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Preface 
Charring rate is the basic quantity of assessment of fire resistance of wooden structural 
members. Due to the inherent variabilities and uncertainties involved in the fire 
exposure and the charring process, the charring rate is factor with substantial 
uncertainty which should be taken into account in any assessment of fire resistance of 
wooden members, in particular in the probabilistic approaches to assess fire resistance. 
This report presents a probabilistic model for wood charring rate based on quantification 
of the dependence of the wood charring rate on the principal physical factors governing 
the charring process as well as an application of the model to assess in a probabilistic 
manner the fire resistance of wooden beam.  

The work has been out in the Fire Research group of VTT Building and Transport, 
Finland. It forms a part of a larger research project launched to develop new tools for 
fire simulation with the aim set at producing generally acceptable and valid science-
based tools to meet the needs of fire safety design and risk assessment within the 
industry and other stakeholders.  

The project is funded by the National Technology Agency of Finland (Tekes) and VTT 
Building and Transport. 
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1. Introduction 
This report presents a probabilistic model for wood charring rate and an application of the 
model to assess fire resistance of a wooden load-bearing beam. The model is an empical one, 
based on quantification of the dependence of the wood charring rate on the principal physical 
factors governing the charring process. These factors include the influence of the heat flux 
exposing the wood surface, the wood density and moisture content as well as the ambient 
oxygen concentration. The application introduces a novel approach to assess the endurance of 
a wooden structural member in a natural fire conditions, which uses probabilistic fire 
simulation to quantify the heat exposure and the char depth of the structural member. The 
principal result of the approach is the time evolution of the conditional failure probability of 
failure of the structural wooden member, which can be further elaborated by incorporating 
into the analysis the statistical and modelling results determining the frequency of the 
conditioning factor, i.e., the occurrence of a fire with sufficient severity to potentially 
compromise the structural safety. 
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2. Development of the model 
In this Chapter we derive an analytical expression for the wood charring rate and quantify its 
uncertainty. The presentation is based on the approach of Mikkola (1990) who studied the 
dependence of the wood charring rate 

dt
dxchar=β  (1) 

where xchar is the position of the char front and t is time on the following factors:  

• wood density ρ ,  
• wood moisture content w, 
• external heat flux eq ′′& , 
• oxygen content 2Oχ . 

Below, in section 2.1 we present a new analysis of the influence of these factors on the wood 
charring rate. Besides the four factors listed above, also the char layer thickness has a 
significant influence on the wood charring: charring is considerably slower beneath a thick 
char layer than a thin one. The influence of the char layer thickness on the wood charring rate 
is analysed in section 2.2 on the basis of the time-dependence of the char-layer depth and the 
charring rate. 

2.1 Influence of density, external heat flux, moisture contents and 
oxygen concentration 

By applying a simple energy-balance consideration to the charring front, Mikkola (1990) 
equates the heat flux entering to the charring front nq ′′&  to the energy per unit area required to 
heat up to the wood from its initial temperature T0 to the pyrolysis temperature Tp as well as to 
pyrolyse the wood which requires energy an amount of Lv: 

( )[ ]vpcLen LTTCmqqqq +−′′=′′−′′−′′=′′ 0&&&&&  (2) 

where m ′′&  is the mass flow per unit area of the pyrolysis products (mass flux units of 
kgm-2s-1), Lq ′′&  describes the heat losses at the sample surface, cq ′′&  is the energy flux absorbed 
by the char and C is the specific heat of the wood.  

In the conditions of complete combustion the mass flux of the pyrolysates equals the mass 
loss rate per unit area of the sample and, further, as the mass loss rate can be expressed in 
terms of the wood density and the charring rate as 
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ρβ=′′m& , (3) 

one gets the following relation between the charring rate β  and the external heat flux eq ′′&  and 
the wood density ρ : 

( )[ ] ( )[ ]vp

Le

vp

cLe

LTTC
qq

LTTC
qqq

+−
′′−′′

≈
+−

′′−′′−′′
=

00 ρρ
β

&&&&&
, (4) 

where the second approximate equality follows from the fact that the in the conditions 
corresponding to the fire environments, the energy absorbed by the char cq ′′& is small as 
compared to other terms. 

The equation given above gives a simple description of the influence of the most important 
factors on the charring rate of wood. We use it as a starting for refinements explained below. 

2.1.1 Density dependence 

Mikkola (1990) points out that the density dependence of the charring rate is not simple 
inverse proportionality, but rather of a form  

( ) 1
0

−+∝ ρρβ , (5) 

where 0ρ  is a parameter that can be determined on the basis of experimental findings. On the 
basis of the results of Schaffer (1967), Mikkola (1990) suggest that 0ρ  = 120 kg/m3. We, 
however, propose a different value: 0ρ  = 465 kg/m3 ± 40 % (the variability can be interpreted 
as 95 % confidence interval), i.e.,  

( ) ( )[ ]vp

Le

LTTC
qq

+−+
′′−′′

≈
00ρρ

β
&&

, (6) 

where we can assume that the parameter 0ρ  is a normally distributed quantity with mean 
equal to mρ = 465 kg/m3 and standard deviation equal to sρ = 90 kg/m3 or formally:  

( ) 3
0 kgm93;465 −∝ Nρ , (7) 

where N(mρ ;sρ ) denotes the normal distribution. This value of 0ρ  is based on analysis of 
data of Tran & White (1992) and Njankouo et al. (2004) for wood samples with moisture of 
about 8�10 %, see Figure 1. 
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Figure 1. Dependence on wood charring rate on the density according to data of Tran & 
White (1992) and Njankouo et al. (2004).  

 

2.1.2 Moisture content dependence 

To elucidate the dependence of the charring rate on the moisture content of the wood, Mikkola 
(1990) analyses the moisture dependence of the wood specific heat arriving at the expression 

( ) ( ) ( ) ( )( ) wTTCCTTCTTCTTC vwvpvp ⋅−−+−+−=− 012010 , (8) 

where the w is the moisture of the wood defined as 

0

0

m
mm

w
−

= , (9) 

where m is the mass of the (moist) sample and m0 is the mass of the sample with no water in it 
(e.g., dried in oven above 100 °C). The temperature rise from T0 to Tp is broken here to two 
parts, one part taking place below the water vaporisation temperature Tv ( ≈ 100 °C), 
characterised by specific heat C1 and the other part taking place between the water 
vaporisation temperature Tv and Tp with specific heat equal to C2.  Using the specific heat data 
shown in Figure 2, we may write  

( ) wbaTTC p ⋅+=− 0 , (10) 

where  

( )
( )⎩

⎨
⎧

=
=

kJ/kg34226
kJ/kg140502

b
a

, (11) 

where the numbers in the parentheses express the standard deviation associated with the value 
of the parameter. 
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Figure 2. Dependence of the specific heat of dry wood on temperature according to Dunlap 
(1912), Koch (1969) and Parker (1985).  

 

The heat of vaporisation includes contributions of the heat of vaporisation of dry wood Lv,0 
and water 

wLLL wvv ⋅+= 0, , (12) 

where Lw = 2260 kJ/kg is the heat of vaporisation of water. The values of the heat of 
vaporisation of dry wood given in literature vary considerably: e.g. Mikkola (1989, p. 30) 
quotes a value of 2250 kJ/kg while one may find as low values as 300 kJ/kg (de Souza Costa 
& Sandberg 2004). The large scatter in the reported values reflects the fact that actually the 
heat of vaporisation of dry wood is not constant during the process of wood pyrolysis, e.g., 
Tinney (1965) reports that "before a break point", Lv,0 = 125�210 kJ/kg and "after a break 
point", Lv,0 = 840�2300 kJ/kg. As it is very difficult to select the "proper" value for Lv,0 we 
proceed to assess a value suitable for the present context by analysis of data presented by 
Mikkola (1990, p. 24, Fig. 4) which presents the relative charring rate as a function of the 
wood moisture. For this analysed we write 

wLbLa
a

wvref ⋅+++
=

)(0,

1

β
β

, (13) 

and use least-squares curve fitting to establish the unknown quantity Lv,0  as well as the 
auxiliary parameter a1 (note that here, the dimensions of the variables are kJ/kg). The least-
squares analysis augmented by an uncertainty assessment (see Figure 3) gives a result  

)100(3000, ≈vL kJ/kg. (14) 
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Figure 3. Dependence of the wood charring rate on the wood moisture (Mikkola 1990 and 
refs. ib id). The thick curve is a least-squares fitting results yielding Lv,0 = 300 (100) kJ/kg 
where there uncertainty interval has been assessed so that the calculated curves (the dotted 
curves) make an envelope to the data values. 

 

The analysis presented above allows us to write the dependence of the wood charring rate on 
external heat flux eq ′′& , wood density ρ  and wood moisture content w as 

( )( )wBA
qq Le

⋅++
′′−′′

≈
0ρρ

β
&&

, (15) 

where1  

( )
( )⎩

⎨
⎧

=+=
=+=

kJ/kg(34)2490kJ/kg2260kJ/kg34226
kJ/kg(170)800kJ/kg)100(300kJ/kg140502

B
A

, (16) 

or, assuming that A and B are uniformly distributed quantities with mean values of 800 kJ/kg 
and 2490 kj/kg and standard deviations of 170 kJ/kg and 34 kJ/kg, we can write 

( )
( )⎩

⎨
⎧

∝
∝

kJ/kg2550;2430
kJ/kg9510;055

UB
UA

, (17) 

where U(xmin, xmax) symbolises the uniform distribution between xmin and xmax. 

                                                 

1 Here we assume that the uncertainty of the water heat of vaporisation is much smaller than the uncertainties of 
the other quantities. 
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2.1.3 External radiation dependence 

The dependence of the heat losses on the external radiation may be assessed via the surface 
temperature Ts, as the loss term may be expressed as 

( ) 4
ssssL TTThq ⋅⋅+−⋅≈′′ ∞ σε& kW/m2, (18) 

where ∞T  is the ambient temperature (assumed to be 20 °C), εs is the surface emissivity and hs 
is the heat transfer coefficient on the surface and σ = 5,67·10-8 WK-4m-2 is the Stefan-
Boltzman constant. 

 

 
Figure 4. Dependence of the surface temperature on the external radiative heat flux 
(Quintiere & Harkleroad 1985). A simple power-law fit is presented by the thick blue curve. 
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Figure 5. a) Heat losses calculated on the basis of the surface temperature. b) Dependence of 
the net heat flux on the external radiative heat flux and a simple a simple power-law fit. 
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The two heat transfer parameters, εs and hs, are not know with high accuracy. Our approach to 
assigning values to them is giving εs a fixed value of 0,75 and letting hs vary between 
11 WK-1m-2 and 15 WK-1m-2 according to a triangular distribution peaked at 
13,5 11 WK-1m-2. In the conditions relevant to fire applications, the heat losses from the 
surface are mainly due to radiative losses, the second term but convective portion (the first 
term) is not negligible, though as thus we retain it in the further analysis. Quintiere and 
Harkleroad (1985) present a graph of the dependence of the surface temperature of the 
external radiative heat flux; this graph is reproduced below (Figure 4) with a simple least-
squares fitted power-law curve of the form  

483,0

2kW/m
6,99 ⎟

⎠
⎞

⎜
⎝
⎛ ′′

⋅= e
s

q
T

&
°C (19) 

presented as the thick blue curve. Inserting this relation to the above formula for the heat 
losses, we obtain the result shown in Figure 5a with the heat loss expressed approximately as  

107,1

2kW/m
559,0 ⎟

⎠
⎞

⎜
⎝
⎛ ′′

⋅=′′ e
L

q
q

&
& kW/m2, (20) 

The net heat flux is obtained by subtracting the heat losses from the external heat flux, see 
Figure 5b. Using again a simple power-law description for the dependence of the net heat flux 
on the external heat flux, we obtain the result 

p
e

Len
qqqq ⎟

⎠
⎞

⎜
⎝
⎛ ′′

⋅=′′−′′≈′′
2kW/m

&
&&& ϑ , (21) 

where the  

5,0=p , (22) 

and the parameter ϑ  reflects the uncertainties in the heat transfer parameters (i.e., the random 
nature of the heat transfer coefficient hs); alsoϑ  follows the triangular distribution with 
minimum, maximum and peak value equal to 1,026 kW/m2, 1,387 kW/m2 and 1,162 kW/m2, 
respectively, i.e.,  

( ) 2kW/m162,1;387,1;026,1∆∝ϑ , (23) 

where ∆ denotes the triangular statistical distribution (the standard deviation of  thus equals 
0,070 kW/m2). The uncertainty of the parameter p is analysed in the following. 

White & Tran (1996) have studied the dependence of the charring rate of four different wood 
species on the external constant heat flux. The wood species and their density and moisture 
contents are the following: 
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• Redwood, ρ = 312 kg/m3, w = 8,3 %; 
• Basswood, ρ = 420 kg/m3, w = 8,1 %; 
• Southern Pine, ρ = 508 kg/m3, w = 9,7 %; 
• Red Oak, ρ = 660 kg/m3, w = 8,5 %. 

We analysed the charring rate data of White & Tran (1996) by fitting power-law curves of the form 

p
eqa ′′⋅= &2β , (24) 

to the data. Two fitting approaches employed, one in which both a2 and p were adjusted in the 
residual-squares minimisation (see Figure 6, the left hand-side figures) and the other in which 
the power p was fixed to value p = 0,5 (see Figure 6, the left hand-side figures). It may be 
seen from Figure 6 that the fits obtained with the fixed power of p = 0,5 are very good with no 
practically significant difference to the best fit obtained by tuning both a2 and p2. 
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Figure 6. Analysis of the data of White & Tran (1996, Fig. 2) on the dependence of the 
charring rate on the external heat flux using power-law functions: on left-hand side we show 
the best fit and on the right-hand side fit results using a fixed power equal to 0,5.  

 

Table 1 summarises the four estimates p (k), k = 1, 2, 3, 4, obtained from the four data sets. 
The final (unbiased) estimate for p and its uncertainty ∆p can be obtained as uncertainty-
weighted sums (Bevington & Robinson 1992): 
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⎛
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⎛
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=

k
k

k
kk

k
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. (25) 

We may assume that a suitable distribution characterising p is the normal distribution, i.e., 

( )04,0;50,0Np ∝ . (26) 

 



 

16 

Table 1. Analysis of the parameter p and its uncertainty estimate ∆p. 

density ρ w p ∆p
Species (kg/m3) %  -  -
Redwood 312 8,3 0,417 0,058
Basswood 420 8,1 0,536 0,066
Southern Pine 508 9,7 0,531 0,099
Red Oak 660 8,5 0,570 0,092

pavg = 0,50
∆pavg = 0,04  

 

Inserting the above expression for the net heat flux to the formula of the charring rate yields  

( ) ( )[ ]vp

p
e

LTTC
q

+−+
′′⋅

≈
00ρρ

ϑβ
&

, (27) 

where the external heat flux eq ′′&  is expressed in units of kW/m2. As this expression is based on 
an approximate analysis, it is plausible to expect that it reproduces the functional dependence 
of the charring rate of the most important factors, but not that it would reproduce accurately 
experimentally observed value. Thus, to allow for tuning of the charring rate to match 
experimentally observed values, we augment the above expression by a constant factor ψ 
hence obtaining 

( ) ( )[ ]vp

p
e

LTTC
q

+−+
′′⋅

≈
00ρρ

ϑψβ
&

. (28) 

 

2.1.4 Oxygen concentration  dependence 

We incorporate the influence of the oxygen concentration to the wood charring rate by adding 
a factor ( )2Of χ  that depends on the oxygen concentration χO2 to the above expression of β: 

( ) ( )( )wBA
qf

p
e

O ⋅++
′′⋅

⋅⋅≈
0

2 ρρ
ϑψχβ

&
. (29) 

 

In the light of the data of Ohnemiller et al. (1987) and Nurbakhsh (1989) quoted by Mikkola 
(1990, p. 26), the function ( )2Of χ  has a shape shown in Figure 7. The mathematical form of 
this function can be expressed as  
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( ) ( )
737,0

)0(
2

2
2 1 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⋅−+=

O

O
Of

χ
χ

ξξχ . (30) 

where %21)0(
2 =Oχ  and ξ is random parameter ranging from 0,5 to 0,65, or, expressed in 

symbolic terms  

( )65,0;50,0U∝ξ , (31) 

where U(xmin, xmax) symbolises the uniform distribution between xmin and xmax. 
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Figure 7. The function ( )2Of χ  characterising the dependence of the wood charring rate on 
the oxygen concentration: a) curve fitting to data of Ohnemiller et al. (1987) and Nurbakhsh 
(1989) and b) example describing the variability of ( )2Of χ . 

 

Thus far we have derived the following expression for the charring rate of wood which 
includes explicitly the uncertainties of the influential factors: 

( ) ( )( )wBA
q

f
p

e
O ⋅++

′′⋅
⋅⋅=

0
2 ρρ

ϑ
ψχβ

&
, (32) 

 
 

2.2 Time dependence of the char layer depth and charring rate 

In this section we analyse the influence of the thickness of the char layer on the charring rate. 
In line with the treatise of the previous section, we continue to carry out the analysis on a 
phenomenological level rather than delving in details to modelling of the transfer processes 
involved. 
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2.2.1 Constant heat flux 

Under constant heat flux, a first-order model for the dependence of the charring rate on the 
thickness l of the char layer is simple exponential dependence of the form2  

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛−−⋅⋅=′′∝ ∫ τ

τψψ ttdt
t

exp1)(
0 0l , (33) 

where the time constant τ and the factor ψ0 which is of the order of unity can be determined 
from experimental data. Correspondingly the function ψ(t) reads 

⎟
⎠
⎞

⎜
⎝
⎛−⋅=

τ
ψψ tt exp)( 0 . (34) 

 

We base our determination of the function ψ(t) on the data of Fredlund (1988), 
Tsantaridis & Östman (1998) and Mikkola (1988) shown in Figure 8.  
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Figure 8. Data of Fredlund (1988), Tsantaridis & Östman (1998) and Mikkola (1988) on the 
dependence of the wood product char depth on time under constant heat flux. 

 

                                                 

2 We add the time constant to the integral of ψ(t) to keep the function ψ(t) non-dimensional. 
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Figure 9. Analysis of data of Fredlund (1988), Tsantaridis & Östman (1998) and Mikkola 
(1988) on the dependence of the wood product char depth on time under constant heat flux. 

 

By dividing the char depth data with the pre-factor depending on the heat flux, density and 
moisture content we obtain a empirically determined factor l/ω (see Figure 9) that can be 
fitted by the time dependent portion of the expression of the char depth:  

( ) ( )( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛−−⋅=≡

⋅++
′′⋅

⋅
τ

τψ
ω

ρρ
ϑ

χ

t

wBA
q

f
p

e
O

exp10

0
2

l

&

l
, 

(35) 

Curve fitting yields the following results for the parameter ψ0 and τ as well as their 
uncertainty estimate: 

min110;min90min;100

;0,5;7,2;6,3

maxmin

max,0min,0,0

===

===

τττ

ψψψ

avg

avg
. (36) 

If we assume that these parameters follow that triangular distribution we may write  

( )
( )min100min;110;min90

6,3;0,5;7,20

∆∝
∆∝

τ
ψ

. (37) 
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The product of the two constant ϑ  and 0ψ  can be expressed as a single parameter C 
following the triangular distribution (see Figure 10): 

( ) 2
0 mkW93,3;45,5;72,2∆∝⋅= ϑψC . (38) 

 

0 %
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( )2
0 mkWψϑ ⋅=C  

Figure 10. Monte Carlo analysis of the combination of parameters ϑ  and 0ψ  to a single 
parameter C. 

 
The resulting expression for the charring rate β in units of m/s is 

( ) ( )
( )( ) ⎟

⎠
⎞

⎜
⎝
⎛−⋅

⋅++
′′⋅

⋅=
τρρ

χβ t
wBA

tqC
tf

p
e

O exp,
0

2

&
, (39) 

where the model parameters are3  

( ) ( ) ( ) 737,0

)0(
2

2
2 1, ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⋅−+=

O

O
O

t
tf

χ
χ

ξξχ . (40) 

( ) 2mkW93,3;45,5;72,2∆∝C , (41) 

( ) 3
0 kgm93;465 −∝ Nρ , (42) 

( )
( )⎩

⎨
⎧

=∝
=∝

kJ/kg) 2490  (average kJ/kg2550;2430
kJ/kg) 800  (average kJ/kg9510;055

UB
UA

, (43) 

( )04,0;50,0Np ∝ . (44) 

                                                 

3 N(µ;σ) is the Normal distribution with mean µ and standard deviation σ; ∆(xmin;xmax,xpeak) is the triangular 
distribution with minimum value xmin, maximum value xmax and peak value xpeak; U(xmin;xmax) is the uniform 
distribution with minimum value xmin and maximum value xmax. 
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( )min100;110;90∆∝τ . (45) 

( ) 0,575)  (average 65,0;50,0 =∝ Uξ , (46) 

and the influential factors are 

• external heat flux ( )tqe′′&  which may depend on time t, 
• wood density ρ ,  
• wood moisture content w, 
• oxygen content ( )tO2χ  which may depend on time t. 

The parameter %21)0(
2 =Oχ  is the normal volumetric oxygen concentration. 

2.2.2 Time dependent heat flux: the standard fire exposure 

The most familiar case of time-dependent heat flux is the heating of a wooden sample in a 
furnace the temperature of which follows the standard curve 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟

⎠
⎞

⎜
⎝
⎛⋅⋅°+= 1

min
8logC345 100

tTtT f , (47) 

where the initial temperature T0 is often 20 °C. A typical uncertainty related to standard fire 
curves produces in laboratory conditions is about ±5 %, see Figure 11. Inspection of heat flux 
data measured by a heat-flux gauge during heating corresponding to the standard temperature, 
Figure 12, reveals that before about 10 min, the heat flux ( )tqstd′′&  grows approximately linearly 
and after about 10 minutes, the heat flux can be calculated as the heat radiation with an 
effective emissivity equal to εeff, or 

( ) ( )[ ]⎩
⎨
⎧

≥°+⋅⋅
<⋅

=′′
min10,C15,273

min10
4 ttT
ttk

tq
feff

std σε
& , (48) 

where 

( )
90,0;70,0;82,0

mminkW45,055,3

min,min,,

21

===
⋅±= −

effeffavgeff

k
εεε

, (49) 

or expressed using the triangular distribution ( )peakxxx ;; maxmin∆ : 

( )
( )82,0;90,0;70,0

mminkW55,3;0,4;10,3

,

21

∆∝
⋅∆∝ −

avgeff

k
ε

. (50) 
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Also the oxygen concentration in a standard fire test depends on time. According Holm and 
Loikkanen (1981) the oxygen concentration decreases up to about 20 minutes where after it 
remains relative constant. The following relation gives a simple mathematical expression for 
such dependence: 

( ) ( )
⎪⎩

⎪
⎨
⎧

≥∆

<⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅∆−+∆=

min20,,

min20,exp%21
22

t

tt
t

OO

χ
τ

χχχ . (51) 

where 

(constant)min4
%1,4ion std.deviat%,5,5 average

2 =
=∆=∆

eOτ
χχ

, (52) 

or expressed using the normal distribution ( )σµ;N : 

( )%1,4%;5,5N∝∆χ . (53) 

 

Thus, the time dependent part of the wood charring rate in the standard fire exposure is 

( ) ( ) ⎟
⎠
⎞

⎜
⎝
⎛−⋅′′⋅

τ
χ ttqtf p

stdO exp,2 & . (54) 

As the functions ( )tf O ,2χ  and ( )τt−exp  decrease while the function p
stdq ′′&  increases with 

time, the product of these three functions is quite constant with respect to time, see Figure 14 
which shown the average value of the time dependent part of the wood charring rate: it is seen 
that between 5 min and 90 min, the time-dependent part of the charring rate varies between 
3,3 and 4,6, or has a value of 4,0 ± 16 %. It is this constancy of the time-dependent part that 
explains why the charring rates observed in standard fire test conditions are more or less 
constant. An example of the variability of the time-dependent part of the charring rate is 
shown in Figure 15.  
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Figure 11. Standard temperature curves from three laboratories (Holm & Loikkanen 1981) 
(DBJ: Danish, NBL: Norwegian & VTT: Finnish laboratory). 
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Figure 12. Heat flux values measured during standard temperature heating in three 
laboratories (Holm & Loikkanen 1981) (DBJ: Danish, NBL: Norwegian & VTT: Finnish).  

 

 

Figure 13. Oxygen concentration during standard temperature heating (Holm & Loikkanen 
1981) (DBJ: Danish, NBL: Norwegian, SP: Swedish & VTT: Finnish laboratory).  
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Figure 14. The average value of the time dependent part of the wood charring rate in 
standard temperature heat exposure.  
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Figure 15. Stochastic model of the time dependent part of the wood charring rate in standard 
temperature heat exposure (a Monte Carlo sample of 200 samples).  

 

The linearity of the charring in the standard temperature exposure becomes even more 
apparent when one considers the char depth as a function of time. To obtain the char depth we 
must integrate the time dependent part of the wood charring rate  

( ) ( ) ( )∫ ′⎟
⎠
⎞

⎜
⎝
⎛ ′

−⋅′′′⋅′=
t

p
stdOstd tdttqtftI

0
2 exp,

τ
χ & . (55) 

This integral can be estimated numerically and the result including the variability is shown in 
Figure 16a. It can be seen that the evolution of this integral and thus the char depth can for 
any practical purposes be consider to be linearly in time with slope equal to 4,1 ± 25 %, or, by 
using curve fitting with the normal distribution (Figure 16b) we obtain 
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( ) ttI stdstd ⋅= κ . (56) 

where  

( )45,0;8,3Nstd ∝κ . (57) 

 

a) 

 

b) 

 
Figure 16. a) The average value of the time dependent part of the wood charring rate in 
standard temperature heat exposure. b) A detailed analysis of the slope by curve fitting using 
the normal distribution. 

 

The equation for calculating the charring rate for the approximately linear char-depth time 
dependence encountered in the ISO heat exposure reads thus 

( )( ) stdwBA
C κ

ρρ
β

⋅
⋅++

⋅=
0

60000
minmm

, (58) 

where the random parameters A, B, C, ρ0 and κstd have the following distributions 

( ) 2mkW93,3;45,5;72,2∆∝C ,  

( ) 3
0 kgm93;465 −∝ Nρ ,  

( )
( )⎩

⎨
⎧

=∝
=∝

kJ/kg) 2490  (average kJ/kg2550;2430
kJ/kg) 800  (average kJ/kg9510;055

UB
UA

,  
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2.2.2.1 Experimental findings on the variability of wood charring rate under the 
standard fire exposure 

In fire tests of wooden columns under loading carried out by Stanke (1969), the charring rate 
was observed to vary between 0,54 mm/min and 0,90 mm/min. 

Son (1973) studied plywood specimen of different thicknesses, 12.7 mm, 15.9 mm and 
2×12.7 mm, and obtained charring rates in the range 1,16�1,88 mm/min (data obtained from 
the review by Babrauskas (2004)). 

Plywood of thickness of 19 mm has been studied Shoub and Son (1973) and Price (1977) who 
measured charring rates of 5,4 mm/min and 2,5 mm/min, respectively (data obtained from the 
review by Babrauskas (2004)). 

Kallioniemi (1979) cites results of fire tests on glulam samples carried out in the former 
Soviet Union according to which the charring rate varies as follows: 

• in 60 minute exposure minimum observed charring rate was 0,380 mm/min, maximum 
0,968 mm/min and mean value was 0,567 mm/min, 

• in 90 minute exposure minimum observed charring rate was 0,489 mm/min, maximum 
0,945 mm/min and mean value was 0,689 mm/min. 

 
In his own studies on loaded glulam specimens in the standard fire exposure, Kallioniemi 
(1979) observed charring rates of 0,47�0,73 mm/min. 

For a 18,3-thick plywood, Fang (1982) observed a charring rate ranging between 1,04�
1,14 mm/min (data obtained from the review by Babrauskas (2004)). 

In the studies of White et al. (1984) on a 18,2 mm thick plywood a charring rate range 
1,2�1,5 mm/min was observed (data obtained from the review by Babrauskas (2004)). White 
(2000) reported data on the charring rate of composite wooden products. For his data we can 
infer the following charring rate ranges: 0,63�0,75 mm/min for Douglas fir LVL and 
0,53�0,65 mm/min for poplar LVL. 

Richardson and Batista (2000) studied 38 mm thick timber decking with different gap sizes 
and observed charring rates varying from 1,13 mm/min to 8,4 mm/min (data obtained from 
the review by Babrauskas (2004)). 

Oksanen (2005) has studied charring of loaded LVL (Kertopuu) specimens with different 
dimensions and observed that in the direction of the laminate, the charring rates vary between 
0,50 mm/min and 0,69 mm/min and against the laminate direction measured charring rate was 
0,48�1,05 mm/min. In another study with LVL specimens of different sizes (Oksanen 2005), 
charring rates between 0,55 mm/min and 1,4 mm/min were measured. 
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These data are summarised in Table 2 and Figure 17. It can be seen that the overall variability 
for the whole data set is characterised by a coefficient of variation (COV), i.e., the standard 
deviation divided by the mean value, equal to ca. 60 %. For specific products, the scatter in 
the data may be smaller, e.g., for glulam COV = 20 % and LVL COV = 27 %. For plywood, 
the data exhibit large scatter characterised by COV = 81 %. It is also seen that all the 
distributions are skewed. 
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Figure 17. The data presented in Table 2 arranged as a cumulative frequency plot: a) 
the whole data set fitted with a shifted lognormal-distribution with mean = 
0,89 mm/min, standard deviation = 0,55 mm/min and COV = 62 %, b) data for glulam 
fitted with a lognormal-distribution with mean = 0,57 mm/min, standard deviation = 
0,12 mm/min and COV = 20 %, c) data for plywood fitted with a shifted lognormal-
distribution with mean = 1,67 mm/min, standard deviation = 1,35 mm/min and COV = 
81 % and d) data for LVL fitted with a shifted lognormal-distribution with mean = 
0,66 mm/min, standard deviation = 0,18 mm/min and COV = 27 %. 

 

2.2.2.2 Examples of the application of the calculation method in the case of the 
standard fire exposure 

Now that we know the evolution of the time dependent part of the charring rate as well as the 
char depth we can evaluate charring rates for some wood products in the standard test, e.g.,  

• low-density fibre board: density ρ = 270 kg/m3, moisture w = 10 %; 
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• spruce timber: density ρ = 440 kg/m3, moisture w = 10 %; 

• pine timber: density ρ = 560 kg/m3, moisture w = 10 %; 

• medium-density fibre board: density ρ = 700 kg/m3, moisture w = 10 %. 

The results are shown as distributions in Figure 18. Table 3 summarises the 
characteristics of the distributions. The two different distributions employed , the three-
parameter gamma distribution with the probability density f(x) and the cumulative 
frequency distribution F(x) (CFD) given by 

( ) ( )

( ) ( ) xdxbaxfxbaxF

b
xx

xx
ba

xbaxf

x

a

′′=

⎟
⎠

⎞
⎜
⎝

⎛ −
−−

⋅Γ
=

∫

−

0
minmin

min1
minmin

,,;,,;

exp
)(
1,,;

λ

αλ

, when x ≥ xmin, 0 otherwise, (59) 

and the logarithmically normal distribution with the probability density f(x) and the 
cumulative frequency distribution F(x) (CFD) given by 
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π , when x ≥ 0, 0 otherwise, (60) 

give virtually the same results. It is seen that the coefficient of variation, i.e., the 
standard deviation divided by the mean value, is the same, 27 %, for all four examples 
considered. This is general agreement with the experimental values shown in Table 2 
and Figure 17. 
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a) LDF: CFD 

 

b) LDF: probability density 

 
c) spruce: CFD 

 

d) spruce: probability density 

 
e) pine: CFD 

 

f) pine: probability density 

 
g) MDF: CFD 

 

h) MDF: probability density 

 
Figure 18. Examples of variability of the charring rate in the standard fire exposure of 
LDF-board (a & b), spruce timber (c & d), pine timber (e & f) and MDF-board (g & h). 
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Table 3. Characteristics of the distribution used to describe the variability of the wood 
charring rate in the standard fire exposure. 

Species Three-parameter gamma 
distribution 

Log-normal distribution 

Low-density fibre board 
density ρ = 270 kg/m3, 
moisture w = 10 % 

a = 6,51 
b = 0,137 mm/min 
xmin = 0,344 mm/min 
meana) = 1,23 mm/min 
medianb) = 1,10 mm/min 
std.deviationc) = 0,34 mm/min 
COVd) = 28 % 

a = 0,174 
b = 0,283 
 
meane) = 1,24  mm/min 
medianf) = 1,19 mm/min 
std.deviationg) = 0,36 mm/min 
COV =  29 % 

Spruce timber 
density ρ = 440 kg/m3, 
moisture w = 10 % 

a = 5,64 
b = 0,116 mm/min 
xmin = 0,355 mm/min 
mean = 1,00 mm/min 
median = 0,88 mm/min 
std.deviation = 0,27 mm/min 
COV = 27 % 

a = -0,041 
b = 0,269 
 
mean = 1,00 mm/min 
median = 0,96 mm/min 
std.deviation = 0,27 mm/min 
COV = 27 % 

Pine timber 
density ρ = 560 kg/m3, 
moisture w = 10 % 

a = 12,45 
b = 0,0661 mm/min 
xmin = 0,067 mm/min 
mean = 0,89 mm/min 
median = 0,82 mm/min 
std.deviation = 0,23 mm/min 
COV = 26 % 

a = -0,145 
b = 0,264 
 
mean = 0,90 mm/min 
median = 0,86 mm/min 
std.deviation = 0,24 mm/min 
COV = 27 %  

Medium-density 
fibre board 
density ρ = 700 kg/m3, 
moisture w = 10 % 

a = 4,06 
b = 0,113 mm/min 
xmin = 0,381 mm/min 
mean = 0,84 mm/min 
median = 0,73 mm/min 
std.deviation = 0,23 mm/min 
COV = 27 % 

a = -0,218 
b = 0,265 
 
mean = 0,83 mm/min 
median = 0,80 mm/min 
std.deviation = 0,23 mm/min 
COV = 27 %  

a) Mean of the three-parameter gamma distribution = a·b+xmin. 
b) Median of the three-parameter gamma distribution = ( )baFx ,,5,01

min
−+ γ . 

c) Standard deviation of the three-parameter gamma distribution = ab . 
d) COV = (standard deviation)/mean. 
e) Mean of the log-normal distribution = ( )2

2
1exp ba + . 

f) Median of the log-normal distribution = ( )baFLN ,,5,01− . 
g) Standard deviation of the log-normal distribution = ( ) ( ) 1expexp 22

2
1 −+ bba . 
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3. Application to assessment of failure 
probability of a load-bearing glulam beam 

The description of the wood charring rate derived in the previous Chapter finds use in 
probabilistic approaches to assessment of fire safety (Hietaniemi et al. 2004, Hostikka 
& Keski-Rahkonen 2003). As compared to the deterministic approaches to assessment 
of fire safety, the probabilistic approaches have the virtue that they can take into 
account the inherent stochastic nature of the fire phenomenon and the related hazards. 
As there is a great deal of variability and uncertainties involved in the fire and the 
related phenomena and our understanding of these subjects it is well justified to argue 
that it is as important to be able to quantity the uncertainties as it is to quantify the 
phenomena themselves. The price one has to pay for the enhanced predictive power of 
the probabilistic approaches to assessment of fire safety is that the analysis procedures 
become more complex, which becomes manifest, e.g., when we compare the formulae 
of the previous Chapter to the single-value charring rate expression of the deterministic 
approaches. This, however, does not imply that the probabilistic approaches would be 
too cumbersome for practical fire-safety engineering work. All it takes is that the 
problem has been tackled once and coded into a software where after any similar 
problem can be solved in a routine manner. When it comes creating the software, there 
packages such as the Probabilistic Fire Simulator (PFS) developed by the Fire Research 
Group of VTT (Hietaniemi et al. 2004, Hostikka & Keski-Rahkonen 2003, Hostikka et 
al. 2003) readily available that can be used as a platform when developing software to 
solve specific problems. 

3.1 Overview of the procedure 

The procedure of the assessment of the failure probability goes as follows: 
 

• Calculate using fire simulation the heat release rate (HRR) and the temperature 
(Tg) which exposes the structures as well as the flow velocity (v) and the smoke 
density (k) around the structures. 

• Calculate the heat exposure, i.e. the heat flux 2q ′′& ,  to structures on the basis of 
the quantities Tg, v and k:  

( ) ( )44
∞∞ −+−⋅=′′ TTTThq grge φσε& , (61) 
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          where T∞ is the ambient temperature4, φ is the view factor between the flames  
          and/or hot gases and the structure and εr is the resultant emissitivity for the  
          flames and/or hot gases and the structure. For a structural member immersed in  
          the smoky hot gas layer, φ = 1, and εr = εs = the emissivity of the member are  
          suitable choices. 

• Calculate the charring rate β by Monte Carlo simulation using expression (32). 

• Calculate the char depth d by integrating the β over the relevant time period and 
subtract d from the initial dimensions binit (width) and hinit (height) to obtain the 
reduced section properties as a function of time. 

• Construct the limit state function g, i.e., member mechanical resistance minus 
the load, for the loading conditions considered. 

• Member failure takes place at the time when g becomes negative.  

• The estimate for failure time distribution is obtained from the Monte Carlo 
sample. 

 

3.2 Application example 

The building considered in this study is a shop located in South-West part of Finland. It 
consists basically of a single space with length of 50 m, width 34 m and height 5,5 m. 
The building has a timber beam-column structure of glued laminated wood. Glulam 
columns support 17 m long beams which compose the roof structure. The dimensions of 
the beam are binit = 165 mm and hinit = 1215 mm.  

Deterministic design calculations using 50 % of the snow load characteristic to that part 
of Finland, i.e., 1,4 kN/m2, show that unprotected the beam would survive standard fire 
exposure for 30 minutes. 

 

                                                 

4 Note that the derivation of the expression (32) for charring rate is based on the gross heat flux impinging 
on the specimen and thus, one must use here the heat flux that corresponds to a surface at its initial 
temperature T∞. 
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Figure 19. The target building. The principal fire safety measures are the smoke vents, 
which activate at 100 °C and simultaneously give an alarm signal to the fire station 
located in the near vicinity of the building. 

 

8,532
8,531

17,063

0,854 1,215

 
Figure 20. The glulam beam spanning between the columns. 

 

We have analysed several fire scenarios in this building using both a deterministic fire 
simulation with the FDS 3 (McGrattan et al. 2002a, McGrattan et al. 2002b) and FDS 4 
(McGrattan 2004a, McGrattan 2004b) program and a probabilistic fire simulation using 
the PFD program.  Some of these scenarios have been dealt with in earlier presentations 
(Hietaniemi & Korhonen 2004a, Hietaniemi & Korhonen 2004b). In this example we 
consider only one fire scenario, a fire which grows hot enough to break the large 
windows on the south wall of the building. In this case the HRR may grow up to 
hundreds of megawatts (Figure 21). It should be noted that the fire development is 
principally governed by the potential breakage of the large windows and the particular 
scenario we are considering here is one in which the temperature required for the 
window breakage and fallout is 300 °C. This is actually a rather low temperature for 
major glass breakage leading to a fallout which will be taken into account when we 
estimate probability of this particular fire scenario needed in the assessment of the 
overall probability of structural failure. 
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Figure 21. Example of the results of the deterministic FDS4 fire simulations of the 
scenario in which the large windows on the south wall break at 300 °C: a) the heat 
release rate and b) hot gas temperatures at different position along the x-direction at 
the centre of the building at height z = 4,5 m.  

 

We convert the HRR results of the deterministic fire simulation to stochastic HRR 
curves as follows 

• first we analyse the HRR obtained from the FDS 4 simulations by an analytical 
model with an initial time dependence of the t2-form with growth time tg 
followed by a steady-HRR-phase at maximum HRR between times t1 and t2 and 
a linear decay phase after the time t2 (see Figure 22a); 

• the next step is to treat the parameters of the analytical expression as random 
quantities with their scatter characterised by the selected statistical distributions 
listed in Table 4; 

• the final step is to carry out the probabilistic fire simulations to obtain a Monte 
Carlo sample of the HRR and gas temperature curves (Figure 22). 

 



 

37 
  

Table 4. Description of the distributions used to characterise the stochastic nature of 
the design fire. 

Quantity Distribution 

Growth time tg Lognormal distribution with median = 300 s and 
std.deviation = 100 s 

Maximum HRR Evaluated on the basis of probabilistic fire simulations with the heat 
release rate per surface area, growth time, window breaking time and 
the portion of fallen out window as random parameters. The 
resulting distribution can be fitted using the 3-parameter Weibull 
distribution5 with minimum = 30 MW, median = 227 MW and 
std.deviation = 87 MW. 

Time t1 Moment when the initial growing HRR reaches the max HRR: 
a dependent variable calculated from tg and max. HRR. 

Time t2 Time when the cumulated heat release (MJ) equals the total 
amount of available combustible energy Qtot minus the heat 
release during the decay phase Qdec, which is based on the 
predetermined portion p of Qdec of Qtot. Following the 
Eurocode 1 (CEN 2002b), we assume that the mean value on p 
is 70 %; the variability of p is characterised by the uniform 
distribution ranging from 60 % to 80 %. 

 

                                                 

5 The probability density of the Weibull distribution is ( ) ⎟
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Figure 22. Examples of the PFS probabilistic fire simulations of the scenario in which 
the large windows on the south wall break at 300 °C: a) the heat release rate and b) 
hot gas temperatures at the centre of the building at height z = 4,5 m (in both cases, 
200 curves of the Monte Carlo sample of size 1000 are shown).  

 

The FDS fire simulations show that the hot gas layer is quite smoky with a typical value 
of the extinction coefficient being 2�4 m-1 and hence, the regarding radiative heat 
transfer, the gases may be considered as "black", i.e., having emissivity close to 1: in the 
Monte Carlo simulations we use the uniform distribution ranging from 0,9 to 1,0 for the 
emissivity. The most rigorous treatment of the convective heat transfer would be to 
analyse it on the basis of the fluid flow speed around the structures. Here, however, we 
assume that the heat transfer coefficient is about 25 Wm-2K-1  (uncertainties in the heat 
transfer coefficient are characterised by drawing its values from a triangular distribution 
with minimum value of 20 Wm-2K-1, maximum value of 35 Wm-2K-1 and peak value of 
25 Wm-2K-1). The resulting heat fluxes are shown in Figure 23a.  
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Figure 23. a) The heat fluxes and b) corresponding char depths (in both cases, 200 
curves of the Monte Carlo sample of size 1000 are shown).  
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The char depths corresponding to the heat fluxes are obtained by integrating the 
charring rate expression (39), see Figure 23b. Figure 24 shows an analysis of how the 
char depth evolves during the fire exposure: at 30 minutes the mean value is 6,8 mm 
and standard deviation 2,2 mm, at 60 minutes the mean value is 25 mm and standard 
deviation 9,7 mm and at 60 minutes the mean value is 42 mm and standard deviation 
16 mm. 

a) 

0 %

20 %

40 %

60 %

80 %

100 %

0 5 10 15
0 %

5 %

10 %

15 %

20 %

25 %Monte Carlo
CFD
density

d30min (mm)

C
FD

probability density

 
b) 

0 %

20 %

40 %

60 %

80 %

100 %

0 20 40 60 80
0 %

2 %

4 %

6 %

Monte Carlo
CFD
density

d60min (mm)

C
FD

probability density

 
c) 

0 %

20 %

40 %

60 %

80 %

100 %

0 20 40 60 80 100
0 %

2 %

4 %

6 %

Monte Carlo
CFD
density

d90min (mm)

C
FD

probability density

 
Figure 24. Analyses of the char depths: a) at 30 minutes, b) at 60 minutes and 
c) at 90 minutes.  
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The load-bearing capacity of the beam is calculated on the basis of the following limit-
state function (Toratti & Turk 2005, Hietaniemi & Korhonen 2004a, Hietaniemi & 
Korhonen 2004b) 

model)
)(6)(

( 2,mod, ×
×

+××
+

×

+×
−××=

redred

yp

redred

xp
mfi hb

QGM
hb

QGN
kkFg α

, 
(62) 

where the quantities treated as random variables are 

• G = permanent load (normal distribution with mean 3,65 kN/m and coefficient 
of variation VG = 0.05); 

• Q = snow load (the local measured snow load distribution for the particular town 
in the South-Western part of Finland, see Figure 25) 

• F = glulam strength (bending and shear) (log-normal distribution with mean 
50,4 N/mm2 and coefficient of variation VF = 0.15); 

• model = model uncertainty  (distribution with mean 1.0 and coefficient of 
variation Vm = 0.05); 

• bred and hred : the reduced section dimensions for width and height, respectively, 
calculated using the calculated char depths (see Figure 23b). Their initial values 
were allow to vary by 1 % (normal distribution). 

and the quantities treated as constant variables are: 

• kmod,fi = 1,0; km,α = 0.79 (constant); 

• Nxp = 0.346 [kN per unit load (kN/m)]; 

• Myp = 29.144 [kNm per unit load (kN/m)]; 

• α = 2.5o (constant). 
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Figure 25. Statistical distribution of the snow load for the location of the building. 
This distribution applies for the whole year and hence the chance of zero snow load is 
a bit more than 60 %. The distribution is based on the measurements of the water 
value of snow in South-West Finland (Perälä & Reuna 1990). 
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Figure 26. Limit state functions (a sample of 200 curves from the total of 1000 Monte 
Carlo samples). 

 

The dependence of the limit-state functions on time is exemplified in Figure 26. Failure 
time of the beam is the time when limit-state function g becomes negative. The 
distribution of the failure times deduced from the zero-crossings of the limit-state 
function is shown in Figure 27. The failure probabilities that may be read from this 
curve are probabilities of failure per one design fire in the case where no actions are 
taken to fight the fire. It is seen that this nominally R30 beam tolerates the natural fire 
exposure quite well: at 60 minutes, the failure probability equals zero and at 90 minutes 
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it is about 3 % and at 120 minutes ca. 13 %. The beam fails in only about 37 % of the 
design fires (the failure probability saturates at 37 % at long times).  
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Figure 27. Distribution of the beam failure time. The probabilities depicted by the CFD 
curve are probabilities of failure per one design fire in the case where no actions are 
taken to fight the fire. 

 

To obtain the absolute probability of failure of the beam, e.g., per one fire or per one 
year, we must  

1) Scale the probabilities shown in Figure 27 down by the probability of the design fire 
which comprises two factors 

a) the probability of a fire of any severity in the building and 

b) the probability of a fire of such severity as the design fire we have used in our 
calculations. 

2) Assess the probability that the fire brigade will extinguish the fire before it chars so 
severely that it fails. 

 

The probability of a fire in a shop may be deduced from fire statistics. In Finland, 
Tillander and Keski-Rahkonen have carried out comprehensive analysis of the fire 
statistics collected into the PRONTO database of the Ministry of the Interior: their 
results include the fire ignition frequency densities for different building categories 
(Tillander & Keski-Rahkonen 2001, Tillander 2004) as well as the fire brigade response 
times (Tillander & Keski-Rahkonen 2000). According to their results, the fire ignition 
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frequency density6 for a 1700-m2 grocery is 5·10-6 fires/m2/year. Thus, the annual fire 
ignition frequency is 1700×5·10-6 fires/year = 8,5·10-3 fires/year. Our design fire is a 
very severe, most likely to take place due to an action of an arsonist inside the building, 
and thus we assign a probability of 1 % to the design fire, i.e., we assume that only one 
fire out of 100 fires reported to fire brigades has the potential of growing as severe as 
our design fire. Thus, the frequency of our design fire is roughly 1·10-4 per year or once 
in ten thousand years. Note that here we do not yet include the influence of the attempts 
to suppress the fire by the fire brigade. 

The actions of the fire brigade can be taken into account by the Time-Dependent Event 
Tree (TDET) method developed at VTT (Korhonen et al. 2002, Hietaniemi et al. 2004). 
It enables also to assess the influence of active or passive fire safety measures to the 
probability of harm caused by the fire. We have analysed the following cases: 

• With respect to the active fire safety measures we have analysed the following three 
different types of alarming systems: 

� the existing system in which there is an automatic alarm to the fire brigade when 
the smoke vents activate at 100 °C, operational reliability 95 %, 

� detection and alarming triggered at 100 °C, operational reliability 99 %, 

� detection and alarming triggered at 57 °C, operational reliability 95 %. 

• With respect to passive fire safety provisions, the cases we consider are the beam as it is 
in the building and a bulkier and hence more fire endurable beam with a cross-section 
of 190×1260 mm2. The failure probability of such beam is shown in Figure 28. 

 

                                                 

6 As the Finnish fire statistics are collected from fire brigades, these fires are in which the fire brigade has 
been alarmed. 
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Figure 28. Distribution of the beam failure time for a beam with a larger cross section, 
190×1260 mm2. 

 

In each case we consider the occupied hours and the unoccupied hours separately as 
there is a distinct difference in the detection of the fire: while during the occupied hours, 
the fire may be detected either by detectors or humans, during the unoccupied times the 
fire detection will most probably take place via detectors. In calculating the total 
probability, we weight the probabilities for occupied hours by a factor (5×14 + 7)/7×24 
= 0,46 (from Monday to Friday the store is open from 7 am. to 9 pm. and on Saturday 
from 7 am. to 2 pm.) and probabilities for the unoccupied hours by a factor of 0,54. 

The results of the TDET analysis are given in Table 5 and Figure 29. The vertical line in 
Figure 29 depicts the failure probability limit of 70·10-6 per building lifetime as 
stipulated in the Eurocode 0 (CEN 2002a). It may seen that the beam survives the whole 
fire duration with a sufficiently low probability of failure in all cases. Regarding the fire 
safety measures, improving the reliability of the fire detectors is the most efficient 
measure. Improving the fire resistance of the beam by selecting a larger cross section 
ranks second best of the fire safety measures that we consider in this study. Improving 
the sensitivity (lowering the activation temperature) does not seem to be an efficient 
way to improve safety in this particular case building.  
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Table 5. Summary of the TDET analysis results for the different cases considered. The 
design fire frequency is 1·10-4 year-1. 

Case  occupied 
hours 

unoccupied 
hours 

combined value: 
failure 
probability per 
design fire 

absolute 
annual 
failure 
frequency 
(1/year) 

absolute life-
time failure  
frequency 
(1/50 years) 

90 min 0,0003 % 0,20 % 0,11 % 0,11·10-6 6·10-6 

120 min 0,0022 % 0,72 % 0,39 % 0,39·10-6 20·10-6 

100 °C, 
95 %, 
normal 
beam 

whole fire 
duration  

0,0029 % 1,5 % 0,81 % 0,81·10-6 41·10-6 

90 min 0,0001 % 0,050 % 0,027 % 0,027·10-6 1·10-6 

120 min 0,0006 % 0,19 % 0,10 % 0,10·10-6 5·10-6 

100 °C, 
99 %, 
normal 
beam 

whole fire 
duration  

0,0012 % 0,38 % 0,21 % 0,21·10-6 11·10-6 

90 min 0,0001 % 0,18 % 0,097 % 0,10·10-6 5·10-6 

120 min 0,0005 % 0,67 % 0,36 % 0,36·10-6 18·10-6 

57 °C, 
95 %, 
normal 
beam 

whole fire 
duration  

0,0010 % 1,4 % 0,76 % 0,76·10-6 38·10-6 

90 min 0,0001 % 0,069 % 0,037 % 0,037·10-6 2·10-6 

120 min 0,0003 % 0,33 % 0,18 % 0,18·10-6 9·10-6 

100 °C, 
95 %, 
larger 
cross-
section 
beam 

whole fire 
duration  

0,0006 % 0,75 % 0,41 % 0,41·10-6 21·10-6 
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Figure 29. Beam failure probabilities during the life time of 50 years of the building 
for the different fire-safety-provision cases. 
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4. Summary 
This report presents a probabilistic model for wood charring rate and an application of 
the model to assess fire resistance of a wooden load-bearing beam. The model is an 
empical one, based on quantification of the dependence of the wood charring rate on the 
principal physical factors governing the charring process. These factors include the 
influence of the heat flux exposing the wood surface, the wood density and moisture 
content as well as the ambient oxygen concentration. The application introduces a novel 
approach to assess the endurance of a wooden structural member in a natural fire 
conditions, which uses probabilistic fire simulation to quantify the heat exposure and 
the char depth of the structural member. The principal result of the approach is the time 
evolution of the conditional failure probability of failure of the structural wooden 
member, which can be further elaborated by incorporating into the analysis the 
statistical and modelling results determining the frequency of the conditioning factor, 
i.e., the occurrence of a fire with sufficient severity to potentially compromise the 
structural safety. 
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