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FIRE DESIGN OF WOODEN STRUCTURES 

by Ove Pettersson, Prof, Dr Techn and Robert Jensson, Civ Eng, M Sc 

Division of Building Fire Safety and Technology, Lund University, 
Sweden 

1 INTRODUCTION 

An analytical prediction of the real fire behaviour of a wooden struc 
ture requires access to functionally valid models, describing the re- 
levant physical processes with respect to exposure and structural re- 
sponse. Compared with structures of other types of material as steel 
and concrete, wooden structures then cause special difficulties due 
to their combustibility and char-forming properties. 

The prediction of the behaviour of a structure in any situation - nor- 
mal or accidental - is always associated with uncertainties. The phy- 
sical models exhibit uncertainties in consequence of their schemati- 
zation - model uncertainties. The influence variables included in the 
physical models exhibit uncertainties with respect to their numerical 
values attained in the individual case - stochastic uncertainties. 
The only consistent method available for dealing with these uncertain- 
ties in a prediction of the real behaviour of a structure is a proba- 
bility based design with specified safety factors. The effect of the 
various uncertainties and the required level of structural reliabili- 
ty then decide the values of these safety factors. 

The level of structural reliability reflects the acceptable risk with 
respect to the attainment of a defined limit state, for instance, the 
ultimate load bearing capacity. This risk is related to 

* the probability of occurrence of a severe fire - depending on tke 
compartmentation, the fire brigade actions and an installed fire ex- 
tinguishment system, if any, and 

* the consequences of a structural failure - depending on such influ- 
ences as the occupancy, the height and volume of the building and the 
importance of the structure or structural member to the overall sta- 
bility of the building. 

In the light of the principles outlined, the state of the art is 
briefly described and exemplified below regarding an analytical fire 
design of wooden S-cructures, based on the natural compartment fLre ex- 
posure. The examples given are limited to load bearing laxinate3 tim- 
ber structures. 

2 LIMIT STATE CONDITION 

Generally the design criterion in a fire 3esign requires that no li- 
mit state is reached during the fire exposure. Depending on the type 
of practical application, the design criterion can be required to 
apply with either the complete fire process or a limited part of it, 
determined from the time necessary for the fire brigade to attack the 
fire successfully under the most severe conditions or from the evacu- 
ation time for the building. 

In the design, one, two or all of the following limit state condi- 
tions apply: 

* limit state with respect to load bearing cagacity, 
* limit state with respect to insulation, 



* l i m i t  s t a t e  with respect  t o  i n t e g r i t y .  

For a  load  bearing s t r u c t u r e ,  t h e  design c r i t e r i o n  implies  t h a t  t h e  
minimum value of t h e  load  bearing capaci ty  R ( t )  during t h e  f i r e  ex- 
posure s h a l l  meet t h e  load  e f f e c t  on t h e  s t r u c t u r e  S ,  i . e .  - Fig.  l a  

The c r i t e r i o n  must be f u l f i l l e d  f o r  a l l  re levant  types of f a i l u r e  - 
bending f a i l u r e ,  shear  f a i l u r e ,  t o r s i o n  f a i l u r e ,  i n s t a b i l i t y  f a i l u r e ,  
e t c .  

Figure 1 .  Design c r i t e r i a  with respect  t o  load  bearing capaci ty  ( a )  
and i n s u l a t i o n  ( b )  

For a  sepa ra t ing  s t r u c t u r e ,  t h e  design c r i t e r i o n  with respect  t o  in-  
s u l a t i o n  can be formulated analogously as  - Fig. lb  

where 
T = maximum temperature of t h e  unexposed s i d e  of t h e  separa t ing  

C r s t r u c t u r e ,  acceptable with respect  t o  t h e  requirement t o  pre- 
vent a  f i r e  spread from t h e  f i r e  compartment t o  an adjacent  
compartment, 

T - ( t )  = highes t  temperature on t h e  unexposed s i d e  of t h e  separa t ing  
2 

s t r u c t u r e  a t  t ime t of t h e  r e l evan t  f i r e  process.  

For t h e  requirement with respect  t o  i n t e g r i t y ,  which can be dec i s ive  
f o r  some types of separa t ing  elements,  t h e r e  i s  no a n a l y t i c a l l y  ex- 
pressed  design c r i t e r i o n  a v a i l a b l e  a t  present .  

3 PHYSICAL MODEL AND RELATED FIRE EXPOSURE 

The phys ica l  model f o r  an a n a l y t i c a l  f i r e  design of a  load bearing 
wooden s t r u c t u r e ,  exposed t o  a  n a t u r a l  compartment f i r e ,  i s  shown 
summarily i n  Fig.  2. 
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Figure 2. Physical model for an analytical fire engineering design 
of load bearing wooden structures, exposed to a natural 
compartment fire 

'he design procedure starts by a determination of the fire exposure, 
given by, for instance, the gas temperature-time curve of the natural 
compartment fire. In the individual practical application, the fire 
exposure then can be obtained either by heat and mass balance calcu- 
lations for the fire compartment - cf. [ 1 1  - L91 - or directly from a 
systematized design basis of the type exemplified by Fig. 3 131, [71. 
The amount and combustion characteristics of the fire load and the 
geometrical, ventilation and thermal properties of the fire compart- 
ment are the decisive influences. 

The gas temperature-time curves T,-t in Fig. 3 apply to a fire com- 
partment with surrounding structukes, made of a material with a they 
mal conductivity A = 0.81 ~.m-' .@C-' and a heat capacity pcg= 1.67 MJ. 
.m-3.0~-1 - fire compartment, type A. Such a surrounding material 
roughly corresponds to an average of brick, concrete, and aerated 
concrete. For fire compartments with surrounding structures, whose 
thermal properties deviate from fire compartment type A, the actual 
fire process can be transferred to a gas temperature-time curve for 
fire compartment type A by using an effective fire load density qtf 



Figure 3. Gas temperature-time curves f o r  a complete, f u l l y  deve- 
loped compartment f i r e  with varying values f o r  t h e  f i r e  
load  dens i ty  q t  - Eq .  (3 .2 )  - and t h e  opening t a c t o r  
A\/E;/At. A i s  t h e  t o t a l  opening a r e a  of t h e  f i r e  compart- 
ment, h i s  a weighted mean value of t h e  height  of t h e  
openings based on t h e i r  s i z e ,  and At i s  t h e  t o t a l  i n t e rna l  
surrounding a r e a  of t h e  f i r e  compartment, including open- 
ings .  F i r e  compartment, type  A [31,  171 

and an e f f e c t i v e  opening f a c t o r  (AVE/A:)~, ca l cu la t ed  from t h e  r e a l  
f i r e  load  dens i ty  qt and t h e  r e a l  openmg f a c t o r  A f i / A t  according t o  
t h e  formulae : 

In 171, [10 ] ,  [ I l l ,  t h e  c o e f f i c i e n t  Kf i s  given f o r  seven types of 
f i r e  compartments, defined by t h e i r  surrounding s t r u c t u r e s .  

The f i r e  load  dens i ty  q t  i s  given by t h e  r e l a t i o n s h i p :  

where 
m = t o t a l  mass of combustible ma te r i a l  v ( k g ) ,  

V 

Hv = c a l o r i f i c '  value of combustible ma te r i a l  v ( ~ ~ s k g - '  ) , 
u V  = f r a c t i o n  between 0 and 1 ,  g iv ing  t h e  r e a l  degree of combustion 

f o r  each component v of t h e  f i r e  load ,  

A = t o t a l  i n t e r i o r  a rea  of t h e  sur faces  bounding t h e  f i r e  compart- t 
ment , openings included ( m 2 ) .  



I n  t h e  opening f a c t o r  A f i / A t  of t h e  f i r e  compartment 

A = t o t a l  a rea  of door and window openings (m2), 

h  = mean value of t h e  he ights  of t h e  openings, weighted with respect  
t o  each ind iv idua l  opening a r e a  ( m ) .  

The gas temperature-time curves according t o  Fig. 3 a r e  app l i cab le  t o  
f i r e  compartments of a  s i z e  r ep resen ta t ive  of dwell ings,  ordinary 
o f f i c e s ,  schools ,  h o s p i t a l s ,  h o t e l s ,  and l i b r a r i e s .  For f i r e  compart- 
ments with a  very l a r g e  volume - f o r  in s t ance ,  i n d u s t r i a l  bui ld ings  
and s p o r t s  h a l l s  - t h e  curves g ive  an unsa t i s f ac to ry  desc r ip t ion  of 
t h e  r e a l  f i r e  exposure. A t  p re sen t ,  t h e r e  i s  no va l ida ted  design ba- 
sis a v a i l a b l e  f o r  t h e  determinat ion of t h e  f i r e  exposure i n  compart- 
ments with a  very l a r g e  volume. 

Returning t o  t h e  phys ica l  model a s  shown i n  Fig. 2,  i n  t h e  next s t e o ,  
t h e  f i r e  exposure i s  t r a n s f e r r e d  a n a l y t i c a l l y  t o  t h e  time v a r i a t i o n  
of t h e  s i z e  of t h e  unburnt c r o s s  s e c t i o n s  of t h e  s t r u c t u r e  and t h e i r  
temperature and moisture s t a t e s .  Input v a r i a b l e s  a r e  t h e  s t r u c t u r a l  
d a t a ,  t h e  c o e f f i c i e n t s  of heat  t r a n s f e r  f o r  t h e  var ious  surfaces of 
t h e  s t r u c t u r e  and t h e  thermal ,  moisture t r a n s f e r ,  combustion and char- 
forming p roper t i e s  o f  t h e  s t r u c t u r a l  ma te r i a l .  With information on 
t h e  mechanical p rope r t i e s  of t h e  s t r u c t u r a l  ma te r i a l  a s  funct ion  of 
t h e  temperature and moisture content  a s  f u r t h e r  input  da ta ,  then a  
determinat ion has t o  be done of t h e  t r a n s i e n t  s t r e s s - s t r a i n  s t a t e  and 
t h e  corresponding t ime v a r i a t i o n  of t h e  load  bearing capaci ty  of t h e  
s t r u c t u r e  R ( t  ) . 
A comparison between t h e  minimum value  R, of t h e  load  bearing capaci- 
t y  R ( t )  during t h e  r e l evan t  f i r e  process and t h e  load  e f f e c t  a t  f i r e  
S  f i n a l l y  decides whether t h e  s t r u c t u r e  can f u l f i l  i t s  requi red  func- 
t i o n  o r  not during t h e  f i r e  exposure, a s  spec i f i ed  by t h e  l i m i t  s t a t e  
condi t ion  according t o  Eq. (2.1 1. 

For a  sepa ra t ing  s t r u c t u r e ,  t h e  phys ica l  model gives t h e  t r a n s i e n t  
temperature s t a t e ,  de f in ing  t h e  maximum value of t h e  h ighes t  tempera- 
t u r e  on t h e  unexposed s i d e  of t h e  s t r u c t u r e  max{Ts(t)l during t h e  re- 
l evan t  f i r e  process. The corresponding l i m i t  s t a t e  condit ion fol lows 
Eq. ( 2 . 2 )  with respect  t o  t h e  requi red  funct ion  of in su la t ion .  The 
supplementary l i m i t  s t a t e  condi t ion  regarding  t h e  i n t e g r i t y  funct ion  
has t o  be groved experimental ly,  when requi red ,  i n  e i t h e r  a  f i r e  re-  
s i s t a n c e  t e s t  o r  a  s impl i f i ed  small s c a l e  t e s t .  

4 PROBABILITY BASED DESIGN 

The modern development of func t iona l ly  well-defined, a n a l y t i c a l  struc- 
t u r a l  f i r e  design methods inc ludes  a  p r o b a b i l i s t i c  approach, based 
e i t h e r  on a  system of p a r t i a l  s a f e t y  f a c t o r s  o r  on t h e  sa fe ty  index 
concept I121 - [191. 

For t h e  p r o b a b i l i s t i c  model t o  be in t eg ra ted  with t h e  phys ica l  model, 
var ious  l e v e l s  can be d is t inguished:  

* an exact  evalua t ion  of t h e  f a i l u r e  p robab i l i ty  P(R<s) ,  using multl-  
dimensional i n t e g r a t i o n  o r  Monte Carlo s imulat ion,  

* an approximate evalua t ion  of t h e  f a i l u r e  p robab i l i ty  P (R<s) ,  besed 
on f irst  order  r e l i a b i l i t y  methods (FORM), and 

* a  p r a c t i c a l  design format c a l c u l a t i o n ,  based on p a r t i a l  s a f e t y  fac- 
t o r s  and talring i n t o  account c h a r a c t e r i s t i c  va lues  f o r  ac t ion  e f f e c t s  
and response c a p a c i t i e s .  



For p r a c t i c a l  purposes, an exact  evalua t ion  of f a i l u r e  p robab i l i ty  i s  
not poss ib le .  Also t h e  FORM approximations a r e  t o o  cunbersome f o r  
everyday design and t h e  more s i m p l i f i e d  p r a c t i c a l  design formats have 
t o  be used. 

The p r o b a b i l i s t i c  inf luences  a r e  then taken i n t o  account by specify-  
ing  c h a r a c t e r i s t i c  va lues  and r e l a t e d  p a r t i a l  s a f e t y  f a c t o r s  f o r  - 
c f .  Fig.  2 - t h e  f i r e  load  dens i ty ,  such s t r u c t u r a l  design d a t a  a s  
imperfect ions,  t h e  thermal ,  moisture t r a n s f e r ,  combustion and char- 
forming p r o p e r t i e s ,  t h e  mechanical p r o p e r t i e s  and t h e  loading.  For 
each quan t i ty ,  t h e  c h a r a c t e r i s t i c  value and t h e  p a r t i a l  s a f e t y  f a c t o r  
define a  design value a s  exemplified by Fig.  4 f o r  t h e  loading and 
mechanical s t r e n g t h  and by Table 1 f o r  t h e  f i r e  load  dens i ty .  The de- 
s i g n  procedure ends up by a  design value of t h e  load  bearing capaci ty  
of t h e  s t r u c t u r e  Rd f o r  t h e  r e l evan t  f i r e  process,  which has t o  meet 
t h e  design load  e f f e c t  a t  f i r e  Sd, i . e .  

Depending on t h e  type  of p r a c t i c a l  app l i ca t ion ,  t h e  requirement ( 4 . 1  ) 
t h e n  has  t o  be v e r i f i e d  f o r  e i t h e r  t h e  complete f i r e  process o r  a  li- 
mited p a r t  of i t ,  determined by t h e  time necessary f o r  t h e  f i r e  b r i -  
gade t o  a t t a c k  t h e  f i r e  successful.ly under t h e  most severe  condi t ions  
o r  by t h e  design evacuation time f o r  t h e  bui ld ing .  

g g  g ,  : PARTIAL FACTORS 

SCATTER iN MATERIAL 
STRENGTH 
UNCERTbINTI I F  ?ESIGN 
MODEL 

S :  UNCERTAINTY H i i T E i i l h L  
STRUCTURE - 'EST X S U I ' 5  
S 4 F E i "  C L 4 5 5  i 3 ;  VERY 
SERIOUS. 2 : SERIOUS 
I : NOT SERIOUS1 

QESULTING PARTIAL A C T O R S  

O E S l t N  LOADS - 

DESIGN LOAD EFFCC: ... j 

Figure 4. Determination of design load  e f f e c t  Sd and design s t r eng th  
Md from c h a r a c t e r i s t i c  values and r e l a t e d  p a r t i a l  s a f e t y  
f a c t o r s  y 

The p a r t i a l  s a fe ty  f a c t o r s  a r e  t o  be derived by a  p r o b a b i l i s t i c  ana 
l y s i s ,  based on a  f i r s t  order  r e l i a b i l i t y  method (FORM),  with t h e  
fol lowing p r o b a b i l i s t i c  e f f e c t s  taken i n t o  cons idera t ion:  

* t h e  unce r t a in ty  i n  speci fy ing  t h e  f i r e  load dens i ty ,  

* t h e  unce r t a in ty  i n  speci fy ing  t h e  v e n t i l a t i o n  c h a r a c t e r i s t i c s  of 
t h e  f i r e  compartment and t h e  thermal p roper t i e s  of t h e  s t r u c t u r e s  sur- 
rounding t h e  f i r e  compartment, 



* t h e  unce r t a in ty  of t h e  a n a l y t i c a l  model f o r  t h e  determinat ion of 
t h e  compartment f i r e  and i t s  thermal exposure on t h e  s t r u c t u r e ,  

* t h e  unce r t a in ty  i n  speci fy ing  t h e  design d a t a  of t h e  s t r u c t u r e ,  d i -  
mensions, imperfect ions,  e t c . ,  

* t h e  unce r t a in ty  i n  speci fy ing  t h e  thermal ,  moisture t r a n s f e r ,  com- 
bus t ion ,  char-forming and mechanical p rope r t i e s  of t h e  s t r u c t u r a l  ma- 
t e r i a l ,  

* t h e  u n c e r t a i n t i e s  of t h e  a n a l y t i c a l  models f o r  t h e  c a l c u l a t i o n  of 
t h e  reduced c ross  sec t ions  of t h e  s t r u c t u r e  and t h e  r e l a t e d  t r a n s i e n t  
temperature and moisture s t a t e s ,  

* t h e  u n c e r t a i n t i e s  i n  t h e  a n a l y t i c a l  models f o r  t h e  c a l c u l a t i o n  of 
t h e  t r a n s i e n t  s t r e s s - s t r a i n  s t a t e  and t h e  u l t ima te  load  bearing capa- 
c i t y  of t h e  s t r u c t u r e ,  

* t h e  unce r t a in ty  i n  speci fy ing  t h e  loads ,  

* t h e  unce r t a in ty  of t h e  a n d y t i c a l  model, descr ib ing  t h e  load  e f f e c t  
on t h e  s t r u c t u r e ,  

* t h e  p r o b a b i l i t y  of occurrence of a severe  compartment f i r e ,  

* t h e  e f f i c i e n c y  of t h e  f i r e  brigade a c t i o n s ,  

* t h e  e f f e c t  of an i n s t a l l e d  e x t i n c t i o n  system, and 

* t h e  consequences of a s t r u c t u r a l  f a i l u r e .  

For t h e  d e t a i l e d  procedure of der iv ing  t h e  p a r t i a l  s a f e t y  f a c t o r s ,  
re ference  i s  given t o  [191. 

ategory of s t ruc -  
u r a l  member 

Design f i r e  load  k r a t i o n  of 
dens i ty  qd f i r e  exposure 

- 
1.0 q  

k  
< 30 min 

1.0 qk complete f i r e  
process 

1.5 qk complete f i r e  
process 

Table 1 .  Design f i r e  exposure, expressed by design f i r e  load  den- 
s i t y  qa and dura t ion  of f i r e  exposure. qk i s  t h e  charac- 
t e r i s t l c  value of t h e  f i r e  load dens i ty  

As ind ica ted  i n  t h e  in t roduc t ion ,  t h e  func t iona l  requirements t o  be 
l a i d  down f o r  t h e  f i r e  engineering design should be d i f f e r e n t i a t e d  
with respect  t o  such aspects  as  t h e  occupancy, t h e  height  and volume 
of t h e  bu i ld ing ,  and t h e  importance of t h e  s t r u c t u r e  o r  s t r u c t u r a l  
member t o  t h e  o v e r a l l  s t a b i l i t y  of t h e  building.  This can be consi- 
dered by, f o r  in s t ance ,  a  system of s a f e t y  c l a s s e s  with a l l o c a t e d  
f a i l u r e  p r o b a b i l i t i e s  and r e l a t e d  ym-values of t h e  p a r t i a l  s a f e t y  
f a c t o r s ,  a f f e c t i n g  t h e  design s t r eng th  Md - c f .  Fig.  4 and [131. The 
e f f e c t  of t h e  p r o b a b i l i t y  of occurrence of a  severe compartment f i r e ,  
t h e  f i r e  brigade ac t ions  and an i n s t a l l e d  f i r e  extinguishment system, 
i f  any, can be accounted f o r  p r i n c i p a l l y  i n  t h e  same way. An a l t e rna -  
t i v e  s o l u t i o n  i s  t o  include these  inf luences  i n  t h e  d e t e r m i ~ a t i o n  of 
t h e  design f i r e  load  dens i ty  qd and t h e  design f i r e  exposure. This 
l a t t e r  way i s  chosen i n  a  Swedish p robab i l i ty  based design method, 
[151, [161, [20], by d iv id ing  t h e  s t r u c t u r e s  o r  s t r u c t u r a l  members 



i n t o  ca tegor ies  with a r e l a t e d  d i f f e r e n t i a t i o n  of t h e  design f i r e  
l o a d  dens i ty  qd and t h e  length  of t h e  f i r e  process t o  be considered 
i n  t h e  design - Table 1 .  The c h a r a c t e r i s t i c  f i r e  load  dens i ty  qk then  
i s  defined a s  t h e  value corresponding t o  a p robab i l i ty  of excess of 

' r e  exposure a r e  20%. The r e l a t e d  gas temperature-time curves of t h e  f l  
spec i f i ed  i n  accordance t o  Fig. 3 as  a funct ion  of t h e  e f f e c t i v e  f i r e  
load  dens i ty  q and t h e  e f f e c t i v e  opening f a c t o r  of t h e  f i r e  com- 
partment ( ~ f i l k t f )  f .  
i n  t h e  present  ve r s ion  of t h e  Swedish design method, t h e  presence of 
an approved s p r i n k l e r  system i s  taken i n t o  account only i n  a rough 
way by a t r a n s f e r  of t h e  s t r u c t u r e  o r  s t r u c t u r a l  member t o  t h e  next 
lower category. 

Consequently, t h e  p a r t i a l  s a f e t y  f a c t o r  y4 i n  t h e  determinat ion of 
t h e  design s t r eng th  Md according t o  Fig. i s  t o  be made equal  t o  1 
i n  t h e  Swedish design method. 

5 THERMAL AND MECHANICAL RESPONSE 

5.1 Rate of Charring. Trans ient  Temperature and Moisture S t a t e s  

For a p r a c t i c a l  determinat ion of t h e  t r a n s i e n t  temperature s t a t e  of 
f i r e  exposed s t r u c t u r e s ,  numerical methods have been developed and 
arranged f o r  computer c a l c u l a t i o n s .  The methods a r e  based e i t h e r  on 
f i n i t e  d i f ference  o r  f i n i t e  element approximations. 

I n  an app l i ca t ion  of a f i n i t e  d i f f e rence  method, t h e  s t r u c t u r e  i s  d i -  
v ided  i n t o  elements and f o r  each one of t h e s e ,  a h e a t  balance eaua- 
t i o n  i s  s e t  up i n  t h e  form of a d i f f e rence  equation, approximating 
t h e  d i f f e r e n t i a l  hea t  balance equation. The mass of each element i s  
assumed a s  concentrated a t  i t s  cen t re .  For t h e  t o t a l  s t r u c t u r e ,  t hen  
a system of equations i s  obtained which can be solved f o r  t h e  tempe- 
r a t u r e s  of t h e s e  element cen t re s  by stepwise in t eg ra t ion .  

I n  t h e  f i n i t e  element method of a n a l y s i s ,  t h e  s t r u c t u r e  i s  i d e a l i z e d  
by an assemblage of d i s c r e t e  elements. The elements may be of v a r i -  
a b l e  s i z e  and shape and connected a t  a f i n i t e  number of nodal poin ts .  
Within each element, t h e  temperature f i e l d  i s  approximated by a s e t  
of i n t e r p o l a t i o n  o r  shape func t ions ,  de f in ing  t h e  temperature unique- 
l y  i n  terms of t h e  nodal temperatures of t h e  element. 

The ana lys i s  i s  based on t h e  hea t  balance equilibrium equation f o r  
t r a n s i e n t  hea t  conduction i n  matr ix form, based on t h e  FOURIER law 

where 
T = temperature,  
X = symmetric p o s i t i v e  d e f i n i t e  thermal conductivi ty matr ix ,  
6 = ae/a t  = r a t e  of s p e c i f i c  volumetric enthalpy change, 
Q = r a t e  of i n t e r n a l l y  generated hea t  per  u n i t  volume, 
t = t ime.  

The g rad ien t  operator  i s  def ined  a s  



where X ,  y and z a r e  Car tes ian  coordina tes .  

A s o l u t i o n  of Eq. (5 .1 )  r equ i re s  t h e  i n i t i a l  and boundary condi t ions  
t o  be spec i f i ed .  The i n i t i a l  condi t ion  i s  given by t h e  temperature 
d i s t r i b u t i o n  wi th in  t h e  s t r u c t u r e  a t  a re ference  time zero. The 
boundary condit ions a r e  prescr ibed  as  temperature T = T(x,y ,z ,t ) o r  
hea t  flow q on p a r t s  of t h e  boundary aVT and aV r e spec t ive ly .  The 
t o t a l  boundary i s  then  4 '  

Wri t ten  i n  matr ix form, t h e  h e a t  balance equil ibr ium equation f o r  
t r a n s i e n t  heat  conduction reads L211 

where 
K = hea t  conduct iv i ty  matr ix,  
3 = v e c t o r  of nodal temperatures,  
C = nominal hea t  capaci ty  matrix, 
F = v e c t o r  of r a t e  of i n t e r n a l l y  generated heat  pe r  u n i t  volume, -Q 
F = vec to r  of r a t e  of hea t  flow suppl ied  a t  t h e  boundary. 
-9 

Al t e rna t ive ly ,  t h e  hea t  balance equation can be expressed i n  terms of 
t h e  nodal  enthalpy vec to r  E i n s t e a d  of t h e  temperature vec to r  T!, i . e .  

where 

Eq. ( 5 . 4 )  o r  (5 .5 )  can be solved by a d i r e c t  step-by-step integrat ion,  
using e i t h e r  a forward-, mid- o r  backward-difference method. Regard 
has t o  be paid t o  t h e  f a c t  t h a t  t h e  hea t  conductivi ty matr ix  K and 
t h e  hea t  capaci ty  matr ix C depend on t h e  temperature T t o  an extent  
t h a t  cannot be d is regardez .  Fur ther  complications a r i s e  when t h e  ma- 
t e r i a l  undergoes phase changes during t h e  hea t ing  and when t h e  mate- 
r i a l  has  an i n i t i a l  moisture content .  

As concerns t h e  f i n i t e  element cornouter programs developed f o r  a d i -  
r e c t  a p p l i c a t i o n  t o  a s t r u c t u r a l  f i r e  design,  FIRES-T E221 and FIRES- 
T3 I231 make use of an i m p l i c i t  backward-difference time i n t e g r a t i o n  
scheme while TASEF-2 [21] i s  an e x p l i c i t  forward-difference method. 

F i r e  exposed wooden s t r u c t u r e s  and s t r u c t u r a l  members present  s p e c i a l  
d i f f i c u l t i e s  with respect  t o  a c a l c u l a t i o n  of t h e i r  thermal response 
due t o  t h e  con-cinuous cha r r ing  and r e l a t e d  decrease of t h e  e f f e c t i v e  
c ross  s e c t i o n  by combustion of t h e  ma te r i a l .  To t h a t  has t o  be added, 
t h a t  t h e  hea t  t r a n s f e r  i n  a wooden s t r u c t u r e  a t  f i r e  as  a r u l e  i s  
combined with a considerable moisture t r a n s p o r t  and from a s t r i c t  
thermodynamical poin t  of view, t h e s e  two t r a n s p o r t  mechanisms should 
be analysed simultaneously by a system of r e l a t e d  p a r t i a l  d i f f e ren -  
t i a l  equat ions ,  arranged f o r  numerical so lu t ions .  Experiments, con- 
ducted t o  cha rac te r i ze  t h e  t r a n s i e n t  moisture gradients  i n  wood s l a b s  
subjec ted  t o  f i r e  on one f a c e ,  i n d i c a t e  an average peak moisture con- 
t e n t  i n  var ious  sec t ions  of up t o  2 times g r e a t e r  than  t h e  i n i t i a l  
moisture content [241. 



Analyt ica l  models f o r  a  c a l c u l a t i o n  of t h e  cha r r ing  r a t e  and depth of 
wood a t  varying thermal exposure a r e  presented i n , - f o r  instance; 1253 
- [281. 

I n  [281, more than 100 t e s t s  a r e  r epor t ed ,  c a r r i e d  out  f o r  a  determi- 
na t ion  of t h e  charr ing  depth a t  varying thermal exposure. An a n a l y t i -  
c a l  model f o r  t h e  charr ing  of wood i s  s e t  up, cons i s t ing  of f i v e  sub- 
models descr ib ing  d i f f e r e n t  processes .  The model i s  used f o r  checking 
aga ins t  t h e  t e s t  r e s u l t s  and f o r  a c a l c u l a t i o n  of design diagrams 
g iv ing  d i r e c t l y  t h e  charr ing  depth of a  c ross  sec t ion  a t  a  n a t u r a l  
compartment f i r e  exposure, def ined  by t h e  gas temperature-time curves 
according t o  Fig.  3. The diagrams apply t o  s t r u c t u r e s  and s t r u c t u r a l  
members of glued laminated t imber.  A curve f i t t i n g  of t h e  cha r r ing  
diagrams r e s u l t s  i n  t h e  fol lowing approximate formulae f o r  a  ca lcula-  
t i o n  of t h e  charr ing  depth B ( m m )  [281: 

l 3 3 t 2  B = 8 ( -  -6 c - t  --) 
0 12 2 48 

f i r e  load  dens i ty ,  per  u n i t  a r e a  of bounding surfaces  (MJ. 
.m-2) - Eq.  ( 3 . 2 ) ,  a opening f a c t o r  of t h e  f i r e  compartment ( m  ) ,  

t ime,  a t  which maximum char r ing  i s  reached f o r  t h e  va lues  9f 

qt and ~ f i / A ~  i n  quest ion (minutes) ,  

i n i t i a l  value of r a t e  of cha r r ing  (mm-minute-' ) , 
t ime (minutes) .  

The model derived i n  I281 does not g ive  any information on t h e  tempe- 
r a t u r e  and moisture d i s t r i b u t i o n  wi th in  t h e  un-charred p a r t  of t h e  
c r o s s  sec t ion .  A charr ing  model, which includes a  determination of 
t h e  r e l a t e d  temperature d i s t r i b u t i o n ,  i s  presented i n  1271 on t h e  
condi t ion  of ovendried wood. The model of wood pyro lys i s ,  derived i n  
1261, i s  more genera l  and i n d i c a t e s  a l s o  approximate methods f o r  a  
c a l c u l a t i o n  of t h e  temperature a s  we l l  as  moisture d i s t r i b u t i o n  with- 
i n  t h e  reduced e f f e c t i v e  c ross  s e c t i o n  of t h e  s t r u c t u r e .  A f u r t h e r  
development of t h e  model i s ,  however, requi red  f o r  making it e a s i l y  
app l i cab le  i n  p r a c t i c e .  

5.2 Mechanical P roper t i e s  and S t r u c t u r a l  Behaviour 

A t ransformation of t h e  t r a n s i e n t  temperature and moisture s t a t e s  
wi th in  t h e  un-charred p a r t  of t h e  c ross  sec t ions  of a f i r e  exposed 
wooden s t r u c t u r e  t o  t h e  s t r u c t u r a l  behaviour and load  bearing capaci- 
t y  r equ i re s  v a l i d a t e d  a n a l y t i c a l  models f o r  t h e  mechanical behaviour 
of t h e  s t r u c t u r a l  ma te r i a l  i n  t h e  temperature and moisture ranges as- 
s o c i a t e d  with f i r e s .  

For wooden s t r u c t u r e s ,  t h e  present  s t a t e  of knowledge i s  f a r  l e s s  ad- 



vanced than f o r  s t e e l  and concrete s t r u c t u r e s  a s  concerns an a n a l y t i -  
c a l  modelling of t h e  t r a n s i e n t  s tress-deformation behaviour a t  a f i r e  
exposure. The a v a i l a b l e  information on t h e  mechanical p r o p e r t i e s  of 
wood i s  mainly based on r e s u l t s  of t e s t s  with small specimens, f r e e  
from mate r i a l  imperfections. For t h e  bending s t r e n g t h ,  it has been 
shown t h a t  t h e  s t r e s s e s  i n  t h e  compression zone a r e  dec i s ive  f o r  per- 
f e c t  small t e s t  specimens while t h e  s t r e s s e s  i n  t h e  tension zone i n i t i -  
a t e  t h e  f a i l u r e  f o r  s t r u c t u r a l  members of ord inary  s i z e .  From a pro- 
b a b i l i s t i c  poin t  of view, t h e  s t r eng th  of wood follows a Gaussian 
normal d i s t r i b u t i o n  f o r  small t e s t  specimens while  t h e  s t r e n g t h  d i s -  
t r i b u t i o n  f o r  ord inary  s t r u c t u r a l  members i s  of an extreme value type  
according t o  Weibull, ve r i fy ing  a b r i t t l e  f a i l u r e  a s  dec i s ive .  

A comprehensive information i s  a v a i l a b l e  concerning t h e  compression 
s t r e n g t h ,  t e n s i l e  s t r e n g t h ,  bending s t r e n g t h ,  shear  s t r e n g t h ,  modulus 
o f  e l a s t i c i t y  and shear  modulus, p a r a l l e l  t o  and perpendicular  t o  t h e  
g ra in ,  determined from t e s t s  with small specimens condit ioned t o  d i f -  
f e ren t  combinations of temperature and moisture content .  An exce l l en t  
survey of t h e  information i s  given i n  r291 ,  from which Figs.  5 and 6 
a r e  reproduced. The r e l a t i v e l y  l e r g e  s c a t t e r  i n  t h e  t e s t  r e s u l t s  i s  
due t o  t h e  in f luence  of var ious  wood spec ies  and t h e  d i f f i c u l t i e s  of 
measuring combined temperature and moisture s t a t e s .  

TEMPERATURE ('C1 

Figure 5.  Effect of temperature on comgressive s t r eng th  of wood pa- 
ra l le l - to- the-gra in .  100% a t  20 '~.  A: 0% moisture content  
( M C ) ,  B :  - 12% MC,  C :  2 f i b e r  s a t u r a t i o n  point  (FSP, - 3 6 '  
MC) l291 

aased on resi;l$s of experiments on small t e s t  specimens, some rough 
a n a l y t i c a l  models have been developed f o r  t h e  mechanical behaviour of 
wood i n  r e l a t i o n  t o  f i r e  exposure. However, t h e r e  i s  no va l ida ted  
a n a l y t i c a l  model a v a i l a b l e  f o r  t h e  mechanical behaviour which can be 
appl ied  f o r  a desc r ip t ion  of t h e  deformation process a t  simultaneous 
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Figure 6. Effect of temperature on t e n s i l e  s t r eng th  of wood parallel- 
t ~ - t h e - ~ r a i n .  100% a t  20•‹C. MC = moisture content  [ 2 9 ]  

t r a n s i e n t  s t a t e s  of s t r e s s ,  temperature and moisture. The condi t ions  
prevent a  r e l i a b l e  c a l c u l a t i o n  of t h e  de f l ec t ions  of f i r e  exposed 
wooden s t r u c t u r e s  t o  be performed and l i m i t  a  s t r u c t u r a l  f i r e  design 
p r imar i ly  t o  a  determinat ion of t h e  u l t ima te  load  bearing capaci ty .  
The l a c k  of p r a c t i c a l l y  adaptable model f o r  a  c a l c u l a t i o n  of t h e  
moisture gradient  i n  t h e  un-charred p a r t  of t h e  c ross  sec t ion  then 
requ i re s  a  r e l a t i v e l y  rough approximation t o  be introduced a t  t h e  es- 
t ima t ion  of t h e  decrease i n  t h e  u l t ima te  bending moment of t h e  r e -  
duced c ross  sec t ion  due t o  increased  temperature and moisture content  
during t h e  f i r e .  A s  a  r u l e ,  t h i s  decrease i s  taken i n t o  account by 
mul t ip ly ing  t h e  u l t ima te  bending s t r e s s  a t  normal temperature by a 
reduct ion  coe f f i c i en t  p with a  va lue  g iv ing  r e s u l t s  on t h e  s a f e  s i d e .  

5.2.1 Laminated Timber Beams 

i i i t h  t h e  charr ing  depth B ca l cu la t ed  according t o  Eqs. (5 .7 )  - ( 5 . 9 ) ,  
t h e  u l t ima te  load  bearing capaci ty  of a  rec tangular ,  laminated timber 
beam, f i r e  exposed on t h r e e  o r  four  s i d e s ,  can e a s i l y  be determined 
by applying t h e  design diagrams i n  Figs.  7  and 8 171, [301, [31] .  The 
design diagrams give t h e  r e l a t i o n s h i p  between t h e  charr ing  depth B ,  
t h e  width B and t h e  he ight  D of t h e  c ross  sec t ion ,  and t h e  quot ient  
K between t h e  load of f a i l u r e  a t  normal temperature and t h e  design 
load  a t  f i r e  - t h e  s a f e t y  f a c t o r .  The r e l a t i o n s h i p  i s  v a l i d  on t h e  
assumption of a  bending f a i l u r e .  The reduction f a c t o r  p i s  roughly 
put equal t o  0.8. For B/B>0.25, t h e  curves a r e  dash marked s ince  t h e  
assumptions f o r  t h e  c a l c u l a t i o n  of t h e  charr ing  depth a r e  unsuff i -  
c i e n t l y  experimentally v e r i f i e d  wi th in  t h i s  regioc .  

For s l ender  beams with s m a l l  l a t e r a l  f l e x u r a l  r i g i d i t y  and/or t o r -  
s i o n a l  r i g i d i t y ,  t h e  r i s k  of l a t e r a l  buckling can be dec i s ive  i n  a  
s t r u c t u r a l  design. I n  a  f i r e ,  t h i s  r i s k  i s  continuously increased  
s ince  t h e  width/height r a t i o  B/D of t h e  beam decreases by t h e  charring. 
The r i s k  w i l l  be f u r t h e r  strengthened i f  intermediate supports  of t h e  
beam f a i l  during t h e  f i r e  exposure. 

A comprehensive design a i d  f o r  f i r e  exposed rec tangular ,  laminated 
t imber beams with respect  t o  l a t e r a l  buckling i s  presented i n  [33] .  
The design a i d  i s  exemplified by Fig. 9 which gives t h e  r e l a t i o n s h i I  
between t h e  charr ing  depth B ,  t h e  width B and t h e  height  D of t h e  
c ross  s e c t i o n ,  the  s z f e t y  f a c t o r  K and a l a t e r a l  buckling parameter 

where L i s  t h e  length  of t h e  span and m a  coe f f i c i en t  i n  t h e  formulas 
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Figure 7. Rat io  BIB a s  a  funct ion  of width-height r a t i o  BID and safe- 
t y  f a c t o r  K f o r  a  r ec tangu la r ,  laminated timber beam, f i r e  
exposed on four  s ides  

F i ~ u r e  8. Rat io  BIB a s  a  funct ion of width-height r a t i o  BID and safe- 
t y  f a c t o r  K f o r  a  r ec tangu la r ,  laminated timber beam, f i r e  
exposed on t h r e e  s i d e s  



Figure 9.  Rat io  B/B a s  a  funct ion  of t h e  width-height r a t i o  B/D and 
t h e  l a t e r a l  buckling parameter 11, given by Eq. (5 .10) ,  
f o r  two d i f f e r e n t  values of t h e  s a f e t y  f a c t o r  K. Rectan- 
g u l a r ,  laminated timber beam, f i r e  exposed on four  s ides  

f o r  t h e  e l a s t i c ,  c r i t i c a l  load  with respect  t o  l a t e r a l  buckling: 

M , Pc and q a r e  t h e  c r i t i c a l  bending moment, concentrated load  
a% d i ~ F r i b u t e $ ~ l o a d ,  r e spec t ive ly ,  B t h e  l a t e r a l  f l e x u r a l  r i g i d i t y  Y 
and C t h e  t o r s i o n a l  r i g i d i t y  of t h e  c ross  sec t ion .  The c o e f f i c i e n t  
m depends on t h e  load  and support condi t ions  and can be found f o r  
most p r a c t i c a l  app l i ca t ions  i n  s tandard textbooks and manuals. K i s  



the safety factor against failure in bending for the actual loading 
before fire. 

5.2.2 Laminated Timber Columns 

A structural fire design of axially compressed columns with negligible 
risk of buckling follows the same procedure as a fire design of beams. 
If the buckling risk is decisive, the problem is complicated by the 
continuous decrease of the buckling load during the fire due to the 
reduction of the effective cross section and the related increase of 
the slenderness ratio. 

A design method, easily applicable in practice, is presented in, for 
instance, E T ] ,  [31]. Fig. 10 exemplifies the appurtenant design aid 
by two diagrams, giving the relationship between the charring depth 
B, the initial slenderness ratio X, and the quotient p between the 
design load at fire and the permissible load at normal temperature. 
The diagrams apply to a column with a square cross section, fire ex- 
posed on four sides, and a column with a rectangular cross section, 
located in such a way that only two opposite sides are fire exposed, 
respectively. In the latter case, the column is assumed to deflect at 
buckling in a direction perpendicular to the fire exposed sides. 

Figure 10. Ratio B/D as a function of the initial slenderness ratio 
X, and the quotient p between the actual load at fire and 
the permissible load at normal temperature. Laminated tim- 
ber columns, fire exposed on four sides (left figure) and 
on two opposite sides (right figure), respectively 

The paper describes and discusses the state of the art concerning the 
possibilities of an analytical prediction of the real fire behaviour 
of wooden structures and structural members. The principles of a pro- 
bability based design are outlined with reference to a physical model 
according to Fig. 2, connected to a natxral compartment fire exposure. 
The design procedure is exemplified by a Swedish method, based on a 
practical design format calculation, specifying characteristic values 
and partial safety factors for the action effects and response capa- 
cities. The model and stochastic uncertainties, to be included in the 
derivation of the partial safety factors, are listed. In the method, 



t h e  consequences of a  s t r u c t u r a l  f a i l u r e  and t h e  e f f e c t s  of t h e  pro- 
b a b i l i t y  of a  severe compartment f i r e ,  t h e  f i r e  brigade ac t ions  and 
an i n s t a l l e d  f i r e  extinguishment system, i f  any, a r e  approximately 
accounted f o r  by d iv id ing  t h e  s t r u c t u r e s  o r  s t r u c t u r a l  members i n t o  
ca tegor i e s  with a  r e l a t e d  d i f f e r e n t i a t i o n  of t h e  design f i r e  load  
dens i ty  and t h e  l eng th  of t h e  f i r e  process t o  be considered i n  t h e  
design. 

The s t a t e  of knowledge on t h e  thermal  and mechanical response of f i r e  
exposed wooden s t r u c t u r e s  i s  reviewed with respect  t o  t h e  r a t e  of 
cha r r ing  a t  varying thermal exposure and t h e  r e l a t e d  temperature and 
moisture g rad ien t s  i n  t h e  m-charred p a r t  of t h e  c ross  sec t ion ,  t h e  
mechanical p r o p e r t i e s  of wood a t  a  simultaneous inc rease  of tempera- 
t u r e  and moisture content ,  and t h e  f i r e  behaviour and u l t ima te  load  
bear ing  capac i ty  of t h e  s t r u c t u r e .  The a v a i l a b l e  design a i d  i s  exemp- 
l i f i e d ,  focusing on laminated t imber s t r u c t u r e s .  Design diagrams a r e  
given f o r  a  determinat ion of t h e  u l t ima te  load  bearing capaci ty  of 
beams with r e spec t  t o  bending and l a t e r a l  buckling and of t h e  buck- 
l i n g  load  f o r  columns. 

The l ack  of v a l i d a t e d ,  p r a c t i c a l l y  adaptable ,  a n a l y t i c a l  models f o r  
t h e  t r a n s i e n t  temperature and moisture s t a t e s  wi th in  t h e  m-charred  
p a r t  of t h e  c ross  sec t ion  and f o r  t h e  mechanical behaviour of t h e  ma- 
t e r i a l  at simultaneous t r a n s i e n t  s t a t e s  of s t r e s s ,  temperature and 
moisture i s  emphasized. The condi t ions  prevent a  r e l i a b l e  c a l c u l a t i o n  
of t h e  d e f l e c t i o n s  of f i r e  exposed wooden s t r u c t u r e s  t o  be performed 
a t  present  and l i m i t  a  s t r u c t u r a l  f i r e  design pr imar i ly  t o  a  determi- 
n a t i o n  o f  t h e  u l t ima te  load  bear ing  capaci ty .  
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