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ABSTRACT 

R e s u l t s  of f i r e  t e s t s  on t h r e e  r e i n f o r c e d  c o n c r e t e  col.umns a r e  

given.  These t e s t s  a r e  a p a r t  of a s e r i e s  c a r r i e d  o u t  i n  t h e  

second phase of a j o i n t  s t udy  of t he  f i r e  performance of c o n c r e t e  

columns by t h e  Na t i ona l  Research  Counc i l  of Canada and 

C o n s t r u c t i o n  Technology L a b o r a t o r i e s ,  a d i v i s i o n  of t h e  P o r t l a n d  

Cement Assoc ia t ion .  The columns were made w i t h  s i l i c e o u s  

a g g r e ga t e  conc r e t e .  The s e c t i o n  s i z e  of t h e  columns was 

406 x 406 mm (16 x 16 i n . ) .  They were t e s t e d  t o  s t udy  t h e  e f f e c t  

of cover  t o  s t e e l  and of heavy re in forcement  (about  4 % )  on t h e  

f i r e  r e s i s t a n c e  of t h e  columns. 



F I R E  TESTS ON REINFORCED CONCRETE COLUMNS 

SPECIMENS NO. 10-12, PHASE I1 

T.T. L i e ,  T.D. ~ i n l  and R. ~ c ~ r a t h ~  

T e s t s  were c a r r i e d  o u t  on a  s e r i e s  of r e i n f o r c e d  c o n c r e t e  columns a s  

p a r t  of a  s t udy  t o  deve lop  methods f o r  t h e  d e t e r m i n a t i o n  of t h e  f i r e  

r e s i s t a n c e  of such columns. The s t udy  was a  c o o p e r a t i v e  e f f o r t  between t h e  

Na t i ona l  Research Counc i l  of Canada (NRCC) and C o n s t r u c t i o n  Technology 

L a b o r a t o r i e s ,  a  d i v i s i o n  of t h e  P o r t l a n d  Cement A s s o c i a t i o n  (PCA). The 

second phase of t h e  s t udy  i n v o l v e s  t h e  f i r e  t e s t i n g  of 12 columns. The 

columns were des igned  and manufactured by PCA i n  Skokie ,  I l l i n o i s ,  and 
t e s t e d  i n  t h e  NRCC l a b o r a t o r i e s  i n  Ottawa. The test specimens,  method of 

t e s t i n g  and test  r e s u l t s  are desc r i bed  i n  s u c c e s s i v e  r e p o r t s .  

Th i s  r e p o r t  d e s c r i b e s  tests on columns 10, 11 and 12 of t h e  second 
phase.  Columns 10 and 11 were t e s t e d  t o  s t udy  t h e  e f f e c t  of neavy 

re in forcement ,  and columns 11 and 12, t h e  e f f e c t  of t h i c k n e s s  of c o n c r e t e  

cover  t o  s t e e l ,  on t h e  f i r e  r e s i s t a n c e  of t h e  columns. 

Only t e s t  r e s u l t s  w i l l  be g iven  i n  t h i s  r e p o r t .  The r e s u l t s  w i l l  be 

ana lyzed  l a t e r ,  and d i s c u s s e d  i n  subsequent  papers .  

TEST SPECIMENS 

The specimens c o n s i s t e d  of squa re  t i e d  r e i n f o r c e d  c o n c r e t e  columns. 

D e t a i l s  of t h e s e  specimens and t h e i r  f a b r i c a t i o n  a r e  g iven  below. 

Dimensions 

S e c t i o n  S i ze :  406 x 406 mm (16 x 16 i n . )  

Height :  -3810 mm ( 1 2  f t  6  i n . )  

M a t e r i a l s  

Cement 

Type I ,  a  g e n e r a l  purpose cement f o r  t h e  c o n s t r u c t i o n  of r e i n f o r c e d  

c o n c r e t e  s t r u c t u r e s ,  was used. 

Aggregate  

S i l i c e o u s  sand and g r a v e l  from Eau Claire, Wisconsin.  The maximum s i z e  

of t h e  agg rega t e  was 19 mm ( $  i n . ) .  The g r a d a t i o n  cu rve  is shown i n  Fig. 1. 

P e t r o g r a p h i c  i n fo rma t ion  on t h e  agg rega t e ,  ob t a ined  acco rd ing  t o  

ASTM (2295-7g1, is g iven  i n  Tab l e  1 .  
-- 

l p o r t l a n d  Cement A s s o c i a t i o n ,  Skokie ,  I l l i n o i s  

2 ~ a n a d i a n  P o r t l a n d  Cement A s s o c i a t i o n ,  O t t a w a ,  Canada 



P h y s i c a l  p r o p e r t i e s  of a g g r e g a t e s  

S p e c i f i c  g r a v i t y  of sand (2.63);  s p e c i f i c  g r a v i t y  of g r a v e l  (2 .57) ;  
m o i s tu r e  c o n t e n t  of sand  (4 .0%);  mo i s t u r e  c o n t e n t  of g r a v e l  (1.0%); 

s ; a t r ~ r a t e d  s u r f a c e  d r y  u n i t  weight of g r a v e l  (1678 kg/m3) (104.9 l b / f t 3 ) ;  

f i n e n e s s  modulus o f  f i n e  a g g r e g a t e  (2 .96) ;  f i n e n e s s  modulus of c o a r s e  

a g g r eg a t e  (1 .73) .  

S t e e l  re in forcement  

Deformed b a r s  meet ing t h e  requ i rements  of ASTM Des i gna t i on  ~ 6 1 5 - 8 o L ,  

were used f o r  main and t i e  b a r s .  The l o n g i t u d i n a l  b a r s  i n  column 10 were 

25M (No. 8 ) ,  and t hos e  i n  columns 11 and 12 were 30M (No. 10) .  The t ies i n  

a l l  columns were 10M (No. 3 ) .  The y i e l d  stress of t h e  25M b a r s  was 

443.7 MPa (64.3 k s i )  and t h a t  of t h e  10M b a r s ,  426.5 MPa (61.8 k s i ) .  The 
u l t i m a t e  s t r e n g t h s  o f  t h e  25M and 10M b a r s  w e r e  730 MPa (105.8 k s i )  and 

671 MPa (97 k s i ) ,  r e s p e c t i v e l y .  No t e n s i l e  t e s t  was performed on t h e  30M 

b a r ,  which had a s p e c i f i e d  minimm y i e l d  stress of 414 MPa ( 6 0  k s i ) .  

Concrete  mix 

The c o n c r e t e  mix w a s  des igned  t o  produce a 34.5 MPa (5000 p s i )  s ~ r e n g t h  

non-a i r -en t ra ined  conc re t e .  A water lcement  r a t i o  o f  0.43 w a s  used. Batch 

q u a n t i t i e s  a r e  a s  f o l l ow s :  cement, 325 kg/m3 (546 1 b l y d 3 ) ;  c o a r s e  
a g g r eg a t e ,  1058 kg/m3 (1780 1 b l y d 3 ) ;  sand ,  874 kg/m3 (1470 l b / y d 3 ) ;  wa t e r ,  

140 kg/m3 (236 1b Iyd3 ) .  The measured average  p r o p e r t i e s  of t h e  Fresh 

c o n c r e t e  were: a i r  c o n t e n t ,  2.7%; u n i t  we igh t ,  2390 kg/m3 (149 l b / f t 3 ) ;  

compressive s t r e n g t h  a t  28 days ,  39.8 MPa (5763 p s i ) ;  slump, 86.4 mm 

(3 .4  i n . ) .  

Fabrication 

C a s t i n g  

The columns w e r e  c a s t  i n  a  s p e c i a l l y  designed form. A t  t h e  s t a r t  of 

c a s t i n g ,  t h e  f r o n t  of t h e  form was l e f t  open f o r  d e p o s i t i n g  f r e s h  conc re t e .  

A s  t h e  c a s t i n g  progressed  upwards, t h e  window p i e c e s  were s u c c e s s i v e l y  

c l o s e d  and t i g h t l y  b o l t e d  t o  t h e  form t o  avo i d  p o s s i b l e  mo i s t u r e  l e a k s .  

L i f t i n g  hooks were embedded on o p p o s i t e  s i d e s  oE t h e  t e s t  specimen 800 mm 

( 2  f t  73 i n . )  from t h e  t o p  of t h e  column. A b r a s s  t u b i n g  humid i ty  w e l l 3  

with an i n n e r  d iamete r  of 4  mm (5132 i n . )  was p o s i t i o n e d  a t  mid-height of 

t h e  column f o r  measur ing i n t e r n a l  c o n c r e t e  r e l a t i v e  humidi ty  a t  mid-depth. 

R e i n f o r c in g  cage 

The r e i n f o r c i n g  cage was assembled by welding each end of e i -gh t  

l o n g i t u d i n a l  main r e i n f o r c i n g  b a r s  t o  a s t e e l  end  p l a t e .  The b a r s  were c u t  

t o  3800 mm (12 f t  5 i  i n . )  and machined a t  bo t h  ends ,  a l ong  a  l e n g t h  of 
32 mm ( I t  i n . )  t o  a  d i ame te r  of 19 mm ( f  i n . ) .  F i gu re  2* shows d e t a i l s  of 

t h e  f i n i s h e d  b a r s .  The dimensions of t h e  end p l a t e s  were 863 x 635 x 38 mln 

(34 x 25 x 14 i n . )  a t  t h e  t o p  and 863 x 863 x 38 mm (34 x 34 x 1 3  i n . )  a t  
------ 

*Metr ic  measurements i n  t h e  f i g u r e s  and t e x t  have been conve r t ed  From t h e  
o r i g in ; l l  im p e r i a l  measurements, and rounded o f f  t o  t h e  n e a r e s t  m i l l i m e t r e  

( e x ce p t  i n  F igs .  4  and 5) .  



t h e  bottom. E i g h t  h o l e s  were d r i l l e d  i n  each  p l a t e ,  one i n  each  c o r n e r  and 

two on e a c h  c e n t e r l i n e  of t h e  p l a t e  t o  accommodate t h e  l o n g i t u d i n a l  b a r s .  

The h o l e s  were 20.6 mm (13116 i n . )  i n  d i a m e t e r  and t h e  c e n t e r s  of t h e  h o l e s  

were spaced  142.9 mm ( 5  518 i n . )  from t h e  c e n t e r l i n e s  of t h e  p l a t e s .  Tn 

t h i s  way A cc,lumn was o b t a i n e d  w i t h  a  s e c t i o n  of 406 x 406 nun (16  x If9 i n .  ) 

and c o v e r  of 47.6 mm ( 1  718 i n . )  t o  t h e  main r e i n f o r c i n g  b a r s  and 38.1 mm 

( I t  i n . )  t o  t h e  s t i r r u p s .  The main b a r s  and s t i r r u p s  were t i e d  t o g e t h e r  t o  

comple te  t h e  s t e e l  cage  which,  i n c l u d i n g  t h e  s t e e l  p l a t e s ,  was 3810 mm 

(12 f t  6  i n . )  long .  

Welding 

The p r o v i s i o n s  of AWS D e s i g n a t i o n  Dl2 .1-7!i4 were fo l lowed  when w e l d i n g  

p l a t e s  and b a r s .  These  members were  p r e h e a t e d  w i t h  a  propane t o r c h  t o  288OC 

(550°F) ,  t o  p r e v e n t  b r i t t l e  f a i l u r e  d u r i n g  we ld ing .  The s i d e  f i l l e t  weld 

was done a round  b a r s  on t h e  i n n e r  f a c e  of  t h e  bo t tom p l a t e .  McKay E10018-D2 

arid DYTRON-579 we ld ing  r o d s  were used.  Both t y p e s  of we ld ing  r o d s  have 

t e n s i l e  s t r e n g t h  of 835 MPa (121 000 p s i ) .  M i l d - s t e e l  w e l d i n g  r o d s  were 

used t o  f i l l  up t h e  6  mm ( 4  i n . )  deep h o l e s  on t h e  o u t e r  f a c e s  of t h e  p l a t e .  

The rough s u r f a c e s  of t h e  welded j o i n t s  on  t h e  o u t e r  f a c e  of t h e  p l a t e  were  

ground t o  a  smooth f i n i s h .  

The we ld ing  of t h e  t o p  s t e e l  p l a t e  was done a f t e r  t h e  c a s t i n g  of t h e  

columns. Before  p o s i t i o n i n g  t h e  t o p  p l a t e ,  a  6 mm (a  i n . )  l a y e r  of  m o r t a r  

was s p r e a d  o v e r  t h e  t o p  of t h e  column t o  e n s u r e  good c o n t a c t  between s t e e l  

and c o n c r e t e .  The m o r t a r  was made of  one  p a r t  cement a n d  t h r e e  p a r t s  

s i l i c e o u s  sand.  Using t h e  same p rocedure  a s  f o r  t h e  bottom p l a t e ,  t h e  t o p  

p l a t e  was welded 011 t h e  o u t e r  s i d e  t o  t h e  b a r s  and  smoothed. 

C u r i n g  

The c o n c r e t e  was cured  i n  t h e  column formwork f o r  7  d a y s ,  a t  21 t o  24OC 

( 7 0  t o  75OF). The forms were  t h e n  s t r i p p e d  and  t h e  columns c o n d i t i o n e d  i n  

an atmosphere  c o n t r o l l e d  a t  21 t o  24°C and 30 t o  40% r e l a t i v e  humid i ty .  

The columns were t r a n s p o r t e d  i n  February  1982, abou t  a  y e a r  a f t e r  t h e i r  

f a b r i c a t i o n ,  f rom PCA, Skok ie  t o  NRCC, Ottawa. The columns were  k e p t  i n  t h e  

NKCC l a b o r a t o r y ,  i n  a n  a tmosphere  of abou t  20°C (68°F)  and 50% R.H., u n t i l  

t h e y  were t e s t e d .  

Thermocouples 

Butt-welded chromel-alumel thermocouples  w i t h  a  t h i c k n e s s  of 0.912 mm 

(0.359 i n . )  were u s e d  t o  make thermocouple  f rames  f o r  m e a s u r i n g  c o n c r e t e  

t e m p e r a t u r e s  a t  d i f f e r e n t  l o c a t i o f i s  i n  t h e  mid-height s e c t i o n  of t h e  

columns. Each frame c o n s i s t e d  o f  a  number of the rmocouples  t i e d  t o  s t e e l  

rods  t h a t  were f i r m l y  s e c u r e d  t o  t h e  main r e i n f o r c i n g  b a r s .  The 

thermocouples  were  a r r a n g e d  t o  measure t e m p e r a t u r e s  a l o n g  t h e  whole l e n g t h  

of a  c e n t e r l i n e  and a  d i a g o n a l  of t h e  s e c t i o n .  The l o c a t i o n s  of t h e  

thermocouples  i n  t h e  c o n c r e t e  and  t h e i r  numbering a r e  shown i n  F i g s .  3 ,  4  

and 5. 

I n  a d d i t i o n ,  a  number of thermocouples  were mounted on t h e  r e i n f o r c i n g  

s t e e l  b a r s  and t ies.  The l o c a t i o n s  of  t h e  the rmocouples  on  t h e  s t e e l  a r e  

shown i n  F i g s .  6  and 7,  and i n  more d e t a i l  i n  F i g .  8. 



A l l  thermocouples  were i n s t a l l e d  i n  such  a way t h a t  t h e  w i r e  folLowed 

an i s o t h e r m  f o r  a t  l e a s t  12.7 rn (* i n . )  from t h e  j u n c t i o n .  

T e s t  Appara tus  

Tlle t e s t  was c a r r i e d  o u t  by expos ing  t h e  columns t o  h e a t  i n  a f u r n a c e  

s p e c i a l l y  b u i l t  f o r  t e s t i n g  loaded  columns and walls. The t e s t  f u r n a c e  was 

des igned  t o  produce t h e  c o n d i t i o n s  t o  which a member might he exposed d u r i n g  

a Eire, i .e .  t e m p e r a t u r e s ,  s t r u c t u r a l  l o a d s ,  and h e a t  t r a n s f e r .  I t  c o n s i s t s  

of n s t e e l  framework s u p p o r t e d  by f o u r  steel columns, w i t h  t h e  f u r n a c e  

chamber i n s i d e  t h e  framework (Fig .  9) .  The c h a r a c t e r i s t i c s  and 

i n s t r u m e n t a t i o n  of t h e  f u r n a c e  are d e s c r i b e d  i n  d e t a i l  i n  r e f e r e n c e  5. Only 

a b r i e f  d e s c r i p t i o n  of t h e  f u r n a c e  and t h e  main components w i l l  he g i v e n  

here .  

Loading Device  

Three  h y d r a u l i c  j a c k s  produce f o r c e s  a l o n g  t h e  t h r e e  p r i - n c i p a l  axes .  

The j a c k  a c t i n g  a l o n g  t h e  a x i s  of t h e  test  column i s  l o c a t e d  a t  t h e  bottom 

of t h e  f u r n a c e  chamber. The p l a t e  on t o p  of t h i s  j a c k  can be used a s  a 

p l a t f o r m  t o  which t h e  column can be a t t a c h e d .  

Furnace Chamber 

The f u r n a c e  chamber h a s  a f l o o r  a r e a  of 2642 x 2642 mm (8 f t  8 i n .  x 

8 f t  8 i n .  ) and i s  3048 mrn (10 f t )  h igh.  The i n t e r i o r  f a c e s  of t h e  chamber 

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

t h e  specimen. There  a r e  32 propane g a s  b u r n e r s  i n  t h e  f u r n a c e  chamber, 

,arranged i n  e i g h t  columns, each  c o n t a i n i n g  f o u r  b u r n e r s .  The t o t a l  c a p a c i t y  

of t h e  b u r n e r s  is 4700 kW (16 m i l l i o n  ~ t u l h ) .  Each burner  can be a d j u s t e d  

i n d i v i d u a l l y ,  which a l l o w s  f o r  a h i g h  d e g r e e  of t e m p e r a t u r e  u n i f o r m i t y  i n  

t h e  f u r n a c e  chamber. The p r e s s u r e  i n  t h e  f u r n a c e  chamber is  a l s o  

a d j u s t a b l e .  I t  was s e t  somewhat lower than  a tmospher ic  p r e s s u r e .  

I n s t r u m e n t a t i o n  

The f u r n a c e  t e m p e r a t u r e s  a r e  measured u s i n g  e i g h t  chromel-alumel 

thermocouples .  The j u n c t i o n  of e a c h  thermocouple was l o c a t e d  305 rnm (1  f t )  

from t h e  t e s t  specimen,  a t  v a r i o u s  h e i g h t s .  Two thermocouples  were p l a c e d  

o p p o s i t e  e a c h  o t h e r  a t  i n t e r v a l s  of 620 mm (2  f t )  a l o n g  t h e  h e i g h t  of t h e  

f u r n a c e  chamber. The l o c a t i o n s  of t h e i r  j u n c t i o n s  and t h e i r  numbering a r e  

shown i n  Fig .  10. Thermocouples 4 and 6 were l o c a t e d  a t  a h e i g h t  of 610 mrn 

from t h e  f l o o r ,  thermocouples  2 and 8 a t  1220 mm ( 4  f t ) ,  thermocouples  3 and 

5 a t  1830 mm ( 6  f t )  and thermocouples  1 and 7 a t  2440 mm (8 f t ) .  The 

t e m p e r a t u r e s  measured by t h e  thermocouples  a r e  averaged  a u t o m a t i c a l l y  and 
t h e  average  t e m p e r a t u r e  used as t h e  c r i t e r i o n  f o r  c o n t r o l l i n g  t h e  f u r n a c e  

te~npe r a t u r e .  

The l o a d s  a r e  c o n t r o l l e d  and measured u s i n g  p r e s s u r e  t r a n s d u c e r s .  The 

a c c u r a c y  of c o n t r o l l i n g  and measur ing l o a d s  i s  about  20 kN ( 5  k i p s )  a t  lower 

load l e v e l s  and r e l a t i v e l y  b e t t e r  at  h i g h e r  l o a d s .  

The a x i a l  de format ion  of t h e  t e s t  specimen is de te rmined  by measur ing 

t h e  d i sp lacement  of t h e  j a c k  t h a t  s u p p o r t s  t h e  column. The d i s p l a c e m e n t  i s  

~neasured u s i n g  t r a n s d u c e r s  w i t h  an a c c u r a c y  of 0.002 mm (7.87 x loe5 i n .  ). 



T e s t  C o n d i t i o n s  and P r o c e d u r e  

The columns were i n s t a l l e d  i n  t h e  f u r n a c e  by b o l t i n g  t h e i r  end p l a t e s  
t o  a l o a d i n g  head a t  t h e  t o p  and a  h y d r a u l i c  j a c k  a t  t h e  bottom. E i g h t  

19 mm ( f  i n . )  b o l t s ,  spaced  r e g u l a r l y  around t h e  column 63.5 mm ( 2 )  i n . )  

from t h e  s i d e s  were used a t  e a c h  end. 

P r i o r  t o  t h e  tests, t h e  m o i s t u r e  c o n d i t i o n  i n  t h e  c e n t r e  of t h e  columns 

was measured w i t h  a  Monfore h u m i d i t y  gauge.3 The r e l a t i v e  h u m i d i t y  measured 

i n  column 10 was 80%, i n  column 11 ,  75% and i n  column 12 ,  68%. The ambien t  

t e m p e r a t u r e  a t  t h e  s t a r t  of t h e  t e s t  of column No. 10 was 20°C; i t  was 25OC 

a t  t h e  s t a r t  of t h e  test of column No. 11 and 19°C a t  t h e  s t a r t  of t h e  test 

o E  column No. 12. 

Column No. 10 was c a s t  on A p r i l  10 ,  1981 and t e s t e d  on September 21 ,  
1984. It  was s u b j e c t e d  t o  a n  a x i a l  l o a d  of 2418 kN (544 k i p s ) .  The 

c y l i n d e r  s t r e n g t h s  of t h e  c o n c r e t e  on t h e  test d a t e ,  measured on two 

c y l i n d e r s ,  were 36.5 MPa (5288 p s i )  and 41.2 MPa (5977 p s i ) .  

Column No. 11 was c a s t  on November 4 ,  1981 and t e s t e d  on August 8 ,  

1984. It was s u b j e c t e d  t o  a n  a x i a l  l o a d  of 2795 kN (629 k i p s ) .  The 
c y l i n d e r  s t r e n g t h s  of t h e  c o n c r e t e  on t h e  test d a t e ,  measured on two 
c y l i n d e r s ,  were 39.3 MPa (5695 p s i )  and 37.6 MPa (5447 p s i ) .  

Column No. 12 was c a s t  on J a n u a r y  6 ,  1982 and t e s t e d  on A p r i l  29 ,  1983. 
L t  was s u b j e c t e d  t o  an  a x i a l  l o a d  of 2978 kN (670 k i p s ) .  The c y l i n d e r  

s t r e n g t h s  of t h e  c o n c r e t e  on t h e  test d a t e ,  measured on two c y l i n d e r s ,  were 
46.6 MPa (6756 p s i )  and 46.1 MPa (6685 p s i ) .  

The Loads were c o n c e n t r i c  and a p p l i e d  a t  l e a s t  40 minu tes  b e f o r e  t h e  

s t a r t  of t h e  t e s t .  

I n  t h e  tests t h e  columns were exposed t o  h e a t i n g  c o n t r o l l e d  s o  t h a t  t h e  
a v e r a g e  t e m p e r t u r e  i n  t h e  Eurnace f o l l o w e d  a s  c l o s e l y  a s  p o s s i b l e  t h e  

A S T M - E ~ ~ ~ ~  o r  U L C - ~ 1 0 1 ~  s t a n d a r d  t empera tu re - t ime  c u r v e .  T h i s  c u r v e  c a n  be 

approx imate ly  d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n :  

where Tf = t e m p e r a t u r e  i n  O C ,  and 

T = t ime i n  h  

where Tf = t e m p e r a t u r e  i n  OF. 

During t h e  tests,  t e m p e r a t u r e s  i n  t h e  f u r n a c e  and i n  t h e  columns were 

measured a t  t h e  l o c a t i o n s  d e s c r i b e d  e a r l i e r .  The a x i a l  s t r a i n  of t h e  

columns was a l s o  measured.  The columns were r e g a r d e d  t o  have f a i l e d  and t h e  
t e s t s  were t e r m i n a t e d ,  when t h e  h y d r a u l i c  j a c k ,  which h a s  a  maximum s p e e d  oE 
76 mm/min ( 3  i n . / m i n ) ,  c o u l d  no l o n g e r  m a i n t a i n  t h e  a p p l i e d  l o a d .  



TEST RESULTS 

Measured Temperatures  

Tab les  2-4 p rov ide  measured s t e e l  t empe ra tu r e s ,  f o r  columns 10-12, a t  

va r i ous  t e s t  t imes.  The measured c o n c r e t e  t empe ra tu r e s  a r e  g iven  i n  

Tab les  5-7. Tab le  8  g i v e s  t he  measured average  fu rnace  t empera tures  f o r  

columlls 10-12. 

Measured Deformat ions  

The measured a x i a l  de format ions  du r ing  t h e  t e s t s  of columns 10-12 a r e  
g iven  i n  Tab l e  9. 

Obse rva t i ons  

Column No. 10 

T e s t  t ime  

H r  : Min 

0:00 F i r e  s t a r t e d  a f t e r  s u b j e c t i n g  t h e  column t o  a p r e load  of 2418 kN 

(544 k i p s )  f o r  1 hour  and 40 minutes .  

1:35 F ine  c r acks  were v i s i b l e  on a l l  f o u r  f a c e s ,  a s  i n d i c a t e d  i n  

Fig. 11. 

2:20 Maximum c r a c k  w id th  on t h e  e a s t  and west  f a c e s  of t h e  column w a s  

approx imate ly  6  mm ($ i n . ) .  
3:20 Two 600 mm ( 2  f t )  l ong  c r a c k s  developed i n  t h e  lower q u a r t e r  of t h e  

column on t h e  e a s t  and s o u t h  f a c e s .  

3:58 Large c r a c k s  had developed on a l l  f o u r  f a c e s  of t h e  column. The 

c r acks  on t h e  s o u t h  and e a s t  f a c e s  of t h e  column had widened t o  

about  25 mm ( 1  i n . ) ,  expos ing  t h e  c o r n e r  r e i n f o r c i n g  bar .  

4:22 The column f a i l e d  i n  compression.  F igu re  12 shows t h e  co111mn a f t - e r  

t h e  f i r e  test .  

Column No. 11 

T e s t  t ime  

H r  : Min 

0:00 F i r e  s t a r t e d  a f t e r  s u b j e c t i n g  the  column t o  a  p r e load  of 2795 kN 

(629 k i p s )  f o r  40 minutes .  

1:40 F ine  c r a c k s  developed on t h e  e a s t  and s o u t h  f a c e s  of t h e  test 

column . 
2:20 Cracks  on t h e  e a s t  f a c e  of t h e  column leng thened  t o  100-200 mm 

(4-8 i n . ) .  The maximum c rack  wid th  on t h e  e a s t  f a c e  was about  3  mm 

( 1  i n . .  Smal l  c r a c k s  a l s o  developed on t h e  n o r t h  and west  

Faces. 

3:00 Two 600 mm (2  f t )  long  c r a c k s  developed i n  t h e  lower  q u a r t e r  of t h e  

column on t h e  e a s t  and s o u t h  f ace s .  

3:20 The l o n g e s t  c r a c k  on t h e  e a s t  f a c e  ex tended  t o  abou t  750 mm ( 2 j  f t ) .  

Cracks on o t h e r  f a c e s  a l s o  l eng thened .  

4:00 The wors t  c r a c k  on t h e  e a s t  f a c e  opened up t o  n e a r l y  6  mm ( i  i n . )  

wide ( s e e  F ig .  13) .  



4:17 A l l  c r a c k s  c o n t i n u e d  t o  widen. The c r a c k  on t h e  e a s t  f a c e  was abou t  

25 mrn ( 1  i n . )  wide. 

4 :45  T e s t  column f a i l e d  i n  compression.  F i g u r e  14 shows t h e  column a f t e r  

t h e  f i r e  t e s t .  

Column No. 12 

T e s t  t ime  

ilr :Min 

0:00 F i r e  s t a r t e d  a f t e r  s u b j e c t i n g  t h e  column t o  a  p r e l o a d  of 2978 kN 

(670 k i p s )  f o r  40 minutes .  

0 :28 A h a i r l i n e  c r a c k  developed on t h e  e a s t  f a c e  of t h e  column i n  t h e  

a r e a  near  t h e  upper  one-quar te r  p o i n t .  

0:40 The c r a c k  r a p i d l y  grew t o  a  l e n g t h  of a b o u t  450 mm (18 i n . )  long.  
A d d i t i o n a l  h a i r l i n e  c r a c k s  developed.  

1:10 More h a i r l i n e  c r a c k s ,  some 100-200 mm (4-8 i n . )  long ,  developed on 

a l l  Eour s i d e s  i n  t h e  a r e a  50-75 rmn (2-3 i n . )  from t h e  edges .  

2:15 Major c r a c k s  had a maximum w i d t h  of abou t  6 mm (a  i n . )  ( s e e  

F i g .  15) .  

3:00 Most c r a c k s  became s t a b l e .  

3:33 The combustion a i r  f a n  motor burned o u t  and t h e  f i r e  was 

a u t o m a t i c a l l y  s h u t  o f f .  F i g u r e  16 shows t h e  column s h o r t l y  a f t e r  

t h e  f i r e  test.  

On t h e  t h i r d  day a f t e r  t h e  test t h e  column was s u b j e c t e d  t o  a l o a d  of 

4089 kN (922 k i p s )  w i t h o u t  f a i l u r e  of t h e  column. A f t e r  t h e  l o a d  t e s t ,  t h e  
load was removed. Seven ty-s ix  days a f t e r  t h e  test  t h e  same column 

( F i g u r e  17) was a g a i n  s u b j e c t e d  t o  a load  test.  I n  t h i s  t es t ,  t h e  l o a d  was 

[ ; radual ly  i n c r e a s e d  u n t i l  t h e  column f a i l e d  a t  3204 kN (721 k i p s ) .  

SUMMARY 

Three r e i n f o r c e d  c o n c r e t e  columns w i t h  a  c r o s s  s e c t i o n  of 406 x 406 mm 

(16 x 16 i n . )  were t e s t e d .  Two of t h e s e  columns were t e s t e d  t o  s t u d y  t h e  

e f E e c t  of heavy re in forcement  (abou t  4%) on t h e  f i r e  r e s i s t a n c e  of t h e  

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

p e r c e n t a g e  i s  b e n e f i c i a l  f o r  t h e  f i r e  r e s i s t a n c e  of t h e  columns. 

One column w a s  t e s t e d  t o  s t u d y  t h e  e f f e c t s  of a  h i g h  p e r c e n t a g e  of 

s t e e l  r e i n f o r c e m e n t  (abou t  4%) i n  combinat ion w i t h  a  l a r g e  c o v e r  t h i c k n e s s  

t o  s t e e l  ( 6 3  mm ( 2 . 5  i n . ] )  on t h e  f i r e  performance of t h e  column. These 

have been c o n s i d e r e d  t o  be t h e  pr imary f a c t o r s  t h a t  promote s p a l l i n g  of a  

column exposed t o  f i r e .  Although no s p a l l i n g  o c c u r r e d  d u r i n g  t h e  f i r e  t e s t ,  

i t  cou ld  n o t  be c o n t i n u e d  a f t e r  abou t  3i hours  of t e s t i n g ,  due t o  f a n  

f a i l u r e .  The test prov ided  a d d i t i o n a l  i n f o r m a t i o n ,  however, on t h e  r e s i d u a l  

s t r e n g t h  o f  t h e  column a f t e r  t h e  exposure  t o  f i r e .  A f t e r  c o o l i n g  and 

s u b j e c t i n g  t h e  column t o  a  load  t e s t ,  abou t  23 months a f t e r  t h e  f i r e  t e s t ,  

t h e  r e s i d u a l  s t r e n g t h  of t h e  column w a s  found t o  be a b o u t  10% h i g h e r  than 

the maximum a l l o w a b l e  load  t h a t  w a s  a p p l i e d  t o  t h e  column d u r i n g  t h e  f i r e  

t e s t .  
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- - - - - -- - - - -- 

Temperature ( " C )  Measured a t  Thermocouple No: 

T i me ------------- -- 
(rnin) 1 2 3 4  5  6  7  8 9 10 11  12 4 5  46 47 4 8  

*Measurement not r e l i a b l e  



TABLE 3. MEASURED STEEL TEMPERATURES (COLLIMN NO. 1 1 )  

T e m p e r a t u r e  ("C) M e a s u r e d  a t  T h e r m o c o u p l e  No: 

Time 

(min) 1 2 3 4 5 6 7 8 9 10 11 12 4 5  46  47 48 

- ---- - ------ ~ -~ 

u r e m e n t  n o t  r e l i a b l e  



TABLE 4 .  MEASURED S T E E L  TEMPERATURES (COLUMN NO. 12)  

Temperature (OC) Measured a t  Thermocouple No: 
T i  me - 
( m i n )  1  2  3 4 5 6 7 8 9 10 1 1  12  45 46 47 48 

"Measurement n o t  r e l i a b l e  



TABLE 5 .  COKCRETE TEWERATURES MEASURED AT MID-HEIGHT (COLUMN NO. 1 0 )  

T e m p e r a t u r e  (OC) Measured  a t  T h e r m o c o u p l e  No: 

Time - 
( m i n )  13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 

0 21 20 19 19 19 19 19 19 20 19 19 19 19 20 23 25 23 20 19 19 19 19 19 19 19 19 19 20 20 21 26 36 

5 109 75  54 34 21 19 19 19 19 19 21 28 72 109 181 234 130 88  65 39 21 19 19 19 19 19 20 33 77 122 197 259 
1 0  186 130 106 67 28 20 19 19 20 20 34 66  135 192 308 380 230 150 113 7 8  31 20 19 19 19 19 33 79  142 214 350 413 
15 271 192 145 102 42 22 19 19 20 25 7 5  111 200 283 424 505 330 220 165 109 48  23 19 19 19 23 81 116 216 314 470 529 

20 346 253 189 121 6 0  27 20 19  21 45 106 114 264 361 510 586 411 286 220 130 7 1  28 19 19 21 43 108 137 282 392 550 609 
25 407 306 232 145 83  34 21 20 24 57 107 129 324 427 576 659 468 337 264 158 89 36 20 19 25 59 108 188 343 455 616 674 
30 456 349 270 177 9 2  43 23 21 28 70  110 170 382 486 630  714 510 378 301 188 96  45 23 20 31 68  106 234 398 512 673 783 
35 498 391 311 220 93 50 26 22 34 7 6  118 197 435 535 673 725 545 414 337 222 101 53 26 21  37 73  115 271 447 562 718 760  
40  532 428 348 253 99  56 30 25 40 7 9  131 224 480 576 711 749 574 445 368 250 111 60  30 24 43 77 133 300 490 606 * 778 
45 562 459 379 280 107 62 34 28 45 83  147 252 518 607 711 776 600  471 395 274 127 66 34 27 49 81  157 327 526 644 739 803 
50  587 486 405 303 116 68 39 32 50 87 167 278 550 637 722 799 621 494 418 296 144 7 0  39 31 54 8 6  183 353 558 677 722 823 
55 609 509 429 324 125 7 4  44 36 55 91  188 305 583 661 741  320 641 514 438 316 161 75 44 36 59 90 208 378 589 * 733  841 
6 0  629 530 450 342 135 8 0  48 40 60  98 210 329 612 689 757 838 660  533 457 335 176 8 0  48 40  63  93  231 400 616 706 746 857 

A 

7 0  662 565 485 374 156 94  58 49 71 115 253 375 661 733 772 863 690 567 491 368 205 92 57 49 72 104 273 444 * 703 758 871 w 

8 0  691 597 517 403 179 106 69 58 85 133 292 417 701  769 762 859 715 598 522 399 232 105 67 58 82 117 312 482 691  732 772  806 
90 716 625 543 428 202 117 81 68 100  148 327 456 729 798 770  845 739 625 549 426 257 117 77 68 94  133 345 515 693 753 785 792 

100  738 650 568 451 224 128 96 81  109 164 358 490 754 823 783 827 761 649 576 451 281 128 88  79  107 152 374 546 717 769 793 800 

110 760 672 592 473 245 139 108 96 119 179 385 523 778 845 793 803 782 672 6 0 0  474 303 139 100 93 117 173 397 573 737 781 800 805 

120 777 692 613 493 265 148 116 107 127 195 411 553 800 863 798  802 800 692 622  496 325 150  111 105 127 193 415 595 748 785 801 803 
1 3 0  794 711 633 511 285 162 121 117 133 215 434 581 819 880 800 799 816 712 643 517 344 162 118 114 135 211 429 614 751 786 801 800 

140  703 726 650 528 304 177 127 122 139 234 456 605 834 891 798  796 829 726 660  535 363 175 123 120 144 228 444 618 752 786 798  798 

150 707 742 667 544 322 191 133 127 169 259 477 630  847 902 795 790 842 744 677 553 380 188 130 126 154 244 459 649 752 787 795  796 
160 712 757 683 560 339 205 139 133 419 362 498 673 846 905 787 755  697 756 693 570 397 203 144 142 160 260 475 665  758 788 791 793 

170 720 772 698 576 356 218 145 139 641 599 521 727 776  851 758 750 693 755 708 587 414 222 187 207 181 293 493 682 760  786 787 787 

180 728 788 713 592 372 231 151 143 714 724  575 755 738 772 765 779 691 743 725 607 443 269 320 343 327 460 512 738  743 765  772 760  
190 735 793 727 608 389 244 158 147 749 759  710 772  755 768 786 803 700 729 737 641 521 408 524 501 609 661 552 736  745 742 742 744 

200 744  722 744  625 405 258 169 149 752 777 756  774 7 6 1  770 783 814 718  728 737 683 636 573 650  610 756 758 685 783 779 764 762 777 

210 749 727 757 623 423 273 180 153 756  790 764 766  776 770  753 810 745 735  735 725  720 677 711 678 799 791 757 808 805 788 787 805 
220 755 733 771 638 440 287 192 159 772 784  766 766 791 769 757 785 766 742  734 7 5 0  756 718 737 720 819 799 785 820 824  804  306 824 

230 758 737 783 652 458 304 206 168 787 777 773 777 797 773 774 766 778 752 744 769 771 734 742  739 826 803 798 828 833, 809 816 837 
240 762 740 795  665 476 320 221 183 796 786  785 789  797 787 788 775 784 766  457 7 8 0  776 749 748 753 828 809 801 831 833 812 819 843 

250 766 797 794 796 493 337 236 200 796 797 794 796 800 800 798 784 783 779 766 785 778 765 758 765 826 813 800 829 829 816 822 837 
260 767 748 819 694 509 353 252 219 786  801 801 800 801 808 802 789 779 792 772  790  782  779 770  776 825 817 798  829 826 822 824 823 

"Measurement n o t  r e l i a b l e  



TABLE 6 .  CONCRETE TEMPERATURES SASURED AT MID-HEIGHT (COLUMN NO. 1 1 )  

T e m p e r a t u r e  (OC) Measured  a t  The rmocoup l e  No: 

Time 
( m i n )  13 14 15 16 17 18 19 20 21  22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 
-- 

0 26 24 23 22 22 22 22 23 23 22 22 22 23 23 27 29 26 24 23 22 22 22 22 22 22 * 22 23 24 25 30 34 

5 123 91  58 41 24 22 22 23 23 22 23 33 70  101 174 230 124 96 70  44 24 22 22 * 22 * 23 35 7 0  112 171 235 

10  210 150 108 78  33 23 22 23 23 23 30 77 140 179 299 376 222 170 128 87 34 23 22 * 22 * 30 84  134 200 314 407 
15 311 226 1 5 2 1 1 7  53 26 23 23 23 26 68  111 199 2 6 6 4 1 4  510 321 247 183 120 48 26 22 * 22 * 78 120 205 305 444 539 

20 395 296 205 150 78  31  23 23 24 37 102 132 270 351 493 600 405 318 241 155 65  32 23 * 23 * 100 144 274 388 533 619 
25 462 358 256 187 103 43 24 23 26 48 101 143 332 422 565 654 468 375 290 190 102 42 24 * 25 * 102 192 338 459 603  681 
30 515 408 299 219 111 56 26 24 30 58 106 214 386 479 610 * 516 420 331 223 103 51 26 * 30 * 104 246 397 516 655 * 
35 555 448 337 253 112 64  30 25 35 65  104 264 437 524 656 730 552 459 369 265 101 57 29 * 35 * 106 293 446 564 687 754 
40  588 484 374 291 143 69 34 28 41 7 1  109 306 483 567 695 743 587 495 406 306 101 62  34  * 40 * 112 329 487 608  710 741 
45 618 516 409 325 173 7 3  39 31  46 77 120 342 521 605 728 763 618 526 440 340 108 66  38 * 45 * 129 362 523 645 728 760 

50  644 545 439 354 193 7 8  43 35 52 83  134 373 553 642  755 779 646 555 469 368 117 72 42 * 50 * 141 393 555 671 765  773 

55 665 568 464 378 212 84  48 39 57 91 150 400 587 668 776 780 668 580 494 392 127 78 45 * 55 * 162 419 587 699 785 776 
6 0  687 592 487 399 229 90  53 44 62  100 167 425 615 696 698 756 691 604  516 412 137 85 51 * 60 * 181 442 616  717 751 843 

4 

7 0  720 630  525 436 261 103 62 53 76 117 202 470 652 708 830 763 722 641 552 446 158 99  61  * 72  * 217 482 662 758 771 873 A 

8 0  748  662 558 469 289 115 73  62 91  131 235 508 688 738  855 779 746 670  584 473 179 110  75  * 83 * 250 517 701 789 784 897 
90  774 690 588 496 313 128 86  7 4  104 141 264 542 729 759 877 791 769 695 609 496 201 122 90 * 94  * 283 548 733  816 790 916 

100 797 714 614 518 277 136 101 9 5  113 151 289 572 756 774 894 799 784 714 631 515 222 132 104 * 106 * 313 579 760 838 796 732 
110 812 729 630  530 310 144 118 113 122 164 321 602 780  785 905 805 804 731 648 532 243 144 115 * 119 * 345 608 784 858 801 942 
120 830 747 650 550 350 154 127 121 133 182 352 628  802 792 912 809 821 747 666 547 263 156 124 * 130 * 374 632 806 877 802 952 

130 847 765 670 572 378 169 131 126 138 203 382 652 821 792 869 809 836 762 682 563 282 165 130 * 138 * 402 653 824 892 803 958 
140 863 783 689 593 398 184 135 132 144 225 410 673  839 791 805 808 849  776 697 579 303 172 135 * 149 * 427 676 841  905 802 963 
150 877 800 707 611 415 201 138 134 154 249 437 693 855 789 80G 807 863 791 713 596 325 181 140 * 157 * 450 696 857 919 799 965 

160 889 816 723 628 431 217 144 137 164 267 461 711 870  787 801 805 873 806 728 612 345 197 144 * 164 * 472 714 868 929 793 729 
170 899 830 738 644 446 233 141 140 172 284 483 727 884 784 498 803 765 820 743 628  365 211 150 * 169 * 493 732 775 922 786 786 
180 875 843 752 659 461 248 159 146 181 299 505 743 892 782 794 802 767 834 758  644 384 223 156 * 175 * 512 748 775 776 781 780 
190 772 854 765 674 477 263 171 152 193 314 527 755 898 780 793 799 765 846 771 659 404 235 161 * 185 * 532 763 774 774 776 777 
200 786 867 780  688 492 279 162 159 207 331 547 760  900 778  793 801 766 860 785 675 423 249 167 * 198 * 551 777 772 772 774 777 
210 788 876 793 702 507 294 194 167 225 349 569 758 774 776  792 802 764 871 798 689 442 264 176 * 211 * 572 790 771 771 775 775 
220 800 874 807 716 531 311 206 176 261 372 593 755 871 769 774 798 766 885 812 704 462 282 188 * 224 * 593 803  770  770 774 772 
230 802 855 818 729 730 32 664 704 802 855 818 729 537 330 221 190  766 895 824 718 482 305 203 * 239 * 613 816 770 767 772 767 

240 802 837 826 740 551 356 243 218 166 459 658 753 783  735 744 740  766 901 836 729 501 339 222 * 255 * 628  824 767 761 767 761  
250 804 797 823 748 583 396 283 272 545 539 685 752 719 723 727 722 765 759 846 739 521 397 247 * 271 * 641 832 765 759 764 759 

260 788 723 798 749 623 466 366 373 625 604 707 756 721 721 720 719 762 755 849 748 543 475 664 * 288 * 658 840 766 762 766 765 
270 741 713 754 738 671 579 529 533 689 671 731 765 732 729 728 730 666 744  790 752 567 561 685 * 319 * 677 830 770 769 771 775 
280 721 721 733 727 712 686 679 668 733 718  752 777 747 743  743 747 707 732 732 760 602 633 719 * 539 * 698 765  776 776 777 784 
285 721 728 729 720 729 711 710 694 746 731 760  780 753 748  740 752 724 843 721 961 640  653 747 * * * 717 973 973 784 786 790  

*Heasurement n o t  r e l i a b l e  



T A B L E  7 .  CONCRETE TE,X'ERATURES .%ASUSED AT MID-HEIGHT (COLL'YI'; 10. 1 2 )  

Tempera tu re  ( O C )  Measured a t  Thermocouple No: 

Time 
(min) 13 14 15 16  17 ! 8  19  20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40  41 42 43 44 

0 24 23 21 20 20 19 20 19 20 * 19 19 20 22 24 27 23 21 20 20 17 19 19 19 19 * 19 20 22  24 27 31 

10 66 60 50 37 24 20 20 20 20 * 24 32 54 69 86  100  6 0  50 41 33 17 20 19 19 19 * 26 36 55 72 89 105 
15 * 77 65  48  29  22 20 20 20 * 31 44 7 3  92 117 1 2 8  7 6  63  53 42 18 21 19 19 19 * 34 49 73  95 114 133 

20 * 87 74  55 33 24 20 20 20 * 36 52 85 106 127 145 86  72 60 48 18 22 19 19 19 * 39 57 85 108 129 148 
25 * 138 108 7 0  38 27 20 20 21 * 45 64 109 148 201 256 141  105 83 59 19 24 20 19 20 * 49 71  112 155 209 270 
30 * 168 136 99 49 30 21 20 22 * 59 88 151 197 252 294 165 131 105 83 21 27 20 19 21 * 67 100 151 201 255 302 

35 * 205 163 116 62 35 22 21 24 * 8 0  113 182 243 310 368 200 157 126 101 25 31 21 20 23 * 86 123 181 242 305 365 
40 * 260 203 136 75 44 24 21 26 * 105 138 222 302 386 456 264 199 154 116 67 37 23 21 26 * 107 144 221 301 385 460 

45 * 389 285 168 94 52  26 23 30 * 119 148 269 394 539 671  412 285 205 137 * 45 25 22 31 * 115 161  284 375 529 652 

50 * 513 386 225 115 6 i  29 24 35 * * 169 356 513 691 820  532 382 278 179 85  60 28 24 35 * * 203 370 481 669 791 
55 * 562 445 274 124  7 5  34 27 40 * * 206 430 587 745 833  572 437 333 221 110 74  32 26 4 0  * * 251 441  554 725 810  

60 685 601 486 312 139 86 * 30 45 * 139 244 484 640 786 * 609 477 372 256 118 86 42 30 46 * * 295 495 610 768 838 
7 0  731 656 546 372 176  101  51 39 60  * 222 326 564 720 * 878 6 6 1  533 429 312 165 95 62  41  62 * 211 380 575 691  820  * 
8 0  788 711 601 419 209 101 62 51 74 * 282 398 638 777 795 931 718 588 480 366 212 102 72 53 75  * 284 455 645 757 839 * 
90 818 746 645 461 241 101 72 63 84 * 331 459 701  824 8 0 5  * 756 635 528 414 247 108 81 65  87 * 336 516 712 810 * * 

100 847 775 677 496 270 107 81 77 91 * 373 511 750 840 806 * 788 668 568 453 276 118 89 76  100 * 379 566 760 847 * * 
110 * 798 704 527 297 1 2 1  96  90 98 * 412 555 7 9 0  * * * 811 6 9 9  602 485 302 130 98  9 0  107 * 417 6 1 1  796 873 * * 
120 * 820 727 553 323 145 103 100 105 * 446 598 821 * * * 833 724 631 514 325 145 104 99 113 * 450 650 825 895 * * 
130 * 842 750  581 349 167 108 105 113 * 478 637 846  * * * 854 747 656 538 346 161 111 104 120 * 481  685 849 913 * * 
140 * 860 771 606 374 184 112 109 123 * 506 670 * * * * 871 767 678 560 365 177 118 107 128 * 507 714 869 929 * * 
150 * * * 630  398 205 117 113 134 * 530 6 9 9  * * * * 886 7 8 5  698 582 385 193 125  110 1 3 6  * 536 739  888  942 * * 
160 * * 809 653 421 225 125 117 145 * 554 725 * * * * 901 802 716 603 402 209 133 115 145 * 562 761 905 953 * * 
170 * * 827 674  442 243 135 124 157 * 579 7 4 9  * * * * 915 818  734 622 419 225 141 123 157 * 586 781  920  962  * * 
180 * * 843 693 462 262 146 134 170 * 604 770 * * * * 928 833 750 640 436 242 151 132 173 * 608 798 933 970 * * 
190 * * 853 712  481  281 157 145 185 * 626 7 9 0  * * * * 940 846 766  658 452 259 162 142 191  * 629 815 947 977 * * 
200 * * * 729 500 299 168 155 201 * 646 808 * * * * 952 859 781 675 468 277 174 152 208 * 648 830 959 983 * * 
210 763 768  753 746  517 317 179 165 218 * 667 825 7 8 1  7 7 8  7 6 5  790  964 7 5 1  796  691 484 295 185 163 225 * 667 844 971 987 782 781 

220 730 736 730 744 534 335 194 175 235 * 685 839 769 772 749  779  838 730 779 699 499 312 198 173 241 * 685 855 958 934 778 778 

240 625 628 628  643  534 369 226 194 271 * 627 789  710  7 2 1  695  720  644 629  651 625 505 345 227 194 273 * 682 784  789 723 723 722 
255 567 569 570 584 519 387 250 208 292 * 617 723 669 677 656 675 563 571 583 574 493 364 251 213 296 * 652 710 688 673 672 672 

*Measurement n o t  r e l i a b l e  



TABLE 8 .  AVERAGE FURNACE TEMPERATURES 

A v e r a g e  T e m p e r a t u r e  ( OC ) 

T i m e  C o l u m n  C o l u m n  C o  1 umn 

( m i n )  No. 10 N o .  11 N o .  12 



TABLE 9. MEASURED AXIAL DEFORMATION (COLUMNS 10-12) 

Axial Deformation (mm) 

Time Column Column Column 

(min) No. 10 No. 1 1  No. 12 

(-) Sign indicates contraction of column 

past initial starting position. 



0 
100 50 3 0 16 8 4 9. 5 19 37 .  5 

m n1 ~n m 111 01 

S T A N D A R D  S I Z E  O F  S Q U A R E  M E S H  S I E V E  

F I G U R E  1 

G R A D A T I O N  C U R V E S  O F  S I L I C E O U S  A G G R E G A T E  



19 m m  D I A  

0 
d 

03 

m 

F I G U R E  2 

P L A T E  

P L A T E  

M A I N  R E I N F O R C I N G  B A R S  



T I C  F R A M E ,  
OIV B A C K  

F R A M E  
 FRONT^ 

S E C T I O N  A - A  

406 mrn 

7---1 

F I G U R E  3 

L A Y O U T  O F  T H E R M O C O U P L E  F R A M E S  ( C O L L I M I \ I S  N O .  10, 11 A N D  12 )  



F I G U R E  4 

L O C A T l O l U  A N D  N U M B E R S  O F  T H E R M O C O U P L E S  I N  S E C T I O N  
O F  C O L U M N S  N O .  10 A N D  11 



F I G U R E  5 

L O C A T I O N  A N D  N U M B E R S  O F  T H E R M O C O U P L E S  I N  S E C T l O l V  
O F  C O L U M N  N O .  1 2  



TIC 5 ,  7-\ , r ~ A Y ~ N m R C K ~ Z Y N G  BAR 

TIC 6, 8, 11, 

8 2;7h4iAR -k rnm 

TIC 1. 3  C  TIC 2, 4, 12. 

x 8 6 4 x 3 8 m m - -  4 0 6 m m  
45, 46 

CK STEEL PLATE 
I 

F I G U R E  6  

T H E R M O C O U P L E S  O N  R E I N F O R C I N G  B A R S  
O F  C O L U M N  N O .  10 



48 m m  (COLUMN NO. 11) OR 64 m m  

1 (COLUMN NO. 12) COVER TO M A I N  

TIC 5, 7 j REINFORCING BAR 

"*,- "., . ,\ <- , , , , , ,  

THICK STEEL PLATE 

F I G U R E  7 

38 mrn 
C 

,76 rnm M l N .  

414 h?Pa 
10 M BAR 

t- - --4 
3% rnrn 

T H E R M O C O U P L E S  O N  R E l N F O R C l  N G  B A R S  O F  
C O L U M N S  N O .  11 A N D  1 2  



T I C  11 
T I C  47 

T I C  6 
T I C  48 

F I G U R E  8 

T H E R M O C O U P L E S  O N  R E I N F O R C I N G  B A R S  O F  C O L U M N S  N O .  1 0  - 1 2  

T I C  46 
- T / C  4 
T I C  45 

T I C  12  



F I G U R E  9 

TEST F U R N A C E  



T O P  V l E W  

1 ,  2 

C O L L I M N  

5 , 6  F U R N A C E  3 , 4  
C H A M B E R  

7, 8 

I I 

D O 0  R 
( E A S T  S I D E )  

S I D E  V l E W  

F I G U R E  10 

L O C A T I O N  A N D  N U M B E R S  O F  
T H E R M O C O U P L E S  I N  C O L U M N  
F U R N A C E  C H A M B E R  



F U R N A C E  C E I L I N G  
\ 

F U R N A C E  F L O O R  
f 

W E S T  S O U T H  E A S T  N O R T H  

F I G U R E  11 

C R A C K S  I N  C O L U M N  A T  1 h 3 5  m i n  T E S T  T I M E  ( C O L U M I V  N O .  10, 
P H A S E  El 



F I G U R E  1 2  

COLUMN A F T E R  F I R E  T E S T  

(COLUMN N O .  10, P H A S E  11) 



/ F U R I V A C E  C E I  L I  IVG 

/ 

9 0 0 rrl ni 
- L O N G  

6 rnrn 
W I D E  

F U R N A C E  F L O O R  

E A S T  S O U T H  N O R T H  

F I G U R E  1 3  

W E S T  

C R A C K S  I N  C O L U M N  A T  4 h T E S T  T I M E  ( C O L U M N  N O .  11, 
P H A S E  II) 



FIGURE 14 

COLUMN AFTER FIRE T E S T  

(COLUMN N O .  1 1 ,  PHASE 11) 



E A S T  

F U R N A C E  C E I L I N G  
/A 

k 

'- F U R N A C E  F L O O R  

N O R T H  W E S T  

- 6  rnrn 
W  l D E  

S O U T H  

F I G U R E  1 5  

C R A C K S  I N  C O L U M N  A T  2 h 1 5  rnin T E S T  T I M E  ( C O L U M N  N O .  12 ,  
P H A S E  111 



F I G U R E  16 

C O L U M N  S H O R T L Y  AFTER FIRE T E S T  

( C O L U M N  N O .  1 2 ,  PHASE 11) 



FIGURE 17 

C O L U M N  76 D A Y S  AFTER FIRE T E S T  

( C O L U M N  N O .  1 2 ,  PHASE 11) 


