by energy and mass balance calcu- 
l a t i o n s  o r  from a  systematized des ign b a s i s .  Together with des ign va lues  f o r  t h e  
c o n s t r u c t i o n a l  d a t a  of t h e  s t r u c t u r e  and t h e  thermal and mechanical p r o p e r t i e s  
of t h e  s t r u c t u r a l  m a t e r i a l s ,  t h e  design f i r e  exposure provides t h e  design tem- 
p e r a t u r e  s t a t e  and t h e  r e l a t e d  des ign load bear ing capac i ty  Rd f o r  t h e  lowest 
value  of t h e  load bearing capac i ty  during t h e  r e l e v a n t  f i r e  process .  

The des ign format cond i t ion  t o  be proved is 

h e r e  Sd is t h e  des ign load e f f e c t  a t  f i r e .  Depending on t h e  type of p r a c t i c a l  
a p p l i c a t i o n ,  t h e  cond i t ion  h a s  t o  be v e r i f i e d  f o r  e i t h e r  t h e  complete f i r e  pro- 
c e s s  o r  a  l i m i t e d  p a r t  of i t ,  determined by, f o r  ins tance ,  t h e  des ign evacuation 
time f o r  t h e  bu i ld ing .  

The p r o b a b i l i s t i c  in f luences  a r e  considered by spec i fy ing  c h a r a c t e r i s t i c  va lues  
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  t h e  f i r e  load ,  such s t r u c t u r a l  design 
d a t a  a s  imperfect ions ,  t h e  thermal p r o p e r t i e s ,  t h e  mechanical s t r e n g t h  and t h e  



loading.  The ~ a r t i a l  ------------ s a f e t y  f a c t o r s  then a r e  t o  be derixv_e< by a  p r o b a b i l i s t i c  
a n a l y s i s ,  based on a  f i r s t  order  r e l i a b i l i t y  method. 

The procedure of der iv ing t h e  s a f e t y  elements i s  f u r t h e r  o u t l i n e d  i n  Figure 4 ,  
a s  exemplif ied f o r  a  timber s t r u c t u r e  [ 2 6 ] .  

Expressed i n  terms of a  s a f e t y  index f3 - def ined a s  the  r a t i o  of the  mean va lue  
of t h e  s a f e t y  margin t o  i t s  s tandard d e v i a t i o n  - t h e  design c r i t e r i o n  then h a s  
t h e  form 

71 fire compartment 
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M R k )  deformation 

properties 

Risk of failure 
Plt) 

Maximum load Safety index 
effect M$) Ptk) 
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safety index 

Required value of 
safety index 

FIGURE 4 .  Derivat ion of p a r t i a l  s a f e t y  f a c t o r s  f o r  a  f i r e  exposed timber s t r u c -  
t u r e  by a  p r o b a b i l i s t i c  a n a l y s i s ,  based on a  f i r s t  o r d e r  r e l i a b i l i t y  method. 



where B f m  i s  t h e  l e a s t  va lue  
r e l e v a n t  f i r e  process  and 0, 

The s a f e t y  margin i s  def ined 

Z ( t )  = MR(t) -MS(t) 

of t h e  s a f e t y  index f o r  t h e  s t r u c t u r e  during the 
i s  t h e  requ i red  va lue  of t h e  s a f e t y  index. 

by the  formula 

( 7 )  

where MRlt) i s  t h e  load bear ing capac i ty  a t  t i m e  t ,  expressed i n  terms of e . g .  
t h e  bendlng moment a t  a  c r i t i c a l  sec t ion  of the s t r u c t u r e ,  and MS(t) i s  the  
corresponding bending moment r e l a t e d  t o  t h e  maximum load e f f e c t .  The correspond- 
ing p r o b a b i l i t y  of f a i l u r e  P ( t )  and s a f e t y  index Bf ( t )  a r e  given by the  formulae 

0 

~ ( t )  = J f Z t z ( t ) ~ d z  ( 8 )  
-m 

where fZ{Z( t )}  = t h e  p r o b a b i l i t y  dens i ty  func t ion  of t h e  s a f e t y  margin 2 and $ - l =  
= the  i n v e r s e  of t h e  s tandardized normal d i s t r i b u t i o n .  

I n  determining Z ( t ) ,  ~ ( t )  and B f ( t ) ,  
taken i n t o  account: 

t h e  following p r o b a b i l i s t i c  e f f e c t s  must be 

* The uncer ta in ty  i n  speci fying t h e  
e f f e c t  on t h e  s t r u c t u r e  

* the  uncer ta in ty  i n  speci fying t h e  
f i r e  compartment 

* t h e  u n c e r t a i n t y  i n  speci fying t h e  
mal and mechanical p r o p e r t i e s  of t h e  s t r u c t u r a l  m a t e r i a l s  

* t h e  uncer ta in ty  of t h e  a n a l y t i c a l  models f o r  t h e  c a l c u l a t i o n  of t h e  compart- 
ment f i r e ,  t h e  h e a t  t r a n s f e r  t o  and wi th in  t h e  s t r u c t u r e  and i t s  u l t ima te  
load bearing capac i ty .  

loads and of t h e  model, descr ib ing the load 

f i r e  load and t h e  c h a r a c t e r i s t i c s  of the 

des ign d a t a  of t h e  s t r u c t u r e  and the  the r -  

The requ i red  va lue  of t h e  s a f e t y  index Br depends on 

* t h e  p r o b a b i l i t y  of occurrence of a  f u l l y  developed compartment f i r e  
* the  e f f i c i e n c y  of t h e  f i r e  b r igade  a c t i o n s  
* t h e  e f f e c t  of an  i n s t a l l e d  e x t i n c t i o n  system, i f  any 
* t h e  consequences of a  s t r u c t u r a l  f a i l u r e .  

I n  t h e  des ign procedure according t o  Figure  3 ,  t h e  l a t t e r  f o u r  inf luences  can 
be accounted f o r  by t h e  p a r t i a l  s a f e t y  f a c t o r s  a l l o c a t e d  t o  e i t h e r  the  design 
mechanical s t r e n g t h  o r  t h e  des ign f i r e  load and des ign f i r e  exposure. 

For a  s t r u c t u r a l  f i r e  des ign,  based on t h e  tkr_m&l e x p o s u ~ e o d e l  H?, t h e  prac- 
t i c a l  des ign format can be given i n  t h e  fo l lowing form 128, 361: 

where tf i s  t h e  f i r e  r e s i s t a n c e  of t h e  s t r u c t u r a l  element, te equivalent  time of 
f i r e  exposure - E q .  (2) - and y f ,  yn and ye ~ 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  u n c e r t a i n t i e s  i n  t h e  des ign system. 

The p a r t i a l  s a f e t y  f a c t o r  ye covers t h e  u n c e r t a i n t i e s  of t h e  f i r e  load and t h e  
f i r e  compartment c h a r a c t e r i s t i c s ,  inc luding t h e  u n c e r t a i n t i e s  of the a n a l y t i c a l  
model f o r  a  determinat ion of t h e  f i r e  exposure. The p a r t i a l  s a f e t y  f a c t o r  yf 



considers  the  u n c e r t a i n t i e s  of t h e  mechanical load and t h e  thermal and mechani- 
' c a l  p r o p e r t i e s  of t h e  s t r u c t u r a l  element,  inc luding t h e  u n c e r t a i n t i e s  of the  

a n a l y t i c a l  models f o r  a  determinat ion of t h e  load e f f e c t ,  t h e  t r a n s i e n t  tempe- 
r a t u r e  s t a t e  and t h e  load bear ing c a p a c i t y  i f  the  f i r e  r e s i s t a n c e  is evaluated 
a n a l y t i c a l l y .  The a d d i t i o n a l  p a r t i a l  s a f e t y  f a c t o r  ( d i f f e r e n t i a t i o n  f a c t o r )  y, 
takes i n t o  cons ide ra t ion  t h e  e f f e c t s  r e l a t e d  t o  t h e  requ i red  s a f e t y  index B ? ,  
a s  l i s t e d  above. 

THERMAL AND MECHANICAL BEHAVIOUR OF BUILDING STRUCTURES AT FIRE EXPOSURE 

As s t a t e d  i n  t h e  i n t r o d u c t i o n ,  t h e  important  progress  i n  modelling t h e  thermal 
and mechanical behaviour of f i r e  exposed s t r u c t u r e s  and s t r u c t u r a l  elements 
during t h e  l a s t  twenty y e a r s  has  considerably  enlarged the  a r e a  of a p p l i c a t i o n  
of an a n a l y t i c a l  f i r e  des ign.  Access t o  v a l i d a t e d  m a t e r i a l  behaviour models 
f o r  t r a n s i e n t  high-temperature cond i t ions  then i s  a  necessary  p r e r e q u i s i t e  f o r  
a  success fu l  s imula t ion  of t h e  r e a l  s t r u c t u r a l  f i r e  behaviour.  

Thermal P r o p e r t i e s  and Trans ien t  Temperature S t a t e  

The t r a n s i e n t  h e a t  f low wi th in  a  f i r e  exposed s t r u c t u r e  i s  governed by the  
hea t  balance  equ i l ib r ium equat ion,  based on t h e  Four ie r  law 

where T = t e m p e r a t u r e ,  L =  symmetric p o s i t i v e  d e f i n i t e  thermal conduct iv i ty  
matr ix ,  & =  a e / a t = r a t e  of s p e c i f i c  volumetr ic  enthalpy change, Q =  r a t e  of in- 
t e r n a l l y  genera ted h e a t  p e r  volume, and t = t i m e .  The g rad ien t  opera tor  1 is 
def ined a s  

where X ,  y  and z a r e  Car tes ian  coord ina tes .  

For i s o t r o p i c  m a t e r i a l s  

;\ = A I  - (13 )  

where A=thermal  conduc t iv i ty ,  and I = i d e n t i t y  mat r ix .  

A s o l u t i o n  of E q .  ( 1 1 )  r e q u i r e s  t h e  i n i t i a l  and boundary cond i t ions  t o  be speci- 
f i e d .  The i n i t i a l  cond i t ion  i s  given by t h e  d i s t r i b u t i o n  of temperature wi th in  
t h e  s t r u c t u r e  a t  a  r e f e r e n c e  t ime zero .  The boundary cond i t ions  a r e  p resc r ibed  
a s  temperature T = T ( x , y , z , t )  o r  h e a t  f low q on p a r t s  of t h e  boundary a V T  and 
a V q ,  r e s p e c t i v e l y .  The t o t a l  boundary i s  then 

The h e a t  f low normal t o  t h e  s u r f a c e  on t h e  boundary aVq must s a t i s f y  the  hea t  
balance  equat ion 



where %=outward normal to the surface. 

At free surfaces, the heat flow qn is caused by convection qnc and radiation 
qnr and follows the formula 

where a,m= convection factor and convection power, respectively - see, for 
instance, [381, E, = resulting emissivity, varying with gas or flame emissivity, 
surface properties and gesmetric configuration, o=Stefan-Boltzmann constant, 
Ts=surface tempesature, Ts=absolute surface temperature, Tt= surrounding gas 
temperature, and Tt=absolute surrounding gas temperature. 

The solution of Eq. (11) is complicated by the fact that the thermal conductivi- 
ty matrix h and the rate of specific volumetric enthalpy change 6 depend on the 
temperature T to an extent that cannot be diregarded. Further complications 
arise when the material undergoes phase changes during the heating and when the 
material has an initial moisture content. 

Well-defined measurements of the thermal conductivity A for moist materials are 
difficult to undertake within the temperature range relevant at fire exposure, 
due to the complicated interaction between moisture and heat flow. As concerns 
the enthalpy e, the way evaporable water reacts to pressure has not been expe- 
rimentally clarified and consequently, this influence has to be included in a 
simplified manner in calculating the transient temperature state of a fire 
exposed structure. Usually, all moisture is assumed to evaporate, without any 
moisture transfer, at the temperature 1 0 0 ~ ~  or within a narrow temperature 
range - ref. 38 applies a range of 100 to 1 1 5 ~ ~  - with the heat of evaporation 
giving a corresponding discontinuous step in the enthalpy curve. This simpli- 
fication has proved to give acceptable results for most practical situations. 

In reality, the evaporation of moisture in a fire exposed material is not com- 
parable to that of a free water surface. Capillary forces, adhesive forces, 
and interior steam pressure will allow the temperature to increase during eva- 
poration. During the heating of the structure, the moisture distribution 
changes continuously. Hence, it is not principally correct to include the 
effect of moisture content in the thermal properties. For a moist material, 
the heat transfer is combined with moisture transport and, from a strict 
thermodynamical point of view, these two transport mechanisms should be 
analysed simultaneously by a system of related partial differential equa- 
tions. Consequently, Eq. (11) constitutes an approximation when applied to 
fire exposed structures made of materials that contain moisture. 

For materials used, for instance, for fire protection of steel structures or 
in suspended ceilings, there are test methods developed for a determination of 
derived values, characterizing the fire behaviour of the product in an inte- 
grated way. Normally, the values are derived from test results by use of some 
analytical simulation model. As a consequence, the derived values do not re- 
present any well-defined material or product properties but are influenced 
also by the characteristics of the analytical model, adopted for the evalua- 
tion. This leads to limitations with respect to a generalized application of 
the derived values. 

Analytical solutions of the heat balance equilibrium equation (11) are feas- 
ible only for linear applications with simple geometries and boundary condi- 



tions. For a practical determination of the transient temperature state of fire 
' exposed structures, numerical methods have been developed and arranged for com- 
puter calculations. The methods are based either on finite difference or finite 
element approximations. For the first group of numerical methods, reference can 
be made to [12, 39-44], and for the group employing finite element methods to 
[12, 38, 45-48]. 

The computer programmes can be used either directly as an advanced component in 
the fire design procedure or as a tool for calculations of diagrams and tables, 
facilitating a practical determination of the design temperature state for 
varying conditions of fire exposure and varying structural characteristics. For 
a thermal exposure according to the standard temperature-time curve, Eq. ( l ) ,  
such design aids are given in [ 5 ,  6, 9, 10, 13, 20, 23, 271 for steel struc- 
tures and in [3-5, 11, 14-16, 19, 211 for concrete structures. A corresponding 
design aid is presented in [ 2 ,  7, 13, 17, 29, 491 for steel structures and in 
[7, 491 for concrete structures when exposed to a natural compartment fire with 
gas temperature-time curves according to Figure 2. 

Fire exposed timber structures present special problems due to the continuous 
decrease of the effective cross section hy combustion of the material. For a 
thermal exposure according to the standard fire resistance test, Eq. ( l ) ,  a 
large number of tests, made in different fire engineering laboratories, verify 
an approximately constant rate of charring of 3.5 cm.h-l for glued laminated 
timber beams and columns. The value is roughly applicable up to a charring 
depth equal to one quarter of the cross section dimension in the direction of 
charring. For a larger charring depth, the rate of charring increases. 

Analytical models for a calculation of the charring rate and depth of wood at 
varying thermal exposure are presented in, for instance, [26, 50-541. The refs. 
[51, 52, 541 also include a model for a determination of the temperature dis- 
tribution within the uncharred part of the cross section. Ref. L531 includes 
diagrams giving the charring depth of a cross section at a natural compartment 
fire exposure, defined by the gas temperature-time curves according to Figure 
2. 

Mechanical Properties and Structural Behaviour 

A reliable calculation of the mechanical behaviour and load bearing capacity of 
a fire exposed structure or structural element on the basis of the transient 
temperature state requires validated models for the mechanical behaviour of 
the materials involved within the temperature range associated with fires. It 
is important that the material behaviour models are phenomenologically correct 
with input information received from well-defined tests. 

Available tests for a determination of the mechanical properties of materials 
at elevated temperatures can mainly be divided into two groups: steady state 
tests and transient state tests - Figure 5 [551. Fundamental parameters are the 
heating process, application and control of load, and control of strain. These 
can have constant values or be varied during testing. 

Figure 5 defines six practical regimes with mechanical properties as follows: 

* steady state tests 
- stress-strain relationship (stress rate control, 6=const) 
- stress-strain relationship (strain rate control, t=const) 
- creep (stress control, o=const) 
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FIGURE 5.  D i f f e r e n t  t e s t i n g  regimes f o r  determining mechanical p r o p e r t i e s  of 
m a t e r i a l s  a t  e l eva ted  temperatures [55].  
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- r e l a x a t i o n  ( s t r a i n  c o n t r o l ,  ~ = c o n s t )  

STRESS-STRAIN RELATIONSHIP 
Strain rote -controlled 

* t r a n s i e n t  s t a t e  t e s t s  
- f a i l u r e  temperature,  t o t a l  deformation ( s t r e s s  c o n t r o l ,  o e c o n s t )  
- r e s t r a i n t  f o r c e s ,  t o t a l  f o r c e s  ( s t r a i n  c o n t r o l ,  ~ = c o n s t ) .  

STRESS-STRAIN RELATIONSHIP 
Stress rote-controlled 

The m a t e r i a l  p r o p e r t i e s  measured a r e  c l o s e l y  r e l a t e d  t o  t h e  t e s t  method used. 
Consequently, i t  i s  extremely important  t h a t  r epor ted  t e s t  r e s u l t s  always a r e  
accompanied by an accura te  s p e c i f i c a t i o n  of t h e  t e s t  cond i t ions  app l i ed .  For 
s t e e l s ,  t h e r e  i s  a n a l y t i c a l  modelling technique a v a i l a b l e  enabl ing a coupling 
of s teady s t a t e  and t r a n s i e n t  s t a t e  t e s t s  [551. 

For s&ggi, v a l i d a t e d  mechanical behaviour models f o r  t r a n s i e n t ,  high-tempera- 
t u r e  cond i t ions  have been a v a i l a b l e  f o r  many yea rs  - c f . ,  f o r  ins tance ,  [55-591. 
The models d i v i d e  t h e  t o t a l  s t r a i n  i n t o  thermal s t r a i n ,  ins tantaneous  s t r e s s -  
r e l a t e d  s t r a i n  and creep s t r a i n  o r  time dependent s t r a i n .  Some of t h e  models 
opera te  wi th  temperature compensated time according t o  Dorn [561. 

Analy t i ca l  models f o r  determinat ion of t h e  mechanical behaviour and load bear- 
ing capac i ty  of s t e e l  beams, columns and frames exposed t o  f i r e  a r e  presented 
i n ,  f o r  ins tance ,  [ t 2 ,  57-661. The most genera l  models a r e  those  put forward i n  
159, 63-661. A s i m p l i f i e d  des ign a i d ,  g iv ing d i r e c t l y  t h e  load bear ing capaci ty  
f o r  a des ign temperature s t a t e  o r  t h e  c r i t i c a l  temperature s t a t e  f o r  a design 
load e f f e c t ,  can be found i n  [2 ,  5-7, 9, 10, 13, 17, 20, 23, 27, 49, 571. 



, Simple formulae f o r  t h e  f i r e  r e s i s t a n c e  of unprotected and p ro tec ted  s t e e l  
columns, der ived by L i e  and Stanzak,  a r e  quoted i n  [81.  

For concre te ,  t h e  deformation behaviour a t  e l eva ted  temperatures i s  much more 
, complicated than f o r  s t e e l .  S t r e s s e d  concrete  involves  spec ia l  d i f f i c u l t i e s  

s i n c e  cons ide rab le  deformations develop during t h e  f i r s t  hea t ing  which do no t  
occur when t h e  temperature i s  s t a b l e .  This e f f e c t  has been confirmed by f l exur -  
a l ,  t o r s i o n a l  and compressive tests and f o r  moderate a s  well  a s  h igh tempera- 
t u r e s .  

For p r a c t i c a l  a p p l i c a t i o n s ,  t h e  t o t a l  s t r a i n  E can adequately be given a s  t h e  
sum of va r ious  s t r a i n  components, phenomenologically def ined with re fe rence  t o  
s p e c i f i e d  tests and depending on t h e  temperature T, t h e  s t r e s s  a ,  the  s t r e s s  
h i s t o r y  'ii, and t h e  time t .  For concre te ,  s t r e s s e d  i n  compression, then the  
following c o n s t i t u t i v e  equat ion a p p l i e s  L671 

where E = t h e r m a l  s t r a i n ,  inc luding shr inkage,  measured on unst ressed speci -  
mens un8her v a r i a b l e  temperature;  E,, = ins tantaneous ,  s t r e s s - r e l a t e d  s t r a i n ,  
based on s t r e s s - s t r a i n  r e l a t i o n s ,  obta ined a t  a  rapid  r a t e  of loading under 
cons tan t ,  s t a b i l i z e d  temperature;  c c r = c r e e p  s t r a i n  o r  time-dependent s t r a i n ,  
measured under a cons tan t  s t r e s s  a t  cons tan t ,  s t a b i l i z e d  temperature;  and c t r =  
= t r a n s i e n t  s t r a i n ,  accounting f o r t h e  e f f e c t  of temperature inc rease  under 
s t r e s s ,  der ived from t e s t s  under constant  s t r e s s  and v a r i a b l e  temperature.  

For s t r e s s e d  concre te  i n  a t r a n s i e n t  high-temperature s t a t e ,  t h e  t r a n s i e n t  
s t r a i n  component usua l ly  p lays  a predominant r o l e .  Parameter formulations 
f o r  each of t h e  s t r a i n  components and a p r a c t i c a l  guidance on the  a p p l i c a t i o n  
of t h e  m a t e r i a l  behaviour model a t  a time varying s t r e s s  and temperature s t a t e  
a r e  given i n  [671. An a l t e r n a t i v e  model formulat ion of t h e  mechanical behaviour 
of concre te  a t  t r a n s i e n t  e l eva ted  temperatures i s  given i n  1681. 

I n  [691 an a t tempt  i s  made t o  formulate a m u l t i a x i a l  c o n s t i t u t i v e  model f o r  con- 
c r e t e  i n  t h e  temperature range up t o  800 '~ .  The model can be charac te r i zed  a s  
i s o t r o p i c ,  elastic-viscoplastic-plastic i n  t h e  compression region.  B r i t t l e  
f a i l u r e  is assumed i n  the  t e n s i l e  region.  

As s t r e s s e d  above, v a l i d a t e d  m a t e r i a l  behaviour models of t h e  type descr ibed i s  
a condi t ion f o r  g e t t i n g  r e l i a b l e  r e s u l t s  from t h e  c a l c u l a t i o n  models and corre-  
sponding computer programmes f o r  determinat ion of t h e  mechanical behaviour and 
load bearing capac i ty  of f i r e  exposed re in fo rced  concrete  s t r u c t u r e s .  Compre- 
hensive computer programmes f o r  such a determinat ion a r e  presented i n  [ 1 2 ,  22 ,  
65, 70-761, The methods d e a l t  wi th  i n  [ 12, 22, 65, 72, 73, 75, 761 include second- 
a r y  o rde r  e f f e c t s .  A computer programme f o r  eva lua t ing  t h e  f i r e  response of 
r e in fo rced  concre te  s l a b s  i s  published i n  [771. The programme i s  based on a 
non-linear f i n i t e  element method coupled wi th  a time-step i n t e g r a t i o n  and in- 
c ludes  a combined bending and membrane a c t i o n  of t h e  s l a b .  

Simpl i f ied  methods, f a c i l i t a t i n g  t h e  p r a c t i c a l  des ign of f i r e  exposed, r e in -  
forced concre te  beams and columns exposed t o  f i r e  can be found i n  [3-5, 7 ,  8 ,  
l l ,  14, 16, 19, 21, 39, 40, 78-80]. I n  181, simple formulae a r e  given f o r  t h e  
f i r e  r e s i s t a n c e  of concrete  beams, columns, w a l l s  and s l a b s ,  based on an i n t e r -  
n a t i o n a l  survey - c f .  a l s o  [14, 191. The des ign a i d  has t o  be app l i ed  with due 
cons ide ra t ion  of t h e  f a c t  t h a t  t h e  a n a l y t i c a l  t o o l  f o r  a determinat ion of t h e  
u l t i m a t e  load bear ing capac i ty  of f i r e  exposed concre te  s t r u c t u r e s  mainly 
covers t h e  f a i l u r e  i n  bending. For o the r  k inds  of f a i l u r e  - shear ,  bond, 



anchorage and s p a l l i n g  - t h e  p r e s e n t  s t a t e  of knowledge i s  s t i l l  u n s a t i s f a c t o -  
ry .  I n  a p r a c t i c a l  f i r e  eng inee r ing  d e s i g n ,  i t  i s  therefore  important  t o  d e t a i l  
t h e  s t r u c t u r e  i n  such a way t h a t  t h e s e  types  of f a i l u r e  w i l l  have a lower 
p r o b a b i l i t y  of occu r rence  than  f a i l u r e  by bending.  

For l oad  bea r ing  t imber s t r u c t u r e s ,  t h e  p o s s i b i l i t i e s  f o r  an a n a l y t i c a l  model- 
ing  of t h e  mechanical  behaviour  d u r i n g  f i r e  exposure  a r e  e s s e n t i a l l y  more 
l i m i t e d  than  f o r  s t e e l  and c o n c r e t e  s t r u c t u r e s .  A s  mentioned e a r l i e r ,  v a l i d a t -  
ed a n a l y t i c a l  models a r e  a v a i l a b l e  f o r  a c a l c u l a t i o n  of t h e  c h a r r i n g  r a t e  of 
wood under va ry ing  thermal exposure and approximate models a l s o  e x i s t  f o r  an 
e v a l u a t i o n  of  t h e  tempera ture  d i s t r i b u t i o n  w i t h i n  t h e  uncharred p a r t  of t h e  
c r o s s  s e c t i o n  under  t h e  s i m p l i f i e d  assumption of no mois ture  con ten t  i n  t h e  
wood [51 ,  52 ,  541. It i s  h i g h l y  d e s i r a b l e  t h a t  a n a l y t i c a l  models should be 
developed f o r  t h e  mass t r a n s f e r  of m o i s t u r e  and f o r  t h e  mechanical behaviour 
of wood under c o n d i t i o n s  of t r a n s i e n t  tempera ture  and mois ture  c o n t e n t .  

I n  [ E l ] ,  approximate formulae a r e  d e r i v e d  f o r  t h e  f i r e  r e s i s t a n c e  of  laminated  
t imber beams and columns, exposed t o  t h e  s t anda rd  temperature-t ime cu rve .  A 
d e t a i l e d  s t r u c t u r a l  des ign  gu ide  f o r  t h e  f i r e  r e s i s t a n c e  of beams, columns, 
j o i n t s ,  f l o o r s ,  r o o f s  and w a l l s ,  based on c l a s s i f i c a t i o n  and r e s u l t s  of s t an -  
dard f i r e  r e s i s t a n c e  t e s t s  i s  g iven  i n  [24] which i s  a very comprehensive 
manual. A s i m p l i f i e d  des ign  a i d  f o r  laminated  t imber beams and columns, expos- 
ed t o  a n a t u r a l  compartment f i r e ,  i s  p re sen ted  i n  [ 7 ,  261,  and [E21 supple-  
ments t h i s  d e s i g n  a i d  f o r  beams wi th  r e s p e c t  t o  t h e  r i s k  of l a t e r a l  buckl ing  
dur ing  t h e  f i r e  exposure.  
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