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PREDICTED FIRE BEHAVIOU3 OF STEELS A?TD CONCRETE STRUCTUilES 

by Yngve h d e r b e r g ,  D r  Techn 

D' 1 1 ~ s i o n  -: of Buildins F i r e  Safety and Technology, Lun-i I n s t i t m e  of 
Technology, Sweden 

ABSTRACT 

Analyt ical  modelling has opened t h e  door f o r  f i r e  behaviour predic- 
t i o n  of no-c only bui lding maxerials as  concrete and s t e e l  but a l s o  of 
q u i b  complicated concrete  s t r u c t u r e s  i n  general.  This paper r e f l e c t s  
some of t h e  progress made w i ~ h i ~  t h i s  f i e l d .  

A behaviour mode: of steel. i s  used f o r  couyjling r e s u l t s  from steady 
s t axe  and t r a n s i e n t  s-cate t e s x s .  A recent ly  developed procedure i s  
 show^^ on how t o  i n t e r p r e t  and make such r e s u l t s  comparable f o r  prac- 
-,Feel use. 

The computational capab i l i t y  and r e l i a b i l i t y  a re  i i l u s t r a t e d  f o r  
TASEF-2 temperature program and COhFlrFIRE s t ruc tura l  program developed 
a t  Lund I n s t i t u t e  of Technology ( L T H ) ,  Sweden and hiorwegian I n s t i t u t e  
of Technology (NTH), Itorway, respec t ive ly .  The success of computation 
i s  dec i s ive ly  dependen~ on r e l i a b l e  mater ia l  models. T!ie inf luence of 
a x i a l  r e s t r a i n t  on f a i l u r e  time i s  exemplified. 

1 14ATERIAL BEHAVIOUR MODELS 

1.1 Concrete 

When modelling ma te r i a l  m e ~ h a ~ i c a l  behaviour, an a n a l y t i c a l  descrip- 
%ion i s  requi red  of t h e  r e l a t ionsh ip  between s t r e s s e s  and s t r a i n s .  k 
computer or ien ted  c o n s t i t u t i v e  model f o r  concrete i n  compression, va- 
lid. a t  t r a n s i e n t  high temperature condi t ions ,  was presented i n  Ander- 
ber & Thelandersson (1376)[11 and i s  used here i n  t h e  s t r u c t u r a l  pro- 
gram CONFIRE [ 2 ] .  The model i s  based on t h e  concept t h a t  t h e  t o t a l  
s t r a i n  E can be separated i n t o  four  components 

where 

E t h  = thermal s t r a i n ,  inc luding  shrinkage, measured on specimens un- 
der  va r i ab le  temperature, 

E = instantaneous,  s t r e s s - r e l a t e d  s t r a i n ,  based on s t r e s s - s t r a i n  
U 

r e l a t i o n s  obtained under cons tant ,  s t a b i l i z e d  temperature 
E = creeD s t r a i n  or  time-dependent s t r a i n  measured under constant c r  

stresfi 'and s t a b i l i d i  temperature 
E = t r a n s i e n t  s t r a i n ,  accounting f o r  t h e  e f f ec t  of temperature in- t r 

crease  under s t r e s s ,  derived from t e s t s  under constant s t r e s s  
and va r i ab le  temperature 

o = s t r e s s  - 
o = s t r e s s  h i s t o r y  
T = iemperature 
t = t i m e .  

Tne order  of importance f o r  t h e  s t r a i n  components can be s tudied  from 
Fig. 1 which i s  based on curve represent ing  a t r a n s i e n t  t e s t  with a 
load l e v e l  of 35% of i n i t i a l  u l t imate  load.  The predominance of t h e  
Transient  s t r a i n  i s  obvious. 



h complete aescripzion of t h e  moael i s  given i n  [ l ] .  

Fig. 1 Relat ion betweeri d i f f e ren t  s t r a i n  components as  ca lcula ted  
by t h e  mater ia l  model f o r  a  t r a n s i e n t  t e s t  a t  a  load l e v e l  
of 35% of u l t imate  ioed a t  ambient condit ions 

1.2 S t e e l  

It i s  genere l ly  agreed t h a t  ithe deformation process of s t e e l  a t  t ran-  
s i e n t  high temperatures can be described by t h r e e  s t r a i n  components 
defined by t h e  c o n s t i t u t i v e  equation 

where 
E = thermal s t r a i n  
t h  

E = instantaneous,  s t r e s s - r e l a t ed  s t r a i n  based on s t r e s s - s t r a i n  re- 
0 

l a t i o n s  obtained under cons tant ,  s t a b i l i z e d  temperature 

E CT 
= creep s t r a i n  o r  t ime dependent s t r a i n .  

.A computer o r i en ted  mechanical behaviour model f o r  s t e e l ,  based on 
Eq. ( 2 ) ,  i s  developed i n  Anderberg ( 1976) 131 and applied i n  CONFIRE. 

The s t r a i n s  a r e  found separa te ly  i n  d i f f e r e n t  s teady s t a t e  t e s t s .  It 
i s  shown t h a t  a  behaviour model based on s teady s t a t e  da ta  s a t i s f a c -  
t o r i l y  p r e d i c t s  behaviour i n  t r a n s i e n t  t e s t s  under any given f i r e  
process,  load and s t r a i n  h i s t o r y .  

An a n a l y t i c a l  desc r ip t ion  of t h e  a-E curve as  a  funct ion of tempera- 
t u r e  can be made i n  d i f f e r e n t  ways a s  i l l u s t r a t e d  i n  Figs.  2 and 3. 
I n  t h e  f i r s t  case t h e  curve i s  approximated by two s t r a i g h t  l i n e s  
(used i n  CONFIRE) and i n  t h e  second case by an e l l i p t i c  branch placed 
between s t r a i g h t  l i n e s  (used i n  chapter 2 ) .  

Models of creep a r e  i n  most cases based on a  concept put forward by 
Dorn (1951;) 141,  i n  which t h e  e f f e c t  of va r i ab le  temperatures i s  con- 
s idered .  The extension of t h e  model t o  be appl icable  t o  va r i ab le  
s t r e s s  can, f o r  ins tance ,  be based on t h e  s t r a i n  'nardening r u l e .  

The creep s t r a i n  i s  assumed t o  be dependent on t h e  magnitude of 
s t r e s s  and on t h e  temperature-compensated time evaluated from t h e  ex- 
press ion  



Pig. 2 Simplif ied model of t n e  s ~ r e s s - s t r a i n  curve f o r  s zee l  (used 
In  COILFIRE:) 

Fig. 3 Refined model of s t r e s s - s t r a i n  cQrve f o r  s t e e l  (used i n  
chapter  2 )  

where 
A x  = a c t i v a t i o n  energy of creep,  J/mol 
R = gas cons tant ,  J/mol.K 
t = t ime.  

Tie r e l a t i o n  between creep s t r a i n ,  E ~ ? ,  and temperature-compensated 
t ime,  e ,  a t  d i f f e r e n t  s t r e s s  l e v e l s  i s  shown p r i n c i p a l l y  i n  F ig .  4.  

Fig. 4 Pr inc ipa l  creep c u v e  f o r  t h e  s t e e l  accordinsto Dsn's  theory 



The change f ron  zhe curved branch t o  t h e  s t r a i g h t  l i n e  (primerg and 
secondary phase) i s  denoted 0,, an6 t h e  in t e r sec t ion  between t h e  
s t r a i g h t  l i n e  and t h e  creep ax i s  i s  ca l l ed  E ~ ~ , ~ .  The slope of t h e  
s t r a i g h t  l i n e  i s  ca l l ed  6 .  The primary phase i s  defined by a parabo- 
l i c  equation and t h e  secondary phase bp a l i n e a r  s lope.  The t r a n s f e r  
occurs a t  time go. The mathematicai formula i s  - 

- - E (2je) when 0 5 @ < 0  
'C?? C P , O  E 

cr ,o  

where 

Using t h e  complete behaviour model as  expressed above, any t e s t  can 
be simulazed. The t o t a l  deformation a s  a funct ion of temperature mea- 
sured i n  a t r a n s i e n t  t e s t ,  ? = 10•‹C/min, i s  ca lcu la ted  and t h e  compa- 
r i s o n  i s  i l l u s t r a t e d  i n  Fig. 5. 

Fig. 5 Measured and predicted t o t a l  deformation as  a funct ion of 
:emperature a t  d i f f e r e n t  load l e v e l s  i n  a t r a n s i e n t  process,  
T = 100C/rnin. Reinforcing s t e e l  Ks 60 @8, f0.2,200C = 710 MPa, 
-4nderberg ( 1978 ) 151 

It i s  a l s o  poss ib l e  t o  s imulate  a r e l axa t ion  t e s t .  A comparison i s  
made i n  Fig. 6 between measured and predic ted  curves fo r  re inforc ing  
s t e e l ,  K s  60. The agreement i s  s a t i s f a c t o r y .  



r i g .  6 Measured and predicted r e l axa t ion  curves f o r  re inforc ing  
s t e e l  

2 A PROCEDURE TO INTERPRET AM) COMPARE TEST RESULTS 

2.1 Different  t e s t  methods 

There e x i s t  two main groups of t e s t s ,  s teady s t a t e  t e s t s  and t ran-  
s i e n t  s t a t e  t e s t s .  Material  proper t ies  measured a re  c lose ly  r e l a t e d  
t o  t h e  t e s t  method used. It i s  t he re fo re  of g rea t  importance t h a t  t h e  
t e s t  condit ions a r e  well defined. 

During a f i r e  s i t u a t i o n  t h e  mater ia l  i s  normelly subjected t o  t r an -  
' s i e n t  processes with varying temperature and s t r e s s ,  and t o  under- 
s tand  t h i s ,  t r a n s i e n t  s t a t e  t e s t s  a r e  needed. 

Mechanical p rope r t i e s  of s t e e l  can be e s t ab l i shed  by following a  num- 
ber of d i f f e r e n t  t e s t  procedures. The t h r e e  main t e s t  parameters a re  
t h e  hea t ing  process,  appl ica t ion  and con t ro l  of load,  and con t ro l  of 
s t r a i n .  These can have constant values o r  be var ied  during t e s t i n g ,  
g iv ing  s teady s t a t e  o r  t r a n s i e n t  s t a t e  condit ions depending on t h e  
hea t ing  procedure. 

S ix  p r a c t i c a l  regimes which can be used f o r  determining mechanical 
p rope r t i e s  a r e  i l l u s t r a t e d  i n  Fig. 7 .  Proper t ies  i n  these  regimes a re  
as  fol lows:  

s teady s t a t e  t e s t s  

s t r e s s - s t r a i n  r e l a t i o n s h i p  ( s t r e s s  r a t e  con t ro l )  
s t r e s s - s t r a i n  r e l a t i o n s h i p  ( s t r a i n  r a t e  con t ro l )  
creep 
r e l a x a t i o n  

t r a n s i e n t  s t a t e  t e s t s  

f a i l u r e  temperature,  t o t a l  deformation ( s t r e s s  con t ro l )  - r e i t r a i n t  fo rces ,  t o t a l  forces  ( s t r a i n  c o n t r o l )  



I R A N S I E N I  STATE TESTS * 
RESTRAIN7 FORCES 

R E L a X O l I O N  

STEADY S l A T E  TESTS - 
Fig. 7 Different  t e s t i n g  regimes f o r  determining mecha!ical proper- 

t i e s  RILEM ?HT-44 (1982) 161 

2.2 Couolin~.  of steady s t a t e  and t r a n s i e n t  s t a t e  r e s u l t s  

Analyt ical  modelling i l l u s t r a t e d  above makes it poss ib le  t o  couple 
steady s t a t e  t e s t s  and t r a n s i e n t  s t a t e  t e s t s .  For ins tance ,  t h e  
s t r a i n  o r  s t r e s s  r a t e  can be determined i n  steady s t a t e  t e s t s  t o  give 
the'same ul t imate  s t r eng th  as  occurs i n  a  t r a n s i e n t  t e s t  f o r  a  given 
r a t e  of heating. 

The predic ted  inf luence  of s t r e s s  and s t r a i n  r a t e s  on t h e  s t r e s s -  
s t r a i n  r e l a t i o n s h i p  under s teady s t a t e  conditions can be s tudied  i n  
Figs. 8-10. From such curves t h e  u l t ima te  s t rength  as a  function of 
temperature can be evaluated. In Fig. 1 1  a-b, t h e  influence of s t r e s s  
and s t r a i n  r a t e s  on t h e  u l t imate  s t r eng th  under s teady s t a t e  condi- 
t i o n s  i s  i l l u s t r a t e d .  The influence of r a t e  of temperature under 
t r a n s i e n t  s t a t e  conditions i s  given i n  Fig. 1 1  c .  The u l t imate  
s t r eng th  i s  defined by t h e  s t r e s s  a t  which t h e  s t r a i n  i s  4%, t h e  
thermal s t r a i n  excluded. 

I n  t h e  a n a l y t i c a l  modelling t h e  s t r a i n  and s t r e s s  r a t e  i n  a  steady 
s t a t e  procedure t o  give t h e  same u l t ima te  s t rength  as  under t r a n s i e n t  
s t a t e  condit ions i s  found, if t h e  r a t e  of heat ing i s  chosen t o  be 
10•‹C/min. The r e s u l t  i s  shcwn i n  Fig.11 d  f o r  a  spec i f i c  re inforc ing  
s t e e l  ( K s  60, f o e 2 , 2 0 0 ~ = 7 1 0  MPa). The s t r a i n  and s t r e s s  r a t e s  ob- 
t a ined  by computatlon a r e  thus  

arid 

These values vary somewhat depending on the  type of s t e e l ,  which i s  
shown i n  Table 1 f o r ,  

a )  s t r u c t u r a l  s t e e l  1411 ,  f0.2,20 o  C = 340 MPS 



b! hot - ro l led  re inforc ing  s t e e l  Ks 40, 9 o =456 KPa 
-0.2,20 C 

c l  hot - ro l led  re inforc ing  s t e e l  Rs 60, f o  =710 Wa 
0.2.20 C 

'i m.. ~ ~ p e  of s t e e l  o  o E 
C/mir. Wa/ s  %min 

Szeel 141 1 10 0.20 10 
Ks 40 10 0.20 10 
Ks 60 10 0.20 20 
ASTM A 421-65 10 0.50 10 

?or t'ne addizionai  s t e e l s  i n  Table 1 t h e  r e s u l t s  of computation e r e  
given i n  Appendix. 

Fig. 8 Predicted a-E curves at  d i f f e r e n t  s t r e s s  r a t e s  f o r  reinforc-  
ing  s t e e l  (Ks 60, f0.2,20 o C =710 MPa) 

Predicted U-E curves 2% a i f f e r e n t  s t r a i n  r a t e s  f o r  reinforc-  Fig' 
ing  s t e e l  (K  60, f0.2,20 o C =710 &Pal 



Fig. 10 Predicted PE curves a t  d i f f e ren t  s t r a i n  r a t e s  f o r  pre- 
s t r e s s i n g  s t e e l  (ASThg A 421-65, f0e2 ,2C o  C = 1470 MPa) 

I f  t h e  strength-temperature curve, based on t h e  t r a n s i e n t  s t a t e  con- 
d i t i o n  f o r  ins tance  ? =  10•‹C/min i s  accepted as  a  re ference  
curve, t e s t  r e s u l t s  can be d i r e c t l y  in t e rp re t ed  and, t hus ,  comparable. 
If t h e  r a t e s  and 6 a r e  below t h e  values mentioned above, t h e  mea- 
sured u l t imate  s t r eng th  should be cor rec ted  upwards. I f  one has t h e  
opposi te  s i t u a t i o n  t h e  s t r eng th  values a re  cor rec ted  domwerds. 

The . r a t e  of s t r e s s  o r  s t r a i n  i n  a  s teady s t a t e  t e s t  and t h e  r a t e  of 
temperature i n  a  t r a n s i e n t  t e s t  a r e  governing t h e  development of 
creep which causes t h e  change i n  t h e  u l t imate  s t rength .  The influence 
of creep f o r  t h r e e  d i f f e ren t  procedures i s  a l s o  f u l l y  i l l u s t r a t e d  i n  

0 -TempqCO - -Temp 'C 
300 LOO 500 600 700 300 LOO 500 600 700 

Fig. 1 1  Predicted u l t ima te  s t r eng th  versus temperature f o r  re inforc-  
ing  s t e e l  
z  s teady s t a t e ,  s t r e s s r a t e  con t ro l l ed  
b )  steady s t a t e ,  s t r z i n r a t e  con t ro l l ed  



c) d )  
Fig. l 1  Prea ic ted  u l t imate  s t rength  versus temperature f o r  rein-  

forc ing  s tee lKs60 
c )  zransienx s t a t e  
d )  comparison between steady s t a t e  and t r a n s i e n t  s t a t e  l 

F igs .  8-10. It i s  a l s o  important t o  observe t h a t  t h e r e  i s  a  grea t  
d i f fe rence  between t h e  time h i s t o r y  of creep development i n  a  s t r e s s  
and s t r a i n  cont ro l led  steady s t a t e  t e s t .  This i s  p r i n c i p a l l y  i l l u -  
s t r a t e d  i n  Fig. l  where curve 1 represents  a  s t r e s s - s t r a i n  curve a t  
a  very high s t r e s s  o r  s t r a i n  r a t e  and curves 2 and 2 '  represent  a  
curve a t  .S s lov  s t r e s s  and s t r a i n  r a t e ,  respec t ive ly .  The poin ts  A 
and A '  i n a i c a t e  t h e  time a t  which creep s t a r t s  t o  be s i g n i f i c a n t  and 

Time 
1.01 

1 

i 
% 0.6 

I 
I 
l 
1 

t 1, Very high stress or strttin rote I 

t r a i n  mte I 

trc55 r a t e  l 
I 

Fig. 12 P r inc ipa l  o-E curves i n  s t r e s s  and s t r a i n  cont ro l led  s teady 
s t a t e  t e s t s  with time sca l e s  indica ted  (t& and tcr repre- 
sent  t h e  tes-cing per iod)  

123 



point  E i s  tile assumed f a i l u r e  point  ( ~ ~ 4 5 1 ) .  In t h e  s t r e s s  control-  
l e d  t e s t  t h e  time t o  reach point  i! i s  about 50$ of t h e  t o t a l  t e s t i n g  
period but i n  t h e  s t r a i n  control led t e s t  t h e  corresponding time i s  
only about 15%. I f  a  t e s t  i s  ca r r i ed  out a t  6 0 0 ' ~  a t  t h e  s t r e s s  r a t e  
h =  12 MPa/min and a t  t h e  s t r a i n  r a t e  t=20%r /min the  t e s t i n g  period 
amounts t o  22 and 2 min, respec t ive ly .  Although these  differences 
e x i s t ,  t h e  creep inf luence on t h e  u l t imate  s t r eng th  i s  t h e  same. I n  
t h e  corresponding t r a n s i e n t  t e s t  t h i s  period i s  about 56 min. This 
meam thax t h e  t e s t i n g  period i s  not z c r i t i c a l  parameter i n  theanz-  
l y t i c z l  study 'out r a t h e r  t h e  t ime period of t h e  t e s t  when creep de- 
velops. 

I n  fire-exposed concrete s t r u c t u r e s  t h e  temperature r i s e  or  r a t e  of 
increase  f o r  t h e  s t e e l  i s  dependent on two main f a c t o r s ,  namely, t'ne 
loca t ion  of t h e  s t e e l  (d i s t ance  to exposed sur faces)  and t h e  f i r e  
curve. When t h e  concrete cover i s  about 2-3 cm and t h e  f i r e  i s  cha- 
r a c t e r i z e d  by t h e  s tandard curve IS0 834 t h e  r a t e  of temperature in-  
c rease  does not reach more than  10•‹C/min. I n  normal cases t h e  r a t e  
of  hea t ing  f o r  t h e  s t e e l  i s  about 4-10•‹C/min. The r a t e  of heat ing a t  
d i f f e r e n t  depths, f o r  ins tance ,  2  and 4 cm f o r  a f i r e  exposure ac- 
cording t o  IS0 634 can be s tudied  i n  Fig. 20. The r a t e  of heat ing 
v a r i e s  with time and i n  a  t h e o r e t i c a l  c l a s s i f i c a t i o n  f o r  60 and 120 
min f i r e  durat ion t h e  r a t e  of heat ing f o r  t h e  s t e e l  i s  d i f f e ren t  and 
ought t o  be considered. When hot-rol led s t e e l  i s  used t h e  creep i s  
neg l ig ib l e  at  temperatures below 400•‹C and f o r  p re s t r e s s ing  s t e e l  t h e  
l i m i t  i s  250'~. 

The p r i n c i p a l  procedure f o r  determining t h e  re levant  r a t e  of heat ing 
2t  a depth of 2  cm f o r  hot-rol led and cold-drawn s t e e l  a t  60 m i n f i r e  

, dura t ion  i s  i l l u s t r a t e d  i n  Fig. 13. The r a t e  of hea t ing  f o r  prestses- 
s i n g  s t e e l  i s  determined from t h e  branch 1-1' and f o r  hot - ro l led  
s t e e l  from t h e  branch 2-2' of t h e  curve. The r a t e  of hea t ing  inf lu-  
ences t h e  u l t ima te  s t r eng th  and, t hus ,  t h e  design s t rength .  The de- 
s ign  s t r eng th  can be found i n  Fig. 11 or  Figs.  A1-A3 i n  Appendix by 
m a x i m u n !  temperature and r a t e  of hea t ing  as  input .  I f  one assumes tha t  
;he s t r eng th  i s  obtained from a  s teady s t a t e  t e s t  ( s t r a i n  cont ro l le?  
E = 200%/min, Fig. 11 b )  and t h e  design temperature i s  f o r  example 
550•‹C and t h e  r a t e  of hea t ing  10•‹C/min, how i s  t h e  design s t rength  
determined? The procedure i s  shown below: 

T = 5 j 0 • ‹ c  1 
E. = 200%/min ] o  = 0.61 Fig. 11 b  s k = 5 / f 0 . 2 , 2 0  C 

= 1 0 ~ c / m i n  Fig. 11 d  4 comparable s t r a i n  r a t e  i = 20%/min 

The design s t r eng th  i s  determined f o r  = 20%0/min i n  Fig. 11 d  and k 
i s  reduced t o  0.52. 

If f o r  in s t ance  '?= 2. Oc/min t h e  design s t rength  i s  obtained from 
Fig. 11 c and k  i s  reduced t o  0.44. 

The procedure presented above gives t h e  designer a r a t i o n a l  way t o  
f i n d  t h e  f i r e  design s t r eng th  of s t e e l  even i f  s t r eng th  charac ter i s -  
t i c s  only a r e  r e l a t e d  t o  s teady s t a t e  condit ions.  This coupling of 
s teady s t a t e  and t r a n s i e n t  s t a t e  r e s u l t s  makes d i r e c t  comparisons 
poss ib l e  a t  qu i t e  d i f f e r e n t  t e s t  condit ions.  
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Fig. 13 Time period under which r a t e  of heat ing i s  determined f o r  
7 - 1 '  p r e s t r e s s ing  s t e e l  and f o r  2-2' hot-rol led s t e e l  a t  a 
depth of 2 cm and a s tandard f i r e  durat ion of 1 hour 

3 FIRE RESPONSE OF CONCRETE STRUCTURES 

The f i r s t  well-known approach using computer r e l a t e d  d i s c r e t i z a t i o n  
techniques i n  analysing reinforced concrete frames i n  f i r e s  (FIRES- 
R C )  was published i n  1971: by Becker and Bres ler  [71. A rev ised  ver- 
s ion  of t h e  a n a l y t i c a l  method was presented i n  1977 [81. I n  1976 
Anderberg 191 e s t ab l i shed  a s p e c i a l  vers ion  of t h e  computer program 
FIRES-RC. This vers ion  included new mater ia l  behaviour models deve- 
loped a t  t h e  Lmd I n s t i t u t e  of Technology i n  Sweden [ l ] ,  131. 

Geometrical non- l inea r i t i e s  were f i r s t  considered by Haksever (1977) 
' .  i n  anaiysing fire-exposed s lender  L-frames. I n  1982 both geometrical 

non- l inea r i t i e s  and ma te r i a l  models described i n  chapter 1 was con- 
s ide red  by Fors& [2]. i n  t h e  F i n i t e  Element Program CONFIRE. 

Three computer programs, based on t h e  Finii,e Element Method, a re  em- 
ployed i n  t h e  numerical examples presented i n  t h e  subsequent sec- 
t i o n s  : 

- TASEF-2 by Wickstrijm 1101 f o r  t h e  non-linear t r a n s i e n t  heat  flow 
ana lys i s ,  

- FIRES-RC by Becker b Bres ler  [71 i n  a modified version presented 
by Anderberg [ 3 ]  f o r  t h e  non-linear ana lys i s  of concrete frames 
subjected t o  f i r e  

- CONFIRE by Fors& [2]  f o r  t'ne non-linear ana lys i s  of concrete  
frames subjected t o  f i r e .  

TASEF-2 i s  developed from t h e  Four ier  heat  balance equation i n  matrix 
form f o r  a two dixensional  f i e l d .  Rectangular and/or t r i a n g u l a r  ele-  
ments may be employed. The temperature dependent conduct ivi ty coeffi- 
c i en t  and s p e c i f i c  volumetric enthalpy a r e  given as  input .  

An a r b i t r a r y  ex te rna l  termperature-time curve, which may be defined 
by t h e  use r ,  s imulates  t h e  f i r e  exposure. The temperature d i s t r ibu -  
t i o n  within t h e  s t r u c t u r e  a t  prescr ibed  times a r e  obtained by use of 
an e x p l i c i t  forward i n t e g r a t i o n  method. 

FIRES-RC i s  o r i g i n a l l y  constructed a t  UCB i n  Cal i forn ia ,  but t h i s  
vers ion  can be charac ter ized  as  an extension of t h e  Berkeley program. 
The program i s  based on a nor.-linear d i r e c t  s t i f f n e s s  formulation 



c o u ~ l e d  wizh a  time-step i n t e g r a t i o n ,  Geometrical non- l inea r i t i e s  w e  
not consinered. 

CORFIRE is cleveloped from t h e  computer program CONFRANi -by Llds tea t  
[ ? l ] .  i. beam element with 3 degrees of freedom (DO?) a t  each node and 
one i n t e r n a l  a x i a l  DGF i s  employed. The t o t a l  s t r a i n  E over t h e  
cross-sect ion of t h e  element i s  tzlren as  l i n e a r  ( B e r n o u l l i - ~ a v i e r ) .  
The temperature r e l a t e d  ma te r i a l  benaviour models f o r  s t e e l  and con- 
c r e t e  defined i n  sec t ion  1 a r e  incorporate?.. The l i n e a r  geometric ef- 
f e c t s  may a l s o  be accounted f o r .  The l i n e a r  element tangent  s t i f fness  
matrixes an?. tine element s t r e s s  r e s u l t a n t  vec tors  a r e  obtained by 
Gaussian i n i e g r a t i o s  with f ixed  in t eg ra t ion  points .  The geometric 
element s t i f f n e s s  matrix i s  obteined by ana ly t i ca l  i n t eg ra t ion .  The 
time dependent s t r e s s e s ,  s t r a i n s  and s t r u c t u r a l  displacements a r e  
obtained s t e p  by s t e p  by use of t h e  Newton-Raphson i t e r a t i o n  method, 
solving t h e  l i n e a r i z e d  incremental system equilibrium equation. The 
current  temperature d i s t r i b u t i o n s  a re  recorded a t  each s t e p  from a 
temperature f i l e .  

3.2 Fire-exaosed o l a t e  s t r i ~ s  

3.2.1 Simply supported 

The s t r u c t u r a l  response of a  simply supported, fire-exposed p l a t e  
s t r i p  i s  predic ted  by use of TASEF-2 [h]  and CORFIRE 121. The f i r e  
exposure i s  given by t h e  s tandard temperature-time curve according 
t o  t h e  IS0 834 f i r e  r e s i s t ance  t e s t .  Three d i f f e ren t  cases a re  con- 
s idered  1131, see Fig. 14 

- Case 1 : Reinforced p l a t e  s t r i p ,  twin load 13.8 icN (65% of i n i t i a l  
ult b a t e  l o a d )  

- Case PI:  Pres t ressed  p l a t e  s t r i p ,  twin load 13.8 irN (65% of i n i t i a l  
u l t ima te  load  and i n i t i a l  o re s t r e s s ing  s t r a i n  = 5%0) 

- Case P2: Pres t ressed  p l a t e  s t r i p ,  twin load 10 icN ( fu l l  p res t r e s s -  
ing  a t  t h e  time t = 0 and i n i t i a l  p re s t r e s s ing  s t r a i n  = 5%) 

f = pc! W a  Case 1 : P = 13.8 W = 0.65 Pult 
C C P 

f O s 2  = 450 !@a Case P1 : P = 13.8 irN, E; = 5 % ~  

fP = 1450 !@a Case P2 : P = 10.0 W, cP = 5 % ~  
0.2 S 

P 
E' = p r e s t r e s s i n g  s t r a i n ,  A = pres t r e s s ing  s t e e l  a r ea  

S S 

Fig. 14 Charac te r i s t i c  da t a  f o r  t h r e e  t e s t  examples, Case 1 ,  P1 and 
P2 

The i n i t i a l  moisture content i n  t h e  concrete i s  taken as  3% by weight. 
The r e s u l t i n g  emiss iv i ty  a t  t h e  concrete  sur faces  i s  s e t  t o  0.8, and 
t h e  convection heat  t r a n s f e r  coe f f i c i en t  i s  taken as  2 5 ~ / r n 2 ~ ~ .  Mate- 
r i a l  p rope r t i e s  according t o  Anderberg [3]  and Harmathy & Stanzak 
[ l21  a r e  assumed f o r  t h e  hot - ro l led ,  re inforc ing  s t e e l  and t h e  cold- 
drawn, p r e s t r e s s i n g  s t e e l  ASTM A 421, respec t ive ly .  



Tne preEicted s t r u c t u r a l  response o r  t h e  p l a t e  s t r i p  i n  Case 1,  P1 
and P2 i s  shown i n  Fi6. 1 5  i n  terms of mid-span def lec t ion  and s t r e s s  
i n  t e n s i l e  reinforce men^ m d  p res t r e s s ing  s t e e l ,  respec t ive ly .  I n  t h e  
f igu re  i s  indica ted  t h e  f i r e  r e s i s t ance  times i f  t h e  f a i l u r e  c r i t e r i a  
a re  bases on max de f l ec t ion  6 =L130  (developed f o r  standar* f i r e  re-  
s i s t a n c e  t e s t s ) .  i f  t h e  f a i l u r e  c r i t e r i a  a r e  based on s t r a i n  l i m i t s  
(7% of copCrete and 20% of s t e e l ) ,  which i s  more consGtad ,  t h e  f a i -  
l u r e  times a re  82 ,  50 and 07 min f o r  t h e  cases l ,  P1 and P2, respec- 
t i v e l y .  For t h e  cases P1 and P2 t h e  f a i l u r e  i s  caused by very high 
creep. 

IVote t h a t  t h e  s t e e l  s t r e s s e s  a re  lower a t  f a i l u r e  than a t  t h e  beginn- 
i n &  which i s  caused by a  g rea t e r  i n t e r n a l  l e v e r  arm and a  more con- 
cent ra ted  compressive zone of concrete.  

It i s  l i k e l y  t h a t  somewhat higher f i r e  r e s i s t a n c e  times i n  zhe cases 
P1 and P2 would have been obzained from t h e  ana lys is  i f  s t a b i l i z e d  
p r e s t r e s s i n g  s t e e l  had been employed r a t h e r  than The non-stabilized 
p r e s t r e s s i n g  s t e e l  ASTK A 421. However, a s  indicezed previously,  re- 
l evan t  creep da ta  a r e  a t  presenx ava i l ab le  only f o r  ASTW 421. 

Steel stress 

t 

Fig. 15  Predic ted  s t r u c t u r a l  behaviour of  a  fire-exposed p l a t e  s t r i p  
i n  terms of mid-span de f l ec t ion  and s t e e l  s t r e s s .  Data f o r  
t h e  ca l cu la t ion  a re  given i n  Fig. 14. Anderberg S: ForsEn 
(1983) [ l31 

3.2.2 Rota t ional ly  r e s t r a i n e d  

The p l a t e  s t r i p  described i n  Fig. 1L but t o t a l l y  r e s t r a ined  against  
r o t a t i o n  and f r e e  t o  move long i tud ina l ly  i s  analysed. The s t r u c t u r a l  
behaviour i n  terms of r e s t r a i n t  moment and mid-span def lec t ions  i s  
computed with FIRES-RC and CONFIRE f o r  comparison and checked against  



experimen.ct1 resulzs  (Fig.  1 .  The agreement i s  very good. Other 
conperisons nzve been made i n  [ 2 ] .  

---- CONFIRE I 2 1  \ - - -  FIRE5.RC 131 - EXPERIMENT 
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b )  

llts f o r  t e s t  D20 1111.  Laterr 
twin load:  1 6 - k ~ .  Exposure aocordin si d a t e d  natural  
a )  r e s t r a i n t  moments com$&?men%' I i r e  

b )  mid-span def lec t ions  

3.2.3 Axially r e s t r a ined  

It has been shown i n  t e s t s  on a x i a l l y  r e s t r a ined ,  reinforced s l abs  
,and beams [ l41  t h a t  grea t  a x i a l  forces  may sometimes develop. Such 
axial r e s t r a i n t  forces  may increase  t h e  f i r e  endurance s ign i f i can t ly  
11 51. I n  121 and [ 131 it i s  inves t iga ted  if t h e  thermal t h r u s t ,  T ,  
genera l ly  can be u t i l i z e d  i n  a  f i r e  design. 

I n  t h e  PCI-manual "Design f o r  f i r e  r e s i s t ance  of precas t  pres t ressed  
concrete", a  ca l cu la t ion  procedure i s  developed f o r  determining t h e  
thermal t h r u s t .  The ca lcu la t ion  i s  based on t e s t s  on a double T-unit 
of normal weight concrete and l ightweight  concrete.  I n  t h e  t e s t s  each 
specimen was permitted t o  expand t o  a  given amount and fu r the r  expan- 
s ion  was prevented. After  expansion was stopped, t h e  r e s t r a i n i n g  force 
increased t o  a  maximum value and then e i t h e r  diminished o r  remained 
r e l a t i v e l y  constant .  Fig.  17 i l l u s t r a t e s  t h e  maximum measured re-  
s t r a i n i n g  forces  f o r  t h e  p res t r e s sed  specimens. It i s  s ign i f i can t  
t h a t  a  small increase  i n  expansion i s  accompanied by a  l a r g e  reduc- 
t i o n  i n  t h e  r e s t r a i n i n g  force.  

The behaviour of t h e  p l a t e  s t r i p  i s  predicted by CONFIRE i n  [ 2 ] ,  L131 
f o r  d i f f e r e n t  permissible expansions AL= 0 ,  2 ,  4 and 6 mm a t  t h e  cen- 
t e r  of gravi ty .  The development of t h e  a x i a l  force during a  thermal 
exposure according t o  t h e  IS0 834 standard f i r e  r e s i s t ance  t e s t  is 
i l l u s t r a t e d  i n  Fig. 18. The second order  e f fec t s  a re  included i n  t h e  
full l i n e  curves but not i n  t h e  dashed curves. The ca lcula t ion  i l l u -  
s t r a t e s  t h e  necess i ty  t o  include t h e  second order  theory i n  t h e  cal-  
cu la t ion .  The f u l l  l i n e  curves, .i 1 l ;6= 5.t . a .  C u.c - . ' 

t u r a l  behaviour which has not been poss ib le  t o  derlve e a r l i e r .  The 
thermal t h r u s t  a t t a i n s  a  maximum value a t  an e a r l y  s t age ,  a f t e r  t h e  
t h r u s t  has s t a r t e d  t o  develop, and it then decreases rapid ly  and 
t r a n s f e r s  i n t o  tens ion ,  i f  membrane forces can be taken a t  supports.  



Fig. 17 Maximum r e s t r a i n i n g  force  measured during t e s t s  of re ference  
specimens 1 1 51 

I f  membrane ac t ion  i s  not poss ib l e ,  f a i l u r e  occurs when t h e  thermal 
t h r u s t  has diminished t o  zero o r  poss ib ly  somewhat l a t e r .  

The ca l cu la t ions  show f o r  a l l  cases t h a t  without membrane ac t ion  t h e  
f a i l u r e  time i s  much g r e a t e r  than  t h e  time a t  which maximum t h r u s t  
occurs.  This means tinat t h e  maximum t h r u s t  f o r  t h e  p l a t e  s t r i p  s tu-  

.died cannot be u t i l i z e d  when ca l cu la t ing  t h e  f i r e  r e s i s t ance  accord- 
ing  t o  t h e  PCI-manual. It must be emphasized t h a t  t h e  development: 
of r e s t r a i n t  forces  a re  very s e n s i t i v e  t o  - t h ' e p o i n t . ~ f  ac t ion  of . . . t h e  cross-section. . .  . ... . . 

If t h e  maximum thermal t h r u s t  i s  ca lcula ted  i n  accordance with t h e  
PCI-manual t h e  curve shown i n  Fig. 19 i s  obtained. I n  t h e  same f i g u r e  
t h e  r e s u l t s  a r e  a l s o  given f o r  t h e  CONFIRE ca lcula t ion .  The d i f f e -  
rence between t h e  curves i s  very obvious f o r  A L / L > o . I ~ % .  The conclu- 
s ion  from t h e  a n a l y t i c a l  study i s  t h a t  t h e  maximum t h r u s t ,  ac t ing  a t  
cen te r  of g rav i ty ,  i s  smaller  t han  according t o  t h e  PCI-manual and a t  
f a i l u r e  s t a t e ,  t h e r e  i s  no longer  any t h r u s t .  

The study i l l u s t r a t e d  here ind ica t e s  t h a t  even i f  a x i a l  forces  deve- 
l o p  they  majr have no s i g n i f i c a n t  p o s i t i v e  e f f e c t  on t h e  f i r e  r e s i s -  
tance .  The poin t  of ac t ion  a l s o  ought t o  be considered. The PCI-cal- 
cu la t ion  method, t he re fo re ,  cannot be adopted general ly.  It can a l s o  
be discussed if such a  f r e e  elongat ion ALIL, followed by a  complete 
r e s t r a i n t ,  occurs i n  " r e a l  l i f e " .  It should be more r e a l i s t i c  t o  s i -  
mulate d i f f e r e n t  degrees of r e s t r a i n t  defined by ac tua l  sxial s t i f f -  
ness  when studying thermal t h r u s t .  

Such a  s tudy i s  published i n  121 and ind ica t e s  pos i t i ve  e f f e c t s  on 
f i r e  r e s i s t a n c e  i f  t h e  poin t  of ac t ion  i s  below t h e  center  of gravi- 
t y .  



Fig. 18 Restraint forces for a fire-exposed reinforced plate strip 
(Case 1 as shown in Fig. lii) at different permissible expan- 
sions & ' L =  0 ,  2 ,  4 and 6 mm and thereafter a complete re- 
straint. Center of gravity is the point of action for re- 
straint forces 121, 1131 

Moxtmum restmini force 
k N  A 

Fig. 19 Mzximum restraining force as a function of permissible ex- 
pansion AL/L for Case l  (Fig. 1 4 ) .  A comparison between CON- 
FIRE prediction and PCI-manual design calculation [ 131 



The program CONFIRE has a l s o  been used f o r  ve r i fy ing  i t s  r e l i a b i l i t y  
on two re inforced  concre-ce columns exposed on t h r e e  s ides  t o  IS0 834 
standard f i r e  [21, [13] and t e s t e d  a t  t h e  Swedish National Testing 
I n s t i t u t e  i n  Borgs. A s imi l a r  t h e o r e t i c a l  study has been made i n  [161. 

The predic ted  and measured temperatures a r e  i l l u s t r a t e d  i n  Fig. 20. 
This f i g u r e  gives t h e  temperature of s i x  po in t s  a t  t h e  =id-section of 
t h e  column as  a  funct ion of time. The very good agreement obtained 
with TASEF-2 i s  s igE i f i can t  and i s  e a r l i e r  documen-ced i n  i 1 5 1 .  Pre- 
d ic ted  temperatures a re  then inse r t ed  i n t o  CONFIRE s t r u c t u r a l  pro- 
gram. 
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0 

Fig. 20 Measured and ca lcula ted  temperatures i n  t h e  mid-section of 
t h e  column 

I n  t h e  f i r s t  s tudy,  t h e  column i s  loaded t o  0.6 with an eccentr i -  
c i t y  of 6 cm, d i r ec t ed  from t h e  furnace. The load corresponds t o  63% 
of t h e  u l t ima te  load  at  normal condit ions.  I n  t h e  t e s t  t h e  measure- 
ments were stopped a f t e r  0.5 h  due t o  a  support f a i l u r e ,  which was a  
mishap, but  a  comparison i s  s t i l l  of i n t e r e s t .  Fig. 21 i l l u s t r a t e s  
mid-points de f l ec t ion  and a x i a l  e longat ion a s  a  h n c t i o n  of t ime ob- 
t a ined  i n  t e s t  and ca lcula t ion .  The predic ted  de f l ec t ion  v ,  d i r ec t ed  
towards t h e  furnace i s  i n  a  very good agreement with t h e  t e s t  but  t h e  
a x i a l  e longat ion d i f f e r s  somewhat. The predic ted  and t e s t  estimated 
f i r e  r e s i s t a n c e  a r e  both about 0.7 h. 

I n  t h e  second comparison t h e  same column was loaded t o  0.3 NN with 
t h e  same e c c e n t r i c i t y  but d i r ec t ed  towards t h e  furnace ( s e e  Fig. 22) .  
This  load corresponds t o  31% of t h e  o r i g i n a l  u l t ima te  load. Both t h e  
predic ted  mid-point de f l ec t ion ,  t h e  a x i a l  movement and f a i l u r e  time 
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.F ig . '21  Measured and ca lcula ted  behaviour of a reinforced concrete 
column i n  z f i r e ,  eccen t r i ca l ly  loaded t o  0.6 MN 

a r e  i n  a qu i t e  good agreement measured behaviour a s  shown i n  
Fig. 22. It can be noted t h a t  t h e  column expanded m i a l l y  both i n  
ca lcu la t ion  and experiment during t h e  f i r s t  1.7 h ,  but then it t rans-  
f e r red  i n t o  cont rac t ion  i n  experiment. The sudden change i n t o  f a i l u r e  
s t a t e  i s  caused by a rapid  inwards movement of t h e  compression zone 
i n t o  t h e  c ross - sec~ ion ,  which means t h a t  t h e  t e n s i l e  s t r e s s  i n  t h e  
reinforcement increases t o  a c r i t i c a l  value.  

The two examples i l l u s t r a t e  t h e  r e l i a b i l i t y  of TASEF-2 and CONFIRE 
computer programs. 



Posl t lvc  v D e f i c c t l o n  away f r o m  f , r e  

P o s l t l v e  A C o n t r o c t m  
Experlrnent 

------- Present  onalysls 

Fig.  22 Measured and ca l cu la t ed  behaviour of a reinforced concrete 
column i n  a f i r e ,  eccen t r i ca l ly  loaded t o  0.3 MN 
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Pig. A1 Predicted u l t imate  s t r eng th  versus temperature f o r  reinforc-  
inn  s t e e l  - 
a )  s ~ e a d y  s t a t e ,  s t r e s s  r a t e  con t ro l l ed  
'D) steady s t a t e ,  s t r a i n  r a t e  con t ro l l ed  
c )  t r a n s i e n t  S-cate 
d )  comparison between steady s t a t e  and t r a n s i e n t  s t a t e  



Fig. A 2  Predicted u l t ima te  s t r e n g t h  versus temperature f o r  reinforc- 
ing  s t e e l  K s  40 
a )  s teady s-cate, s t r e s s r a t e  con t ro l l ed  
b )  s teady s-cate, s t r a i m x t e  con t ro l l ed  
c )  t r a n s i e n t  s t a t e  
d )  comparison between steady s t a t e  and t r a n s i e n t  s t a t e  
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Fig. A 3  Predicted u l t imate  s t r eng th  versus temperature f o r  
p r e s t r e s s l n g  s t e e l  ASTM 421-65 
a )  s teady s t a t e ,  s t r e s s r a t e  con t ro l l ed  
h) steady s t a t e ,  s t r a i m a t e  con t ro l l ed  
c )  t r a n s i e n t  s t a t e  
d )  comparison between steady s t a t e  and ~ r a n s i e n t  s t a t e  




