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Preface 

The present paper describes a  rat ional  ana ly t ica l  approach to  a  

f i r e  engineering design of load-bearing s t ruc tu res  and p a r t i t i o n s .  

The design method i s  permitted t o  be general ly applied in Sweden, 

as  one a l t e r n a t i v e ,  s ince about ten years .  The method i s  d i r e c t l y  

based on the  natural f i r e  concept and s t r i c t l y  defined functional 

requirements and performance c r i t e r i a .  

For f a c i l i t a t i n g  the pract ical  appl icat ion of the  design method t o  

s t ee l  s t r u c t u r e s ,  a  comprehensive design basis  has been worked out  

in  the form of diagrams and tab les  f o r  a  d i r e c t  and quick determination 

of the  maximum s tee l  temperature during a  complete compartment f i r e  

and the  corresponding design load-bearing capacity of the f i r e  exposed 

s t ruc tu re .  The design basis  i s  presented in a  manual [41 which i s  

approved f o r  prac t ica l  use by the  National Swedish Board of Physical 

Planning and Building. 

The paper i s  organized in such a  way, t h a t  a  reader,  who only wants 

t o  be informed of the pract ical  appl icat ion of the design method, can 

l i m i t  himself to  a  study of  chapter 3 and the  explanatory example. 

Chapters 1 and 2 a re  supplementing t h i s  descript ion with respect t o  

the general design philosophy behind the  design method and the  con- 

nected s t ruc tu ra l  f i r e  safe ty  cha rac te r i s t i c s .  
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RATIONAL APPROACH TO FIRE ENGINEERING DESIGN OF STEEL BUILDINGS 

By Ove Pettersson and Sven Erik Magnusson, Department of Structural 

Mechanics, Lund Institute of Technology, Lund, Sweden, and Jargen 
Thor, Swedish Insitute of Steel Construction, Stockholm, Sweden 

A development of analytical design procedures, based on well-defined 
functional requirements, is an important task of the future fire research 

-within different fields of the overall fire safety concept. Such proce- 

dures, successively replacing the present, internationally prevalent, 

schematic design methods, are necessary for getting an improved economy 
and for enabling more qualified and reliable fire safety analyses. A de- 

rivation of such analytical design systems is also in agreement with the 

present trend of development of the building codes and regulations in 

many countries towards an increased extent of functionally based require- 

ments and performance criteria. 

in the ideal case, a rational fire design methodology includes as essen- 

tial components [l l 

* analytical modelling of relevant processes; verification of model va- 
lidation and accuracy; determination of critical design parameters, 

* formulation of functional requirements, independent of choice of design 
process and expressed either in deterministic or probabilistic terms, 

* determination of design parameter values, and 

* verification by the means of a reliability analysis that the choice 

of safety factors leads to safety levels, which are consistent with the 

expressed functional requirements. 

For a fire engineering design of load-bearing structures and partitions, 

a d'fferentiated analytical procedure is permitted to be applied in Swe- 

den, as one alternative, since about ten years. The procedure constitutes 

a direct design method based on temperature characteristics of the fully 

develo~ed compartment fire as a function of the fire load density, the 



ventilation of the fire compartment and the thermal properties of the 

structures enclosing the fire compartment. The design method is approved 

for a general practical use by the National Swedish Board of Physical 

Planning and Building [ Z I .  For facilitating the practical application, 
design diagrams and tab1 es are systematical ly produced, giv:ng directly, 

on one hand, the design temperature state of the fire exposed structure, 

on the other, a transfer of this information to the corresponding design 

load-bearing capacity of the srructure; c.f., for instance 131, [ 41 ,  [ 5 1 ,  
[61 .  Fig. 1 describes the design method in a summary way. 

FIRE LOAD DENSITY 
1 FIRE EXPOSURE 

FIRE COMPARTMENT 1 
STRUCTURAL DATA TEMPERATURE STATE 

DESIGN LOAD-BEARING 
CAPACITY R, 

DESIGN LOAD EFFECT 

Figure 1. Summary description of a rational design method for fire 
exposed load-bearing structures 

1 .  Main Principles of an Analytical Design of Fire Exposed Load- 

Bearing Structures 

In a generalized summary way, an analytical design method for fire exposed 

structures, based on well-defined functional requirements, can be described 

according to Fig. 2. 



EXPOSURE 

pc-- PROPERTIES 

STRUCTURAL DESIGN MECHANICAL 
TEMPERATURE 

MdilTl,Md2!TI 

DESIGN RESIDUAL 
LOAD CARRYING 

Rrd=R! Mdi ,Md2---) 

DESIGN LOAD DESIGN LOAD EFFECT 
EFFECT AT FIRE AT SERVICE STATE 
Sd=SIGd,Fd J 

F i g u r e  2. P rocedu re  o f  a  r a t i o n a l ,  r e l i a b i l i t y - b a s e d  d e s i g n  o f  
f i r e  exposed l o a d - b e a r i n g  s t r u c t u r e s  111 

The d e s i g n  f i r e  l o a d  d e n s i t y ,  t h e  f i r e  compar tment  c h a r a c t e r i s t i c s  and 

t h e  f i r e  e x t i n g u i s h m e n t  and f i r e  f i g h t i n g  c h a r a c t e r i s t i c s  c o n s t i t u t e  

t h e  b a s i s  f o r  a  d e t e r m i n a t i o n  o f  t h e  d e s i g n  f i r e  exposure,  g i v e n  as t h e  

g a s t e m p e r a t u r e - t i m e  c u r v e  T - t  o f  t h e  f u l l y  deve loped  compar tment  f i r e .  

Depending on t h e  t y p e  o f  p r a c x i c a l  a p p l i c a t i o n ,  t h e  l o a d - b e a r i n g  f u n c -  

t i o n  of t h e  s t r u c t u r e  c a n  be r e q u i r e d  t o  be f u l f i l l e d  f o r  



the complete fire process, 
* a shortened fire.prccess, limited by the time t necessary for the fire ext' 
to be extinguished under the most severe conditions, or 
* a shortened fire process, limited by tne design evacuation time t esc 
for the building. 

Together with the structural design data, the design thermal properties 

and the design mechanical strength of the structural materials, the de- 

sign fire exposure gives the design temperature state and the design 
load-carrying capacity R as the lowest value during the relevant fire d 
process. 

A direct comparison between the design load-carrying capacity Rd and the 
design load effect at fire Sd decides whether the structure can fuifil 

its required function or not at the fire exposure. The quantities Rd and 

Sd then both can be referred to a defined load or a decisive section 

effect, for instance, a bending moment or a shear force. 

Following, for instance the new Draft Code for Loading Regulations, issued 

by the Nordic Committee for Building Reylations [ 7 1 ,  the determination 

of the design load effect Sd starts from characteristic values of per- 

manent and variable loads Gk and Fk, connected to a defined probability of 

excess during a specified time period (Fig. 3). A multiplication by par- 
tial factors Y and load combination factors transfers the characteristic 

load values to design loads Gd and Fd. The load combination factors $ 

then may be differentiated with respect to whether a complete evacuation 

of people can be assumed or not in the event of fire. Finally, the design 

loads are combined and transformed to the design load effect at fire Sd. 

Analogously, the design material strength Md is to be calculated via 

characteristic strength values Mk at actual temperature, divided by 

resulting partial factors (Fig. 4). The characteristic strength va- 
iues are defined as corresponding to specified fractiles of the probabi- 

1 2 3  
lity density distribution. The different partial factors ym, v,, y,, and 

are expressing the influence of the scatter in material strength, Ym. 
the uncertainty of the design model, the uncertainty in relation between 
material property in the structure and material propwty determined in 

test, and the safety class, respectively. The predicted extent of personal 

and property damage at failure - very serious, serious, not serious - 
decides the safety class. 





A similar approach - as outlined for the design load effect Sd and the 
design mechanical strength Md - can be applied also to the design fire 
load density qd and the design thermal properties of the structural ma- 

terials. 

The level of the functional requirements to be laid down for a structural 

fire engineering design must be differentiated with respect to such in- 

fluences as the occupancy, the height and volume of the building, and the 

importance of the structure or the structural member for the overall 

stability of the building. This can be met by, for instance, a division 

of buildings in categories with a related differentiationofthe design 

fire load density and the length of the fire process, to be considered 

in the design. 

For buildings containing activities, which are particularly important from, 

for instance, an economical point of view, there can be the motive for re- 

quiring that the building can be used again after a fire, almost immediately 

or very soon, for the current activities in a full extent. If the design 

also comprises such a requirement on re-serviceability of the structure af- 

ter fire, the design procedure is to be expanded in the following way. 

From the time curve of the load-carrying capacity R, the design residual 

load-carrying capacity Rrd of the structure after fire is obtained as 

end information. This quantity Rrd has to be compared with the design load 

effect at service, non-fire state, on the structure Srd, given by the corre- 

sponding characteristic load values, partial factors and load combination 

factors. 

2. Fire Safety of Load-Bearing Structures 

In a general sense, the fire engineering design problem is non-determi- 

nistic. Performance has to be described and measured in probabilistic 

terms. 

This is one essential perspective from which we have to judge or apprai- 

se the building fire safety code systems now in force. Historically, 

they had to be written without actually stating their ohjective level of 

safety and, still far less, without any analytical measurement of the 



objectives involved. For this reason, there is an urgent need for fu- 

ture attempts to evaluate the levels of safety inherent in present lo- 

cal and national fire protection regulations and to develop rational, 

reliability-based design methods, leading to safety levels which are 

consistent with the relevant functional requirements [l]. 

For the case that the load-bearing capacity R and the load effect S can 

be expressed analytically, are statistically uncorrelated and have known 

probability density functions f and fS, the probability of failure is R 
given by the formula - cf. Fig. 5 

Figure 5. Probability density function fR and fS of load-bearing 
capacity R and load effect S 

The computation of the probability of failure Pf can be re-formulated in 

the following way - Fig. 6. The difference between the load-bearing capacity 
R and the load effect S defines the safety margin. In the probability 

density function of the safety margin fR-S, positive values mean survival, 

negative values failure. The dashed area gives the failure probability Pf. 

Ideally, Pf should form the basis for deriving design criteria. However, 

Pf can be evaluated accurately only if the probability density function 



F i g u r e  6 .  P r o b a b i l i t y  d e n s i t y  f u n c t i o n  fR-S o f  s a f e t y  marg in  R-S and 
d e f i n i t i o n  o f  s a f e t y  index B 

FAILURE 

o f  R-S i s  known i n  d e t a i l .  I n  p r a c t i c e ,  t h i s  i s  v e r y  seldom t h e  case. 

Two main a l t e r n a t i v e s  t h e n  a r e  open 181, L91 

-----S 

SURVIVAL 

* t o  base a  des ign  code f o r m a t  on p r e s c r i b e d  d i s t r i b u t i o n s  o f  R and S, and 

* t o  acknowledge t h e  incompleteness o f  s t a t i s t i c a l  i n f o r m a t i o n  and d i s r e -  

ga rd  t h e  fo rm o f  t h e  d i s t r i b u t i o n  i nvo lved .  

I n  t h e  l a t t e r  case, a  des ion  scheme can be based s imp ly  on r e q u i r i n g  t h a t  

some minimum s a f e t y  marg in  be main ta ined.  I n  p l a c e  o f  r e q u i r i n g  t h a t  a  

c a l c u l a t e d  r i s k  o f  f a i l u r e  must f a l l  below a  s p e c i f i e d  p r o b a b i l i t y ,  i t  

may be r e q u i r e d  t h a t  t h e  average safe ty  marg in  R-S must l i e  a  s p e c i f i e d  

number 6 s tandard  d e v i a t i o n  above zero,  g i v i n g  t h e  formulas 

o i s  t h e  s tandard  d e v i a t i o n  o f  t h e  s a f e t y  marg in  R-S, oR and as a r e  
R-S 

t h e  s tandard  d e v i a t i o n  o f  R and S,  r e s p e c t i v e l y .  

The s a f e t y  index B d e f i n e s  t h e  r e l i a b i l i t y  o f ,  f o r  ins tance,  a  des ign  

system. A g r e a t e r  va lue  o f  6 t hen  corresponds t o  a  h i g h e r  s a f e t y  l e v e l  



With this safety measure we can improve our design methods to be more 

consistent and assess the implications of assumptions and guesses. 

A methodology for a probabilistic analysis of fire exposed steel struc- 
tures, connected to the design method described in chapter 1, has been 

developed in [101. The methodology comprises a general systematized 

scheme for the identification and evaluation of the various sources and 

kinds of uncertainty in the differentiated structural fire engineering 

design. The structure of the methodology is quite general and applicable 

to a wide class of structures and structural elements. To get applicable 

and efficient final safety measures, the probabil istic analysis is nume- 

rically exempl ified for an insulated, simply supported steel beam of I -  

cross section as a part of a floor or roof assembly. The chosen statistics 

of dead and live load and fire load density are representative for office 

buildings. 

With the basic data variables selected, the different uncertainty sources 

in the design procedure are identified and dissembled in such a way that 

available information from laboratory tests can be utilized in a manner 

as profitable as possible. The derivation of the total or system variance 

Var(R) in the load-carrying capacity R is divided into two main stages: 

variability Var(Tmax) in maximal steel temperature Tmax for a given type 
of structure and a given design fire compartment, and variability in 

strength theory and material properties for known value of Tmax 

% VarlTma,) 

Vor (AT3 )  
Vor ( A T 2 )  

Var (K. )  

Var l q l  

Figure 7. Decomposition of total variance in Tmax into component variances 
as a function of insulation parameter K 1101 n 



The r e s u l t s  obtained a re  exemplified in Fig. 7 ,  giving the decomposition 

of the  t o t a l  variance in maximum s tee l  temperature Tmax in to  the compo- 

nent variance5 as a function of the insulat ion parameter = A i h i / ( V s d i ) .  
A i  i s  the i n t e r i o r  jacket surface area of t h e  insulat ion per uni t  length,  

d i  the thickness of the insula t ion ,  h .  the thermal conductivity of the  
l 

insu la t ing  material ,  corresponding t o  an average value f o r  the whole 

process of f i r e  exposure, and V s  the volume of the  s t ee l  s t ruc tu re  per 

u n i t  length. Increasing K,. expresses a decreased insulat ion capacity. 

The component variances r e fe r  t o  the  s tochas t ic  character  of the f i r e  

load densi ty q ,  the  uncertainty in the insulat ion propert ies  K ,  the un-  
c e r t a in ty  r e f l ec t ing  the predict ion e r ro r  in  the  theory of compartment 

f i r e s  and heat t r ans fe r  from the  f i r e  process t o  the  s t ruc tu ra l  member 

aT2, and a correct ion term re f l ec t ing  the  difference between a natural 

f i r e  in  a laboratory and under real l i f e  serv ice  conditions  AT^ Analogously, 

Fig. 8 exemplifies the decomposition of the  t o t a l  variance in the  load- 

carrying capacity R i n to  component variances as  a function of the insulat ion 

parameter K,,. The component variances r e fe r  t o  the  v a r i a b i l i t y  in the  

maximum s t e e l  temperature Tmax, v a r i a b i l i t y  in  material s t rength M ,  the 

uncertainty r e f l ec t ing  the prediction e r ro r  in  the s trength theory A$l, 

and the uncertainty due t o  the difference between laboratory t e s t s  and 

i n  s i t u  f i r e  exposure ng2. 

Var ( A Y Z )  

Var l A l P , l  

Figure 8 .  Decomposition of t o t a l  variance in load-carrying capacity R 
i n t o  component variances as a function of insula t ion  parameter r n  [ l01 



The component variance5 a re  quant i f ied ,  whenever possible by comparing 

the  design theory with experiments. System variance i s  evaluated in two 
ways: by Monte Carlo simulation and by use of a  truncated Taylor s e r i e s  

expansion. Employing the Monte Carlo procedure, the mean and variance of 

R and S have been computed f o r  d i f f e ren t  values of the ven t i l a t ion  fac- 

tor of the f i r e  compartment, the insulat ion parameter K and the r a t i o  

D n / L n ,  where Dn i s  nominal dead load and L, nominal l i ve  load, used in 

the normal temperature design. The second moment r e l i a b i l i t y  as  a  func- 

t ion  of these design parameters i s  evaluated by the safe ty  index formu- 

l a t ion  according t o  E q .  ( 2 ) .  

A fragmentary i l l u s t r a t i o n  of the r e su l t s  received i s  given in Table 1 ,  

showing the range of var ia t ion  f o r  the safe ty  index B ,  as determined fo r  

the present Swedish d i f f e ren t i a t ed  ana ly t ica l  design model (case 11). 

Varying the opening f a c t o r  of the  f i r e  compartment A J L I A ~  from 0.04 t o  

0.12 nli2 and the r a t i o  between the nominal value of dead load D n  and 

l i v e  load in from 1/3 t o  3 ,  then leads t o  a  range of B from 1.66 to  2.84. 

A i s  the  t o t a l  area of the window openings, h the  mean value of the  heights 

of window and door openings, weighed with respect  t o  each individuab open- 

ing area ,  and At  the  t o t a l  i n t e r i o r  area of the  surface bounding the compart- 

ment, opening areas included. For the s t ruc tu ra l  member designed in accor- 

dance t o  the standard f i r e  endurance t e s t  (case I ) ,  the corresponding range 

of B will  be from 1.77 t o  3.69. Completing the  present d i f f e ren t i a t ed  

design model with s t a t i s t i c a l l y  derived load f ac to r s  (case 111) wil l  improve 

the  consistency of B considerably by giving a  very narrow range from 2.35 

t o  2 .45 .  

Table 1 .  Safety index B and probabil i ty  of f a i l u r e  Pf f o r  d i f f e r e n t  design 
procedures, applied t o  an insulated,  simply supported s t ee l  beam as  a  par t  
of a  f loo r  or  roof assembly in o f f i ce  buildings 

l Design p rocedure  

I .  C l a s s i f i c a t i o n ,  
s t a n d a r d  endurance  
t e s t  

11. P r e s e n t  Swedish 
des ign  model 

I11 = X I ,  improved 
by s t a t . i s ~ ~ c a l l y  
d e r i v e d  l o a d  f ac -  
t o r s  



The cor responding range o f  t h e  p r o b a b i l i t y  o f  f a i l u r e  Pf i s  shown i n  t h e  

t a b l e ,  t o o .  Related t o  t h i s  q u a n t i t y ,  t h e  d i f f e r e n c e  between t h e  t h r e e  

design procedures i s  ex t remely  s t r i k i n g  w i t h  t h e  r e s p e c t i v e  r a t i o s  

(Pf)max/(Pf),,,in - 400, 20 and 1 .5 .  The P f  values presented a r e  connected 

t o  a  p r o b a b i l i t y  = 1  f o r  a  f i r e  outbreak l e a d i n g  t o  f l a s h o v e r  w i t h i n  t h e  

f i r e  compartment. 

3. D e t a i l e d  D e s c r i p t i o n  o f  a  D i f f e r e n t i a t e d ,  A n a l y t i c a l  F i r e  Eng ineer ing 

Design of S tee l  S t r u c t u r e s  

As mentioned i n  t h e  i n t r o d u c t i o n ,  a  d i f f e r e n t i a t e d  a n a l y t i c a l  procedure 

i s  p e r m i t t e d  t o  be a p p l i e d  i n  Sweden f o r  a  f i r e  eng ineer ing design o f  

l oad -bear ing  s t r u c t u r e s  and p a r t i t i o n s  s ince  about ten  years .  The main 

p r i n c i p l e s  behind t h e  design precedure and t h e  connected f i r e  s a f e t y  aspects 

a r e  d e a l t  w i t h  i n  t h e  proced ing chapters .  

App l ied  t o  f i r e  exposed load-bear ing s t r u c t u r e s  o r  s t r u c t u r a l  members, 

i n s i d e  a  f i r e  compartment, t h e  des ign procedure i n c l u d e s  t h e  f o l l o w i n g  

steps - F i g .  9. 

- 
Ihe bas is  o f  the  des ign i s  g i ven  by t h e  f u l l y  developed compartment f i r e  

exposure. Dec is i ve  ent rance q u a n t i t i e s  then  a re  

( l )  nominal l oad  and load  f a c t o r  f o r  f i r e  l o a d  d e n s i t y ,  

( 2 )  combustion p r o p e r t i e s  o f  t h i s  des ign f i r e  load, 

(3)  s i z e  and geometry o f  t h e  f i r e  compartment, 

( 4 )  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  o f  t h e  f i r e  compartment, and 

( 5 )  thermai  p r o p e r t i e s  o f  s t r u c t u r e s  enc los ing  t h e  f i r e  compartment. 

These q u a n t i t i e s  j o i n t l y  determine t h e  r a t e  o f  burn ing,  the  r a t e  o f  heat  

re lease,  and the  design gas temperature-t ime curve o f  the  complete f i r e  

process. Together w i t h  

( 6 )  s t r u c t u r a l  data f o r  t h e  proposed s t r u c t u r e ,  

( 7 )  thermai  p r o p e r t i e s  o f  s t r u c t u r a l  m a t e r i a l s ,  and 

(8 )  c o e f f i c i e n t s  o f  heat  t r a n s f e r  f o r  va r ious  sur faces o f  t h e  s t r u c t u r e  

t h i s  des ign  gas temperature- t ime curve g i ves  t h e  r e q u i s i t e  i n f o r n a t i o n  

f o r  a  de te rm ina t ion  o f  t h e  t r a n s i e n t  temperature f i e l d s  o f  t h e  f i r e  

exposed s t r u c t u r e  o r  s t r u c t u r a l  members. Wi th  
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( 9 )  mechanical propert ies  of s t ruc tura l  mater ials  (Fig.  4 ) ,  a n d  

(10) load cha rac te r i s t i c s  

as  fur ther  entrance quant i t ies  the time var ia t ion  of r e s t m i n t  forces 

and moments, thermal s t r e s ses ,  and load-carrying capacity R can be deter-  

mined. The lowest value of R during the complete f i r e  process defines 

the  design load-carrying capacity R d .  

Over nominal loads and load f ac to r s  for  dead load, l i v e  load,  e t c ,  s t a t i s -  

t i c a l l y  representat ive of a  Fire  occasion, the design load e f f e c t  a t  f i r e  

Sd i s  defined, interdeoendent on non-fire design procedure (Fig.  3  ) .  

A d i r e c t  comparison between the design load-carrying capacity Rd and the  

design load e f f e c t  a t  f i r e  Sd decides whether the  s t ruc tu re  can f u l f i l  

i t s  required function or  not a t  a  f i r e  exposure. 

Exceptionally, a  requirement on re-serv iceabi l i ty  of the s t ruc tu re  a f t e r  

f i r e  may be included on the f i r e  engineering design. If so, the design 

residual load-carrying capacity R r d  of the  s t ruc tu re  a f t e r  f i r e  has t o  be 

determined in the  design and compared with the design load e f f e c t  a t  se rv ice ,  

non-f ire  s t a t e ,  on the  s t ruc tu re  Srd. 

For ex te r io r ,  load-bearing s t ruc tu res ,  the procedure f o r  a  d i r e c t ,  d i f f e -  

r en t i a t ed  design wil l  be modified with respect  t o  t h e  thermal exposure. 

For such a  s t ruc tu re ,  the  t r ans i en t  temperature f i e l d s  a re  determined by 

a combined radiat ion and convection exposure from the flames and combustion 

gases outside the  f i r e  compartment as  well as by rad ia t ion  from the i n t e r i o r  

of the  f i r e  compartment through i t s  window openings; c f . ,  fo r  instance 1111, 

1121. For the r e s t ,  the design procedure i s  pr inc ipa l ly  the same as  f o r  

i n t e r i o r ,  load-bearing s t ruc tu res .  

3.1 Fire  Load Density and Gas Temperature-Time Curves of a  Fully Developed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Compartment F i re  - - - - - - - - 

A t  known combustion characrer i  s t i c s  of the f i r e  load, the  gas temperature- 

time curve of a  f u l l y  developed compartment f i r e  can be calculated in the 

individual prac t ica l  appl icat ion from the heat a n d  mass balance equations 

of the  f i r e  compartment with reaard taken t o  the  s i z e ,  geometry and ven- 

t i l a t i o n  of the compartment, and to  the thermal propert ies  of the s t ruc tu-  

res  enclosing the compartment - Fig. 10 [21,  141, [ b l ,  [131, [141, 1151, [ l b ] ,  

[17!, [ lGI ,  1191. 



Fioure 10.Energy balance equation I C  = I i + 1 ~ + I R  of a f i r e  compartment. 
m e  heat release per uni t  time fro% the combustion of the f u e l ,  
and IL, I W  and I R  the quan t i t i e s  of energy removed per uni t  time by 
change of hot gases aga ins t  cold a i r ,  by heat t r ans fe r  to  the surrounding 
s t ruc tu res ,  and by radiat ion t h r o u g h  the openings of the compartment, 
respective1 y 

For i n t e r i o r ,  load-bearing s t ruc tu res  and pa r t i  r ions ,  the f i r e  engineering 

design provisional ly can be based on gas temperature-time curves T -t 
t 

according t o  Fig.11, [ 2 j ,  [ 4 1 ,  [61, [ l51 ,  which applies  K O  a  f i r e  compart- 

ment with surrounding s t ruc tu res  made of a material with a  thermal conduc- 
-1 o  -1 -3 o -i t i v i t y  X = 0.61 W . m  . C and a  heat capaciry oc = 1.67 MJ.m . C 

P 
( f i r e  compartment, type A ) .  Entrance parameters of the diagrams a re  the 
f i r e  load densi ty q ,  defined by the formula 

and the vent i la t ion  cha rac te r i s t i c s  of the f i r e  compartment, expressed 

by the opening f ac to r  A $ ' ~ / A ~  ( m ) ,  where 

2 t o t a l  area of window and door openings ( m  ) ,  

mean value of the  heights of window and door openings, weighed 

with respect  t o  each individual opening area ( m ) ,  
t o t a l  i n t e r i o r  area of the surfaces bounding the  compartment, 

2 opening areas included ( m  ) ,  

t o t a l  weight of combustible material v (kg)  
e f f ec t ive  heat value of combustible material v of the f i r e  load 

(MJ. kg-'  ) , and 

a f r ac t ion  between 0 and 1 ,  giving the real degree of combustion 

f o r  each individual component of the f i r e  load. 



Figure 11. Gas temperature-time curves T.-t of the complete process of 
Tire develo~nent for alfierent values o j  the fire load density q a n d  
the opening factor AJhIAt. Fire compartnen~, type A 



The non-dimensional f a c t o r  u i s  a  f u n c t i o n  o f  t ype  o f  f u e l ,  geometr ical  
? 

p r o p e r t i e s  o f  f u e l ,  and t h e  p o s i t i o n  o f  f u e l  i n  a  f i r e  compartment, among 

o t h e r  t h i n g s .  For some types o f  f i r e  l o a d  components, u v  w i l l  depend on 

t h e  t ime  o f  f i r e  d u r a t i o n  and on the  gas temperature-t ime c h a r a c t e r i s t i c s  

o f  t h e  f i r e  compartment. Bookcases and f l o o r  cover ings  a re  examples o f  

f i r e  components whose r e a l  degree o f  combustion i s  low, and whose U" va- 

l u e s  a r e  p robab ly  apprec iab ly  below u n i t y .  A t  p resent ,  however, t he re  i s  a  

lack o f  exper imen ta l l y  s u b s t a n t i a t e d  and v e r i f i e d  v u  va lues,  and i t  i s  

t h e r e f o r e  u s u a l l y  necessary i n  t h e  course o f  p r a c t i c a l  design t o  employ 

a  f i r e  l o a d  c a l c u l a t i o n  w i t h  U g e n e r a l l y  p u t  equal t o  u n i t y .  
V 

As a r u l e ,  t h e  design f i r e  l o a d  d e n s i t y  i s  t o  be determined on t h e  bas is  

o f  s t a t i s t i c a l  i n v e s t i g a t i o n s  f o r  t h e  type o f  b u i l d i n g  o r  premises i n  

ques t ion .  Such s t a t i s t i c a l  i n v e s t i g a t i o n s  have.been c a r r i e d  o u t  f o r  dwel- 

l ings,  o f f i c e s ,  a d m i n i s t r a t i o n  b u i l d i n g s ,  school S ,  s tores ,  and h o s p i t a l s  

[21, [41,  [61. As a  temporary r e g u l a t i o n ,  t h e  Swedish B u i l d i n g  Code autho- 

r i z e s  t h e  80 percent  l e v e l  o f  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  curve t o  be 

a p p l i e d  as t h e  design f i r e  l oad  d e n s i t y .  

A f ragmentary example o f  t h e  r e s u l t s ,  ob ta ined  i n  t h e  s t a t i s t i c a l  inves-  

t i g a t i o n s  o f  t h e  f i r e  l o a d  d e n s i t y  q, i s  g i v e n  i n  F i g .  12 [201, which r e f e r s  

some d i s t r i b u t i o n  curves, r e p r e s e n t a t i v e  t o  d w e l l i n g s  i n  t h e  suburbs and 

t h e  c e n t r a l  p a r t s  o f  Stockholm. I n  t h e  f i g u r e  t h e  f i r e  l o a d  d e n s i t y  i s  

s p e c i f i e d  on one hand by a  minimum value,  which o n l y  i nc ludes  t h e  h i g h l y  

inf lammable components, and on t h e  o t h e r  hand by a  maximum value, co r res -  

ponding t o  a l l  combust ib le  m a t e r i a l  i n  t h e  compartment, exc lud ing  f l o o r  

cover ing .  Tab le  A1 i n  t h e  appendix summarizes t h e  average and standard devia-  

t i o n  o f  t h e  f i r e  l o a d  d e n s i t y  as w e l l  as t h e  des ign f i r e  l o a d  d e n s i t y  f rom 

t h e  i n v e s t i g a t i o n s ,  determined accord ing t o  Eq. ( 3 )  w i t h  = 1  [ Z I ,  [41, [61. 
% 

Firs load - suburb 

.. . , . . , .. cenlml part of city 

----- suburb r central port of city 

F i g u r e  12. D i s t r i b u t i o n  curves f o r  t h e  f i r e  l o a d  d e n s i t y  q, de f ined  accord ing -mj3), representa  i v e  t o  dwe l l i nas  i n  t h e  suburbs and t h e  c e n t r a l  p a r t s  
o f  Stockholm. 1  Mcal/m$'= 4.19 ~ 3 / m 2  " 



The gas temperature-t ime curves i n  F i g .  l 1  have g e n e r a l l y  been determined 

on t h e  assumption o f  v e n t i l a t i o n  c o n t r o l l e d  f i r e s .  For  f i r e s ,  which a r e  

f u e l  bed c o n t r o l l e d  i n  r e a l i t y ,  t h i s  assumption leads t o  a  s t r u c t u r a l  

f i r e  eng ineer ing  design on the  safe s i d e  i n  p r a c t i c a l l y  every case, g i v i n g  

an o v e r e s t i m a t i o n  o f  the  maximum gastemperature and a  s imul taneous,  p a r t l y  

ba lanc ing underest imat ion of the  f i r e  d u r a t i o n .  For  t h e  minimum load-bea- 

r i n g  c a p a c i t y ,  which t h e r m a l l y  can be seen as an i n t e g r a t e d  e f f e c t ,  the 

gas temperature-t ime curves i n  F i g . 1 1  g i v e  reasonably c o r r e c t  r e s u l t s ,  

v e r i f i e d  i n  [41,  [101, [ l 6 3  

As po in ted  ou t ,  t he  gas temperature-t ime curves i n  F i g . 1 1  app ly  t o  a  

c e r t a i n  f i r e  compartment, type A,  s p e c i f i e d  w i t h  respec t  t o  t h e  thermal 

p r o p e r t i e s  o f  i t s  sur round ing s t r u c t u r e s .  F i r e  compartments w i t h  surroun- 

d i n g  s t r u c t u r e s  o f  d e v i a t i n g  thermal p r o p e r t i e s  can be t r a n s f e r r e d  t o  f i r e  

compartment, t ype  A, v i a  e f f e c t i v e  values o f  t h e  f i r e  l o a d  d e n s i t y  qf 

and t h e  opening f a c t o r  ( A / ~ / A ~ ) ~  i n  accordance t o  Tab leA2 i n  t h e  appendix 

[21, 141, [61.  

3 .2  Opening Fac to r  AJb/At 

According t o  F ig .  11, t h e  opening f a c t o r  o f  a  f i r e  compartment i s  a  funda- 

mental  concept i n  c a l c u l a t i n g  t h e  gastemperature-t ime cu rve  o f  t h e  process 

o f  f i r e  develooment. 

For  a  f i r e  compartment w i t h  o n l y  wy . j ca l -gpw jpg ; ,  t h e  opening f a c t o r  i s  

d e f i n e d  by t h e  q u a n t i t y  AJb/At, where - c f .  F i g .  13 

A = t o t a l  area o f  t h e  window and door openings (mL), 

h  = mean va lue  o f  t h e  he igh ts  o f  window and door openings (m), weighed 

w i t h  respec t  t o  each i n d i v i d u a l  opening area, and 

At = t o t a l  i n t e r i o r  area o f  t h e  sur faces bounding t h e  compartment, 
2 opening areas inc luded  (m ) .  

I f  a  f i r e  compartment a1 so comprises h o r i z o n t a l  ------------ opening;, ---- an e q u i v a l e n t  

opening f a c t o r  (AJLIA~)~ can be determined by t h e  formula  [ l 5 1  



F i g u r e  13. D e f i n i t i o n s  o f  t h e  t o t a l  opening area A, t h e  weighed 
mean va lue  o f  t h e  opening h e i g h t  h, t h e  t o t a l  i n t e r i o r  area o f  t h e  
sur round ing s t r u c t u r e s  At ,  and t h e  opening f a c t o r  AJh/At o f  a f i r e  
compartment 

where ( A & / A ~ ) ~  i s  t h e  opening f a c t o r ,  cor respond ing t o  t h e  v e r t i c a l  

openings o f  t h e  compartment, c a l c u l a t e d  accord ing t o  F i g .  13, and fk 

a d imens ion less  m u l t i p l i e r ,  g i ven  by t h e  a l ignment  c h a r t  i n  F i g .  14. 

For t h e  n o t a t i o n s  used i n  t h i s  c h a r t ,  then see F i g .  15. 

F i g u r e  14. Al ignment c h a r t  f o r  a d e t e r m i n a t i o n  o f  t h e  e q u i v a l e n t  opening 
f m A J f i / A t ) e  o f  a f i r e  compartment w i t h  v e r t i c a l  as w e l l  as h o r i z o n t a l  
openings. Fo r  n o t a t i o n s ,  see F i g .  15 

A d e t e r m i n a t i o n  o f t h e e q u i v a l e n t  opening f a c t o r  ove r  Eq .  ( 4 )  and F i g .  

14 presupposes t h a t  t h e  gas f l o w  through t h e  h o r i z o n t a l  openings o f  t h e  

r o o f  i s  n o t  predominant .  T h i s  can be examined v i a  t h e  q u o t i e n t  AhdL2/~JL,  

which has an upper l i m i t  a t  which t h e  a p p l i e d  gas f l o w  model ceases t o  

be v a l i d .  T h i s  upper l i m i t  i s  g i v e n  by t h e  va lues 



Figure 15. Gas flow mechanism f o r  a f i r e  compartment with 
ver t ica l  and horizontal openings 

A t  these l i m i t  values, the neutral zone coincides with the upper edge 

of the  ve r t i ca l  opening and t e s t s  have indicated the va l id i ty  of the 

model u p  to  these upper l imi t s  [211. 

3.3 Design Temperature S ta t e  of Fire  Exposed, Uninsulated Steel Structures  

Figure 16. Fire  exposed, uninsulated s t ee l  
s t ruc tu re .  T t  = gas temperature within f i -  
r e  compartment, T S  = s tee l  temperature a t  
time t 

For a f i r e  exposed, uninsulated s tee l  s t ruc tu re ,  the energy balance equa- 

t ion gives the following formula fo r  a determination of the s t ee l  tempe- 

rature-time curve T s - t  - Fig.  16 

where 



0 
aTS = change of s tee l  temperature ( C )  during time s tep  ~ t ( s ) ,  

a = coe f f i c i en t  of heat t r ans fe r  a t  f i r e  exposed surface of s t ruc ture  

= densi ty of s t ee l  material (7850 kg.m-3), 
-1 ,o--1 

c  = spec i f i c  heat of s tee l  material ( J .kg  L ) ,  
PS 

Fs 
= f i r e  exposed surface of s tee l  s t ruc tu re  per uni t  length (m), 

2 
V s  

= volume of s tee l  s t ruc tu re  per uni t  length ( m  ) ,  

T t  = gas temperature ( O C j  within f i r e  compartment a t  time t ( S ) .  

E q .  t 6 )  presupposes t h a t  the s tee l  temperature Ts  i s  uniformly d is t r ibuted  

over the cross sect ion of the s t ruc tu re  a t  any time t .  

The coe f f i c i en t  of heat t r ans fe r  a can be calculated from the approximate 

formula 

giving a n  accuracy which i s  s u f f i c i e n t  f o r  ordinary pract ical  purposes. 

E i s  the r e su l t an t  emissivity which fo r  prac t ica l  appl icat ions can be r 
chosen according t o  the  following t a b l e ,  giving values which generally 

a re  on the  sa fe  s ide .  

1 .  Column, f i r e  exposed on a l l  s ides E = 0 . 7  

2. Column, outside a facade 

3 .  Floor s t r u c t u r e ,  composed of s t ee l  beams with a  

concrete s l ab  on the lower flange of the beams 

4 .  Steel beams with a  f loo r  s l ab  on the  upper flange 

of the  beams 

4a. Beams of 1 cross sect ion with width/height 2 0 . 5  

4b. Eeams of I cross  sect ion with width/height c 0 . 5  

More accurate  values of the  r e su l t an t  emissivi ty c r  can be determined fo r  

the applicat ion a l t e rna t ive  4 - s t ee l  beams with a  f loo r  s l ab ,  supported 

on the  upper flange of the  beams - from the  diagrams of Fig. 17 and 18, 

appl icable t o  f loo r  s t ruc tures  with the flames completely below the s tee l  

beams and reaching the s l ab ,  respect ively [221 .  For the emissivity of the  



\ .- ~ . - . 

i Ceiling or flames 

Figure 17. Resultant emissivity E, f o r  s t ee l  beams with a f loo r  s l ab ,  
supported on the upper f lange of the beams. Flames completely below 
the  s t ee l  beams. 
~ b j  = emissivi ty of the s l a b ,  E,  = emissivi ty of the  s t e e l  beams, 
~t = emissivi ty of the  flames. 
- I cross  sec t ion ,  ----- box cross  sect ion 

Figure 18. Resultant emissivi ty E f o r  s tee l  beams of I cross sect ion 
with a ffoor  s l ab ,  supported on tKe upper f lange of the beams. 
Fiames reaching the  s l ab .  
E~ = emissivi ty of the flames 



flames c t ,  the value 0.85 i s  t o  be inser ted ,  i f  not any other  value 

can be proved to  be more cor rec t .  

A t  a  given gas temperature-time curve T t - t  of the f i r e  compartment, the 

s tee l  temperature T can be d i r e c t l y  calculated from Eqs. ( 6 )  and ( 7 )  
S 

with regard taken t o  the temperature dependence of c  and a .  Such com- 
P S 

putations have been car r ied  out in  a  systematized way, giving the basis  

of design in Table A3 in the appendix 141. From t h i s  tab le ,  the maximum 

s t ee l  temperature Ts ,max during a  complete compartment f i r e  can be de- 

termined d i r e c t l y  as  a  function of the e f f ec t ive  f i r e  load density q f ,  

the  e f f ec t ive  opening f ac to r  ( A V ' ~ / A ~ ) ~ ,  the FS/VS r a t i o  and the r e su l t an t  

emissivi ty E ~ .  The values of the  t ab le  a re  connected to  gas temperature 

cha rac te r i s t i c s  according t o  Fig. 11. 

Table A4 in the appendix gives some guide-lines f o r  the determination of 

the s t ruc tu ra l  parameter FS/VS f o r  d i f f e ren t  types of appl ica t ion .  

3.4 Design Temperature S ta t e  of Fire  Exposed, ~ n ~ u 1 a J e ~  Steel ~ u c t ~ r g s -  

Figure 19. Fire exposed, insulated s tee l  
s t ruc tu re .  Tt = gas temperature within f i r e  
compartment,-TS = s t ee l  temperature a t  time t 

For a  f i r e  exposed, insulated s t ee l  s t ruc tu re ,  a  s implif ied energy 

balance equation gives the following formula f o r  a  d i r e c t  determina- 

t i on  of t h e  s t ee l  temperature-time curve T S - t  - Fig. 19 

with the addit ional  quan t i t i e s  

Ai = i n t e r i o r  jacket  surfacearea of insulat ion per u n i t  length (m), 

d i  = thickness of insulat ion (m),  
-1 0 -1 h i  = thermal conductivity of insu la t ing  material ( W . m  . C ) ,  



E q .  (3 )  presupposes t h a t  the s tee l  temperature TS i s  uniformly d is t r ibuted  

over the cross  sect ion of the s t ruc tu re  a t  any time t ,  t h a t  the temperature 

gradient  i s  l i n e a r  and the heating contr ibut ion negl igible  f o r  the  insula- 

t i on .  and t h a t  the heat t r ans fe r  i s  one-dimensional. 

Computations, or iginat ing from Eqs. ( 7 )  and ( E ) ,  enable a  production of 

a  systematized design bas is ,  f a c i l i t a t i n g  an ana ly t i ca l ,  d i f f e ren t i a t ed  

f i r e  engineering design in prac t ice .  An example from such a  design basis 

i s  referred in Table A5 i  the appendix 141 ,  giving the maximum s t ee l  temper- 

a ture  T~ ,max  during a  complete compartment f i r e  fo r  varying values of the 
e f f ec t ive  f i r e  load density q f ,  the e f f ec t ive  opening f ac to r  ( A J ~ / A ~ ) ~ ,  

the s t ruc tu ra l  parameter A i / V S ,  and the insula t ion  parameter d i / h i  The 

values of the t ab le  a re  connected t o  gas temperature cha rac te r i s t i c s  accor- 

ding t o  Fig. 11. 

Table A5 was computed on the  assumption of a  constant thermal conducti- 

v i ty  of the insula t ing  material x i ,  chosen as an average value f o r  the 

whole compartment f i r e  process. Calculat ions,  car r ied  through systemati- 

c a l l y ,  a r e  verifying t h a t  t h i s  average value of A i  approximately coinci-  

des with the value, determined f o r  an insula t ion  temperature equal to  the 

maximum s tee l  temperature Ts,max.  Table AG in t h e  appendix gives the thermal 

conductivity h i  of some insula t ion  materials  as a  function of the  temper- 

a tu re  [ 4 1 .  

. . For a  spec i f i c  insulat ing mater ia l ,  systematized design diagrams or  tab- 

l e s  can be computed very accurately with regard to  the temperature de- 

pendence of the  thermal propert ies  of the s t ee l  as  well as  the insulat ing 

mater ia l .  The influence of an i n i t i a l  moisture content and of a  d i s in t e -  

grat ion of the insulat ing material can be considered, too. P rac t i ca l ly ,  

such a  determination can be car r ied  out over a  numerical data processing 

by computers on the basis of a  f i n i t e  d i f fe rence  o r  a  f i n i t e  element 

method. A g rea t  number of design t ab le s ,  computed according to  such an 
accurate procedure, a r e  presented in [41. Table A7 in the appendix 

exemplifies t h i s ,  giving the  maximum s t ee l  temperature Ts ,max a t  varying 

f i r e  and s t ruc tu ra l  design cha rac te r i s t i c s  fo r  a  f i r e  exposed s t ee l  s t ruc-  
-3 tu re ,  insulated with mineral wool of density p i  = 150 kg m a t  varying 

e f f ec t ive  f i r e  load density q f ,  e f f ec t ive  opening f ac to r  ( A % / A ~ ) ~ ,  quotient  

A i / V S ,  and thickness di  of the  insula t ion .  



Table A8 in the appendix gives some guide-lines f o r  the determination 

of the s t ruc tu ra l  parameter A i / V S  f o r  d i f f e r e n t  types of appl icat ion.  

3 . 5  Design Temperature S ta t e  of Fire Exposed Floor or  Roof-Assembly - - - -  
with Suspended Ceiling 

Figure 20.  Floor s t ruc tu re ,  composed of a reinforced concrete s lab ,  
load-bearing s t ee l  beams, and an insula t ing  c e i l i n g  

In [4], an analy t ica l  model i s  derived f o r  a s implif ied determination of 

the  temperature-time f i e l d s  of a s t ee l  beam s t ruc tu re  according t o  Fig. 

20 - composed of a reinforced concrete s l ab ,  load-bearing s tee l  beams, 

and an insula t ing  ce i l ing  - exposed t o  a f i r e  from below. By applying 

t h i s  computational model in a systematic way, a design basis  has been 

determined, f a c i l i t a t i n g  a calculat ion of t h e  s t ee l  beam temperature T S ,  

assumed as  uniformly d is t r ibuted  over the  cross sect ion of the  beams. The 

design bas is  i s  exemplified in Table A9 in  the  appendix [ 41 ,  which gives 

the  maximum s tee l  beam temparature TS,,,, during a complete compartment 

f i r e  f o r  varying values of the e f f ec t ive  f i r e  load density q f ,  the  e f f ec t ive  

opening f a c t o r  (Adh/At)f, the s t ruc tura l  parameter FS/VS,  and the insulat ion 

parameter d i / A i  FS denotes the  surface area of the  s tee l  beam, l e s s  the 

pa r t  covered by the  concrete s l ab ,  and V s  the  volume of the s t ee l  beam, per 

un i t  length.  The values, given in brackets i n  the t a b l e ,  denote the  corres- 

ponding maximum temperature a t  the cent re  level of the ce i l i ng .  The values 

of the t a b l e  a re  connected to  gas temperature cha rac te r i s t i c s  according to  

Fig. 11. 

For several types of s t ee l  beam s t ruc tu res  with a suspended, insula- 

t i ng  c e i l i n g ,  the f i r e  resis tance of the ce i l i ng  and i t s  fastening de- 

vices wil l  be the decis ive design c r i t e r i o n  instead of the temperature 

of the s t e e l  beams. The ce i l ing  can ge t  a ser ious crack formation or 

f a l l  down, p a r t i a l l y  or  completely, a f t e r  a comparatively short  f i r e  

exoosure. Under such condit ions,  the maximum s tee l  beam temperature 



cannot be determined from iableA9 so le ly  on the basis of the thickness 

d i  and the thermal conduc~ iv i ty  h .  of the ce i l i ng .  If r e su l t s  a re  avai- 
1 

l ab le  f o r  a  type of a  suspended ce i l ing  from a  standard f i r e  resis tance 

t e s t ,  these r e su l t s  can be used fo r  deriving an e f f ec t ive  value of the 

insulat ion parameter d i l "  - ( d i / ) , i ) e f f  - which describes  he real f i -  

re  behaviour of the suspended c e i l i n g ,  including i t s  fastening devices. 

From the t e s t  r e s u l t s ,  a lso a  possible c r i t i c a l  f a i l u r e  temperature of 

the suspended ce i l ing  can be estimated. Cf . ,  fur ther  [4! 

After the determination of ( d i l l . )  
i e f f  

and the c r i t i c a l  temperature 

of a  type of a  suspended ce i l i ng ,  the analyt ical  d i f f e ren t i a t ed  f i r e  

design can be car r ied  out by a  d i r e c t  appl icat ion of Table A3. P a r a l l e l l y ,  

then the  maximum temperature a t  the centre  level of the ce i l ing  accor- 

ding t o  the t ab le  must be controlled against  the c r i t i c a l  temperature 

: of the ce i l i ng .  

Effec t ive  d i / A i  values and c r i t i c a l  temperatures have been determined 

f o r  a  number of types of suspended ce i l i ngs  in a s e r i e s  of standard f i r e  

res i s tance  t e s t s  performed a t  the National Swedish I n s t i t u t e  fo r  Testing 

and Metrology in Stockholm [231 .  The compositions of these susgended ce i -  

l i n g s ,  the  r e s u l t s  obtained and the cha rac te r i s t i c s  derived are  s e t  out 

in Table A10 in the  appendix 141 

1 
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Figure 21 Calculated temperature d i s t r ibu t ion  along l i n e  of symmetry 
I' 
or a  s t e e l  beam, insulated by a 15 mm gypsum board (densi ty 770 kg.rr3)  
and carrying a 150 mm concrete s lab  on top f lange,  a t  selected times 
of a  thermal exposure according t o  IS0 834 [?4? 



The design bas is ,  reproduced in Tables A3, A5, A7 and A9, generally assumes 

the s tee l  temperature to  be uniformly d is t r ibuted  over the  cross sect ion 

of the beam o r  column a t  any time t. A more accurate theory, which enables 

a determination of the temperature var ia t ion  over the  cross sect ion of the 

s t ee l  s t ruc tu re ,  i s  presented in [241, together with computer rout ines.  The 

algorithm described can eas i ly  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 capabi l i ty  of the theory i s  given in Fig. 21, which 

shows calculated temperature d i s t r ibu t ion  along the l ine  of symmetry of a 

gypsum insulated s tee l  @ean with a concrete s lab  a t  the top flange a t  se- 

lected times of a standard f i r e  res i s tance  t e s t  according to  IS0 834. 

3 . 6  Design Temperature S ta t e  of Fire Exposed Par t i t ions  

As a complement t o  the design temperature s t a t e  of f i r e  exposed load- 

bearing s t e e l  s t ruc tu res ,  dea l t  with above, a l so  some remarks wil l  be 

given on the  f i r e  engineering design of pa r t i t i ons .  The performance 

requirements for  pa r t i t i ons  imply t h a t  these must prevent a penetrat ion 

of flames and h o t  gases and l i m i t  the r i s e  in temperature on the unex- 
posed s ide of the construct ion during a complete compartment f i r e :  

An ana ly t ica l  method f o r  a determination of the temperature-time f i e l d  

in a multi-layer pa r t i t i on  i s  presented in [251; c f .  a l so  [41 .  The 

method considers the temperature dependence of the  thermal material 

proper t ies ,  an i n i t i a l  moisture content ,  and a possible material d is in-  

tegra t ion  a t  specif ied temperature c r i t e r i a .  An i l l u s t r a t i n g  applicat ion 

of the method i s  shown in Fig. 22 [251, which gives a summary conception 

of the  f i r e  behaviour of a s t ee l  stud wall ,  insulated on each s ide  

with two 13 mm gypsum p las t e r  shee t s ,  type Gyproc, of densi ty 790 k g . m - 3 ,  

f i r e  exposed on one s ide and act ing as a p a r t i t i o n .  The behaviour has 

been determined on the oasis  of temperature dependent thermal properr ies  

of gypsum p las t e r  material according t o  F ig .23  and a c r i t i c a l  f a i l u r e  

temperature f o r  a gypsum p las t e r  sheet of 550 '~  on t h a t  s ide of the sheer 

facing away from the f i r e .  The r e s u l t s  of f u l l  sca le  f i r e  t e s t s  confirm 

t h i s  f a i l u r e  c r i t e r i o n .  

Fig. 22a describes the  f i r e  behaviour of the wall ,  when i t  i s  f i r e  ex- 

posed on one s ide by a compartment f i r e  with gas temperature-time 
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Fi u r e  22. Calcula ted  temperature- t ime f i e l d s  f o r  a  s t e e l  s t u d  w a l l ,  
on each s i d e  wi th  jwo 1 3  mm gypsum p l a s t e r  s h e e t s ,  Type 

Gyproc, of d e n s i t y  790 k9.m- . The wall  i s  f i r e  exposed on one s i d e  
with compa tment f i r e  5 h a r a c t e r i s t i c s  according t o  F i g . l l :  a )  q = 5 50 Mca1.m- (210 MJ.m- ) ,  A J h  A 0.02 ml/2;  b )  q = 50 ~ c a : . ~ - 2  
(210 M J ,  l i h / l t  = 0.04 m = t empera tu re  a t  time t = 0  I25 1 

0  

c h a r a c t e r i s t i c s  according t o  Fig .11 - f i r e  load d e n s i t y  q = 50 Mca1.m - 2  
- 2 (210 MJ'm ) ,  opening f a c t o r  A ? ' ~ / A ~  =0 .02  m 1 I 2 . ~ h e  f i g u r e  g ives  a  ca lcu -  

l a t e d  f a i l u r e  o f  t h e  d i r e c t l y  f i r e  exposed gypsum p l a s t e r  shee t  a i t e r  

about  70 min and o f  t h e  nex t  gypsum p l a s t e r  s h e e t  a f t e r  about  85  min. 

The maximum temoerature  r i s e  on t h e  unexposed s i d e  of t h e  wall amounts 
0 t o  180 C dur ing tile csmplete f i r e  p r o c e s s ,  i . e .  p r e c i s e l y  t h e  mzximum 

p e r m i s s i b l e  va lue  according t o  (21 .  F ig .  225 analogously  d e s c r i b e s  t h e  

f i r e  behaviour of t h e  w a l l ,  when i t  i s  exposed t o  a more r ap id  compart- 

ment f i r e  - opening f a c t o r  A J ~ / A ~  = 0.04 m'" - a t  t h e  same f i r e  load 

d e n s i t y  q .  The i n c r e a s e  of t h e  opening f a c t o r  r e s u l t s  in  a  c o n s i d e r a b l y  

decreased va lue  of t h e  maximum temperature  r i s e  on t h e  unexposed s i d e  of 

t h e  w a l l ,  which amounts t o  on ly  about 5 5 ' ~  i n  t h i s  c e s e .  
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Fi ure 23. Thermal c o n d u c t i v i t y  X i  and e n t h a l p y  I ( =  cpdT) a s  c: f u n c t i o n  
e r a t u r e  Ti f o r  gypsum p l a s t e r  s l a b  , t ype  Gyproc, o f  

and dashed l i n e  t o  a  slow hea t ing  [251,  [261 

k 
. For en tha lpy  I ,  f u l l  l i n e  r e f e r s  t o  a  r ap id  hea t ing  

Sys temat i c  c a l c u l a t i o n s  of t h e  t y p e ,  i l l u s t r a t e d  by Fig .  2 2 ,  l ead  t o  

des ign diagrams a s  shown i n  Fig .  2 4 [ 4 ] ,  [ 6 1 ,  g i v i n g  the maximum tempe- 

r a t u r e  dur ing  a  complete f i r e  p rocess  on t h e  unexposed s i d e  of 

a  s t e e l  stud-gypsum p l a s t e r  s h e e t i n g  wall  a s  a  f u n c t i o n  of' t h e e f f e c t i v e  

f i r e  load d e n s i t y  q, and t h e  e f f e c t i v e  opening f a c t o r  of the  f i r e  compart- 

ment ( A J ~ I A ~ ) ~ .  The two diagrams app ly  t o  an i n s u l a t i o n  on each s i d e  of 

t h e  wall  wi th  one a n d t w o  13  mm gypsum p l a s t e r  s h e e t s ,  typ:? Gyproc, of 

d e n s i t y  790 k g . ~ n ' ~ ,  r e s p e c t i v e l y .  The c a l c u l a t e d  va lues  a r e  t o  

be compared w i t h  t h e  corresponding maximum tempera tu re ,  permi t ted  i n  t h e  

Swedish Bu i ld ing  Code, which impl i e s  2 0 0 ~ ~  a s  an average  temperature  and 

2 4 0 ' ~  a s  a  t empera tu re  over  l i m i t e d  a r e a s  o f  t h e  unexposed s i d e  of t h e  

p a r t i t i o n  121. 
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Figure 24.  Maximum temperature 7 ,  max during , a complete f i r e  process 
according t o  Fig. 6 on the unexpoiea s ide of a steel-gypsum p las t e r  
sheeting wall as a function of the e f f ec t ive  f i r e  load density qf 
a n d  the e f f ec t ive  opening f ac to r  ( A v ? ? / A t ) ,  of the  f i r e  compartment. 
The wall i s  insulated on each s ide with o n &  ( f i g  a )  or  two ( f i g  b )  
l 3  mm gypsum p l a s t e r  shee ts ,  type Gyproc, of densi ty 790 k g . m - j  [ 4 1 ,  161 

In t h e  design, i t  i s  t o  be proved t h a t  the  design load-bearing capacity 

of t h e  f i r e  exposed s t ruc tu re  does not decrease below the design load 

e f f e c t  during the  complete process of f i r e  development. The design load 

e f f e c t  then i s  to  be chosen on the basis  of the  most unfavourable combina- 

t ion  of dead load, l i v e  load, snow load a n d  wind load. 

Table All in the appendix r e fe r s  the load values, specif ied in the 

Swedish Building Code f o r  a d i f f e ren t i a t ed ,  ana ly t i ca l ,  s t ruc tu ra l  f i r e  

engineering design 121, 141, [6 ] .  The spec i f ied  load values a re  differen-  

t i a t e d  with respect  t o  whether a complete evacuation of people can be 



assumed or not in the event of fire. The values include a safety factor 

which roughly considers the probability of a fully developed fire and 

the probability of the presence of the maximum load at the fire occasion. 

By applying the design tab1 es A3 to A10, the maximum steel temperature 

Ts ,max can be determined comparatively quickly for an uninsulated or in- 

sulated steel structure, exposed to a complete compartment fire with 

gas temperature-time characteristics according to Fig.11. The correspon- 

ding design load-bearing capacity of the structure then is obtained by 

design diagrams of the type exemplified in Fig. 25, 26 and 27. 

Fig. 25 and 26 [41, [61 give the design load-bearing capacity (Mcr, Pcr, 

qcr) of fire exposed beams of constant I cross section at different types 
of loading and support conditions, as a function of the steel beam tempe- 

rature Ts. The design curves in Fig. 25 apply to a slow rate of heating 

- assumed to be 4 Oc.min-', followed by a cooling with a rate of 1 .33 
O~.min-l - and Fig. 26 gives the correction A S  of the load-bearing ca- 
pacity coefficient B due to a more rapid rate of heating. In the for- 
mulas for the load-bearing capacity 

o = yield stress of steel material at room temperature (MPa), 
S 

L = span of beam (m), 

W = elastic modulus of beam cross section (m3). 

The design curves in Fig.25 and 26 have been determined on the basis 

of the deformation curve of the fire exposed beams calculated by an 

anaiyrical model, presented in [?71, which takes into account the soft- 

ly rounded shape of the stress-strain curve of steel at elevated tempe- 

ratures as well as the influence of creep strain. As can be seen from 

Fig. 26, this influence of creep begins to be noticeabie for ordinary 
0 structural sreels at temperacures in excess of about 450 C. The load- 

bearing capacity of the bems is defined by the limit def:ection cri- 

terion according to ROBERTSON and RYAN [281. 

The diagrams in Fig. 27 [$l deiermine the variation with the steel tem- 

perature T of the relationship between ihe buckling stresi c and the 
S C r 

slenderness ratio h for fire eiposed columns, axially loaded in compres- 

sion. The diagrams apply to steel having a yield stress at rcom tempe- 

rature as = 220, 250 and 32C MPa, respectively, and are valid under the 





F i s u r e 2 6  . I n c r e a s e  A B  of c o e f f i c i e n t o $ ,  tietarmined a c c o r d i r g  t o  _ - 
Pig.  25, f o r  a  r a t e  of heai ing  a  r 4 ~ . m i n - ~ ,  a s  a  f u n c t i o n  of 
t h e  s t e e l  beam temperaiure  T  [4!, [61 

S 

presumption t h a t  t h e  column i s  u n r e s t r a i n e d  wi th  r e s p e c t  t o  l o n g i t u d i n a l  

expansion dur ing  t h e  f i r e  exposure.  The acr-h cu rves  have bee1 computed 

f o r  an i n i t i a l l y  d e f l e c t e d  and e x c e n t r i c a l l y  loaded column on t h e  b a s i s  

of d a t a  on t h e  change o f  t h e  0 . 5  9 proof s t r e s s  and the s s e c n t  mo- 

dulus  wi th  t h e  t empera tu re ,  obta ined i n  t e n s i o n  t e s t s  a t  a  very slow r a t e  

of load ing .  This  impi i e s  i h a t  a  c o n s i d e r a b l e  i n f i u e n c e  of shor t - t ime  c r e e p  

a t  e l e v a t e d  temoeratures  i s  inc luded .  

For a f i r e  eng inee r ing  des ign  of columns, p a r t l y  r e s t r a i n e d  t o  a  long i -  

t u d i n a l  expansion,  r e f e r e n c e  i s  made t o  [41. 

The des ign  c u r v e s ,  reproduced i n  F ig .  2 5 ,  26 and 2 7  , a r e  g e n e r a l l y  based 

on the assumption of a  uni formly d i s t r i b u t e d  i empera tu re  over t h e  c r o s s  

s e c t i o n  o f  t h e  s t e e l  s t r u c t u r e  a t  any t ime t dur ing  t h e  f i r e  exposure .  

By t h i s  assumpt ion,  t h e  des ign curves  a r e  d i r e c t ? y  connected t o  Tables  A3, 
A5 ,  A7  and A9, determining t h e  desicln t empera tu re  s t a t e o f  t h e  s t e e l  s t r u c t u r e .  

If  s h e  a n a l y t i c a l ,  d i f f e r e n t i a t e d  des ign of f i r e  exposed s t e e l  s 2 r u c t u r e s  

wi l l  be f u r t h e r  developed in  f u t u r e  towards a  more a c c u r a t e  de te rmina t ion  

of t h e  des ign  temperature  s t a t e ,  witn regard  t aken  t o  t h e  temperature  

v a r i a t i o n  over  t h e  c r o s s  s e c t i o n  of t h e  s t e s i  s x r u c t u r e ,  t h i s  wi l l  a l s o  

r e q u i r e  a  more r e f i n e d  b a s i s  o f  des ign f o r  t h e  ~ r a n s f e r  of t h e  des ign 

temperature  s t a t e  t o  t n e  des ign :oad-bear ins  c z p a c i t y  of t h e  f i r e  expo- 

sed s t r u c t u r e .  The f i r s t  a t t e m p t s  of developing such a  more r e f i n e d  des ign 



Figure  2 7 .  V a r i a t i o n  wi th  s t e e l  tempera ture  is of t h e  r e l a t i o n s h i p  b e t -  
ween buckl ing s t r e s s  a , and s l enderness  r a t i o  X f o r  f i r e  exposed s t e e l  
columns, a x i a l l y  loades  in  compression,  f r e e  t o  expand l o n g i t u o i n a l  l y  
and made o f  s t e e l  having a  y i e l d  s t r e s s  a t  room temperature  a-  = 220, 
260 and 320 MPa, r e s p e c t i v e l y  [4], [6] > 

b a s i s  now can be no t i ced  in  t h e  l i t e r a t u r e .  As a  f ragmentary  example of 

t n i s  developmenx, Fig.  26 L291 shows t h e  c a l c u l a t e d  v a r i a t i o n  of t h e  p l a s -  

t i c  Sending moment of a  f i r e  exposed s t e e l  I c r o s s  s e c t i o n  a s  a  f u n c t i o n  

of t h e  maximum xemoeraturf f o r  va r ious  ' i n e a r  tempera ture  d i s t r i b u t i o n s  

over  t h e  c r o s s  s e c t i o n .  



Figure 2 8 .  Calculated var ia t ion  c;f p l a s t i c  bending moment N ( 7 )  i n  terms 
P of various l i nea r  temperature d i s t r ibu t ion  over height of a  s tee l  I cross  

sect ion L291 

4 .  Concludinq Remarks 

A d i f f e ren t i a t ed  procedure i s  presented fo r  an analyt ical  f i r e  engineering 

design of load-bearing s t ee l  s t ruc tu res  and pa r t i t i ons .  The procedure i s  

a  d i r e c t  design method based on gas temperature-time cha rac te r i s t i c s  of a  

complete compartment f i r e ,  which depends on the  f i r e  load densi ty,  the ven- 

t i l a t i o n  of the f i r e  compartment and the thermal propert ies  of the s t ruc-  

t u re s  enclosing the f i r e  compartment. The pract ical  use f o r  the design pro- 

cedure has been approved by the  National Swedish Board of Physical Plan- 

ning and Building. 

For the  pract ical  appl icat ion of the  design procedure, a  comprehensive 

design basis in  the  form of diagrams and t ab le s  has been worked out fo r  

a  d i r e c t  determination of the  maximum s t ee l  temperature during a  complete 

compartment f i r e  and the  corresponding design load-bearing capacity of 

the f i r e  exposed s t ruc tu re .  Included in t h i s  paper i s  a l so  a  worked out 

example, providing a  rough impression of the  more important fea tures  of 

the methodology. 

Compared with the conventional f i r e  engineering design, based on c l a s s i -  

f i c a t i o n  and r e su l t s  of standard f i r e  res i s tance  t e s t s ,  the presented 

ana ly t ica l  design procedure has a  more logical  s t ruc tu re ,  based on well- 

defined functional requirements and performance c r i t e r i a .  Of the ensuing 

advantages, the following a re  seen t o  be the main ones: 



l .  More consistent safety levels. This point has been elaborated in 

cha~ter 2. 

2. Better economy. The cost of structural fire protection is, as a 

rule, hard to itemize and the cost - saving consequences have been 
quantified only in a few cases. Rough estimates indicate that while 

the cost for conventional structural fire protection may exceed 30 

per cent of the cost for the steel frame material, the corresponding 

percentage may be as low as 10 with the design procedure based on 

analytical modelling, see Fig. 29. The latter figure is based on the 

assumption that the advantages are fully exploited of integrating the 

design of the structural steel fire protection into the overall design 

process (inner and outer walls are used as fire protection whenever 

possible, concrete floor slabs are placed on the lower flange of the 

girders, inherently providing a smallerarea to insulate, etc.). 

Finally, it is recognized that the design system presented is not homo- 

geneous with respect to the present basis of knowledge for the different 

design steps. Naturally, this can be put forward as a criticism of the 

system. However, such a remark is not essential. Instead, this fact ought 

to be used as an important guide on how to systematize a future research 

work for making possible a successive improvement of the system. 

COSTS FOR FIRE PROTECTION 

Fire protect ion according to 
conventionol s tandard design 
me thod  

Figure 29. 

Fire protect ion accord ing  to 
in tegrated,  rat ional design 
method 



Example 

The following example i s  solved in order t o  i l l u s t r a t e  the pract ical  

appl icat ion of the  design procedure and t o  ou t l ine  the computational 

scheme. The ca lcula t ions  may, f o r  two reasons, seem somewhat lengthy 

and e labora te .  F i r s t l y ,  the problem to  be solved has been chosen in 

order to  include and emphasize several of the  more important aspects 

of the design methodology. Secondly, fo r  pedagogic reasons the  calculat ions 

have been presented in a ra ther  de ta i led  manner. Several more worked out  

examples, giving a more balanced view of the  p rac t i ca l i t y  o f t h e  approach, 

may be found in Ref. 4 .  

Background Data - - - - - 

A two-storey high school building i s  designed with a load-carrying s tee l  

frame of columns and simply supported g i rde r s  according t o  Fig. 30. The 

material in columns and a i rde r s  i s  s tee l  qua l i ty  1412 with a nominal 

y ie ld  s t rength  a t  room temperature G = 260 MPa. 
S 

The dimension of the center  columns i s  HE 200 A and the g i rders  in  the f loor-  

s l ab  system a re  of s i z e  HE 280 B .  Relevant data a r e  given i  Fig. 30. The 

center  dis tance f o r  g i rders  and columns in the longitudinal d i rec t ion  of 

the  building i s  4 m.  

The concrete f loo r  assembly system i s  designed according to  the f igu re .  The 

dead weight of  the system i s  7.0 kN m-2. The dead weight of the upper f loo r  

assembly system, includinq the weight of the roof,  i s  7.0 kN m - 2 .  The a t t i c  

cannot be used f o r  s torage.  

The f i r e  compartment i s  defined by the mater ia l s  in  walls,  f l oo r  and ce i l i ng ,  

by i t s  geometric dimensions and the vent i la t ion  cha rac te r i s t i c s  of door and 

windows. The horizontal ly bounding s t ruc tu res  a re  the concrete s l abs ,  inner 

walls a re  light-weight concrete with a densi ty = 500 kg m - 3 .  For the  outer  

walls ,  two a l t e rna t ives  a re  t o  be studied 

a l t e r n a t i v e  ( a )  sheet s t ee l  - mineral wool with density 50 kg - 
sheet s tee l  

( b )  from inside 13 mm gypsum p l a s t e r  board with density 790 kg 
- 3 m - 100 mm mineral wool with density 50 kg m-3 - brick 

w i t h  densi ty 1800 kg m-3  



The task i s  t o  inves t iga te  i fcenterco lumns  and f loo r  g i rde r s  must be 

f i r e  insu la ted .  I f  so,  determine the required insulat ion when using 

Unitherm f i r e  re ta rdant  pa in t .  

A design condition i s  t ha t  complete evacuation of the building in case 

of f i r e  cannot be guaranteed. 

Step 1. Determination of the Design, S t a t i c  Load . . . . . . . . . . . . . . . . . . . . . . . . .  

( a )  Floor assembly g i rders  

Dead weight of f l o o r  assembly system 7.0 kN m - 2  
Live load according t o  Table All 0 . 5 t 1 . 5  = 2.0 

Tota l ,  excluding dead weight of g i rders  T~N m-2 
Load per un i t  g i rde r  length,  including 

estimated dead weight f o r  g i rders  4 .  9 . 0 +  1.0 = 37 k~ m-' 

( b )  Upper cent ra l  column 

~ e a i  weight of u p p e r c e i l i n ~  assembly system, 

including roof 

Snow load = normal design snow load 1 kN nib' 

Total 

Load per column = 7.4 .8 .0  

(Dead load of column neglected) 

( c )  Lower cent ra l  column 

Dead weight of upper f l o o r  assembly system, 

including roof 7.0 kN niP2 

Snow load a s  ( b )  1 . O  

Dead weight of ce i l i ng  assembly system, 

including g i rde r s  7.3 

Live load according t o  ( a )  2 .0  - 
Total 17.3 kN m-2  
Load per column (dead load of column neglected) 

7.4.17.3 484 kN 

Step 2. Determination of Effect ive F i re  Load Density and Effec t ive  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Venti la t ion Factor 

The t o t a l  bounding area of t h e  f i r e  compartment, includinq door and 

windows, i s  



Design f i r e  l o a d  d e n s i t y  f o r  movable f u r n i s h i n g s  i s  g iven by Table A l ,  
-2 q1 = 117 MJ m . To t h i s  must be added t h e  f i r e  l o a d  f rom t h e  combust ib le 

-2  . 
f l o o r i n g .  The weight  o f  t h e  f l o o r i n g  i s  1.5 kg m w ~ t h  an e f f e c t i v e  ca- 

l o r i f i c  va lue = 21 MJ kg- ' .  T h i s  g i ves  a  c o n t r i b u t i o n  t o  t h e  f i r e  d e n s i t y  = 

Wall and c e i l i n g  l i n i n g  m a t e r i a l s  a r e  assumed incombust ib le .  The t o t a l  

f i r e  l o a d  d e n s i t y  w i l l  be 

When determin ing t h e  opening f a c t o r  o f  t h e  f i r e  compartment, a l l  window 

panes a r e  assumed t o  be broken as a  consequence o f  t h e  f u l l y  developed 

f i r e .  I f  t h e  door i s  assumed c losed  and i n t a c t  d u r i n g  t h e  complete f i r e  

process, t h e  opening f a c t o r  w i l l  be 

I f  t h e  door i s  assumed open f rom outbreak o f  t h e  f i r e ,  t h e  opening f a c t o r  

equals 

The Tables A3 and A5, which g i v e  t h e  r e l a t i o n  between maximal s t e e l  

temperature Ts,max and t h e  combinat ion o f  f i r e  l o a d  d e n s i t y  and opening 



f a c t o r ,  ind ica te  t h a t  the a l t e r n a t i v e  with the lower opening f a c t o r  

value will give the higher s t e e l  temperature. Accordingly, the value 

of 0.0569 f o r  the opening f ac to r  wil l  be chosen as basis f o r  

f u r t h e r  ca l cu la t ions .  

Effect ive F i re  Load Density and Effect ive Opening Factor 

The concept of e f f ec t ive  f i r e  load densi ty  qf and e f f e c t i v e  opening 

f a c t o r  ( A J ~ / A ~ ) ~  t r a n s l a t e s  t he  values of f i r e  load densi ty  and opening 

f a c t o r  f o r  t he  ex is t ing  f i r e  compartment t o  those of f i r e  compartment 

type A ,  see  Table A2. The purpose i s  t o  get  an equivalent gastemperature- 

time curve from the number of curves computed f o r  f i r e  compartment type 

A and keep the  volume of the design data base within reasonable l i m i t s .  

A1 t e rna t ive  j a )  -- 

Bounding s t ruc tu re s  of the f i r e  compartment comprise the following ma- 

t e r i a l  types and areas:  

concrete f l o o r  assembly, area 2.7.16.0 = 224 m 2  

inner walls of l ightweight concrete ,  area - 2.5.7.0+2.5'16.0 = 57.5 m 2  

(door closed)  

outer  wall sheet  s t e e l  - 100 mm mineral wool - sheet  s t e e l ,  area 

2.5.7.0t2.5.16.0-1 .5 . (5.1 .5+3.0) = 41.8 m 2 

The r e l a t i v e  proportions a r e  69, 18 and 13 percent respect ively.  The 

ex i s t i ng  f i r e  compartment can, with regard t o  thermal c h a r a c t e r i s t i c s ,  

be described as a  combination of f i r e  compartment type B (100 percent 

concre te ) ,  type C (100 percent l i g h t  weight concrete)  and type H (100 

percent shee t  s t ee l  with mineral wool i n s u l a t i o n ) .  The value of K f  i s  

given by 

The f i r e  compartment can a l s o  be seen a s  a  combination of f i r e  compart- 

ments B, D and H .  In t h i s  case Kf wi l l  be given by 



These a r e  the two possible  a l t e rna t ives  t o  der ive a  Kf-value. According 

t o  the comments in  Table A2 the lowest of t he  derived Kf-values i s  t o  

be used in  t he  f u r t h e r  ca l cu la t ions .  The e f f e c t i v e  values of f i r e  load 

densi ty  qf and opening f ac to r  ( A C / ~ / A ~ ) ~  a r e  now given by 

In t h i s  a l t e r n a t i v e ,  the bounding s t ruc tu re s  comprise 

concrete f l o o r  s l a b ,  area 2.7.0.16.0 = 224 m 2  

inner walls of l ightweight concrete,  area - 2.5.7.0t2.5'16.0 = 57.5 m 2  

outer  wall 13 mm gypsum p la s t e r  board with dens i ty  790 kg m-3 - 100 mm 
mineral wool with densi ty  50 kg - brick with densi ty  1800 kg 
area = 41.8 ni2. 

With regard t o  i t s  thermal c h a r a c t e r i s t i c s ,  the enclosure may be seen 

a s  a  combination of f i r e  compartments of type B ,  D and E .  A l i nea r  in- 

t e rpo la t ion  wil l  give as a  r e s u l t  t h a t  f i r e  compartment type D i s  t o  be 

included a s  a  negative term. This i s  not permitted according t o  the 

comments in  Table A2. As a  consequence, the f a c t o r  Kf wi l l  have to  be 

derived with the thermal e f f e c t s  of the f i r e  compartment outer  wall approxi 

mated. 

An assumption t h a t  the wall material  i s  l ightweight  concrete wil l  give 

r e s u l t s  on the  conservative s ide .  The f a c t o r  K f  i s  then derived from the 

following expression 

Other combinations a r e  possible ,  b u t  give higher K+-values. 



The e f f e c t i v e  values o f  t h e  f i r e  l oad  d e n s i t y  qf and opening f a c t o r  

( A ~ ' f i l A ~ ) ~  w i l l  be 

Step 3.  Maximum Stee l  Temperature 

( a )  F l o o r  assembly g i r d e r s  

As an i n i t i a l  a t tempt  w i l l  be c a l c u l a t e d  t h e  maximum s t e e l  temperature 

w i t h  t h e  g i r d e r s  unprotec ted.  

According t o  t h e  t a b l e  i n  s e c t i o n  3 .3  t h e  va lue  o f  t h e  r e s u l t a n t  

e m i s s i v i t y  E, may be chosen = 0.5. As o n l y  t h e  lower f l a n g e  o f  t h e  

g i r d e r s  i s  exposed t o  f i r e ,  t h e  F s / V s - r a t i o  i s  expressed by - c f .  

Table A4 - 

For a  f i r e  compartment w i t h  enc los ing  s t r u c t u r e s  designed accord ing  t o  

a l t e r n a t i v e  ( a ) ,  Table A3 g ives,  w i t h  qf = 166 MJ m-', (AJFIIA~)~ = 0.0745 
1  /2 m , cr  = 0 .5  and F / V  = 55.6 m-', t h e  f o l l o w i n g  values f o r  t h e  maximum 

S S 
s t e e l  temperature Ts,max 

50 785 

0.06 55.6 800 <- i n t e r p o l a t e d  va lue 

75 a55 ( 1 )  

50 754 

0.08 55.6 765 C-- i n t e r p o l a t e d  va lue 

7  5  835 

T  = 7 7 5 ' ~  f o r  (A/b/At)f = 0.0745 m 1 /2  s.lmax 

For t h e  g i r d e r s  s i t u a t e d  i n  f i r e  compartment a l t e r n a t i v e  ( b )  and w i t h  
l/' qf = 147 MJ m-', ( A , & / A ~ ) ~  = 0.0660 m , E, = 0.5 and FS/Vs = 55.6 m-' 

t he  cor responding i n t e r p o l a t i o n s  g i v e  



50 730 

0.06 55 .6  750 <- i n t e r p o l a t e d  va lue  

7 5  81 0  

700 
( m )  

50 

0 .08  55 .6  720 <- i n t e r p o l a t e d  v a l u e  

75 795 

T s  ,max = 7 4 0 ' ~  f o r  (Al&/At)f = 0.0660 

F ig .  25, i n d i c a t i n g  t h e  r e l a t i o n  between load  c a r r y i n g  c a p a c i t y  and 

s t e e l  t empera tu re  f o r  a f i r e - exposed  s t e e l  g i r d e r ,  shows t h a t  t h e  

computed v a l u e s  of  T s , m a x  a r e  t o o  h igh  t o  be a c c e p t a b l e .  The g i r d e r s  

w i l l  have t o  be p r o t e c t e d  and i n  a  f i r s t  a t t e m p t  i s  chosen a  two c o a t  

Unitherm f i r e  r e t a r d a n t  ~ a i n t .  

According t o  Table  A6, t h e  e f f e c t i v e  d i / x i - v a l u e  f o r  th is  i n s u l a t i o n  

system i s  d i / x i  = 0.065 m2 'C M-'. 
The maximum s t e e l  t empera tu re  i s  t a k e n  from Tab le  A5 v a l i d  f o r  i n s u l a t e d  

f i r e - e x p o s e d  steel members. For t h e  g i r d e r s  s i t u a t e d  i n  f i r e  compartment 

a l t e r n a t i v e  ( a )  t h e  computa t ional  scheme i s  a s  fo l lows  - qf = 166 MJ m-*, 
(A&/At)f = 0.0745 m 112 

600 285 

0 .06  855 330 <- i n t e r p o l a t e d  va lue  

1000 375 
( 0 )  

600 245 

0.08 855 290 <- i n t e r p o l a t e d  va lue  

1000 330 

= 3 0 0 ' ~  f o r  (A&/At)f = 0.0745 m 1 / 2  Ts  ,max 



Corresponding c a l c u l a t i o n s  f o r  f i r e  compartment a l t e r n a t i v e  ( b )  g i v e  

- w i t h  qf = 147 M3 m-' and ( A & I / A ~ ) ~  = 0.060 m 112 

(A>,%) A.A. 
1  l  

%-/f m T  s  ,max 

600 265 

0.06 855 310 <- i n t e r p o l a t e d  value 

1000 350 

225 
( P )  

600 

0.08 855 265 i- i n t e r p o l a t e d  va lue 

1000 305 

= 2950C f o r  ( A / ~ / A ~ ) ~  = 0.0660 m 1  /2  Ts,max 

(b)  Columns 

The F s / V s - r a t i o  o f  t h e  cen te r  column i s  g i ven  by - c f .  Table A4 

F~ 2h + 4b - 2d - _ 0 . 3 8 1  0 .80-  0.013 = 217 m-l 
= cross s e c t i o n  area 53.8 . 10-4 

T h i s  Fs/Vs-value i s  cons ide rab ly  l a r g e r  than  t h e  F S / V S - r a t i o  f o r  t h e  

f l o o r  assembly g i r d e r s .  Other c i rcumstances be ing equal ,  t h e  maximum 

s t e e l  temperature Ts w i l l  be h i g h e r  than t h e  cor responding temperature 

o f  t h e  g i r d e r s .  The f a c t  t h a t  t h e  r e s u l t a n t  e m i s s i v i t y  i s  h igher  f o r  t h e  

column, f i r e  exposed i n  a l l  s ides,  than f o r  t h e  g i r d e r  - c f .  s e c t i o n  3.3 - 
a l s o  works i n  t h e  same d i r e c t i o n .  I t f o l l o w s  t h a t  t h e  c e n t r e  columns 

must be p ro tec ted .  

As a  f i r s t  a t tempt ,  an i n s u l a t i o n  w i t h  two-coat Uni therm f i r e  r e t a r d a n t  

p a i n t  i s  chosen. According t o  Table A6, t h e  d . /h . - va lue  i s  = 0.065 m2 'C W-'. 
1 1  

The A./Vs-value i s  r j i ven by 
1  

Ai - 2h + 4b - 2d = 217 m - 1  7 - c ross  s e c t i o n  area 

Hence 

A . A .  
1 i 217 -3 o C - l  

m = 
= 3340 W m 

S 1 
J 



The maximum steel temperature is calculated on the basis of 

Table A5a for the case of columns placed inside fire compartment alter- 
- 2 native (a) - qf = 166 MJ m , (A&/A~)~ = 0.0745 m 1 / 2  

3000 61 0 

0.06 3340 630 <- interpolated value 
4000 675 

3000 575 
( 5 )  

0.08 3340 595 <- interpolated value 

4000 640 

= 6 0 5 ~ ~  for ( A d h / ~ ~ ) ~  = 0.0745 m 112 Ts ,max 

and for the columns inside fire compartment alternative (b) with 
- 2  qf = 147 MJ m , ( A J ~ / A ~ ) ~  = 0.0660 m 1 / 2  

3000 585 

0.06 3340 605 <- interpolated value 

4000 650 

3000 540 
(t) 

0.08 3340 560 <- interpolated value 

4000 605 

= 590•‹C for (Ah/At)f = 0.0660 m 112 ,max 

With the center columns insulated with a three coat Unitherm fire re- 
tardant paint, the effective di/~i = 0.085 m2 'C W-' (cf. Table A6), 

and an analogous calculation gives the maximum steel temperatures 

for fire compartment alternative (a) 

for fire compartment a1 ternative (b) 



Step 4. C a l c u l a t i o n  o f  C r i t i c a l  Loads 

( a )  F l o o r  assembly g i r d e r s  

The c a l c u l a t i o n s  i n  t h e  l a s t  s e c t i o n  demonstrated t h a t  t h e  maximum 

s t e e l  temperature  o f  t h e  f l o o r  assembly beams, i n s u l a t e d  w i t h  a  two 

coa t  Un i therm f i r e  r e t a r d a n t  p a i n t ,  was n e a r l y  i d e n t i c a l  f o r  t h e  two 

f i r e  compartment a l t e r n a t i v e s .  The maximum va lue  i s  - c f .  Eqs. ( 0 )  and ( p )  

The cor respond ing s m a l l e s t  v a l u e  o f  t h e  l o a d  c a r r y i n g  c a p a c i t y  o r  t h e  

c r i t i c a l  l o a d  i s  ob ta ined  f rom F i g .  25. As t h e  maximum temperature  does 

n o t  exceed 450•‹c, t h e  i n f l u e n c e  o f  creep de fo rma t ion  and v a r i a t i o n  i n  

h e a t i n g  up r a t e  can be neg lec ted,  i m p l y i n g  t h a t  F i g .  26 l a c k s  re levance  

i n  t h i s  i ns tance .  

Fo r  e x i s t i n g  l o a d i n g  and s u p p o r t i n g  c o n d i t i o n s ,  curve No. 2  i n  F i g .  25 

i s  a p p l i c a b l e ,  and t h e  va lue  o f  t h e  c r i t i c a l  l o a d  qcr i s  g i ven  by 

which exceeds t h e  des ign  l o a d  = 37 kN m-' - see s t e p  1 .  The c o n c l u s i o n  

i s ,  t h a t  w i t h  t h e  chosen f i r e  p r o t e c t i o n ,  t h e  f l o o r  assembly g i r d e r s  

w i l l  be a b l e  t o  f u l f i l  t h e i r  l o a d  c a r r y i n g  f u n c t i o n  th roughout  t h e  complete 

f i r e  exoosure. 

( b )  Columns 

The columns a r e  assumed t o  be unbraced between t h e  f l o o r  assembly l e v e l s .  

B u c k l i n g  i n  t h e  weak a x i s  d i r e c t i o n  w i l l  be d e c i s i v e .  It i s  f u r t h e r  assu- 

med t h a t  t h e  suppor t  c o n d i t i o n  o f  t h e  columns a r e  such t h a t  t h e  e f f e c t i v e  

b u c k l i n g  l e n g t h  L i s  equal t o  t h e  centrum d i s t a n c e  between t h e  f l o o r  

assembl ies,  2.8 m. 

The s lenderness r a t i o  h of t h e  c e n t e r  columns w i l l  be, w i t h  imin devo t ing  

t h e  l e a s t  r a d i u s  o f  g y r a t i o n  o f  t h e  c r o s s - s e c t i o n a l  area 



L - - 56 h = - - - -  
i . 0.0498 min 

Wi th  known va lues f o r  t h e  s lenderness r a t i o x a n d m a x i m u m s t e e l  temperature 

Ts ,max t h e  a l l o w a b l e  b u c k l i n g  s t r e s s  G,, i s  ob ta ined  f rom F i g .  27. 

(The s t e e l  q u a l i t y  o f  t h e  columns corresponds t o  a  nominal y i e l d  s t r e n g t h  

a t  room temperature  os  = 260 MPa). 

Fo r  t h e  c e n t e r  columns i n s i d e  f i r e  compartment a l t e r n a t i v e  ( a )  and i n -  

s u l a t e d  w i t h  a  two coa t  Uni therm f i r e  r e t a r d a n t  p a i n t ,  t h e  f o l l o w i n g  

va lues a r e  ob ta ined  

Ts ,max = 605OC, Eq. ( S )  

U = 62 MPa c r  

The minimum va lue  o f  t h e  b u c k l i n g  l o a d  Ncr i n  t h i s  case f a l l s  below t h e  

c a l c u l a t e d  des ign  l oad  N  = 484 kN. The i n s u l a t i o n  w i t h  a  two-coat  Uni therm 

f i r e  r e t a r d a n t  p a i n t  i s  i n s u f f i c i e n t  f o r  f i r e  compartment a1 t e r n a t i v e  ( a ) .  

An inc rease  i n  t h e  U n i t h e r m - i n s u l a t i o n  t o  a  th ree -coa t  p a i n t i n g  g i v e s  

Ts ,max 
= 545'~, Eq. ( U )  

U = 87 MPa c r  

and t h e  f i r e  p r o t e c t i o n  i s  s t i l l  i n s u f f i c i e n t .  The d i f f e r e n c e  f rom t h e  

r e q u i r e d  c a p a c i t y  o f  484 kN i s  q u i t e  smal l  however. I t i s  surmised t h a t  

an i nc rease  i n  t h e  i n s u l a t i n g  c a p a c i t y ,  i . e .  t h e  di/hi-value, f rom 0.085 

m2 'C W-', v a l i d  f o r  t h e  t h r e e  c o a t  Un i therm t reatment ,  t o  0.09 m 2  O C  

should g i v e  adequate p r o t e c t i o n .  14 i th  sprayed m ine ra l  wool as f i r e  i nsu -  

l a t i o n  m a t e r i a l ,  t h i s  i n s u l a t i n g  c a p a c i t y  i s  ob ta ined w i t h  a  l a y e r  t h i c k -  

ness di o f  10 mm, see Tab le  A6, which g i ves  t h e  v a r i a t i o n  o f  thermal  

c o n d u c t i v i t y  hi w i t h  temperature  f o r  a  number o f  i n s u l a t i n g  m a t e r i a l s .  

Assuming t h a t  t h e  average i n s u l a t i o n  temperature  approx imate ly  i s  equal t o  

maximum s t e e l  temperature Ts,max W 5 2 5 O ~ ,  Tab le  A6 g i ves  



Consequently, adequate f i r e  p r o t e c t i o n  f o r  t h e  columns i s  o f f e r e d  by 

t h e  a p p l i c a t i o n  o f  10 mm sprayed m ine ra l  wool .  

For t h e  c e n t r e  columns i n s i d e  f i r e  compartment a l t e r n a t i v e  ( b )  and 

p r o t e c t e d  w i t h  a  th ree -coa t  Uni therm f i r e  r e t a r d a n t  p a i n t  t h e  c a l c u l a -  

t i o n s  show 

Ts .max = 530•‹c, Eq. ( v )  

c = 93 MPa 
C I" 

i . e .  a  minimum b u c k l i n g  l o a d  exceeding t h e  r e q u i r e d  des ign l o a d  N  = 

484 kN. A p r o t e c t i o n  w i t h  a  t h r e e  coat -Un i therm f i r e  r e t a r d a n t  p a i n t  

i s  o b v i o u s l y  s u f f i c i e n t  under these c o n d i t i o n s .  

It i s  assumed, when c a l c u l a t i n g  t h e  b u c k l i n g  loads,  t h a t  t h e  columns 

a r e  f r e e  t o  l o n g i t u d i n a l l y  expand d u r i n g  t h e  thermal  exposure f rom t h e  

f i r e .  Fo r  des ign s i t u a t i o n  where t h i s  assumpt ion i s  n o t  v a l i d ,  t h e  

c a l c u l a t i o n s  must be based on des ign  curves,  s p e c i f i c a l l y  t a k i n g  i n t o  

account  t h e  e f f e c t  o f  a  p a r t i a l l y  r e s t r a i n e d  thermal  expansion. Refe- 

rence i s  made t o  [41.  



F i g u r e  30. 
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APPENDIX 

Table Al. Fire load cha rac te r i s t i c s  according t o  recent Swedish 
inves t iga t ions  - f i r e  load density q defined according t o  Eq ( 3 )  
with u,=l 

Type of f i r e  
compartment 

1 Dwellings 1 )  

i a  Two rooms and 
a k i t c h e n  

lb Three rooms and 
a k i t c h e n  

2 O f f i c e s  2 )  

2a Techn ica l  o f f i -  
ces  

2b Admin i s t ra t ive  
o f f i c e s  

2 c  A l l  o f f i c e s ,  
i n v e s t i g a t e d  

3 Schools 2 )  

3a  Schools - jun io r  
l e v e l  

3b Schools - middle 
l e v e l  

3c Schools - sen io r  
l e v e l  

3d A l l  s choo l s ,  
i n v e s t i g a t e d  

4 H o s p i t a l s  

j Hotels  2 j 

i  ) Floor  cover ing excluded 

Standard 
dev ia t ion  

-2 ~ c a l . n - ~  1MJ.n 1 

Design 
value -2 
3cal.m { ~ J . r n - ~ }  

2 Only moveable f i r e  load  components included 



Table A2. C o e f f i c i e n t  V, f o r  t ransforming a r e a l  f i r e  load d e n s i t y  q 
and a r e a l  opening f a c t o r  of a  f i r e  compartment AJhIA t o a n  e f f e c t i v e  
f i r e  load d e n s i t y  q F  and an e f f e c t i v e  opening f a c t o r  ~ A J ~ / A ~ ) ~  c o r r e s -  
ponding t o  a f i r e  cbmpartment, type  A 

Type o f  f i r e  1 Opening f a c t o r  A & / A ~  m 112 

I 

1 1 l  l  1 1 

l ~ y p e  B 0 .85  0 .85 0.85 0 .85 0 .85 0 .85 
- 
I Y P ~  C 3.00 3 .00 3.00 3 .00  3.00 2.50 

Type 0 1 .35  1 .35  1.35 1.50 1 .55  1 .65 

Type E 1 .65  1.50 1 .35  1 .50  1.75 2.00 

Type F ' )  I 1.00- 1 .00-  0.80- 0.70- 0.70- 0 .70 

0.50 0 .50 0.50 0.50 0.50 0.50 

Type G l  .so 1 .45  1 .35 1 . 2 5  1 .15 1 .05 

Type H 3.00 3.00 3.00 3 .00 3.00 2.50 

 he lowest  va lue  of K a o p l i e s  t o  a f i r e  load densi  y q > 500 M J ~ - ' ,  
t h e  h ighes t  va lue  t o  a T i r e  load d e n s i t y  q S 60 MJ.m-'. For in t e rmed ia te  
f i r e  load d e n s i t i e s ,  l i n e a r  i n t e r p o l a t i o n  g ives  s u f f i c i e n t  accuracy.  

The d i f f e r e n t  types  o f  f i r e  compartment a r e  de f ined  a s  fo l lows 

F i r e  compartment -------I-- t ype  - - W  B :  Bounding s t r u c t u r e s  of concre te .  

F i r e  ~omptiifm+~-fype C :  Bounding s t r u c t u r e s  of l igh twe igh t  c o n c r e t e  
Taeiisity p = 500 k9.m-31. 

Ei re-~"pgfment l - fype_D:  50% of the bounding s t r u c t u r e s  of c o n c r e t e , a n d  
0 7  50% l i g h t w e i g h t  c o n c r e t e  ( d e n s i t y  p = 500 k g . r r 3 ) .  

F i r e  - - -_____ compartment, _ _ _  T _ _ _ _ _  type  _ _ _  E: Bounding s t r u c t u r e s  wi th  t h e  fo l lowing percen- 
t a g e  of b o u n a ~ n g  s u r f a c e  a r e a :  
50% l i g h t w e i g h t  concre te  ( d e n s i t y  p = 500 kg.m-3), 
332 c o n c r e t e ,  
172 of from t h e  i n t e r i o r  t o  the e x t e r i o r :  p l a s t e r b o a r d  panel ( d e n s i t y  

-3 
P = 790 k g . K 3 ) ,  13 mm in  t h i c k n e s s  - d i a b a s e  wool ( d e n s i t y  p = 50 kg.m ) ,  
10 cm i n  t h i c k n e s s  - brickwork ( d e n s i t y  p = l800 k g . ~ n - ~ ) ,  20 cm i n  t h i c k -  
n e s s .  

F i r e  - - - W - - - -  compartment, - - - - - v -e - -  t ype  - - W  F: 80% of t h e  bounding s t r u c t u r e s  of shee t  s t e e l ,  
and 20% of c o n c r e t e .  The compartment corresponds  t o  a s t o r a g e  space  with 
a s h e e t  s t e e l  r o o f ,  s h e e t  s t e e l  w a l l s ,  and a c o n c r e t e  f l o o r .  



F i r e  compartment, t ype  G: Bounding s t r u c t u r e s  w i t h  t h e  f o l l o w i n g  percen- _ " _ _ _ _ _ _  ~~~~~~"~~~ --- 
taae o t  boundinq su r face  area:  
20% concre te ,  - 
80% o f  from t h e  i n t e r i o r  t o  t h e  e x t e r i o r :  double p l a s t e r b o a r d  panel 
( d e n s i t y  p=790 k9.m-3), 2x13 mm i n  th i ckness  - a i r  space, 10 cm i n  
th i ckness  - double p l a s t e r b o a r d  panel ( d e n s i t y  p = 790 kg.m-3), 2x13 mm 
i n  t h i c k n e s s  

F i r e  -------- compartment, t ype  --- H: Bounding s t r u c t u r e s  o f  sheet  s t e e l  on bo th  
s ides  o f  d iabase wool ( d e n s i t y  p = 50 k g . ~ - 3 ) ,  10 cm i n  t h i c k n e s s .  

For f i r e  compartments, n o t  d i r e c t l y  represented i n  t h e  t a b l e ,  t h e  
c o e f f i c i e n t  K: can e i t h e r  be determined by a  l i n e a r  i n t e r p o l a t i o n  
between a p p l i c a b l e  types o f  f i r e  compartment i n  t h e  t a b l e  o r  be cho- 
sen i n  such a  way as t o  g i v e  r e s u l t s  on t h e  s a f e  s ide .  Fo r  f i r e  com- 
partments w i t h  sur round ing s t r u c t u r e s  o f  b o t h  conc re te  and l i g h t w e i g h t  
concre te ,  then d i f f e r e n t  va lues can be ob ta ined  o f  t h e  c o e f f i c i e n t  K f ,  
depending on t h e  cho ice  between t h e  f i r e  compartment types B, C, and 
D a t  t h e  i n t e r p o l a t i o n .  T h i s  i s  due t o  t h e  f a c t  t h a t  t h e  r e l a t i o n s h i p s ,  
de te rm in ing  Kt, a r e  n o n - l i n e a r .  However, t h e  Kf-values o f  t h e  t a b l e  are  
such t h a t  a  l i n e a r  i n t e r p o l a t i o n  always g i ves  r e s u l t s  on t h e  sa fe  s ide ,  
i r r e s p e c t i v e  o f  t h e  a l t e r n a t i v e  o f  i n t e r p o l a t i o n  chosen. I n  o r d e r  t o  
a v o i d  an unnecessa r i l y  l a r g e  ove res t ima t ion  o f  K f ,  t h a t  a l t e r n a t i v e  o f  
i n t e r p o l a t i o n  i s  recommended which g i ves  t h e  l owes t  va lue o f  K . A t  
t h e  d e t e r m i n a t i o n  o f  Kf, i t  i s  n o t  a l l owed  t o  combine types o f  f i r e  
compartments i n  such a  way, t h a t  any o f  them g ives  a  nega t i ve  c o n t r i b u t i o n  
t o  IKf 



Table A3. Maximum s tee l  temperature T s , m a x  ('C) f o r  unisolated s tee l  
s t ruc tu re  as a  function of e f fec t ive  f i r e  load density q (Mcal .m-2) 
i~J .m-21,  e f f ec t ive  opening f ac to r  AJh/At ( m 1 / 2 ) ,  FS/VS r a t i o  ( m - ]  ) ,  
and r e su l t an t  emissivity E, [41 



Table A4.  F / V s  for  different  types of f i r e  exposed, uninsulated 
steel  s t r u c h r e s  

F 
s 2h + 4b - 2d - - - 

V c r o s s  s e c t i o n  a r e a  
5 

'6 2h + 2b - -  - 
V c r o s s  s e c t i c n  a r e a  

S 

+.-.-.-.i+ . - C  
71 OC:. s t r u z t u r e  ,corn- - .. ! i 

pose3 of  s t e e l  beams I 
w i t h  2 c s n c r e s e  51zb, - 1 S L = -  - - 

V s  bi t 
s u p p o r t e d  on t h e  iower  
g C.: t h e  'beblls 

- 2i, i ?1, - 26 - - 
" 7 

- 
c r o s s  s e c t i o n  a r e a  

S 

P s  2 n + b  - = 
V s  c r o s s  s e c t i o n  a r e a  



Table A5. Maximum s tee l  temperature Ts,,,, ('C) f o r  insulated s t ee l  
s t ruc tu res  as  a function of _effective f ~ r e  load density qf (MJ m-2), 
e f f ec t ive  opening f ac to r  (Adh/At)f (m1/?) and the design parameter 
A . h . / ( V  d . )  ( W  m-3 h-' OC-1) L61 

1 1  S 1  





-1 0 -1 -1 -1 oc-l 
Table A6.  Thermal conductivity X i  (kcal . m  C h ) {Wn 
of some insulat ion materials  as a  function of the insulat ion tempe- 
tu re  [41 

Temperature ,C 

0 lW 2W 3W 4W SW M13 703 8W 900 IMO 

Slabs o l  r~ermlcu l i i e  Lsscd 
material Type vei'm1t 
fire insuirt ion slab 

IJosi l i r e  veiimJanl p%i r t i  c l i ~ i g c  ili ih1cuni.s~ on exposure Lo lire h io rmnt ion  relati8,:. only to the 
iai.iiltlon o! the thennu1 coniiucfinlv v i i h  temperature does not iherciorc prai,ide a suli iciant basis 
loi  design. The insul l l ion cnpniii!. ill l1,c p:llnl, c.l,icsrsd ( 8 1  terms or n l i c t i v r  d i m i  v3lue. must 
bc known For Cniilievol l i r e  ieriivdrr: pr in t ,  the iolloivin: values c m  be dcrermining Lhc 
m;iviinum s i d  tenipernture. n i o - c s a ~  ~ n i t h c r ~  ~ p p i i c a t i o ~ ,  d i i i i  0.075 m- "C h/kcr i  
10. om m2 Ocii\, i .  ~ h ~ r c - c o a t  u n ~ i h c r n i  rppiicaiion, q/ii = 0.10 rn2 ' C  h / ~ c r i  10.06G mZ OC/\\,!.  

Tl~rsc  r r i u c r  hare been i i f i c ~ ~ e i n e d  us~n:: tile i.esulis oi s ~ a n d r r d  l ~ r e  tests. The v31ues are 
c le r r l v  on ilie iaic side and should be i w i i c r h l e  also Lo othar l rvr r  o l  oririt ivhich r r c  iuund i n  Lire 



0 Table A7. Maximum s t ee l  temperature Ts,,,, ( C )  f o r  a s t e e l  s t ruc tu re  
insulated with mineral wool s l abs ,  type Minwool 3060 or  Rockwool 337 
( P ?  = 150 k g  m-3)  a s  a  function of e f f e c t i v e  f i r e  load density q 2 (Meal .K2 )  :MJ.ni- l ,  e f f e c t i v e  ooeninq area AJK/A+ (m1/2), s t ruc tura l  
 parameter'^^^^^ ( K 1 ) ,  and insu la t ion- th icknessd ;  ( m m )  



Table AS. A i / V s  f o r  d i f f e r en t  types of f i r e  exposed, insulated s tee l  
s t ruc tu re s  

".l OC' struCtUIE, -. . 
-, * -abU ,. - ,: c5 steel beams 
viih L concrete  s l a b ,  
s q ~ o r ~ e d  on t h e  lower 
'11 ,.,, T a  LLa..i_- of zhe beams 

.. 
f i l c a l  s i k i  beexs of 
z m s s  t y p e  ( A i / V  i s  

. . S dt,er:rinea fcr  each 
, ' \ .lie T r u s s ,  

A. 
l - - - 2h + 2 5  

's s t e e l  c ross  s e c t i o n  a r e a  

b. 
- ' = i h + b  
v 

S s r e e l  c ross  s e c t i o n  a r e a  

.- 
I 2 h + i  - = 

7. s t e e l  c ross  sec t ion  a r e a  
S 

2b. + 2h. 
1 - ( lower f l a n g e )  = 1 I 

V c r o s s  s e c t i o n  e r e a  
S 

of lower f l a n g e  

b + 2h, 
2 6 - (upper f l a n g e )  = 

V c ross  s e c t i o n  a r e &  
s 

of upper f l m g e  



0 
Tab le  A9. Maximum s t e e l  beam tempera ture  TSlmax ( C) f o r  a s t e e l  beam 
c o n s t r u c t i o n  acco rd ing  t o  F i g .  20, w i t h  an i n s u l a t i o n  i n  t h e  fo rm o f  
a  suspended c e i l i n g ,  as a  f u n c t i o n  o f  e f f e c t i v e  f i r e  l o a d  d e n s i t y  q 
(Mcal .m-z) I M J . ~ - ~ }  e f f e c t i v e  opening f a c t o r  AJh/At s t r u c t u r a l  

1 parameter  Fs/Vs (m- ) ,  and i n s u l a t i o n  parameter di/hi,(m2.0~.h.kcal-l)c. 
The maximum tempera ture  i n  t h e  suspended c e i l i n g  i s  g i ven  i n  b racke ts  141 



Table A10. Summary resul ts  of standard f i r e  resistance t e s t s  on some 
types of suspended ceilings and connected values, derived from the 
t e s t  resul ts ,  for ( d i / ) t i ) e f f  and c r i t i ca l  temperature of the ceilings 
L41 

,"reloci 

1 Gyproe 2x13 mm n w u m  pissiei slabs 9 0 . 4 ~  A i l  tests were dincanilnued because 0.075 0.061 6 2 7  
no glass imrr reiniorcemen, the suspended eel,,": M, down. The 
1x13 mm m > s u m  piaster slabs crttioa, lemperalurs had not been 
0 . 2 S $ 1 ~ i r  48 reached in the steel glnidcrr 0.075 0.064 650 

3 iris mm gwa""7 y,asrer rkbibs 
0 . 2 6 %  g i r 19 0.10 0.068 G 5 0  
w a  mm m s v m  plaster sirbr 
U. 25% g f r 60 0.15 0,129 6.50 

5 3r13mm gypsum piamer ei&s 
(IZi"h61T 73-80 0.21 0.215 82% 

6 2x30 mm gynrum piaster slabs 
0 2 6 4 g i r  80 0.30 0.268 0?1 

7 lVST 2x13 mm gmsum p i a s o r  rlabr A l l  Lerls were dlaeontlnued for the 
u l l h  13 mm mineral vooi s m e  reason as above. The m s u m  
between !hem 45  plaster slabs vere no3 reinloretd 0.80 0.258 650 

6 2x13 mm gypsum plasler aisbi 
wtm 18 mm miners, WO) 

between them SO 0.30 0 .2% 350 
2x13 mm gypsum Plaster slab5 
N t h  13 mm straw between !hem 47 0.30 0.2SB 550 

10 S x i l m m  B,*a"m plaster eiabs 
with l 3  mm s e a r  between them S4 0 , 3 0  0 . Z  570 

11 hgonms-  ~owrden special suspended eelllns 90 P-~P YI the odlinl. kii down ailcr 0. xi O.L?S 700 
Rrma Zero Llles. Cast glaes fibre relnforord 90 m b u t e s .  hlax, aleel fempcrsiuie 

m m u m  p,as,rr tiles u*th ,,ri*er spprox. 410% 
I" a grid pattern. Tll" Lhlchieli. 
18 mm, nt the rldeer 38 mm 

ii Twe  minaboard 13 mm thick BS 
l 5  Dansl Dcnamit-Anbestolur 

0.071 0.0W >172Vn 
SO No ulalble damasp to suspended 0.20 0.112 > ( ~ 7 1 1 '  

EterniiiahrlX(9 mm Denamit + c e l l l n ~ .  hlax steel t e m p e m u r e  
l5 mm mineral wooi - about 300 "C 
8 mm stem,,, 

iil Norrhkuetlk Celoler AeousllformaL 90 NO V l S i b l e  d m l s B  to suwendcd 0.10 0.066 l72j i s  
15 mm thick glass fibre sir" ceiling. MU mscl temperawe 

L7 Rochvod Rocllon Decor 8 9  (15 mm 06 BbOul4iO 'C. The lest was dla-  0.20 0.172 600 

fhlok mineral vmi slab> conlinveli because the suspended 
c e l l l n ~  l e i i  i l o m  m e  crtncai 
temperature had not been reached 
I" the steel girders. 

' No dsmage UI the suspended ceiling. Calcuisled t e m p e i a w e  in the SusPended ceiling   hen the test war dlsuonr~nued. 



Table All .  Load values t o  be applied in a d i f f e ren t i a t ed ,  ana ly t i ca l ,  
s t ruc tu ra l  f i r e  engineering design [ 2 1 ,  [ 41 ,  161. 

I t  i s  t o  be proved t h a t  the  load-bearing s t ruc tu re  or s t ruc tura l  mem- 
ber does not col lapse during the complete process of f i r e  development 
f o r  the most unfavourable combination of dead load, l i v e  load, snow 
load and wind load. O n  the assumptionthat the design f i r e  load density 
i s  chosen according t o  Table Al, the  following load values a re  t o  be 
applied. The values include a safe ty  f ac to r  which roughly takes in to  
account the  probabil i ty  of a f u l l y  developed f i r e  and the probabil i ty  
of the  presence of the maximum load a t  the  f i r e  occasion. 

Following values shal l  be applied f o r  the l i v e  load. 

(Schools ( l ec tu r ing  rooms) ( 0.5 ( 1.5  

~ ~ h o o l ~  (cor r idors )  1 0.5 1 2.5 

Movable 
loading 
kN .m-2 

1 . O  

Type of f i r e  

compartment 

Dwellings, hotels and hospi tals  

Assembl y-rooms 1 1 .0  1 2.0 

Permanent 
loading 
kN .m-2 

0.5 

For the  snow load, permanent and movable loading values sha l l  be in 
accordance t o  the general' loading regulat ions.  

For the  wind load, values sha l l  be applied which correspond t o  a 
ve loc i ty  pressure = 50% of the ve loc i ty  pressure specif ied in the 
general loading regulat ions.  

Following values shal l  be applied f o r  the  l i v e  load. Snow 
load according t o  ( a ) .  

and wind 

Type of f i r e  

compartment 

Permanent Movable 
loading loading 
kN.m-2 k ~ . m - 2  

Dwellings, hotels and hospi ta l s  

Offices 

Schools ( lec tur ing  rooms) 

Schools (cor r idors )  

Assembly-rooms 

Libraries  



Due c o n s i d e r a t i o n  s h a l l  be taken t o  t h e  l o c a l  i nc rease  o f  t h e  l i v e  
l o a d  i n  connect ion  w i t h  an evacuat ion  o f  t h e  b u i l d i n g  o r  a  removal 
o f  peop le  t o  a  s a f e  p l a c e  o f  re fuge  w i t h i n  t h e  b u i l d i n g .  


