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ABSTRACT 

A n a l y t i c a l  p r e d i c t i o n s  o f  m e c h a n i c a l  b e h a v i o u r  o f  f i r e - e x p o s e d  s l e e l  s l r u c l u -  
r e s  a r e  c o m p a r e d  t o  e x p e r i m e n l a l  r e s u l t s  o b l a i n e d  f r o m  t h r e e  d i f f e r e n t  
r e s e a r c h  l a b o r a t o r i e s .  C o m p a r i s o n s  a r e  m a d e  t o  a x i a l l y  f r e e  a n d  r e s t r a i n e d  
s t e e l  c o l u m n s  f i r e  t e s t e d  i n  M e t z  i n  F r a n c e  1 9 7 3 - 7 4 ,  t o  s i m p l y  s u p p o r t e d  s t e e l  
beams f i r e  t e s t e d  i n  G e r m a n y  a n d  p u b l i s h e d  i n  S t a h l b a u  ] / l 9 8 3  a n d  t o  a x i a l l y  
f r e e  a n d  r e s t r a i n e d  s l e e l  c o l u m n s  f i r e  t e s t e d  i n  T r o n d h e i m  i n  t i o r w a y  1 9 8 4 .  

T h e  m e a s u r e d  t i m e - t e m p e r a t u r e  s t a t e  o f  t h e  s t e e l  s t r u c t u r e s  i s  u s e d  a s  i n p u t  
i n f o r m a t i o n  f o r  t h e  a n a l y t i c a l  p r e d i c t i o n  o f  t h e  m e c h a n i c a l  b e h a v i o u r .  F o r  t h e  
a n a l y s i s .  t h e  s t r u c t u r a l  c o m p u t e r  p r o g r a m  S t e e i f i r e  i s  u s e d .  S t e e i f i r e  i s  a  
F E M - p r o g r a m  a n d  o r i g i n a t e s  f r o m  NTH. N o r w a y .  T h e  i n f l u e n c e  o f  t h e  d e g r e e  o f  
' a x i a l  r e s t r a i n t ,  l o a d  e c c e u t r i c i l y  a n d  i n i t i a l  d e f o r m a t i o n  i n  a c c o r d a n c e  t o  
D u t h e i l s  f o r m u l a  a r e  e x a m i n e d .  M o d e l l i n g  o f  m e c h a n i c a l  b e h a v i o u r  o f  s l e e l  i s  
a l s o  p r e s e n t e d .  

P r e d i c t i o n s  a n d  e x p e r i m e n t a l  r e s u l t s  a g r e e  r e a s o n a b l y  w e l l ,  w h i c h  i l l u s t r a t e  
t h e  c a p a b i l i t y  a n d  r e l i a b i l i t y  o f  t h e  p r o g r a n  S t e e i f i r e .  

l .  MECHANICAL BEHAViOt iR MODEL O F  S T E E L  

I t  i s  g e n e r a l l y  p r o v e d  t h a t  t h e  d e f o r m a t i o n  p r o c e s s  o f  s t e e l  a t  t r a n s i e n t  h i f h  
t e m p e r a t u r e s  c a n  b e  d e s c r i b e d  b y  t h r e e  s t r a i n  c o m p o n e u t s  a c c o r d i n g  t o  t h e  c o n -  
s t i t u t i v e  e q u a t i o n  

w h e r e  

c = t h e r m a l  s t r a i n  
t h  

FIRE S A F E T Y  SCIENCE-PROCEEDINGS OF T H E  FIRST INTERNATIONAL S Y M P O S I U M  



c = i n s t a n t a n e o u s ,  stress-related strain based on stress-strain relations. 
d obtained under c o n s l s n l ,  stabilized l c m ~ e r a l u r e  

E = c r e e p  s t r a i n  or time dependent s l r e i n ,  deler inad by ordinary c r e e p  
cr tests at c o o s l a n t ,  s l a b i i i z e d  s t r e s s  and temperature 

Q = s t r e s s  

1 = time 

A  c o m p u t e r  adapted mechanical behaviour model for s t e e l ,  based on Ep. ( l ) ,  is 
developed in A n d e r b e r e  (1976) 1 1 1  and applied in S l e e i f i r e  121. 

T h e  s t r a i n  c o m p o n e n t s  are found separately in different s t e a d y  s t a l e  tests. I t  
is shown t h a l  a  behaviour model based on steady s l a t e  dala s a t i s f a c t o r i l y  pre- 
dicts behaviour in lransient tests under any given fire process, load and 
s t r a i n  history. 

An analytical d e s c r i v t i o n  o f  tbe 6-c curve a s  a  function of temperature 
c a n  be m a d e  in d i f f e r e n t  w a y s  a s  illustrated in Figs. 1 and 2. In the first 
c a s e  the c u r v e  is s v p r o x i m a t e d  by piecewise linear lines (used in S t e e l f i r e  
121) and in t h e  s e c o n d  c a s e  by an e l l i p t i c  branch placed between straight 
lines. In M a g n u s s o n  ( 1 9 7 4 )  131 an analytical expression derlved by R a n b e r e  and 
O s g o o d  (1943) 141 w a s  used as f o l l o w s  

E" . T - m o d u l u s  of elasticity at temperature T'C 
6 0 .  1 = y i e l d  s t r e n g t h  or proul strength at room temperature 
6 m . t . r  = yield s l r e n g t b  or proof strength at temperature T'C 
m - l e m v e r a l u r e  d e p e n d e n t  factor. 

. F o r  good c o n v e r g e n c e  in c o m p u t a l i o n s  a s m o o t h  c u r v e  i s  to prefer. 

F I G U R E  1. S i m p l i f i e d  model of Lha FlGllRli 2. Refined model of s t r e s s  
stress-strain c u r v e  for s l e e l  s t r a i n  c u r v e  for sleel 
(used in S t e e l f i r e )  



M o d e l s  o f  high temperature c r e e p  a r e  in m o s t  c a s e s  based o n  the theory put 
forward by D o r n  (1954) 15 1 ,  in which the effect o f  variable temperature is 
considered by the use o f  the concepl temperalure compsnsaled time. T h e  exlen- 
sion of the model to b e  applicable to variable s t r e s s  c a n ,  f o r  instance, be 
based on the slrain hardening rule. 

2. S T R U C T U R A L  C O M P U T E R  P R O G R A M  STlSEIflRE 

S t e e l f i r e  is developed by F o r s e n  (1983) l21 and the program analyses plane 
steel f r a m e s  subjected to inplane loadinf and temperatures varying w i t h  time. 

T h e  a n a l y s i s  is based o u  s displacement formulation o f  the finite e l e m e n l  
method usinf s t r a i g h t  beam elements. T h e  nonlinear ~ e o m e l r i c  effects (large 
displacemenls) a r e  taken into account by updating the nodal c o o r d i n a t e s  o f  the 
structure during d e f o r m a t i o n .  N o n l i n e a r ,  temperature dependant material pro- 
perlies a r e  considered and the current temperature distribution for each tire 
z o n e  a r e  recorded s t e p  by s t e p  from a temperature file. 

3 .  E X P E R I M E N T A L  INVESTIGATIONS. U S E D  F O R  A N A L Y T I C A L  S l M U L A T l O N S  

T h r e e  differenl experimental investigations are looked upon a s  follows 

At the F i r e  R e s e a r c h  S t a t i o n  i n  M e t z  i n  F r a n c e  tests w e r e  carried oul 
1973-74 on sleel c o l u m n  o f  box-girder profile (RHS) with different slender- 
nesses A = 40. 80 and 120 wilh an effective iength of 3.84 m al different 
d e g r e e s  of axial r e s t r a i n t ,  inad levels and r a t e s  of healing. T h e s e  lesls 
are analysed a n d  r e p o r l e d  by  ~ Y a g n u s s o n  (1973) 131. In lbis paper. only 3 
tests a r e  analysed a s  shown in T a b l e  l. 

T a b l e  I XETZ-COLUMNS 

CO l umn Initial D e g r e e  of L o a d  C o l  lapse 
lest L o a d  level axial eccentricity leaperalure 

k Ei r e s l r a i n l  m m  'C 

T h e  box-girder c o l a m n s  considered a r e  characterized by sleel 1411 wi t h  a 
yield s l r e s s  = 343 MPe, a s l e n d e r n e s s  r a t i o  = 80, w i t h  b = 127 m m ,  profile 
thickness 1 = 9.5 m a n d  by a s l o w  r s l e  of healing = 7'Clmin. 7 repre- 
s e n t s  the d e g r e e  of' axial restraint w h e r e  7 - 0 m e a n s  full restraint and 
7 = 1 no r e s t r a i n t  a t  all. 

G r e a t  d i f f i c u l t i e s  to m e a s u r e  d e f o r m a t i o n s  w e r e  reported and the control of 
restraint w a s  n o t  perfect. T h e r e f o r e  the experimenlal r e s u l t s  m u s t  be taken 
w i t h  care. 

b) In S l a h l b a u  ] / l 983  1 6 1  R e y e r  and N b l k e r  present experimental results from 
beam and c o l u m n  l e s t s  carried o u t  in F R G .  In t h i s  paper a beam test is ana- 



l y s e d .  T h e  beam c o n s i s t s  o f  an I f %  8 0  p r o f i l e  ( h  = 8 0 .  b = 4 6  l., = 
= 5 . 2 .  L. = 3 . 8  m m )  o f  S 1  3 7  w i l h  a  y i e l d  s l r e s s  o f  392 MPa.  T h e  bcam h a s  
a  l e n g t h  i = 1 . 1 4  m a n d  i s  l o a d e d  by  a  c o n c e n l r a l e d  l o a d  a t  t h e  m i d s c c t i o n .  
T h e  r a l e  o f  h e a l i n g  i s  a h o u l  40 ' C l m i n  i . e .  a n  u n i n s o l a l e d  s l e o l  beam. 
T h i s  r a l e  o f  h e a t i n g  g i v e s  r i s e  l o  t h e r m a l  g r a d i e n l s  o v e r  t h e  s e c l i o n  b u t  
Lhe v a l u e  p r e s e n l e d  i s  a n  a v e r a g e  v a l u e  a c r o s s  t h e  s e c l i o n  a s  w e l l  as  a l o n g  
t h e  beam.  T h i s  s i m p l i f i c a l i o n  makes  a  c o m p a r i s o n  b e t w e e n  L e s l  a n d  o r e d i c -  
L i o n  a p p r o x i m a t e .  

C )  A much  m o r e  c o m p r e h e n s i v e  a n d  w e l l  d o c u m e n l e d  e x p e r i m e n t a l  i n v e s t i g a l i o n  i s  
c a r r i e d  o u t  b y  A a s e n  ( 1 9 8 5 )  1 7 1  o n  s t e e l  c o l u m n s .  T h e  m a i u  c a l c u l a ~ i u n s  a r c  
f o c u s e d  o n  L h e s e  t e s l s .  

T h e  e x p e r i m e n t a l  p r o g r a m  c o m p r i s e d  l 5  p i n n e d  a n d  5 a x i a l l y  r e s l r e i n e d  c o l u m n  
t e s t s .  A i l  s a e c i m e n s  w e r e  made o f  I P E  1 6 0  s e c l i o n  a n d  b a d  a y i e l d  s t r e n g l h  
6, , = 4 4 8  MPa. A c o m p l e t e  d e s c r i p l i o n  o f  l b e  l e s l  s e r i e s  i a  e l v e n  i n  
A a s e n  1 9 8 5  171 a n d  i n  t h i s  p a p e r  o n l y  5 c o l u m n  t e s t s  a r e  p r e s e n t e d  as  i i i u s -  
[ r a t e d  i n  T a b l e  2 .  T h e  s l e n d e r n e s s  r a t i o  i s  9 2  and  Lhe  l e n g t h  o f  i h e  c o l u m o s  
i s  1 . 7 m  ( b = 8 2 ,  h  = 1 6 0 ,  L , ,  = 7 . 4 ,  1, = 5 m m ) .  

T a b l e  2 AASEN-COLUMNS 

C O  l umo l n i t i a l  D e g r e e  o f  L o a d  R a t e  o f  
t e s t  l o a d  l e v e l  a x i a l  r e s t r a i n t  e c c e n t r i c i t y  h e a t i n g  

k N mm T m  

T h e  p u r p o s e  o f  t h i s  s t u d y  was t o  p e r f o r m  a n  e x p e r i m e n l a l l y  w e l l - d e f i n e d  s i m u -  
l a t i o n  o f  t h e  f i r e  b e h a v i o u r  a 1  a n  e x p o s u r e  a c c o r d i n g  t o  a  t y p i c a l  s l a n d a r d  
f i r e  l e s t ,  F i g .  3 .  T h e  t e s t s  w e r e  c a r r i e d  o u t  by  means o r  e l e c l r i c a l  h e a l i n g  
e q u i p m e n 1  u s i n g  c o n v e n t i o n a l  l a b o r a l o r y  f a c i l i t i e s .  As r e f e r e n c e ,  a  i c s l  s p c -  
c i m e a  f r o m  1 8 1  was c h o s e n .  T h e  maximum a p p l i e d  l o a d  was a d j u s l e d  a c c o r d i n g  t o  
t h e  r e c o m r n e n d a l i o n s  o f  ECCS. 1 9 1 ,  a s s u m i n g  t h e  o r i g i n a l  s p e c i m e n  w i l h  b o l h  
e n d s  b u i l t  i n .  

T h e  e x p e r i m e n l a l  s e t - u p  i s  s h o w n  i a  F i g .  4 .  T h e  t e s t  s p e c i e e n s  w e r e  m o u n t e d  i u  
a  v e r t i c a l  p o s i t i o n  a n d  b o l t e d  t o  e n d  f i x l u r e s  w h i c h  a c t e d  a s  h i n g e d  b e a r i n g s .  
T h e  c o l u m n  e n d s  w e r e  b r a c e d  a g a i n s t  l a t e r a l  d i s p l a c e m e o t  a n d  t o r s i o n .  The  
l o a d i n g  w a s  a ~ p l i e d  by  a 4 0 0  k N  A m s l e r  h y d r a u l i c  j a c k  w i t h  a l o a d  c e l l  i o c a ~ e d  
a t  t h e  t o p  o f  t h e  c o l u m n s .  

T h e  h e a t i n g  was  a t t a i n e d  by 6  l o w  v o l t a g e  e l e m e u l s  a l l a c h e d  t o  t h e  o u t s i d e  o f  
t h e  f l a n g e s ,  3 e l e m e o l s  o n  e a c h  s i d e .  A  t y p i c a l  h e a t i n g  e l e m e n t  c o n s i s l e d  o f  a  
5 . 5  m  s l r a n d e d  w i r e  r u n n i n g  i n  l o o p s  t h r o u g h  c e r a a i c  b e d s .  T h e  l e s l  s ~ e c i m e n  
was  f i n a l l y  i n s u l a t e d  w i t h  b l a n k e t s  o f  c e r a n i c  f i b r e s  w h i c h  i s  a  m a l e r i a i  made 
f r o m  s y n t h e t i c  m i x e s  o f  a l u m i n i a  a n d  s i l i c a .  T h e  p o w e r  u n i t  p r o v i d e d  a  60 V 
s u p p l y  f o r  t h e  h e a t  i n p u t ,  t o t a l l y  4 8  kW. 



20mn vermicul l te  
, , , , ~ o t , o n  on test  no. A 1 2  

Lood c e l l  
. . . . .  . . .  A x i o l  l o o d  

n o t o  loqyei ': 
R o t o t t o n  gouges. ZpieceS 

p o t e n t i a m e t e r s ,  24 " 

S t r o i n  gouges, 12 " 

Transducer ILVDTI.1 . 
Thermocouples. 20 ' 

.... 
H e o t t n g  elements. 6 " 

Heot, i n p u t  



T h e  testing procedure comprised two phases. F i r s t l y ,  the load w a s  applied in 
increments at r o o m  temperature. S e c o n d l y ,  a t  a prescribed level Lbe load w a s  
kept constant w i t h  increasing Lomperalures. A l t s r n a l i v e i y ,  the axial column 
end displacement w a s  fixed in order to introduce an axial restraint, i.e. 7; 
= 0. 

In general. the f a i l u r e  occurred by in-plane buckling about the weak axis. 
H o w e v e r ,  flexural-torsional buckling was ubscrved when conducting tests with 
restraining beams. D u e  to a modification of the bracings a t  tbe end fixlures. 
the test rig became sensi live to torsion. 

T h e  l e m p e r a l u r e  m e a s u r e m e n t s  showed approximately uniform temperatures alone 
the central p a r t  o f  the s p e c i m e n s  with s l e e p  g r a d i e n t s  a 1  Lhe ends. Regarding 
c o l u m n s  N o s .  1-5, ne g l i g i b l e  cross-sectional temperature gradients were re- 
corded. 

In c o n c l u s i o n ,  the lest procedure described in lhis paper allows representa- 
live s t e e l  c o l u m n s  to be tested under controlled c o n d i t i o n s  o f  high teopera- 
Lures. T h u s ,  i t  is possible to investigate the behaviour o f  lire exvosed steel 
m e m b e r s  in a s i m p l e  way. 

T h e  s t r u c t u r a l  r e s p o n s e  is prcdictad by use of S l c e l f i r e  for the structural 
m e m b e r s  d e s c r i b e d  in previous chapter. T h e  temperature input lor S t e e l f i r e  is 
taken d i r e c t  f r o m  m e a s u r e m e o t s  a s  a a  a v e r a g e  value v a r y i n c  w i t h  time end 
r e p r e s e n t a t i v e  f o r  t h e  w h o l e  structure. W h e n  the test is performed in a furna- 
c e  w i t h  gas- or o i l b u r n e r s  (tests in n e t z  and FRG), t h i s  simplificaLioo is 
very rougb. W b e n  tbe heating is simulated b y  electrical elements Lbis apvroxi- 
m a t i o n  is m o r e  a d e q u a t e .  

4.1 B e a m s  

T h e  s t r u c t u r a l  r e s p o n s e  of a simply s u p p o r t e d ,  fire-exposed steel beam (IPE 
80)  i s  illustrated in Fig 5 by deflection curves. T h e  test conditions and the 

FIGURE 5 .  Measured and predicted deflection o f  fire-exposed simply supported 
beam tested in FRG 161. T h e  influence o f  c r e e p  is a l s o  shown 



a v e r a g e  t e m p e r a t u r e  as f u n c t i o n  o f  L i m e  is a l s o  g i v e n  in t h e  f i g u r e .  T h e  pre- 
d i c t e d  d e f l e c t i o n  p r o c e s s  is s h o w n  l o r  L h e  c a s e s  w i l h  a n d  w i t h o u t  c r e e p  a n d  
i t s  i m p o r t a n c e  i s  o b v i o u s .  T h e  p r e d i c t e d  d e f l e c t i o n  c u r v e  i s  in s a l i s f a c l o r i l r  
a f r e e m e n t  w i t h  t h e  m e a s u r e d  c u r v e  w h e r e  t h e  l a i l u r e  l i m e  i s  17.5 a n d  20.5 m i n  
r e s p e c l i v e l y .  If c r e e p  i s  n e g l e c t e d ,  t h e  ' d K r e e D e n 1  h a p p e n s  c o i n c i d e n t a l l y  1 0  
b e  b e t t e r  t h a n  if c r e e p  is c o n s i d e r e d .  T e m p e r a t u r e  a p p r o x i m a t i o n s  a n d  t h e  
i n c o m p l e t e  d o c u m e n t a t i o n  o f  i h e  l e s t  m a k e  r e s u l t s  s o m e w h a t  u n c e r t a i n .  

4.2 C o l u m n s  

4 . 2 . 1  S i m o l y  s u o o o r t e d  

T h e  d e f l e c t i o n  b e h a v i o u r  o f  M e l z - c o l u m n s  M1 a n d  M2 i s  i l l u s t r a t e d  in F i g  6. 
T h e  l o a d  i s  460 k N  h u t  o n l y  M2 i s  e c c e n l r i c a i l y  l o a d e d  (e-7.2 m m )  a n d  t h e  a u e -  
r a g e  l e m p e r a t u r e  i s  s h o w n .  Even i f  m e a s u r e d  d e f l e c t i o n  i s  s o m e w h a t  u n c e r t a i n  
t h e  p r e d i c t i o n s  a r e  q u i t e  c l o s e  b u t  f a l l u r e  t i m e  is a t t a i n e d  a b o u t  8 m i n  e s r -  
i i e r  in t h e  t e s t s .  O n e  i m p o r l a o l  r e a s o n  f o r  t h a t  is t h e  i n i t i a l  d e f o r m a t i o n  o f  
L h e  s t e e l  c o l u m n  w h i c h  in a c c o r d a n c e  w i l h  D u t b e l  Is f o r m u l a  i s  f=4.8*10-' 
L , Z / d  = 1 1  m m .  U n i n t e n t i o n a l  l o a d  e c c e n t r i c i t y  m a y  a l s o  i n f l u e n c e .  F r o m  F i g  
6 it c a n  be s e e n  t h a t  t b e  t e s t  H I  c o i n c i d e s  w i t h  t h e  p r e d i c t i o n  o f  M2 r e p r e -  
s e n t i n g  a  l o a d  e c c e n l r i c i l y  o f  7.2 m m  w h i c h  i s  l e s s  t h a n  f !  

Test y = l  (no restraint) 

FIGURE 6. M e a s u r e d  a n d  p r e d i c t e d  d e f l e c t i o n  o f  f r o m  a l l  s i d e s  f i r e - e x p o s e d  
s t e e l  c o l u m n s  t e s t e d  in M e t z  131. T h e  i n f l u e n c e  o f  e c c e n t r i c i t y  i s  a l s o  s h o w n  

T h e  p r e d i c t i o n  o f  t h e  A a s e n  l e s l s  Al. A 2  a n d  A 3  w i t h  t h e  l o a d  e c c e n t i c i l i e s  0 ,  
1 4  a n d  2 0  m m  r e s p e c t i v e l y  a r e  s h o w n  in F i g  7. T h e  l o a d  l e v e l  is 98 k N  a n d  t h e  
i n i t i a l  d e f o r m a l i o n  a s  c a l c u l a t e d  a b o v e  i s  o n l y  2 m m .  T h e  t e m p e r a t u r e  c u r v e  
f o r  e v e r y  i n d i v i d u a l  t e s t  i s  g i v e n .  T h e  a g r e e m e n t  b e t w e e n  p r e d i c t e d  a n d  m e a s u -  
r e d  c u r v e s  i s  v e r y  g o o d  a n d  t h e  i n i t i a l  d e f o r m a t i o n s  a n d  u n i n t e n s i o n a l  l o a d  
e c c e n t r i c i t y  c a n  e a s i l y  e x p l a i n  t h e  d i f l e r e n c i e s .  

T h e  c o n c o r d a n c e  is v e r y  m u c h  d u e  t o  w a l l  p e r f o r m e d  l e s t s  u n d e r  c o n t r o l l e d  c o n -  
d i l i o n s .  
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FIGURE 7. Measured and predicted deflection of from all sides fire-exposed 
steel columns tested in Norway 171. The influeuce of eccentricity is also 
shown 

4.2.2 Axiallv restrained 

Full restraint is very difficult to accooplish in prsclise and i l  is also very 
hard to simulale and control experimenlslly a specific degree of reslraiul as 
experienced In the Metz-tests. Two predlctlous are illustrated in Fig 8 for 
the case full restraint 7 = 0 at the initial load = 460 kN aud for the case 
7 = 0 . 8  at the initial load = 230 kN. In the prediction of H3 the measured 
variation of axial force was followed in the calculalion of deflection. 

In the simulated case of full restraint tbe maximum reslraiul force attained 
about 900 kN after already 10 min aud then i t  diminished and passed the i n i -  
tial force after 30 min which corresponds to failure time if uiniuum load is 
460 kN. This rapid increase followed by a sudden decrease i n  axial load is 
very typical for axially restrained colums. 

Deflection measurements are out made for the test M3 but failure temperature 
is 480'C compared to predicted 375'C. Experimental difficulties may have 
influenced the result. When the measured variation of the axial restraint lor- 
ce is followed in the calculation I t  is noticed that the prediction of the 

, deflection process may differ very much from the measured curve. This Is due 
to the very high siusitivity to the restraint condition and the sudden decrea- 
se in restraint force b u t  also due to the discrepancy between "real' and assu- 
med mechanical and geometrical properties as well a s  the leaperalure dislribu- 
tiou of the steel member. 

The reliability of the column tests carried oul by Aasen are comparatively 
good hut one problem has arisen namely t o  obtain a complete restraint. The 
tests A4 and A 5  with the load levels 98 and 196 kN at approxisately full re- 
straint have principally the same behaviour as the fully reslrained Metz-CO- 
lumn discussed above. The initial deforaaliou is calculaled to f = 2 BB. 

The predicted behaviour of the test A 4  (assumed eccentricity e = 1 mm) can be 
followed in Fig 9 where the axial force iucreases rapidly and atlaiu a maxiaum 
value of 380 kN after 10 min. The Lest value is 345 k N  attsiued after 22 ain 



F I G U R E  8. M e a s u r e d  a n d  p r e d i c t e d  b e h a v i o u r  o f  f r o m  a l l  s i d e s  f i r e - e x p o s e d  a n d  
a x i a l l y  r e s t r a i n e d  s t e e l  c o l u m n s  t e s t e d  i n  M e l z  in F r a n c e  131 
a )  A x i a l  r e s t r a i n t  f o r c e  b) D e f l e c t i o n  

b u t  t h e  d i s c r e p a n c y  is d u e  t o  I n e v i t a b l e  m a v e e e n t s  in t h e  l o a d i n g  a r r a n f e m e n t s  
a t  t h e  s u p p o r t s .  T h e r e f o r e  a  p r e d i c t i o n  is m s d e  w h e r e  t h e  c o l u m n  w a s  f r e e  t o  
m o v e  a x i a l l y  1 m m  b e f o r e  f u l l  r e s t r a i n t  w a s  a p p l i e d  a n d  t h e  b e h a v i a o r  w a s  v e r y  
m u c h , i n f i u e n c e d .  T h e  d e v e l o p m e n t  o f  a x i a l  f o r c e  s t a r t e d  a f t e r  1 6  * i n  a n d  m e t  
t h e  m e a s u r e d  m a x i m u m  v a l u e  a n d  f o l l o w e d  a f t e r  t h a t  t h e  m e a s u r e d  c u r v e .  D e f l e c -  
L i o n  c u r v e s  c a m e  a l s o  v e r y  c l o s e  t o  e a c h  o t h e r .  I f  h o w e v e r  a s p r i n g  o f  a p p r o -  
p r i a t e  s t i f f n e s s  ( r e p r e s e n t a t i v e  f o r  l o a d  a r r a n g e m e n t )  w a s  a p p l i e d  a t  t h e  s u p -  
p o r t s  u n t i l  AL a t t a i n e d  1  m m  a l s o  t h e  f i r s 1  p a r t  o f  t h e  c u r v e  o f  a x i a l  f o r c e  
w o u l d  b e  c l o s e .  T h e  o b s e r v e d  p h e n o m e n a  i l l u s t r a t e s  t h e  s e n s i t i v i t y  o f  t h e  
d e g r e e  o f  f u l l  r e s t r a i n t  o n  t h e  a x i a l  f o r c e .  

T h e  i n f i u e n c e  o f  i n c r e a s i n g  t h e  e c c e n t r i c i t y  t o  2 m m  ( c o m p a r e  t o  f  = 2 m m )  is 
a l s o  s h o w n  b u t  will o n l y  i n f l u e n c e  t h e  l e v e l  o f  a x i a l  r e s t r a i n t  f o r c e .  

T h e  r e s u l t  o f  t h e  t e s t  A 5  i s  g i v e n  in F i g  9 b u t  n o t  p r e d i c t e d .  In t h i s  t e s t  
t h e  h i g h e r  i n i t i a l  l o a d  l e v e l  (196 kN) r e s u l t s  in a  h i g h e r  m a x i m u m  l o a d  420 k N  
o c c u r i n g  a l r e a d y  a f t e r  1 8  m i n .  
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FIGURE 9. Measured and predicted behaviour of from all sides fire-exposed and 
axially restrained sleel columns tested in Norway 171 
a) Axial restraint force b) Delleclion 

5. HOW TO REDUCE THE DISCREPANCY BETWEEN MEASURED AND PREDICTED STRUCTURAL 
BEHAV lOUR 

A detbiled documentation of tests performed under Lhorougbly controlled coodi- 
lions with an equipment of high reliability is a desirable situation for pre- 
dicting structural response witb good agreement to measurements. 

I n  order to obtain this good concordance the theoretical modelling of the 
mechanical behaviour of tbe materials involved, the capability and reliability 
of the structural program is of decisive importance. 

The equipment used for testing fire-exposed structures witb complicated sup- 
port conditions have been improved all the Lime and in this p a p e r  the iavor- 
lance of successful tests for good agreement is demooslrated. 

I t  must be emphasized that a complete end restrain1 is almost impossible 10 
obtain but this situation will never exist in practlss either. 



Electrical h e a t i n g  o n  s t e e l  s t r u c t u r e s  g i v e s  the best control of t e m p e r a t u r e  
s t a t e  with very small g r a d i e n t s  a l o n g  and a c r o s s  the m e m b e r  s s  a  r e s u l t  111. 

improvements in m o d e l l i n g  can also be made. T h e  $-c c u r v e  ought to be a  
smooth c u r v e  instead o f  a p i e c e w i s e  linear r e l a t i o n s h i p  to i m p r o v e  c o n v e r g e n -  
ce. C r e e p  p a r a m e t e r s  a r e  tabled for d i f f e r e n t  k i n d  of s t e e l s  but t h e r e  can be 
a  c o n s i d e r a b l e  d i f f e r e n c e  between tabled and 'real' values. T h e r e  is s  need 
for more d a t a  o n  c r e e p  p r o p e r t i e s .  

6 .  C O N C L U S I O N S  

S t e e l i i r e  h a s  s g o o d  a b i l i t y  to d e s c r i b e  real behaviour at fire. 

* T e s t  c o n d i t i o n s  a r e  d i f f i c u l t  to d e f i n e  beyoad all d o u b t s ,  e s p e c i a l l y  at a  
high d e g r e e  o f  r e s t r a i n t  a g a i n s t  axial d a f o r m a l i o n .  

S t e e l f i r e  c a n  b e  used t o  d e r i v e  a n d  d e s c r i b e  real test c o n d i t i o n s  o f  experi- 
m e n t s  and t h e r e b y  f a c i l i t a t e  a n a l y s i s  a n d  g e n e r a l i z a t i o n  o f  test d a t a .  
H o w e v e r ,  t h e  m o d e l l i u g  is s t i l l  a  simplification o r  a p p r o x i m a t i o n  o f  the 
real s i t u a t i o n ,  It is a l w a y s  a  c o i n c i d e n c e  if the predicted c u r v e  e x a c t l y  
f o l l o w s  t h e  m e s s u r e d  c u r v e .  
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