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PREFACE 

This work was carried out to test the validity of currently accepted 
charring rates of timber, both solid and glulam. Of particular interest 
was the charring performance of two New Zealand grown timbers and whether 
they are affected by the unique climatic conditions under which they are 
produced. 

INTENDED AUDIENCE 

This report is intended for code writers, researchers, designers and 
manufacturers of laminated timber products. 
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ABSTRACT 

This report describes an investigation into parameters that influence 
charring rate of timber. Firstly, from an international perspective the 
investigation sought to determine how internal properties of different 
timber products (solid and glulam) influenced charring, and also attempted 
to show how two New Zealand grown timbers differed from overseas grown 
timber, and why any differences existed. Secondly, the different charring 
rates produced by exposure to test and real fires are considered. 

Two tests were performed: the first to demonstrate a model's ability to 
predict charring rate of various samples prepared with different physical 
parameters. The second test attempted to relate comparative results from 
the first test to a heavy section beam or column. 

Results from this study indicate that revision of methods used to design 
timber structures for fire resistance is warranted. The present practice 
of assuming the charring rate of Radiata pine is 0.6 mm/min is found to be 
valid only for higher density timber. selection of a charring rate based 
on the timber density is much more reliable, especially for timber of 
lower densities. 
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INTRODUCTION 

1.1 Problem Descr ip t ion  

To c a l c u l a t e  f i r e  r e s i s t a n c e  r a t i n g s  of t imber members, it i s  assumed tha t  
t h e  c h a r r i n g  r a t e  of t imber i s  0 . 6  mm per  minute. T h i s  f i g u r e  i s  widely 
accepted both  i n  New Zealand ( S A M  1989) ,  and overseas .  It has been t h e  
s u b j e c t  of ex tens ive  publ ished research .  

Glue-laminated (g lu lam)  t imber i s  being used i n c r e a s i n g l y  i n  New Zealand. 
I t  i s  assumed t h a t  i t s  cha r r ing  r a t e  i s  t h e  same as f o r  s o l i d  t imber and 
f i r e  engineer ing  c a l c u l a t i o n s  a r e  based on t h i s  assumption. However, 
r e c e n t  exper imental  work a t  Building Research Associa t ion  of New Zealand 
(BRANZ)  has indicated t h e  cha r r ing  r a t e  may be s i g n i f i c a n t l y  h igher  f o r  
loaded glulam beams ( L i m  and King, 1 9 9 0 ) .  

Concern has a l s o  been expressed t h a t  t h e  v a s t  ma jo r i ty  of r e s ea r ch  i n t o  
f i r e  performance of t imber i s  based on overseas  s t u d i e s  concerning t imber 
spec i e s  grown mainly i n  t h e  Northern Hemisphere. Timber grown i n  New 
Zealand e x h i b i t s  some d i f f e r e n c e s  because t h e  r e l a t i v e l y  temperate  c l ima te  
causes  more r a p i d  growth r a t e s ,  wider r i n g  spac ings  and g r e a t e r  
v a r i a b i l i t y  of d e n s i t y  ac ross  t h e  annual r i n g s  ( N Z  TRADA, 1 9 7 1 ) .  T h i s  
s tudy i n v e s t i g a t e s  t h e  ex t en t  t o  which t h e s e  f a c t o r s  adve r se ly  a f f e c t  t h e  
c h a r r i n g  r a t e .  

1.2 Objective 

The o v e r a l l  o b j e c t i v e  of t h i s  work i s  t o  determine t h e  f a c t o r s  which 
i n f l uence  t h e  cha r r i ng  r a t e  f o r  both s o l i d  and glulam t imber ,  and t o  
determine exper imenta l ly  whether t h e  e s t a b l i s h e d  f i g u r e s  a r e  a p p l i c a b l e  t o  
timber used i n  New Zealand. 

From t h i s  work a g r e a t e r  confidence i n  t h e  use  of timber i n  f i r e  r a t e d  
c o n s t r u c t i o n s  can be gained.  

1 .3  Approach 

Severa l  models f o r  char  p r e d i c t i o n  were eva lua ted  from l i t e r a t u r e  
sea rch ing .  One of t h e s e  models (White, 1988) was s e l e c t e d  because it was 
r e l a t i v e l y  easy t o  apply and was a b l e  t o  quan t i f y  a range of i n t e r n a l  wood 
p r o p e r t i e s  which in f luence  cha r r ing  r a t e s .  F i r e  exposure cond i t ions ,  e .g ,  
r a d i a t i o n  l e v e l s ,  f i r e  load,  oxygen supply and d u r a t i o n  were a l s o  
considered,  and t h e i r  gene ra l  t r ends  were recorded.  

The c h a r r i n g  performance of two New Zealand t imber  s p e c i e s ,  Radia ta  p ine  
( s o l i d  and glulam) and Douglas f i r  ( s o l i d  o n l y ) ,  us ing  var ious  
combinations of phys ica l  p r o p e r t i e s ,  were eva lua ted  exper imenta l ly  and 
compared w i t h  White 's  1988 model. 

I n  a second t e s t ,  a  s e c t i o n  of glulam w a s  exposed t o  f i r e  on t h r e e  f a c e s  
i n  t h e  p i l o t  fu rnace .  T h i s  t e s t  aimed t o  determine i f  t h e  c u r r e n t  
procedure f o r  c a l c u l a t i n g  f i r e - r e s i s t a n c e  i n  t imber s t r u c t u r e s  i s  s t i l l  
v a l i d .  



2 .  LITERATURE REVIEW ON CHARRING OF TIMBER 

2.1 Research in New Zealand 

Research conducted i n  New Zealand concen t r a t e s  mainly on l i t e r a t u r e  
sea rches  of overseas  sources,  w i t h  very l i t t l e  experimental  work conducted 
l o c a l l y .  

Kenna ( 1 9 7 3 ) ,  i n  a review of " t imber s t r u c t u r e s  and f i r e "  noted t h a t  no 
experimental  d a t a  e x i s t  f o r  New Zealand timbers,  and recommended t e s t s  be 
made on s u i t a b l e  t imbers  i n  combination w i th  s u i t a b l e  g lues  and f i r e  
p r o t e c t i v e  t rea tments .  Using d a t a  on Douglas f i r  repor ted  i n  Shaf fe r  
( 1 9 6 7 ) )  0 . 6  mm/min i s  found t o  be a reasonable  average value f o r  cha r r ing  
r a t e  of wood. When t h e  wood i s  l i g h t  and d ry  0 . 8  mm/min i s  a b e t t e r  
approximation; when it i s  moist and dense 0 . 4  mm/min i s  b e t t e r .  

The c u r r e n t  recommendation f o r  cha r r ing  r a t e  i n  New Zealand i s  0 . 6  m m / m i n  
(SANZ,  1 9 8 9 ) .  

2 . 2  Modelling of Charring Rate 

I n  Scandinavia and t h e  United S t a t e s ,  where t h e  v a s t  major i ty  of research  
has  been conducted, modelling of cha r r i ng  r a t e  has received cons iderab le  
a t t e n t i o n .  Thus, t h e  var ious  parameters t h a t  cha r r ing  r a t e  depends on 
have been i d e n t i f i e d  a n d  i n  many i n s t ances  q u a n t i f i e d .  

These parameters can be divided i n t o  two groups as fo l lows.  

1. I n t e r n a l  f a c t o r s  such a s  phys ica l  and chemical p r o p e r t i e s  of t h e  
t imber ,  dens i t y ,  moisture con ten t ,  t r a n s p o r t  p rope r t i e s ,  chemical 
p r o p e r t i e s ,  o r i e n t a t i o n  of annual r i n g s  and perhaps i f  t h e  timber i s  s o l i d  
o r  glulam. 

2 .  The f i r e  exposure condi t ions  such as i n c i d e n t  r a d i a t i o n ,  a v a i l a b l e  
oxygen, thermal i n e r t i a  of t h e  fu rnace  walls,  o r  surroundings i n  a r e a l  
f i r e .  

T h i s  work aimed t o  determine whether New Zealand timber char red  a t  a 
d i f f e r e n t  r a t e  t o  overseas t imber,  and i f  so ,  why. If t h e  accepted char  
r a t e  of 0 . 6  m m / m i n  i s  wrong, a r e v i s i o n  may be necessary t o  v a l i d a t e  New 
Zealand s t r u c t u r a l  des ign methods f o r  f i r e  r e s i s t a n c e  based on t imber .  

To compare New Zealand and overseas timber, a model capable of p r e d i c t i n g  
t h e  cha r r i ng  r a t e  from a s e l e c t i o n  of inpu t  data was requi red .  Inpu t  d a t a  
w a s  based on t h e  phys ica l  p r o p e r t i e s  of some t imber samples, from which 

. - 
- 

wide proper ty  v a r i a t i o n  could be t e s t e d .  The model could then be used t o  
exp la in  any dev i a t i ons  of New Zealand t imber from t h e  e s t ab l i shed  f i s u r e s  
- 

d 

f o r  cha r r ing .  

Severa l  models were evaluated.  Although most of them agree  on t h e  e f f e c t s  
of va r ious  parameters on char r ing  r a t e s ,  on ly  White (1988) provided a 
means of r e a d i l y  comparing t h e  r e s u l t s  of p r a c t i c a l  char r ing  t e s t s .  This 
model (Appendix 1) was a b l e  t o  be programmed on to  a spreadsheet  and used - - - 

t o  eva lua te  what in f luences  cha r r ing .  This ,  formed t h e  b a s i s  of t h e  
experimental  programme l a t e r  i n  t h e  p r o j e c t .  



2 . 3  Factors  Which In f l uence  Charring Rate (White, 1988 and Scha f f e r ,  
1 9 6 7 )  

2 . 3 . 1  Phys ica l  and Chemical P r o p e r t i e s  

Density:  Wood d e n s i t y  has  a  major in f luence  on cha r r ing  r a t e .  Higher 
d e n s i t y  wood has  a s lower cha r r ing  r a t e .  

Moisture Content:  Moisture con ten t  has a  s i g n i f i c a n t  i n f luence  on c h a r r i n g  
r a t e ,  and it i s  accepted  widely t h a t  t h e r e  a r e  s e v e r a l  mechanisms 
c o n t r i b u t i n g  t o  t h i s .  Some of t h e  e f f e c t s  a c t u a l l y  t end  t o  oppose each 
o t h e r  bu t  t h e  n e t  e f f e c t  i s  t h a t  inc reas ing  moisture con ten t  w i l l  reduce 
cha r r i ng  r a t e .  

Permeabi l i ty :  The i n f l uence  of permeabi l i ty  i s  shown (Scha f fe r ,  1 9 6 7 )  by 
comparing pub l i shed  c h a r r i n g  r a t e s  of Southern pine ,  White oak and Douglas 
f i r  c o r r e c t e d  f o r  t h e  e f f e c t  of dens i t y .  The l e s s  permeable spec i e s ,  
Douglas f i r  and White oak, have slower char  r a t e s ,  p a r t i c u l a r l y  a t  h igher  
mois ture  c o n t e n t s .  Permeabi l i ty  c o n t r o l s  t h e  movement of mois ture  i n  
cha r r i ng  t imber  by a f f e c t i n g  t h e  p res su re  g rad ien t  c r ea t ed  by mois ture  
evapora t ion ,  p a r t i c u l a r l y  a t  temperatures  above t h e  b o i l i n g  p o i n t  of 
water .  Thus l e s s  permeable t imber,  by (having a g r e a t e r )  p r e s s u r e  
g r a d i e n t  does no t  a l low rap id  mois ture  l o s s ,  e f f e c t i v e l y  reducing t h e  
cha r r i ng  r a t e  (See Table  1 ) .  

Chemical Composition: I n t e r s p e c i e s  d i f f e r e n c e s  i n  wood cha r r i ng  may a l s o  
be due t o  chemical composition, s i n c e  t h i s  inf luences  t h e  k i n e t i c s  and 
e n e r g e t i c s  of p y r o l y s i s .  

Anatomical E f f e c t s  : I f  t h e  r a t i o  of l ong i t ud ina l  t o  t r a n s v e r s e  
permeabi l i ty  i s  l a r g e ,  e .  g . , 2 0 , 0 0 0 :  1, then s m a l l  changes i n  g r a i n  ang les  
can cause l a r g e  i n c r e a s e s  i n  mois ture  movement, i n  what  appears  t o  be a n  
across- the-grain  d i r e c t i o n .  Rapid moisture l o s s  can r e s u l t  i n  i nc reased  
cha r r i ng  r a t e .  S i m i l a r l y  t h e  o r i e n t a t i o n  of t h e  annual r i n g s  has  a l s o  
been found t o  be a f a c t o r .  If cha r r ing  is  i n  t h e  d i r e c t i o n  towards t h e  
inner  growth r i n g s ,  a t h i c k  l a y e r  of ash b u i l d s  up and t h e  c h a r r i n g  ra te  
i s  slow. When c h a r r i n g  i s  i n  t h e  oppos i te  d i r e c t i o n ,  l e s s  ash accumulates 
and t h e  wood cha r s  s i g n i f i c a n t l y  f a s t e r .  

Timber Treatment: An a d d i t i o n a l  concern a f f e c t i n g  t h e  combus t i b i l i t y  of 
t imber,  i s  " a f t e r  glow". T h i s  i s  when exothermic m a t e r i a l s  con t inue  
burning a f t e r  t h e  e x t e r n a l  hea t  source  has been removed. T h i s  c a n  occur ,  
i n  t imber which has been t r e a t e d  w i t h  Copper Chrome Arsenate ( C C A )  
p r e s e r v a t i v e ,  a f t e r  j u s t  a  few seconds of con tac t  w i t h  a  g r a s s f i r e  
( I n s t i t u t i o n  of Engineers  Aus t r a l i a ,  1 9 8 9 ) .  

However, t h e  c h a r r i n g  r a t e  of such t r e a t e d  timber under f i r e  a t t a c k  
appears  n o  d i f f e r e n t  t o  t h a t  of un t r ea t ed  t-imber. Provided f i r e s  a r e  
ex t inguished  a n d  h o t  s p o t s  damped down afterwards t h e  r i s k  of a f t e r  glow 
i s  minimised. 



2 . 3 . 2  Te s t  Condit ions 

V a r i a t i o n s  i n  t e s t  condi t ions  may c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  measured 
cha r  r a t e s  of timber specimens a t  l e a s t  a s  much as t h e  t imber p r o p e r t i e s  
themselves.  Some parameters t o  cons ider  are: 

1) l e v e l  of inc iden t  r a d i a t i o n  on specimens, 

2 )  thermal  i n e r t i a  of furnace w a l l s  and temperature v a r i a t i o n s  w i t h i n  
t h e  fu rnace ,  

3 g r e a t e r  oxygen content  i n  t h e  furnace  atmosphere l ead ing  t o  more 
r a p i d  combustion of specimens, 

4 f u e l  used i n  furnace (gas  o r  d i e s e l ) .  

2 . 3 . 3  Level of Inc iden t  Radiation on Specimens 

B u t l e r  ( 1 9 7 1 )  cons iders  cha r r ing  r a t e s  t o  be a  func t ion  of i nc iden t  
r a d i a t i v e  energy. The char r ing  r a t e  i s  a l i n e a r  f unc t i on  of i r r a d i a n c e  
wi th  l i t t l e  dependence on spec ies ,  thermal source o r  method of measuring 
cha r  depth .  For r a d i a t i o n  l e v e l s  of 20kw/m2 t o  3 . 3  M W / ~ *  t h e  r a t e  of 
c h a r r i n g  fo l lows t h e  r e l a t i o n s h i p :  

Char r a t e  = 2 1 . 9 6  x  i r r a d i a n c e ( ~ ~ / r n ~ )  m m / m i n  

Constant  cha r r ing  r a t e s  measured i n  furnace  t e s t i n g  of beams and laminated 
columns sugges t s  t h a t  i f  t h e  BS 476  ( B r i t i s h  Standards I n s t i t u t i o n ,  1987) 
" s tandard  time-temperature curvew produces a  char  r a t e  of 0 . 6 6  mm/min, 
then  t h e  r a d i a t i o n  f l u x  i s  equ iva len t  t o  30 kw/m2. 

Mikkola ( 1 9 9 0 )  r e p o r t s  on t h e  r e l a t i o n s h i p  between r a d i a t i o n  and char r a t e  
based on some cone ca lo r imete r  t e s t s .  For a  hea t  f l u x  range of 20-75 
kw/m2) t h e  cha r r ing  r a t e  i s  shown t o  not  be very dependent on t h e  e x t e r n a l  
h e a t  f l u x .  The r a t e  of i nc rease  of char r a t e  aga in s t  h e a t  f l u x  i s  about 
50% of t h a t  shown by But le r  ( 1 9 7 1 )  e t  a 1  p a r t l y  because t h e  t e s t  method i s  
d i f f e r e n t .  The main d i f f e r ences  a r e  t h a t  more oxygen i s  a v a i l a b l e  i n  t h e  
cone ca lo r ime te r  t e s t s  and it has h igher  r a d i a t i v e  hea t  l o s s e s .  

2 . 3 . 4  Thermal I n e r t i a  of Furnace Walls 

The thermal  i n e r t i a  of t h e  i n s u l a t i n g  f i r e - b r i c k  l i n i n g  t h e  fu rnace  walls 
i s  about double t h a t  of t imber and f o u r  t imes t h a t  of charcoa l .  
Therefore ,  t h e  temperature of t h e  t imber should r i s e  f a s t e r  t h a n  t h a t  of 
t h e  fu rnace  walls. 



Experimental work a t  BRANZ by Lim and King ( 1 9 9 0 )  noted t h a t  f o r  t h r e e  
p a r a l l e l  glulam beams t e s t e d  i n  a ho r i zon t a l  fu rnace ,  t h e  cha r r ing  r a t e  of 
t h e  ad jacen t  t imber s u r f a c e s  was about 1 . 1 5  mm/min, compared w i t h  0 . 8 4  
m m / m i n  f o r  t h e  timber f ac ing  t h e  furnace  wa l l s .  T .  T.  L ie  ( i n  
correspondence 1989) comments on L i m  and King's r e s u l t s ,  by s t a t i n g  t h a t  
t h e  h e a t  t r a n s f e r  t o  t h e  c e n t r e  beam a n d  t o  t h e  i n n e r  su r f ace s  of t h e  
o u t e r  beams i s  h igher  t han  t o  t h e  ou t e r  su r faces  of t h e  o u t e r  beams. T h i s  
may be because t h e  o u t e r  su r f ace s  of t h e  beams r ece ive  hea t  from t h e  
fu rnace  gases  but  l o s e  h e a t  t o  t h e  r e l a t i v e l y  coo l e r  wa l l s  of t h e  fu rnace .  
R .  H .  White ( i n  correspondence 1989) acknowledges t h a t  combust ible  
m a t e r i a l s  such as t imber  beams i n  c l o s e  proximity w i l l  i n c r ea se  t h e  
r a d i a t i o n  t o  each o t h e r .  I f  t h e  furnace  burners  a r e  tu rned  down t o  keep 
t h e  fu rnace  tempera tures  wi th in  t h e  s p e c i f i e d  time-temperature curve ,  t h e  
temperature  between t h e  beams may s t i l l  cont inue t o  r i s e .  T h i s  r e s u l t s  i n  
a n  uneven temperature  d i s t r i b u t i o n .  

2 .3 .5  Oxygen Content i n  Furnace and Combustion of Specimen 

Combustion of t imber ( o r  r a t h e r  t h e  products  of p y r o l y s i s )  i s  a l s o  
dependent on t h e  oxygen concen t ra t ion .  Mikola ( 1 9 9 0 )  r e p o r t s  t h a t  mass 
l o s s  r a t e  ( a  measure of c h a r r i n g )  reduces by as much a s  21% as t h e  oxygen 
concen t ra t ion  dec reases  from 21% t o  10.5%. Furnaces ope ra t e  with 1 0 %  o r  
l e s s  oxygen con ten t ,  and t h i s  must be considered when r e l a t i n g  t e s t  d a t a  
t o  r e a l  s i t u a t i o n s .  

Hadvig (1981a) ,  i n  a  s t u d y  of cha r r ing  of wood i n  bu i ld ing  f i r e s ,  
concludes t h a t  cha r r i ng  r a t e  inc reases  w i t h  a n  inc rease  i n  opening f a c t o r  
( supp ly  of oxygen).  However, o t h e r  parameters a l s o  a f f e c t  cha r r ing :  

1) For a  given opening f a c t o r  t h e  i n i t i a l  cha r r ing  r a t e  i s  independent 
of t h e  f i r e  l oad .  However, t h e  g r e a t e r  t h e  f i r e  load ,  t h e  longer  a  
f i r e  w i l l  burn, r e s u l t i n g  i n  a  g r e a t e r  f i n a l  cha r r i ng  depth.  

2 )  I f  t h e  opening f a c t o r  i s  increased ,  t h e  i n i t i a l  r a t e  of c h a r r i n g  is  
increased  and t h e  maximum depth of cha r r ing  w i l l  be reached sooner .  
For l a r g e  f i r e  l oads ,  cha r r ing  cont inues  a t  t h e  i n i t i a l  c h a r r i n g  
r a t e  f o r  a  longer  time. 

3 Charring r a t e  reduces  as t h e  f i r e  load  i s  consumed and t h e  f i r e  
decays. 

4 ,  The cha r r i ng  depth  reduces f o r  i nc reas ing  opening f a c t o r ,  as t h e  
f i r e  load i s  consumed more r a p i d l y  a n d  t h e  f i r e  decays sooner.  

2 . 4  F i r e  Performance O f  Glulam 

Standards such as MP 9 :  ( S A N Z ,  1 9 8 9 )  F i r e  p r o p e r t i e s  of bu i ld ing  m a t e r i a l s  
and elements of s t r u c t u r e  and AS 1 7 2 0  ( S A ,  199Oa) Timber S t r u c t u r e s ,  
P a r t  4 :  F i r e  r e s i s t a n c e  of s t r u c t u r a l  members, recommend t h a t  t h e  f i r e  
performance of glulam be considered a s  i f  it were s o l i d  t imber ,  bu t  w i t h  a 
q u a l i f i c a t i o n  on t h e  type  of g lue  used. 

Trada (1971a) r e p o r t s  t h a t  performance of glulam i s  inf luenced  by 
breakdown of t h e  adhes ives  used. Casein g lue s  break down f a s t e r  than  
phenol ic  o r  r e s o r c i n a l  g lue s ,  which behave s i m i l a r l y  t o  s o l i d  t imber .  



With case in  g lues  t h e r e  i s  a  10% g r e a t e r  l o s s  on t h e  char  l i n e s .  Because 
t h e  g lue  i s  a f f e c t e d  by temperature,  delaminat ion i s  a l s o  a f a c t o r .  

Malhotra ( 1 9 6 7 )  r e p o r t s  t h a t  cha r r ing  r a t e  of glulam i s  r e l a t i v e l y  
unaffec ted  by loading  and i s  t y p i c a l l y  0 .59 -0 .69  mm/min. More s i g n i f i c a n t  
v a r i a t i o n s  i n  cha r r ing  r a t e s  depend on shapes, g lue  types ,  and v a r i a t i o n s  
due t o  spec i e s  of wood, and t h e  d i r e c t i o n  of laminat ions  i n  r e l a t i o n  t o  
f i r e  a t t a c k .  

Trada (1971b)  r e p o r t s  an apparent  d i f f e r e n c e  between p a r a l l e l  and 
perpendicular  cha r r ing  i n  t h e  laminat ions  i n  softwood beams, a mean r a t e  
of 0 . 6 4 6  mm/min p a r a l l e l  t o  t h e  laminat ions  and 0 . 7 6 7  mm/min  perpendicular  
t o  t h e  laminat ions  was found. Delamination i n  t h e  l a t e r  s t a g e s  of t h e  
t e s t  accounted f o r  t h e s e  d i f f e r e n c e s  and it was concluded t h a t  char  i n  t h e  
d i r e c t i o n  p a r a l l e l  t o  laminat ions  was more s i m i l a r  t o  t h a t  of s o l i d  wood. 

Trada ( 1 9 7 1 ~ )  found t h a t  wood immediately ad jacen t  t o  a knot  t ends  t o  char  
a t  a  f a s t e r  r a t e .  However, i n  glulam knots and o the r  d e f e c t s  a r e  l a r g e l y  
e l iminated ,  so  t h i s  e f f e c t  can be ignored.  

Trada ( 1 9 7 1 d )  concluded t h a t ,  t h e  o v e r a l l  average cha r r i ng  r a t e  f o r  
s t r u c t u r a l  t imbers  . f o r  exposures under s tandard time-temperature 
condi t ions ,  i s  u sua l l y  0 . 6  mm/min, ranging between 0.8 mm/min and 0 . 5  
mm/min .  Higher r a t e s  may be expected f o r  t imber spec ie s  w i t h  d e n s i t i e s  
l e s s  than 400 kg/m3. Furthermore, char  r a t e s  a r e  not  a f f e c t e d  
s i g n i f i c a n t l y  by temperatures  normally occurr ing  i n  bu i ld ing  f i r e s .  

Olesen (1980) conducted f i r e  t e s t s  on loaded glulam beams exposed on t h r e e  
s i d e s  (bending w i t h  lower su r face  i n  t e n s i o n )  and r epor t ed  t h e  fol lowing 
r e s u l t s .  

1) Finger j o i n t s  on t h e  t ens ion  s i d e  in t roduce  a  severe  weakness which 
can l e ad  t o  r ap id  f a i l u r e ,  causing acce l e r a t ed  cha r r i ng  of t h e  
laminat ions  above. 

2 )  Charring r a t e s  were of about 0 . 6  m m / m i n  and i n  themselves a r e  
unaf fec ted  by t h e  loading.  However, where a  breakdown of t h e  glulam 
timber occurs  (delaminat ion o r  s epa ra t ion  of f i n g e r  j o i n t s  ) 
cons iderably  f a s t e r  cha r r ing  can r e s u l t  due t o  t h e  increased  su r face  
a r e a  exposed. 

Elevated temperatures  i n  t h e  uncharred p a r t s  of t h e  member, 
cons iderably  reduce t h e  s t i f f n e s s  and s t r e n g t h  p r o p e r t i e s  of t h e  
t imber . 
Sides  of t h e  beams perpendicular  t o  t h e  laminat ions  showed a  
s l i g h t l y  f a s t e r  (about  1 0 % )  cha r r ing  r a t e  than t h e  bottom which w a s  
p a r a l l e l  wi th  t h e  laminat ions .  



Futhermore (Trada (1971e) reported an increase in charring rate in loaded 
glulam columns. This was attributed to the degree of adhesion of the 
charcoal layer to the uncharred timber. If the timber deflects under load 
it is possible that the protective charcoal layer may dislodge in places, 
or at least open up, exposing the underlying timber to the fire. 

3. EXPERIMENTAL 

The experiment consisted of two tests using the BRANZ Pilot Furnace, 
during which the temperature and pressure were controlled in accordance 
with AS 1530.4: (SA 1990b) Methods for fire tests on building materials, 
and components and structures. Part 4: Fire resistance tests elements of 
building construction. 

3.1 Test 1 

A specimen holder containing a nominal 1 hour wall with 28 pigeon holes 
measuring 200 x 100 mm was used (see Figure 1). A selection of timber 
samples 90 mm in depth (Figure 2) were exposed to the furnace atmosphere 
on one surface by insertion into the wall, and then removed as required 
and extinguished. The non-exposed ends of the samples were sealed with 
resorcinol glue and covered with aluminium tape. The timber samples were 
selected to cover a range of physical parameters, these were: density 
moisture content, preservation treatment, species, solid or glulam, annual 
ring spacing and orientation, radiation and exposure time. 

The moisture contents were determined by measurement of the weight loss of 
oven dried samples. 

Timbers were exposed for either the full test time (60 minutes) or during 
the first 29 minutes, or during the remaining 31 minutes. 

Samples exposed during the second period (29-60 minutes) were subjected 
initially to a higher temperature (817° C) and this increased according to 
the time-temperature curve AS 1530.4 (SA, 1990b ) as the test progressed. 
Effects of increased level of irradiance on the charring rate were also 
observed. 

When testing concluded, the charred wood was scraped away from the samples 
and char depth measured. 

Seven samples were instrumented with sheath thermocouples to indicate 
prog.ress.ion of the char front and to verify the charring temperature, 
(expected to be 300° C; Hadvig, 1981b). 

3.2 Test 2 

A section of glulam timber measuring 545 mm x 135 mm x 1985 mm, density 
452 kg/m3 at approximately 12% moisture content (density 400 kg/m3 oven 
dry) was mounted vertically in the pilot furnace (see Figure 3) and 
subjected to fire exposure on three sides. The specimen was sectioned at 
90 deg in two places, 300 mm above and 300 mm below mid height, and 
instrumented internally with thermocouples (Figures 4 and 5) as follows: 4 
thermocouples 18 mm from the outside surface; 22 thermocouples 36 mm from 



t h e  ou t s i de  sur face ;  and spacing between thermocouples w a s  1 0 0  mm on each 
s i d e  and 31.5 mm ac ross  t h e  s h o r t  f a c e .  

I n  t h e  two t e s t s ,  samples were sub jec t ed  t o  temperature and p r e s su re  
condi t ions  i n  accordance w i t h  AS 1530: 4 ( S A ,  l99Oa), f o r  a nominal pe r iod  
of 1 hour. 

4 .  RESULTS AND ANALYSIS 

4 . 1  T e s t  1 

The r e s u l t s  of t e s t  1 a r e  i l l u s t r a t e d  i n  Tables 2 . 1  t o  2.3, cover ing t h e  
exposure per iods  0-29 minutes,  0-60 minutes,  and 29-31 minutes 
r e spec t i ve ly .  W i t h i n  t a b l e s  samples a r e  grouped according t o  o t h e r  
parameters being examined. 

Charring r a t e s  were determined by sc rap ing  away t h e  char red  t imber  and 
measuring t h e  average depth remaining, t o  determine t h e  amount l o s t  
through cha r r ing  measured i n  mm. This  was d iv ided  by t h e  exposure t ime and 
i s  expressed as a c t u a l  cha r r ing  r a t e  i n  t h e  t a b l e s .  For t h e  seven 1-hour 
samples instrumented i n t e r n a l l y  wi th  thermocouples, t h e  cha r r ing  r a t e s  
determined by t h e  t ime taken t o  r each  300°C (shown i n  Table 2 . 4 ) ,  agreed 
t o  wi th in  1%-15% w i t h  those  determined by t h e  measured char  depths  a f t e r  
an exposure of 1 .hour. 

Use was made of dens i t y  and mois ture  con ten t  d a t a  (cons idered  by many 
re sea rche r s  t o  be t h e  two major i n f l uences  on char  r a t e )  and an assessment 
of t h e  probable CCA pene t r a t i on  dep th  f o r  t h e  two spec ie s .  P r e d i c t i o n s  
(based on White's 1988 model Appendix A )  of char  depth f o r  t h e  exposure 
time were ca l cu l a t ed ,  converted i n t o  cha r r i ng  r a t e s  and en te red  i n  t h e  
Tables 2 . 1  t o  2 . 3 .  

4 . 2  ~ f f e c t i v e n e s s  of W h i t e ' s  1988 Model f o r  P red ic t ing  Charring Rate 

To i l l u s t r a t e  t h e  e f f e c t i v e n e s s  of t h i s  model, d a t a  from Tables 2 . 1 ,  2 . 2  
and 2 . 3  has been p l o t t e d  on graphs  i n  Figures  6 . 1 ,  6 . 2  and  6 . 3 ,  
r e spec t i ve ly .  Superimposed on t h e  graphs  i s  t h e  l i n e  upon which t h e  d a t a  
would f a l l  i f  c o r r e l a t i o n  between p r e d i c t e d  and a c t u a l  cha r r ing  r a t e s  was 
100%,  i . e . ,  t o t a l  agreement between p r e d i c t e d  and a c t u a l  va lues .  For t h e  
t h r e e  exposure per iods  "Pearson 's  product  moment c o r r e l a t i o n  c o e f f i c i e n t "  
was c a l c u l a t e d  with t h e  fo l lowing r e s u l t s .  

Figure 6 . 1  i l l u s t r a t e s  t h e  29 minute exposure r e s u l t s .  The a c t u a l  cha r r i ng  
r a t e  was i n  a l l  cases  l e s s  than  t h e  p r ed i c t ed  cha r r ing  r a t e ,  wi th  a 
correspondingly low c o r r e l a t i o n  c o e f f i c i e n t  (58 .2%) .  

Figure 6 . 2  i l l u s t r a t e s  t h e  60  minute exposure time and shows t h e  h i g h e s t  
c o r r e l a t i o n ,  cha r ac t e r i s ed  by an even d i s t r i b u t i o n  about t h e  superimposed 
l i n e  ( 8 5 . 5 % ) .  

Figure 6 . 3  i l l u s t r a t e s  t h e  r e s u l t s  f o r  t h e  exposure f o r  t h e  second p a r t  of 
t h e  t e s t  (when t h e  temperature and inc iden t  r a d i a t i o n  a r e  g r e a t e r ) .  The 
c o r r e l a t i o n  c o e f f i c i e n t  (69.5%) i n d i c a t e s  a wide v a r i a t i o n  of r e s u l t s ,  
ev ident  a l s o ,  i s  a  t r end  of t h e  a c t u a l  c h a r r i n g  r a t e  being higher  t h a n  t h e  
p red ic t ed  cha r r ing  r a t e .  



4 . 3  Test 2 

Resu l t s  a r e  shown i n  Table 3 ,  and r ep resen t  cha r r i ng  r a t e s  based on how 
long it t a k e s  f o r  t h e  temperature t o  reach 3 0 0 ° C  a t  each thermocouple 
l o c a t i o n  ( s e e  F igure  5 ) .  

The mean f i g u r e s  f o r  cha r r i ng  on t h e  l e f t  and r i g h t  hand s i d e s  of t h e  
specimen (when viewed from t h e  f r o n t  of t h e  fu rnace )  a r e  0 . 6 8  and 0.87 
mm/min, r e s p e c t i v e l y ,  wi th  a mean of 0 . 7 7  m m / m i n .  

The c h a r r i n g  r a t e s  a t  t h e  narrow edge of t h e  specimen, i . e . ,  p a r a l l e l  t o  
t h e  l amina t ions ,  a r e  a l s o  shown i n  Table 3 .  If e f f e c t s  of co rne r s  a r e  
ignored,  t hen  t h e  char r a t e  a t  c e n t r e  thermocouples i n d i c a t e  a marginal ly  
slower cha r  r a t e  than  a t  p a r a l l e l  t o  laminat ions ,  0 . 6 8  mm/min compared 
w i t h  0 . 7 7  mm/min f o r  t h e  perpendicular  d i r e c t i o n .  

Measurement of t h e  charred remains a t  t h e  t e s t ' s  end r e s u l t e d  i n  t h e  
assessment of a mean cha r  r a t e  on s i d e s  perpendicular  t o  l amina t ions  of 
0 . 7 3  m m / m i n  and on t h e  f a c e  p a r a l l e l  t o  laminat ions  of 0 . 6 3  m m / m i n .  

The thermocouples s i t u a t e d  on t h e  g l u e l i n e s  between l amina t ions  tended t o  
char  f a s t e r .  T h i s  w a s  r e i n fo r ced  by t h e  c ro s s - s ec t i ons  t aken  a t  t h e  
conclusion of t h e  t e s t  shown i n  Figure 7 ,  a s  we l l  as t h e  f i g u r e s  i n  Table 
3 .  F igure  7 a l s o  i l l u s t r a t e s  t h e  v a r i a t i o n  i n  char r a t e  between t h e  
va r ious  l a m i n a t  i ons .  

5. DISCUSSION 

Exposure c o n d i t i o n s  and i nc iden t  r a d i a t i o n  i n  p a r t i c u l a r  were shown by t h e  
l i t e r a t u r e  s ea r ch  t o  have some s i g n i f i c a n t  e f f e c t s  on cha r r ing  r a t e s .  But 
i n  r e a l  f i r e s  t h e  v a r i a t i o n  i n  exposure cond i t ions  i s  l e s s  extreme 
producing much more uniform r e s u l t s  i n  terms of c h a r r i n g  r a t e .  The 
i n t e r n a l  p r o p e r t i e s  of t h e  t imber however, a r e  of more importance i n  t h e  
r e s u l t i n g  c h a r r i n g  r a t e .  

5.1 Test 1 

5 . 1 . 1  Exposure Time 

Exposure t ime a f f e c t s  cha r r i ng  ra te :  as a char  l a y e r  b u i l d i n g  up over  t ime 
a c t s  as a n  i n s u l a t i n g  l a y e r  p r o t e c t i n g  t h e  t imber underneath ,  thereby 
reducing t h e  c h a r r i n g  r a t e .  However, t h i s  i s  somewhat o f f s e t  by t h e  
i nc r ea s ing  magnitude of t h e  i nc iden t  r a d i a t i o n  as a  f i r e  r e s i s t a n c e  t e s t  
p rogresses ,  o r  a s  a r e a l  f i r e  develops.  

Samples exposed f o r  t h e  second ha l f  of t h e  hea t ing  pe r i od  (29-60  minutes)  
experienced more i n t e n s e  hea t ing  (and r a d i a t i o n )  i n  t h a t  pe r iod ,  and a s  
expected,  cha r r ed  a t  a g r e a t e r  ra te  ( s e e  Figure 6 . 3 ) .  

The 1-hour samples which were instrumented w i th  thermocouples a t  depths  of 
18 mm and 36 mm are  l i s t e d  i n  Table 2 . 4 .  This  shows t h e  mean cha r r i ng  
r a t e  measured a t  each thermocouple depth,  and Figure  8 shows t h e  time- 
temperature  responses  f o r  sample 7*, from which t h e  c h a r r i n g  r a t e  was 
c a l c u l a t e d  (on t h e  basis of having exceeded 300°C ,  Hadvig l 9 8 l b ) .  Two of 



t h e  thermocouples a t  36 mm (samples 2* and 4 * )  had not  reached a  
temperature of 300 " C  w i th in  1 hour. 

Figure  9 shows a fami ly  of curves  based on White 's model, each curve 
showing p r ed i c t ed  mean cha r r ing  ra te  a t  p a r t i c u l a r  exposure t imes .  Each 
curve i s  f o r  a  s e t  d e n s i t y  a t  1 2 %  moisture con ten t .  Superimposed a r e  t h e  
a c t u a l  t e s t  r e s u l t s  shown i n  Table 2 . 4  (where t imes a r e  a v a i l a b l e  f o r  both 
t h e  18 and 36 mm depth thermocouples).  Disregarding t h e  p o s i t i o n  (on t h e  
graph)  of t h e  p a i r s  of thermocouple data, which i s  a func t i on  of t h e  
p a r t i c u l a r  d e n s i t i e s  and moisture con ten t s  of t h e  t e s t  samples, and 
comparing t h e  r e l a t i v e  g r a d i e n t s ,  it can be seen t h a t  i n  3 ou t  of 5 cases  
t h e  g r a d i e n t s  a r e  nea r l y  p a r a l l e l  w i t h  t h e  curves .  For t h e  remaining 2 
samples, one showed a cons tan t  cha r r i ng  ra te  whereas t h e  o t h e r  increased 
marginal ly .  However, it i s  not  p o s s i b l e  t o  draw any conclus ions  regarding 
t h e  e f f e c t  of exposure t ime on cha r r i ng  r a t e s .  

5 .1.2 Density and Moisture Content Re la t ionsh ip  t o  Charring 

The in f luence  of d e n s i t y  and mois ture  con ten t  on t h e  cha r r i ng  r a t e  i s  
i l l u s t r a t e d  i n  Tables  2 . 1  t o  2 . 3 .  

Density i s  t h e  major determinant  of cha r r ing  r a t e  and t h i s  should be 
considered i n  f i r e  r a t e d  des igns .  For t imber of lower d e n s i t y  a higher  
cha r r ing  ra te  i s  used.  

The e f f e c t  of mois ture  con ten t ,  a l though in f luenc ing  cha r r i ng  r a t e ,  i s  of 
l i t t l e  consequence. This  i s  because timber w i l l  even tua l ly  reach i t s  
equi l ibr ium s t a t e  of approximately 1 2 %  anyway. However, c a r e  should be 
exerc i sed  i n  a r e a s  of a p p l i c a t i o n  involving low humidity and high 
temperatures .  The t imber may apprec iably  d ry  ou t  and t h i s  i nc reases  t h e  
cha r r ing  r a t e .  A 25% inc r ea se  i n  t h e  p red ic t ed  cha r r i ng  r a t e  i s  not  
uncommon f o r  completely d ry  t imber .  

A c o r r e l a t i o n  c o e f f i c i e n t  of 85.5% between t h e  p r ed i c t ed  and a c t u a l  
cha r r ing  r a t e s  f o r  a  1-hour exposure i n d i c a t e s  t h a t  t h e  s i m p l i f i e d  vers ion  
of White 's model, used i n  t h i s  s tudy,  can be used a s  a basis t o  p r e d i c t  
cha r r ing  r a t e .  However, t h e  method used i n  t e s t  1 produced, on average, 
lower than p red ic t ed  cha r r ing  r a t e s .  T h i s  i s  because edges of t h e  samples 
were p ro t ec t ed  and h e a t  was conducted i n t o  t h e  surrounding frame. The 
t e s t  s tandard  used i n  White's t e s t s  (American Socie ty  f o r  Tes t ing  and 
Mate r ia l s ,  ASTM E 1 1 9 )  and t h e  BRANZ t e s t s  ( A S  1530.4) ,  a l though dr iven  t o  
very s i m i l a r  t ime-temperature curves ,  have q u i t e  d i f f e r e n t  con t ro l  
thermocouples. This  may have con t r ibu ted  t o  some v a r i a t i o n .  AS 1530 .4  
uses bare  c o n t r o l  thermocouples, whereas ASTM E 1 1 9  uses  thermocouples i n  
capped p ipes .  With t h e  capped thermocouples t h e r e  i s  . a  time de lay  i n  
recording  t h e  fu rnace  temperature.  Depending on how t h e  furnace  i s  
operated,  t h e  t imber specimens may have been sub jec ted  t o  h igher  furnace  
temperatures ,  e s p e c i a l l y  i n  t h e  e a r l i e r  p a r t  of a  t e s t  when t h e  s lope  of 
t h e  time-temperature curve i s  s t e e p e s t .  T h i s  may have been r e f l e c t e d  i n  
t h e  h igher  cha r r i ng  r a t e s  p r ed i c t ed  by White 's  model, compared wi th  what 
was a c t u a l l y  recorded i n  t e s t  1; t h i s  i s  e s p e c i a l l y  so  f o r  t h e  29-minute 
per iod  when t h e  temperature r a t e  r i s e  was more r ap id .  

The t e s t  method was found t o  be e x c e l l e n t  f o r  comparing t h e  char r ing  
performance of samples w i t h  d i f f e r e n t  phys ica l  parameters .  



5.1.3 Glulam o r  S o l i d  Timber 

Measured cha r  r a t e s  of glulam and s o l i d  t imber were very s i m i l a r .  
O r i en t a t i on  of t h e  glulam d id  not  appear t o  make a s i g n i f i c a n t  d i f f e r e n c e  
t o  t h e  observed cha r r i ng  r a t e :  r a t e s  were similar whether exposure w a s  
p a r a l l e l  o r  pe rpendicu la r  t o  t h e  g l u e  l i n e s .  The g lue  used i n  t h e  samples 
( r e s o r c i n o l )  i s  one which performs well  under f i r e  cond i t i ons  (Trada,  
1 9 7 l a ) .  Annual r i n g  o r i e n t a t i o n  d i d  not  appear t o  in f luence  t h e  cha r r i ng  
r a t e  e i t h e r .  

This  f i r s t  t e s t  enabled a v a l i d  comparison between t h e  i n t e r n a l  i n f luences  
on c h a r r i n g .  However, as samples were exposed t o  f i r e  on t h e  one face 
only,  comparisons wi th  t h e  behaviour of s t r u c t u r a l  members exposed on 
m u l t i p l e  f a c e s  i n  t e s t s  and r e a l  f i r e s  i s  no t  v a l i d .  

5.2 Test 2 

5.2 .1  Charr ing r a t e s  

I n  t h e  second t e s t ,  cha r r ing  r a t e  v a r i e d  between means of 0.68 mm/min and 
0.87 mm/min  f o r  t h e  two exposed s i d e s ,  wi th  a mean va lue  of 0 . 7 7  m m / m i n  
o v e r a l l .  The d i f f e r e n c e  i n  cha r r i ng  r a t e  between t h e  two s i d e s  was 
because t h e  r i g h t  hand s i d e  of t h e  fu rnace  was 10 -100°C  h igher  (average  
approximately 30°C) .  T h i s  was due t o  two f a c t o r s :  f i r s t l y ,  because t h e  
specimen prevented  adequate c i r c u l a t i o n  of t h e  fu rnace  gases ;  and 
secondly, because burners  on t h e  r i g h t  hand s i d e  of t h e  fu rnace  burned 
with s l i g h t l y  l a r g e r  flames than  burners  on t h e  l e f t .  

The cha r red  s e c t i o n s  of glulam i n  F igure  7 show t h e  wide v a r i a t i o n  i n  
cha r r ing  r a t e s  recorded i n  i nd iv idua l  laminat ions .  These ranged from below 
0 . 6  t o  above 1 mm/min ( s e e  Table 3 ) .  This  i s  probably due t o  d e n s i t y  
v a r i a t i o n s ,  which appear t o  be r e l a t e d  t o  whether t h e  p a r t i c u l a r  laminate  
i s  from heartwood o r  sapwood. Moisture con ten t  i s  assumed t o  be t h e  same 
f o r  a l l  l amina t e s .  Other f a c t o r s  t h a t  may in f luence  cha r r i ng  performance 
a r e  presence  of knots ,  r i n g  o r i e n t a t i o n  and presence of g l u e  l i n e s .  The 
t r ends  observed were e n t i r e l y  c o n s i s t e n t  wi th  t r ends  publ ished i n  t h e  
l i t e r a t u r e .  

Charring r a t e  d i d  no t  appear t o  decrease  as t h e  t e s t  progressed;  i n  f a c t  
it remained a lmost  cons tan t ,  wi th  a mean range of 0.75 mm/min - 0 . 7 7  
m m / m i n  ( s e e  Table  3 ) .  

Because t h e  specimen was only exposed on t h r e e  s i d e s  cha r r i ng  reduces 
s l i g h t l y  c l o s e r  t o  t h e  non-exposed su r f ace .  T h i s  i s  because hea t  i n s i d e  
t h e  t imber i s  conducted i n t o  t h e  w a l l  on which t h e  specimen i s  mounted, 
and r a d i a t i o n  is  l o s t  from t h e  cha r r i ng  s u r f a c e  t o  t h e  same w a l l .  

5 . 3  Effectiveness of Model in Predicting Charring Rate 
. 

I n  Appendix A, a  worked example us ing  White 's  model, f o r  p r e d i c t i n g  
cha r r i ng  r a t e  f o r  t h e  glulam specimen t e s t e d ,  shows t h e  p r ed i c t ed  c h a r r i n g  
r a t e  t o  be 0 . 7 6  mm/min. T h i s  is  based on t h e  t ime taken f o r  t h e  char  depth 
t o  reach  36 mm, t h e  depth of t h e  thermocouples. This  f i g u r e  compares very 
wel l  t o  thermocouple measurements. On t h i s  b a s i s ,  h igher  cha r r i ng  r a t e s  
can be p r e d i c t e d .  



5 . 4  Charring Rate For Design 

The r e s u l t s  of t h i s  s tudy show t h a t  t h e  cha r r ing  r a t e  of 0 . 6  mm/min  a s  
l i s t e d  i n  MP 9 i s  not  s u i t a b l e  f o r  f i r e  des ign purposes w i t h  e i t h e r  s o l i d  
o r  glulam t imber  a s  a v a i l a b l e  i n  New Zealand, un le s s  t imber d e n s i t y  i s  a t  
l eas t  600 kg/m3 ( 1 2 %  mois ture  c o n t e n t ) .  Thus some adjustment f o r  charr ing  
r a t e  on t h e  basis of dens i t y  i s  p r a c t i c a l  and d e s i r a b l e .  Other parameters 
which i n f l uence  char r ing  r a t e  may be ignored.  Moisture con ten t  can be 
assumed t o  be approximately 1 2 % .  Species  in f luences  cha r r ing  r a t e ,  bu t  a s  
92% of p l a n t a t i o n s  i n  NZ a r e  Radia ta  p ine ,  t h i s  i s  no t  an important  
cons ide r a t i on .  Any o the r  spec ie s  t h a t  may be used i n  cons t ruc t ion  i n  N Z  
i s  no t  expected t o  have a  h igher  cha r r ing  r a t e .  Because Radiata  p ine  i s  
a very t r e a t a b l e  timber ( a  measure of t h e  ease  of mois ture  t r a n s p o r t  i n  
t h e  radial  d i r e c t  ion ( F o r e s t  Research I n s t i t u t e ,  1 9 8 8 ) )  , f o r  equal 
d e n s i t y  and  moisture con ten t  it would be expected t o  char s l i g h t l y  more 
r a p i d l y  t h a n  o the r  spec ie s .  Therefore ,  a t e s t  method t h a t  de r ived  a 
cha r r i ng  r a t e  s u i t a b l e  f o r  Radia ta  p ine  would au tomat ica l ly  include 
spec i e s  expected t o  have a s l i g h t l y  lower c h a r r i n g  r a t e .  

Two methods c u r r e n t l y  used t o  ra te  t imber used i n  f i r e - r a t e d  cons t ruc t ions  
were a s ses sed .  Both methods t a k e  i n t o  account expected dens i t y  
v a r i a t i o n s .  

1) The new Aus t ra l i an  Standard,  AS 1 7 2 0 . 4 ,  ( S A ,  1990) ,  provides  a 
method t o  c a t e r  f o r  v a r i a t i o n s  i n  cha r r ing  r a t e  on t h e  b a s i s  of 
d e n s i t y .  An allowance i s  a l s o  made f o r  t h e  hea t -a f fec ted  zone below 
t h e  cha r  l a y e r .  It i s  assumed t h a t  t h i s  l a y e r  ha s  no mechanical 

- s t r e n g t h  t o  c o n t r i b u t e  t o  t he  r e s i d u a l  s e c t i o n .  

The n o t i o n a l  cha r r ing  r a t e  (mm/min) ,  C ,  i s  c a l c u l a t e d  as fol lows:  

3 d = d e n s i t y  a t  a  moisture c o n t e n t  of 1 2 %  (kg/m ) .  
.- 

For t h e  sample of glulam t e s t e d  i n  t e s t  2 t h e  no t iona l  cha r r ing  ra te  c i s  
c a l c u l a t e d  a s  0 . 7 8  m m / m i n  ( d e n s i t y  taken as 452  kg/m3 a t  1 2 %  mc) . T h i s  
compares very  wel l  w i t h  t h e  measured mean cha r r ing  r a t e  i n  t e s t  2 ( 0 . 7 7  
mm/min ) . 
2 )  A l t e r n a t i v e l y ,  BS 5268 : ( B S I  1978) P a r t  4 : Sect ion  4 . 1  : 1978 

Method of c a l c u l a t i n g  f i r e  r e s i s t a n c e  of t imber members, 
d i f f e r e n t i a t e s  between d i f f e r e n t  groups of spec ie s  of t imber and 
a s s i g n s  s p e c i f i c  no t iona l  r a t e s  of cha r r ing  f o r  t h e  c a l c u l a t i o n  of 
r e s i d u a l  s ec t i ons .  

However t h e  t imbers  l i s t e d  i n  BS 5268.4 a r e  not  those  commonly used i n  N Z ,  
t h e r e f o r e  adopt ing AS 1 7 2 0 . 4  would be more p r a c t i c a l .  

A comparison between t h e  method i n  AS 1 7 2 0 . 4  and t h e  cha r r ing  r a t e s  
measured f o r  t h e  a i r - d r i ed  samples i n  t e s t  1 and t h e  glulam i n  t e s t  2 i s  
shown i n  F igure  1 0 .  The curve f o r  AS 1 7 2 0 . 4 ,  normally based on d e n s i t i e s  
a t  1 2 %  mois ture  content ,  has  been ad jus t ed  t o  oven-dry d e n s i t i e s  f o r  
comparison wi th  t h e  t e s t  d a t a .  With t h e  exception of t h e  oven-dried 
samples, t h e  measured cha r r ing  ra tes  f o r  t h e  60-minute samples a r e  a l l  
l e s s  than  t h a t  p red ic ted  by AS 1 7 2 0 . 4 .  Se l ec t i on  of cha r r ing  r a t e s  f o r  



des ign  on t h i s  b a s i s  would be expected t o  g ive  conse rva t ive  r e su l t s .  
Furthermore,  AS 1 7 2 0 . 4  inc ludes  an a d d i t i o n a l  allowance of 7.5 mm on top  
of t h e  c a l c u l a t e d  char  depth.  This  t ake s  i n t o  account t h e  hea t -a f fec ted  
zone when determining t h e  remaining e f f e c t i v e  r e s i d u a l  sec t ion  f o r  
s t r u c t u r a l  purposes. 

AS 1720.4 provides a b e t t e r  method f o r  ass ign ing  a c h a r r i n g  r a t e  f o r  
de s ign .  

However, a disadvantage with us ing  AS 1 7 2 0 . 4  i s  t h a t  t imber  d e n s i t y  must 
be known a t  t h e  design s t age ;  i n  most cases  t h i s  i s  not  p o s s i b l e .  

I n  p r a c t i c e ,  t h i s  can be overcome by broadly ass ign ing  c h a r r i n g  r a t e s ,  i n  
t a b u l a r  form on t h e  b a s i s  of d e n s i t y .  I f  assumptions a r e  made such as: t h e  
predominant spec ie s  i s  Radiata  p ine  with 1 2 %  moisture con ten t  and a one- 
hour exposure, then t h e  fol lowing t a b l e  f o r  va lues  of cha r r i ng  r a t e  i s  
gene ra t ed  us ing  White's model as i n  Appendix 1. 

Dens i ty  kg/m3 ( a t  12% Charr ing r a t e  ( m m / m i n )  
mois tu re  con t en t )  

400 
500 
600 

F igure  11 compares t h e  above t a b l e  w i t h  AS 1 7 2 0 . 4 .  Agreement i s  very 
c l o s e  f o r  t h e  500-600 kg/m3 range.  For t h e  range 400-500 kg/m3, where 
t h e r e  i s  some discrepancy,  White 's  model g ives  b e t t e r  agreement wi th  t e s t  
r e s u l t s .  Therefore,  it i s  recommended t h a t  t h i s  very  much s imp l i f i ed  
t a b l e  of d a t a  der ived from White 's  model should be adopted f o r  des ign  of 
f i r e - r e s i s t a n t  timber s t r u c t u r e s  i n  New Zealand. 

5.5 Exposure Conditions 

Temperature v a r i a t i o n s  w i t h i n  t h e  fu rnace  were not  q u a n t i f i e d  i n  t h i s  
s t udy  . However, t h e  f i n d i n g s  of t h e  l i t e r a t u r e  sea rch  support  t h e  
anomalies r epor t ed  by L i m  and King ( 1 9 9 0 ) .  

I n  t e s t  2 ,  cha r r ing  r a t e  d i f f e r e n c e s  between t h e  two oppos i t e  f a c e s  of t h e  
glulam specimen was accounted f o r  by a  d i f f e r e n c e  i n  t h e  -recorded 
tempera tu res  on each s i d e .  This  temperature d i f f e r e n c e  was because one 
s i d e  of t h e  specimen was sub jec ted  t o  g r e a t e r  hea t ing ,  due t o  d i f f e r i n g  
adjus tment  of burners  on each s ide (discovered dur ing  a  maintenance 
c h e c k ) .  

5.6 Future Work 

The appa ra tus  used i n  t e s t  1 i s  s u i t a b l e  f o r  comparing t h e  cha r r ing  
performance of d i f f e r e n t  t imber samples. Ques t ions  regard ing  t h e  f i r e  
performance of t r e a t e d  t imbers  a r e  o f t e n  d i r e c t e d  a t  BRANZ, as a r e  
q u e s t i o n s  concerning t h e  e f f e c t i v e n e s s  of f i r e  r e t a r d a n t s .  Now t h a t  some 
exper ience  has been gained i n  t h e  use  of White's model and i t s  value  as a 
comparat ive t o o l  e s t ab l i shed ,  comparisons between t r e a t e d  and un t r ea t ed  
t imber  can be performed using White 's model t o  b r ing  t h e  r e s u l t s  back t o  a 
ba se - l i ne  l e v e l .  



CONCLUSIONS 

Density and mois ture  con ten t  a r e  t h e  two main f a c t o r s  i n f l uenc ing  
t h e  cha r r i ng  r a t e  of both s o l i d  and glulam t imber;  whether t h e  
t imber was grown i n  New Zealand i s  not a s  important .  

F i r e  performance of glulam d i f f e r s  t o  t h a t  of s o l i d  t imber ,  i n  t h e  
fol lowing ways: 

a )  Grea ter  c h a r r i n g  on g l u e  l i n e s  sometimes occurs ,  depending on 
t h e  g l u e ' s  r e s i s t a n c e  t o  f i r e .  Inc reased  c h a r r i n g  
perpendicular  t o  laminat ions ,  a s  opposed t o  p a r a l l e l  t o  
laminat ions ,  can be a t t r i b u t e d  t o  t h i s .  

b ) Wood ad j acen t  t o  knots  chars  a t  a  f a s t e r  r a t e .  However, t h i s  
e f f e c t  i s  minimised i n  glulam by s e l e c t i n g  b e t t e r  t imber ,  
r e s u l t i n g  i n  r e l a t i v e l y  defec t - f ree  composite t imber .  

Deviat ions from t h e  c u r r e n t l y  accepted s tandard f i g u r e  f o r  cha r r i ng  
r a t e  of ( 0 . 6  m m / m i n )  have been shown i n  t h i s  p r o j e c t .  Revis ion of 
t h e  c u r r e n t  methods of designing timber s t r u c t u r e s  f o r  f i r e  
r e s i s t a n c e ,  inc lud ing  cha r r ing  r a t e ,  i s  thus  warranted.  

White 's (1988) model p red ic t ed  char r ing  r a t e s  similar t o  t e s t  
r e s u l t s .  

It i s  recommended t h a t  t h e  char r ing  r a t e  f i g u r e  used i n  MP9 be 
r ev i sed  t o  t ake  i n t o  account t h e  con t r ibu t ion  of d e n s i t y  according 
t o :  

Density kg/m3 ( a t  1 2 % )  Charring r a t e  ( m m / m i n )  
mois ture  c o n t e n t )  
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APPENDIX 1 

Notes on t h e  a p p l i c a t i o n  of White 's  model. 

A time l o c a t i o n  model expressed as: 

a n d  i s  based on f i r e  exposure c o n d i t i o n s  according t o  ASTM E 119  

where: t = t ime of exposure 
Xc = depth of char  l a y e r  
m = c h a r r i n g  r a t e  parameter 

and p  = d e n s i t y  of t imber i n  p/cm3 (oven d r i e d )  
u  = moisture con ten t  ( % )  
d  = depth  of CCA p e n e t r a t i o n  i n  mm ( t r a n s p o r t  p r o p e r t y )  
c  = hardwood o r  softwood c l a s s i f i c a t i o n  ( 1 f o r  softwood o r  

-1 f o r  hardwood) 

Attempts t o  measure CCA p e n e t r a t i o n  were unsuccessfu l ,  and f i g u r e s  of 20 
mm and 3  mm were assessed  f o r  Radia ta  p ine  and Douglas f i r ,  r e s p e c t i v e l y ,  
on t h e  b a s i s  of White's r e p o r t ,  and CCA t rea tment  informat ion on Rad ia t a  
p i n e  and o t h e r  s p e c i e s  ( F R I ,  1988) .  

By a s s i g n i n g  t h e  fol lowing va lues  c = l  and d=20 o r  d=3 express ions  f o r  i n  m 
a r e  ob ta ined  as fo l lows:  

I n  m = 1 . 1 3 7 1 6  p  + 0 . 0 1 7 1 7  u  - 1 . 2 1 2 2 4  
f o r  Radia ta  p ine  

and I n  m = 1.305239 p  + 0 . 0 1 7 1 7  u - 1.13567 
f o r  Douglas f i r  . 

by s u b s t i t u t i n g  t h e  va lue  f o r  obta ined  f o r  m i n t o  t h e  express ion ,  

The t'ime taken  f o r  t h e  char t o  reach  a s p e c i f i e d  depth,  and hence t h e  mean 
c h a r r i n g  r a t e  f o r  t h a t  pe r iod  of exposure can be obta ined .  



Example : 

For t h e  glulam specimen as t e s t e d ,  t h e  phys ica l  parameters were; d e n s i t y  
0 . 4  gm/cm3 (oven-dry) and moisture con ten t  1 2 % ,  i n  m i s  determined us ing  
t h e  express ion  f o r  Radiata  p ine  above. 

Considering a thermocouple a t  a depth  of 36 mm (1 hour f o r  0 . 6  mm/min 
c h a r r i n g  r a t e )  t h e  time f o r  t h e  char  depth  t o  reach t h a t  depth i s  given 
by: 

t = 4 7 . 3  minutes.  

Th is  equates  t o  a cha r r ing  r a t e  of = 0 . 7 6  m m / m i n ,  which compares very w e l l  
w i th  t h e  specimen as t e s t e d  i n  t e s t  2 .  



Figure 1 Pilot furnace, with sample holder for test 



Figure 2 Charring samples. 



Figure 3 Glulam in specimen holder for test 2. 



Figure 4 Glulam cross-section showing embedded 
thermocouples. 



Figure 5 Location of thermocouples in glulam sections. 
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Figure 6.1 Scatter diagram of char rates for 29 minutes exposure 
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Figure 6.2 Scatter diagram of char rates for 60 minutes exposure 



/ 
/ 

/ - / 
/ 

/ 
/ 

/ - / 
/ 

/ 
/ 

/ - / 
0 0 

/ 
/ 

/ 
/ - / 

/ 
/ 

/ 
/ - / 

2 samples 
Douglas fir sample 

o Radiata pine 
I I I 

I 
I 
I I I I I 

0.4 
I 

0.5 
I 

0.6 0.7 0.8 0.9 1.0 
I 

Predicted charring rate mmlmin 
Figure 6.3 Scatter diagram of char rates for 29-60 minutes exposure 



Figure 7 Charred cross-section of glulam after 1 hour 
exposure. 
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Figure 8 Temperature response,of internal thermocouples 18 and 36 mm 
(ambient temperature 11 OC) 
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Figure 9 Variation of mean charring rate with exposure time 
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Figure 10 Comparison of test results and AS 1720.4 for 60 rnln~~tnc 
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Figure 11 Comparison of charring rate prediction of White's model and AS1 720.4 



Table  1: E f f e c t  of t imber mois ture  content  on char r ing  r a t e  

Spec ies  * Charring r a t e  f o r  moisture con ten t  of 

Southern p i n e  0 . 7 6  

Douglas f i r  

White oak 

' d ens i t y  ad ju s t ed  t o  600  kg/rn3 



T a b l e  2 :  C h a r r i n g  O f  T i m b e r  S a m p l e s  

T a b l e  2 . 1  

Species D e n s i t y  M o i s t u r e  P red ic t ed  A c t u a l  E x p o s u r e  
o v e n - d r y  C o n t e n t  C h a r r i n g  C h a r r i n g  P e r i o d  

( k9/m3 ( % I  Rate (mrn/min) Rate ( m m / m i n )  ( m i n u t e s )  

Radiata p i n e  455 0  0 . 9 4  
Radiata p i n e  6 2 1  0  0 . 8 0  
Radiata p i n e  4 2 4  2 1 0 . 7 2  
Radiata p ine  522  1 4  0 . 7 2  
Radiata p i n e  565  1 7  0 . 6 7  
Douglas f i r  534 23 0 . 5 6  

Glulam 
Radiata p i n e  ( b )  500 1 2  0 . 6 6  
Radiata p ine  ( a )  500  1 2  0 . 6 6  
Radiata p ine  ( c )  500  1 2  0 . 6 6  

( a )  exposure p a r a l l e l  t o  laminates 
( b )  exposure p e r p e n d i c u l a r  t o  laminates ( 2 0 0  mm i n  l e n g t h )  
( c )  e x p o s u r e  p e r p e n d i c u l a r  t o  l a m i n a t e s  ( 1 0 0  mm i n  l e n g t h )  



Table 2 . 2  

Species  Densi ty  Moisture Pred ic ted  Actual  Exposure 
oven-dry Content Charring Charring Per iod  

( % / m 3  ( % I  Rate ( m m / m i n )  Rate ( m m / m i n )  (minu tes )  

Radia ta  p ine  409 0 
Radia ta  p i n e  483 0 
Radia ta  p i n e  * 1 544 0 
Douglas f i r  372 1 5  
Radia ta  p ine  " 4  407  2 1 
Radiata  p i n e  516 1 6  
Radia ta  p ine  522 1 6  
Douglas f i r  536 2 4 
Douglas f i r  * 3 550 1 6  
Radia ta  p ine  * 2  6 2 0  20 

End g r a i n  ( d  
Radia ta  p ine  550 1 2  
Radiata  p ine  550 1 2  
Radia ta  p ine  550 2 1 
Radiata  p ine  550 2 1 

CCA t r e a t e d  t imber  
Radia ta  p i n e  H3 550 1 5  
Radia ta  p ine  H5 *5 550 13 

Glulam 
Radiata  p ine  * 6 ( c )  500  1 2  
Radia ta  p ine  * 7 ( b )  500 1 2  
Radia ta  p ine  ( a )  500 1 2  

( a )  exposure p a r a l l e l  t o  laminates 
( b )  exposure pe rpend icu la r  t o  laminates  ( 2 0 0  mm i n  l e n g t h )  
( c )  exposure pe rpend icu la r  t o  laminates ( 1 0 0  mm i n  l e n g t h )  
( d )  exposure on end g r a i n  
* samples ins t rumented wi th  two thermocouples a t  18 mm and 36 mm depth  



Table 2 . 3  

Spec ies  Density Moisture Pred ic ted  Actual  Exposure 
oven-dry Content Charring Charr ing Period 

kg/m3 % Rate mm/min Rate m m / m i n  minutes 

Radia ta  p ine  
Radia ta  p ine  
Radia ta  p ine  
Douglas f i r  
Radia ta  p ine  
Radia ta  p ine  

Glulam 
Radia ta  p ine  ( a )  500 1 2  0 . 6 5  
Radia ta  p ine  ( c )  500 1 2  0 . 6 5  
Radia ta  p ine  ( b )  500 1 2  0 . 6 5  

( a )  exposure p a r a l l e l  t o  laminates  
( b )  exposure perpendicular  t o  laminates  ( 2 0 0  mm i n  l e n g t h )  
( c )  exposure perpendicular  t o  laminates  ( 1 0 0  mm i n  l e n g t h )  



Table 2 . 4  Charring evaluation of samples instrumented with 
thermocouples, exposed for 60 minutes. 

mean charring rate mm/min charring 
Sample density moisture thermocouple at depths of rate at 
No kg/m3 content % 18 mm 36 mm 1 hour 

* samples instrumented with two thermocouples at 18 mm and 36 mm depth 

Note - where a charring rate is not shown for the thermocouples at 36 mm, 
the temperature at that depth had not exceeded 300° C. 



Table 3 Charring Of Glulam 

Glulam Charr ing Measurements 

Location Depth of 
thermocouples (mu) 

Charr ins  Rates  ( m m / m i n  L 
Mean Range 

L e f t  s i d e  
Right s i d e  
L e f t  s i d e  
Right  s i d e  
Narrow edge 

Weighted mean f o r  whole of specimen 

* g l u e  l i n e s  represen ted  by upper end of range. 

P red ic t ed  c h a r r i n g  r a t e  0 . 7 6  mm/min, see  Appendix 1. 
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