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1.0 INTRODUCTION

This report assesses the effect of fire exposure on the physical and 
mechanical properties of wood light-frame structural elements. As identified by 
the North American Wood Product Fire Research Consortium (NAWPFRC) for wood 
products, there is a need to develop useful data to support and ensure the use 
of wood as a structural material with improved design for fire safety.

Wood has been treated conservatively under the current design philosophy 
for fire safety. For example, the National Building Codes of Canada (NBCC) 
restricts the use of wood partly on the basis that it is combustible. This is 
despite the fact that adequacy in fire safety is assessed on the basis of system 
performance, regardless of whether the underlying material is combustible or not. 
Assemblies such as floors, walls and roofs are subjected to rigorous testing 
requirements (ASTM E119, ISO 834, JIS 1301, DIN 4102 )’. These tests determine a 
fire safety performance in terms of the Fire Resistance Rating (FRR) value. The 
FRR requirement varies with the building's configuration, design fire-load and 
consequence of failure, and is defined as the time to failure with respect to 
load-bearing, integrity and insulation requirements.

Two classes of wood-based structural systems exist under the NBCC's fire 
safety performance requirements. The so-called "wood-frame construction" is one 
which uses 38 mm thick lumber, in depths from 89 mm to. 286 mm, spaced no more 
than 600 mm apart. Heavy timber construction, on the other hand, is considered 
to be more resilient to fire and is therefore permitted to be used in a wider 
range of applications and with larger permissible building areas. NBCC defines 
heavy timber construction as "a type of combustible construction in which a 
degree of fire safety is attained by placing limitations on the size of wood 
structural members and on thickness and composition of wood floors and roofs and 
by the avoidance of concealed spaces under floors and roofs." Heavy timber 
structures do not normally need to be protected as is the case of steel 
structures.

It appears that the requirements governing the use of wood are made 
conservative when no supporting data is available. This is true in the case of 
wood-frame construction, since most available data on fire performance of wood 
are applicable only to heavy timber. Fires statistics, however, have pointed to 
the fact that combustibility of the construction material is not the main cause 
of fire mortality (Hay 1990).

1 These are the fire-test standards o f American Standards of Testing and Materials, International standards 
Organization, Japan, and Germany, respectively.
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Recognizing that absolute fire-proof design is neither practical nor 
economically feasible, Beck and Yung (1990) introduced a fire safety design 
concept based on risk assessment. In a broad sense, the risk assessment model 
evaluates the whole building performance in terms of expected risk to life and 
fire-cost, taking into account the dynamic interactions between human behaviour, 
fire growth behaviour, and fire spread behaviour. This particular development has 
been well-received by the code authorities, both in Australia and Canada, and 
represents a step forward to rationalize fire safety design criteria on the basis 
of consistent levels of risk.

It follows that the fire safety design of wood structural systems can be 
improved provided that we can assess accurately the fire performance of wood 
construction on the basis of the risk assessment model proposed by Beck and Yung 
(1990) .

2.0 OBJECTIVES

The objective of this report is to critically review existing information 
on the relationships between temperature and the physical and mechanical 
behaviour of wood, and the effect these relationships have on the structural 
performance of dimension lumber under fire conditions.

3.0 EFFECTS ON PHYSICAL PROPERTIES

The effects of temperature on physical properties generally fall in two 
broad categories. The first one is the effects on the various thermal properties 
including thermal conductivity and specific heat, and the softening effect as 
temperature is increased (loss of stiffness). These effects are normally 
instantaneous but reversible. The other group comprises the effects resulting 
from thermal degradation, which is dependent on time and usually irreversible. 
Thermal degradation is a permanent phenomenon since material is actually consumed 
by pyrolysis. The actual thermal degradation process is examined in this section. 
The loss of strength as a result of thermal degradation is treated in Section 
4.0.
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3.1 Thermal Properties

A majority of the studies concerning temperature effects have been 
conducted in relation to lumber kiln-drying studies. As a result, the data are 
largely confined to a temperature range of -50°C to 150°C and appropriate only 
for small, clear specimens. Information beyond this temperature range is sparse. 
Frayn (1977) concluded that there was a lack of reliable data for charred wood 
at elevated temperature. There is also little information on latent heat, mean 
pyrolysis temperature and temperature at the pyrolysis zone base. These 
parameters become quite significant in the accurate calculation of charring rate 
as time of exposure is increased (Hadvig 1981).

Specific heat, thermal conductivity and diffusivity, enthalpy rise and 
latent heat of wood and char are the principal parameters required for the 
calculation of transient temperature profiles in wood members exposed to fire.

3.1.1 Specific heat, Thermal Conductivity and Diffusivity

The specific heat of wood does not normally depend on species, relative 
density, and its location in the tree (Dunlap 1912, Koch 1969). It is affected 
to a limited extent by moisture content and temperature (Koch 1969). For oven-dry 
wood, the following empirical relationship applies:

c = 0.266 + 0.00116 r  [ l ]

Where c is specific heat, cal/°C/g, and T is temperature, °C, applicable from 0°C 
to 140°C. The specific heat of moist wood can be estimated proportionally from 
the fractional weight of water and dry wood (Stamm 1964), with the specific heat 
of water taken as 1.0 cal/°C/g. The specific heat for char has not been seriously 
researched. According to Stamm (1956), the average specific heat of char is 0.16 
cal/°C/g. Other published values range from 0.12 cal/°C/g (Bullen 1976) to 0.24 
Cal/°C/g (Perry 1963).

The thermal conductivity (k) , W/m°K, and diffusivity (a), nr/s, are 
parametric values denoting, respectively, the energy flow rate per unit 
temperature gradient under steady and non-steady state conditions. The thermal 
conductivity is positively influenced by relative density (p) and moisture 
content (m) , and is linearly proportional to the absolute temperature (°K) in the 
range of 0°C to 100°C (Kollman and Coté 1968). The thermal diffusivity depends 
inversely on specific heat and relative density but is directly proportional to 
thermal conductivity.
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The thermal conductivity coefficients along the grain and transverse to 
grain in wood differ by a ratio ranging from 1.75 to 2.75 (Stamm 1956). The 
tangential transverse and the radial transverse directions show a difference of 
less than 10% (Stamm 1956, Griffiths and Kaye 1973).

In the transverse radial direction and for moisture contents below 40%, 
MacLean (1941) found for room temperature:

k = p ( 0.2 + 0.004m) + 0.024 [2]

and for moisture contents above 40%,

k = p ( 0.2 + 0.0055m) + 0.024 [3]

The effective thermal conductivity of char is constantly changing during 
the pyrolysis process as pores and cracks are formed. The literature has reported 
values ranging from 0.076 W/m°K for char of low-density wood at 0.3 relative 
density to 0.94 W/m°K for char formed from phenolic nylon, see Hadvig (1981)i A 
calibrated value of 0.38 W/m°K was obtained by Hadvig (1981) on the basis of 
charring experiments.

There is little information on thermal diffusivity. The thermal diffusivity 
coefficient is rather difficult to determine experimentally with a reasonable 
degree of accuracy in terms of p, m, T and c because of the heterogeneous nature 
of wood. Many researchers resorted to using the thermal conductivity value as a 
first order of approximation in their calculations (e.g. Do and Springer 1983).

3.1.2 Enthalpy and Latent Heat

The enthalpy of a body is the sum of its internal energy and the product 
of its volume multiplied by the pressure. It denotes the total available heat. 
Latent heat is the heat given off or absorbed during a phase change without a 
change in temperature. These values concern the calculation of heat generated 
during phase transition of material and hence are critical to the rate of 
charring. The determination of the total available heat from wood combustion is 
"rather" difficult since the thermal properties and the rate of pyrolysis are 
constantly modified by the combustion process. Fortunately, it has been shown 
that the rate of charring is not sensitive to a "substantial" variation in the 
total available heat (Hadvig 1981).

Experimental data on latent heat reported in literature were widely 
scattered, ranging from -0.4 to 5 MJ/kg. Hadvig (1981) used a value of 2.25 MJ/Kg
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for glued-laminated timber and 2.0 MJ/kg for solid wood for the calculation of 
charring rate.

3.2 Thermal Degradation

Wood is combustible and hygroscopic. Its reaction to elevated temperatures 
is exuberant and mostly irreversible. Because of the unique behaviour exhibited 
by each of its chemical constituents, the heating of wood is characterized by a 
set of events which have been tabulated by Schaffer (1971) in the order shown in 
Table 1.

Table 1
Thermally induced response in dry wood in an inert atmosphere

Temperature
°C

Event

50 55 Natural lignin structure is altered. Hemicelluloses begin to soften.
70 Transverse shrinkage of wood begins.

100 110 Lignin slowly begins weight loss.
120 Hemicellulose content begins to decrease, a-cellulose begins to increase. Lignin 

begins to soften.
140 Bound water is freed.

150 160 Lignin is melted and begins to reharden.
180 Hemicelluloses begin rapid weight loss after losing 4 percent. Lignin in torus flows.

200 200 Wood begins to lose weight rapidly. Phenolic resin begins to form. Cellulose 
dehydrates above this temperature.

210 Lignin hardens, resembles coke. Cellulose softens and depolymerizes. Endothermic 
reaction changes to exothermic.

225 Cellulose crystallinity decreases and recovers.
250 280 Lignin has reached 10 percent weight loss. Cellulose begins to lose weight.

288 Assumed wood charring temperature.
300 300 Hardboard softens irrecoverably.

320 Hemicellulose had completed degradation.
350 370 Cellulose has lost 83 percent of initial weight.
400 400 Wood is completely carbonized.

Generally, the hemicelluloses will degrade first, followed by the 
alphacellulose and lastly the lignin. The complete thermal decomposition process 
has been known to produce as many as 213 different compounds (Goos 1952). As wood 
is heated above 105°C, adsorbed water evaporates quickly and then the water of 
constitution evaporates. As conditions become more severe, carbon dioxide and
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monoxide are emitted from the decomposing hemicelluloses, but the reactions 
remain largely endothermic below 280°C. Other compounds emitted at this point are 
mostly non-combustible, including acetic and formic acids, esters, aldehydes, 
ketone, methyl alcohol, and phenols. Above 280°C, the point at which cellulose 
starts to break down, the reactions become exothermic. Flammable gases such as 
hydrogen and methane begin to evolve. Pyrolysis becomes active and charcoal is 
eventually formed at 500°C. Secondary reactions between emitting compounds become 
active at the charred sites.

Thermal degradation in wood is a function of temperature as well as 
duration of exposure. Stamm (1956) showed that sitka spruce wood lost an equal 
amount of weight via several temperature-duration regimes. For example, roughly 
85% of initial weight was lost in two hours at 250°C or in 25 minutes at 275°C. 
This phenomenon is analogous to the effect of load duration on strength at normal 
temperature. It is possible that a damage-accumulation model may be developed to 
explain the temperature duration effect as has been proposed for duration-of-load 
effect at room temperature (Barrett and Foschi 1979).

The rate of thermal degradation is also affected by the availability of 
oxygen and the amount of water vapour present. Stamm (1956) observed that the 
degradation rate is reduced by two-thirds if wood is heated under molten metal 
to deprive it of oxygen. Wood decomposes more rapidly in the presence of steam, 
which promotes hydrolysis and reduces the activation energy considerably.

3.3 Remarks

Generally, thermal properties are needed for the prediction of temperature 
distributions. This task becomes extremely problematic in the case of wood 
exposed to fire. Not only is a char layer formed which has drastically different 
properties but there is also heat from pyrolysis and combustion, and interference 
from moisture. Ideally, we should know:

• how these properties vary with rising temperature and with the medium 
being constantly modified;

• the interrelationship between the various thermal properties and the 
various phases of wood as temperature rises;

• the effect of heat generated from pyrolysis and combustion of the gaseous 
products.

• the effect of moisture content.
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An expansion of the present state of knowledge concerning the thermal 
properties of wood should focus primarily on the thermal conductivity and 
specific heat capacity of both charred and unburnt wood within the temperature 
range between 150°C and 288°C. Priority should be given to developing the 
relationship required for calculation of the heat of reaction of wood in real 
fire conditions on the basis of data regarding enthalpy and latent heat. These 
studies should also include the effect of defects such as knots and grain 
distortion, which are the major grade-controlling defects.

4.0 EFFECTS ON STRENGTH PROPERTIES

The load-carrying capacity of wood structural members is reduced as a 
result of thermal degradation and thermal softening. Thermal degradation occurs 
with the formation of char, which is considered to have no strength, and with the 
pyrolysis in the unburnt wood. Structural damage can also be induced indirectly 
due to thermal expansion and shrinkage causing cracks to develop and expand. The 
thermal damage can be further modified by the presence of moisture in the wood, 
an applied stress field, or by the severity of the exposure condition.

A comparatively small amount of work has been conducted on damage resulting 
from exposure to elevated temperatures up to the charring temperature of 288°C. 
Most of the work used small, clear wood specimens, which ignored the effect of 
knots and grain distortion.

4.1 Characteristics and Rate of Charring

The charring of wood depends on the kinetics of wood combustion, which are 
extremely difficult to characterize. It involves the evolution of flammable gases 
and the diffusion of these gases to and away from the burning surface (mass 
transfer). The heat generated from the burning gases in turn fuels the 
decomposition process through heat conducted inward into the undamaged wood (heat 
transfer). These two transfer processes, however, are continuously modified by 
the effects of the combustion. The decomposition products are functions of 
temperature, species and density, while the transfer processes depend on species, 
moisture content, permeability, and other morphological factors. Furthermore, the 
thermal properties influencing these processes are constantly varying during 
pyrolysis.

The charring of wood has been a subject of intensive research since early 
1960 ' s. Browne (1958), Schaffer (1966), Hall et ai. (1968), Hadvig (1981), 
Leicester (1983), Barnett (1984), and Jônsson and Petersson (1985) have each
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reviewed the available literature. Significant experimental studies during the 
same period include work by Thomas (1966), Schaffer (1967), Kanury and Blackshear 
(1970), Lee et ai. (1977), and White (1988).

The rate of charring has been defined as either the rate of weight loss or 
the rate of advance of the char-wood interface from the original position prior 
to ignition. The latter definition has been more widely used (Schaffer 1966).

Under constant exposure conditions, wood chars rapidly in the first few 
minutes after ignition. The rate then becomes uniform after the formation of the 
first few millimetres of char (Jean 1963, Lawson et al. 1952, Truax 1959). 
Blackshear (1962) stated that this uniform rate corresponded possibly to an 
equilibrium state of the combustion under a constant state of the boundary 
conditions.

The charring characteristics corresponding to ASTM E119, JIS 1301, DIN 4102 
or ISO 834 are quite similar since all these fire test standards have similar 
temperature-time curves. Figure 1 shows the temperature-time curve of ASTM E119. 
The rates of charring corresponding to these exposures also approach a similar 
rate after having accelerated for first few minutes of time. Lie (1977) 
recommended a charring rate of 0.8 mm/min for light and dry wood, 0.4 mm/min for 
heavy and moist wood. A charring rate of 0.6 mm/min has been adopted by NBCC. The 
Swedish Building Code SBN 1976 relates charring rate to the opening factor of the 
fire load and recommends a lower limit of 0.6 mm/min and an upper limit of 1 
mm/min. Fire severity is a function of the opening factor which relates the 
amount of opening to the total wall area of the fire compartment. Table 2 shows 
some mean charring rates obtained from studies of spruce, Douglas-fir and 
southern pine.

4.1.1 Factors Affecting Charring Rate

4.1.1.1 Anatomy

Wood chars ten times more rapidly in the radial and tangential directions, 
than in the direction along-the-grain (White 1981). There appears a small 
difference, up to 10%, between the rates in the radial and tangential directions 
but the order is not clear-cut. Normally, the rate of charring will decrease with 
increasing wood density and will be affected by the presence of extractive. Other 
less-influential factors include lignin content, inter-cellular structures, 
direction of charring with respect to growth-ring orientations (Roberts 1971a,
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Table 2
Charring rates of some common species of wood

Specimen
Configuration

Moisture
Content
(%)

Exposure
Condition

Charring Rate1 
(mm/min)

Applicable
Range1
(min)

Source

Width
Direction

Height
Direction

Spruce timber beams 38 to 50 
mm thick

12 - 1.041 r 0-2 5 < t < 30 Lawson et al. 
(1952)

Southern Pine board 25 mm 
thick

7 ASTM E-119 1.0 - 10 < t Schaffer (1966)

Douglas-fir 38 mm by 184 
mm laminated to 191 mm 
thick slab

7 - 12 ASTM E-119 0.652
--

Truax (1959)

Spruce and fir beams 75 by 
150 mm to 125 by 200 mm

12.5 - 19 DIN 4102 0.667 1.04 t < 60 Dorn and Egner (1961)

Spruce (Picea jezoensis 
Carr.) laminated to beams 
180 by 450 mm

12.8 JIS-1301 0.601 0.8 t < 30 Imaizumi, K (1962)

Timber beams of various 
species 13 to 50 mm thick

dry service British Standard 0.635 - Lawson, et al. (1952); 
Webster, et al. (1951)

Douglas-fir

12 ASTM El 19

0.602

- Schaffer (1967)Southern pine 0.75
White oak 0.48

't = time (min);
2Charring rates are estimates on the basis of regression equations provided by Schaffer (1967).



Bhagat 1980, Sauer 1956, Lee et al. 1977). The effect of species is prominent, 
attributable mostly to variations in density and permeability. Of all the 
anatomical and morphological features, density is most important.

4.1.1.2 Moisture

Moisture retards charring by taking up heat of vaporization (Schaffer 1967, 
White 1988). The vapour pressure as developed from the vaporization impedes the 
diffusion of flammable gases to the burning surface. Some of the moisture vapour 
migrates inward into the undamaged wood. White and Schaffer (1981) found that 
peak inner moisture content had risen 26 to 100% above its initial equilibrated 
value. The moisture peak advanced at a rate about the same as that of the char 
front. The temperature at the peak-moisture location was consistently about 105°C 
for a southern pine and between 110 and 130°C for a Douglas-fir. This difference 
in temperature was explained by the fact that southern pine is more permeable 
than Douglas-fir. As noted by Jonsson and Pettersson (1985), the effect of 
moisture redistribution is wide-reaching —  from complicating the heat conduction 
equation to affecting the apparent thermal conductivity coefficients. Since 
moisture transport is significantly related to permeability, the moisture effect 
is also species-dependent.

4.1.1.3 Permeability

Permeability influences the movements of combustible volatile components 
and water vapour. Species with low permeability tend to char at a slower rate 
than species with high permeability (Schaffer 1967). The permeability effect is 
predominated by the permeability along the grain, which is 10,000 to 20,000 times 
the permeability across the grain. Permeability becomes increasingly important 
as moisture content increases.

4.1.2 Modelling of Rate of Charring

4.1.2.1 Theoretical Approach

As discussed earlier, the combustion of wood is an extremely complicated 
process. Bamford et al. (1946) attempted the modelling of the temperature 
distribution within a thermally decomposing body by using a modified heat 
conduction equation:

, d2T 
k---
dx2

[4]

where k, c and p were respectively the thermal conductivity coefficient, specific 
heat and relative density. W denoted the weight of volatile products per unit
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volume of wood and q denoted the weight and heat evolved at constant pressure per 
unit weight of volatile products formed. Thus, the negative term denoted the rate 
of heat evolved from the burning of the volatile components. The rate of 
degradation dWIdt > was modelled by an Arrhenius-type expression, i.e.s

ÔW
~dt

E

A W e ' 17 [5]

The Arrhenius expression is an empirical expression proposed by Swedish 
physicist Arrhenius for modelling the rate of reaction of reactants in the 
gaseous state, which is generally independent of time. The independent variables 
in this expression are the absolute temperature T, the activation energy E, and 
the gas constant R. Since K, E, A, and q are constantly modified by the 
conditions of the combustion and pyrolysis zone, a theoretical treatment using 
Equations 4 and 5 for the combustion of wood, which is really a solid-state 
reaction, is an over- simplification. For wood containing moisture, this model 
would not be suitable.

More recent work focused on modifying the heat diffusion equation to 
account for various aspects of the combustion process experienced with wood. 
Thomas (1960) and Kung (1972) added a convection term modelling the effect of 
volatile flow. Knudson (1973) and Atreya (1983) incorporated a term to account 
for the heat of vaporization due to moisture movement. Fredlund (1985) and 
Aerotherm Corporation (White and Schaffer 1978) included an Arrhenius-type 
function for surface recession of the char layer.

While an Arrhenius-type function expressing the degradation rate of the 
wood material as a function of temperature is retained, in many of these models, 
Kanury (1972), Thomas et al. (1967), and Hadvig (1981) assumed that wood 
pyrolyzes abruptly at a critical temperature. This assumption was considered 
appropriate for real-life fire conditions. The approach is simpler as no 
integration is required through the thickness of the burning member to determine 
the total amount of volatile evolving at any one time in a two-dimensional model.

Roberts (1971), and Jonsson and Pettersson (1985) outlined the theoretical 
and experimental requirements for the mathematical treatment of the process of 
charring but contended that pyrolysis in the presence of moisture is an extremely 
complicated problem. Unfortunately, moisture movement can not be conveniently 
neglected (Fredlund 1985, Jonsson and Pettersson 1985).

4.1.2.2 Empirical Approach

Early work by Lawson et al. (1952), Vorreiter (1956), followed by Schaffer 
(1967), then by White (1988), led to the establishment of several similar,
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empirical models for describing charring of wood. These models have the general 
form of:

y = m t H [6]

where y is the velocity, location, or the temperature of the char front and t is 
the time. The exponent n determines whether the rate of charring is increasing, 
constant, or decreasing as time increases. Truax (1959) and Vorreiter (1956) 
showed that n attained a value of 1, provided the initial non-linear rate data 
were excluded from the regression.

Schaffer (1967) and White (1988) reversed the variables in Equation 6 and 
referred it as a time-location model. It has the form of

t= m y n [7]

The value of n was found to be 1 by Schaffer (1967) and 1.23 by White (1988), 
based on regression of their experimental data.

Schaffer (1967) and White (1988) have also measured the wood density, 
moisture content, permeability, and other species-dependent characteristics. The 
effects of these characteristics were explained in part by the coefficient m 
through regression.

For constant exposure conditions, Schaffer (1967) showed that, instead of 
Equation 7,

where x0 denoted the characteristic reactive depth2 and xc was the location of the 
char front. The exponential term is an Arrhenius-type expression involving a 
characteristic temperature T, a pseudo-activation energy E , Joule’s constant J, 
and the gas constant R. The coefficient A, termed the frequency factor, was 
related to density and moisture content.

4.2 Effect of Temperatures near Charring

The mechanical properties that are affected by elevated temperatures near 
charring include elasticity, stress at ultimate load, and creep and creep

JE

t = -A eRT In

2 As suggested by Schaffer (1967), the characteristic reactive length may be interpreted as the depth o f material 
per unit area o f surface that influences the rate o f decomposition. He found that a length of 3.0 inches was 
appropriate, which was the same as the thickness o f his specimens.

13



rupture. The first two properties are customarily referred to as the immediate 
effect. Creep is a time phenomenon and has been shown to be greatly influenced 
by temperature.

4.2.1 Elasticity and Short-term Strength

Gerhards (1982) presented a comprehensive literature review of the 
immediate effects of temperature covering nine major mechanical properties of 
wood. The available data as noted by Gerhards (1982) were developed mainly from 
small, clear specimens, with moisture content ranging from 6% to 20%. In a 
majority of the work, the temperature was limited to between -50°C and 100°C 
only. More detailed information can be obtained from Gerhards (1982) with the 
following conclusions:

• Temperature effects on strength and stiffness are definitely higher with 
increasing moisture content;

• The strength properties in the perpendicular to grain direction are 
affected to a greater extent than the corresponding properties in the 
parallel to grain direction;

• In the temperature range of -20° to 60°C, the modulus of elasticity of 
wood decreases with increasing temperature, and this effect is increased 
with increasing moisture content of the wood(Figure 2);

• At oven-dry condition, the temperature effects on strength properties is 
nearly linear but gradually becomes non-linear as moisture content is 
increased.

Ostrnan (1985) investigated spruce tensile strength at temperatures and 
moisture content simulating fire conditions. He showed that the relationship 
between temperature and modulus of elasticity was nearly linear, decreasing with 
increasing temperature up to 225°C. Beyond that temperature, the decrease became 
abrupt.

Knudson (1971) evaluated the effect of temperature using 3/16"-square 
cross-section, clear Douglas-fir specimens. He applied a varying exposure regime 
involving temperatures up to 288°C and duration of exposure between 5 and 50 
minutes. When the specimens were reconditioned back to room temperature after 
each exposure prior to testing, the ultimate strength was not affected until the 
heating temperature reached 150°C for tension and 200°C for compression. When the 
specimens were tested hot, the decrease in properties was immediate and linear. 
The time of exposure showed no significant effect except at the highest
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Figure 2: Effect of temperature on modulus of elasticity parallel to the grain
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temperature exposed, which was 288°C. This is expected, since the specimens were 
small, which allowed the specimens to reach uniform temperatures quickly. Using 
a vibration technique, he found that the dynamic modulus of elasticity was not 
affected by the exposure temperature or the duration of exposure.

4.2.1.1 Perpendicular-to-Grain Strength Properties

A majority of the work concerning strength properties of wood perpendicular 
to grain originated from studies involving wood drying defects such as the 
development of checks and splits in drying. Thus, oak and beech were the 
principal species investigated. The temperatures seldom exceeded 100°C and 
specimens were usually conditioned to specific moisture contents and temperatures 
using constant-condition climate chamber. These studies include Greenhill (1936), 
Barnard-Brown and Kingston (1951), Ellwood (1954), and Kollmann and Coté (1968). 
As concluded by Gerhards (1982), the effects are generally linear, decreasing 
function of temperature. This behaviour is shown in Figure 3.

Suzuki et al. (1982) evaluated small clear specimens of white fir, 
subjecting them to bending and torsion tests at temperatures ranging from -30°C 
to 175°C. These tests showed that, in the perpendicular-to-grain direction, as 
much as 50% of the stiffness was lost when the specimens were tested at 175°C 
compared to the results at 20°C. For parallel to grain, the reduction was only 
20%.

Suzuki et al. (1982) also studied the effect of grain angle on bending 
strength at various temperatures ranging from -30°C to 175°C. They found that 
bending strength decreased almost by 50% from -35°C to 175°C in both the 
longitudinal and transverse directions. The effect of grain orientation at the 
various temperature levels evaluated was found to follow Hankinson's formula:

Ft sin"0 + FRcosn6
where FL and FK are strength in the longitudinal and radial directions, 
respectively. Fe is the strength at grain angle 6, and n is a constant. It was 
concluded that the exponent n in the fitted Hankinson formula was independent of 
temperature.

Alexiou et al. (1991) investigated the tension strength of Eucalyptus wood 
perpendicular to grain. They found that moisture content and basic density 
accounted for 79% of the variation of the strength data at a temperature of 21°C.

In relation to the drying behaviour of wood, Youngs (1957) studied the 
perpendicular-to-grain tension and compression properties of Red Oak small, clear
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specimens, as affected by temperature, moisture content, and time. The 
temperature range was from 27 to 82°C. The moisture content ranged from 6% to 
green. The tests included both short-term strength tests at various levels of 
moisture content and temperature, and the effect of duration of heating. Ultimate 
tensile strength was most affected by the factors studied. Moisture content 
effects were generally non-linear while temperature effects were generally 
linear. Moisture content tended to amplify the effect of temperature (Figure 3). 
It was also concluded that ring orientation in relation to load had a marked 
influence on the effect of temperature in that the temperature effect was 
significantly less at 90 degree than at zero degree to the load. The modulus of 
elasticity in the 90-degree orientation was about twice that at the zero-degree 
orientation. These differences were probably caused by the prominent ray cell 
structure typical of red oak. Longer periods of heating had caused a significant 
drop in most strength properties, particularly at both the moisture content and 
temperature extremes. The overall degradation followed a linear function of the 
logarithm of time. Figure 4, derived from Young (1957), shows the heat duration 
effects at a heating temperature of 82°C on both modulus of elasticity and 
maximum stress in tension. The tests were conducted at room temperature after the 
heat exposure.

4.2.2 Temperature Effect coupled with Time

Wood behaves in a viscoelastic manner under load up to a certain critical 
stress. In this load range, its deformation consists of instantaneous elastic and 
delay elastic responses, and viscous response. Beyond this critical point of 
stress, the deformation becomes largely plastic. Furthermore, viscous and plastic 
responses are non-linear function of the applied stress and the duration of 
loading, and are significantly affected by temperature and time of exposure. 
Under conditions of short-term testing at ordinary room temperature, the viscous 
flow is largely suppressed. At high temperature, the study of the mechanical 
behaviour of wood falls necessarily into two categories —  one deals with the 
immediate effect in which the time factor is assumed to be not critical, and the 
other is the rheology of wood at high temperature in which the effect of time is 
considered.

Bach (1965), and Kadita et al. (1961) attempted to segregate the individual 
temperature effect by each of the deformation components. Others (Kitahara and 
Okabe 1959, Davidson 1962, Arima 1967, Youngs 1957) included the measurement of 
creep as influenced by a temperature-stress history.

Due to the complexity involved in separating the individual deformation 
components, the results cited by Gerhards (1982), except those mentioned above, 
were of a "blended" response of the three individual components.
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Arima (1966) studied the influence of temperature to 180°C on the 
compressive creep of wood, using Japanese wood Hinoki (Chamaecyparis obtusa 
Endl.). The creep rates were higher in the radial direction than in the 
longitudinal direction, and increased with increasing temperature. For a given 
lapsed time, the creep strain increased linearly with temperature. Regression 
relationships relating creep strain e( and temperature t in the form of

e, = kea‘ [10] 

were developed, where k and a were regression coefficients.

Kitahara et al. (1964), using Chamaecyparis obtusa, studied the creep 
behaviour of wood in bending. The specimens were submerged in water which was 
heated to various temperatures between 20°C and 50°C. Creep strain was found to 
relate to temperature in accordance with Equation 10. The effect of water 
immersion was not discussed.

Hirai et al. (1981) provided a more traditional testing of the creep 
behaviour of wood in bending, which included Douglas-fir, by heating wood in an 
enclosure with an electrical heater. He found that there was a definite positive 
relationship between creep strain and temperature. Fushitani (1968) tested heat- 
treated wood in tension and found that creep strain increased with temperature 
and duration of the heat treatment. Youngs (1957) found that creep strain 
increased with increasing temperature and moisture content.

4.3 Remarks

There is indeed an information gap on the effect of temperature in the 
temperature range between 200°C and 288°C. Also, the available information 
pertains mainly to the response of small, clear wood parallel to grain.

The need for the missing information has been constantly reiterated. Hay 
(1990) wrote in his proposal for a new international standard, pointing out that 
"primary structural elements made from natural cellulosic fibres are liable to 
be damaged or weakened by fire in ways that are not yet completely understood in 
terms of the structural performance required for multi-storey buildings. There 
needs to be more accurate knowledge of matters before we can be assured that 
residual strength and stability are sufficient for public safety." For light
weight elements, the issue of structural damages in this temperature range 
becomes critical.
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The studies of the effects of temperature on mechanical properties fall 
generally into two categories. One deals with the softening effect of heat due 
to thermal expansion of the crystal lattice of the cellulose and due to the 
increased intensity of the thermal molecular oscillations. Time (duration of 
heating) is normally not considered as a factor in that specimens are heated to 
the specified temperature and then tested to failure at that temperature. In the 
second scenario, a temperature-time regime is implemented for the temperature 
treatment of the specimens which are then reconditioned back to standard 
conditions prior to the actual structural testing. In this case, the specimens 
lose a certain amount of weight in the form of thermal degradation. However, the 
effect as determined depends on the initial size of the specimens.

The conditions imposed by real-life fires can hardly be related to either 
one of the approaches noted above. In reality, the temperature of the structural 
elements will rise and reach a maximum in a relatively short time —  in the order 
of one hour for a protected surface. The temperature can remain quite high for 
a considerable period which probably extends well beyond the point of extinction 
of the fire. In addition, there is a possibility of an incubation period at a 
temperature just below the ignition level prior to detection of the fire. During 
all these times, the structure can be subjected to substantial loading. In light 
of these examinations, in order to consider the structural response of wood under 
fire conditions, we must examine strength and stiffness modification due to the 
softening effect of temperature, strength and stiffness degradation due to 
thermal degradation, and strength and stiffness damage due to load duration at 
elevated temperature. One can argue that the duration of load effect is hardly 
noticeable even for the lengthiest duration possible. However, one must not 
discount the effect of temperature at which these duration of load effects are 
taking place. Since real-life fire conditions are difficult to duplicate because 
of the vast number of variables, it makes sense to develop calculation-based 
models to determine these effects from standard laboratory testing results such 
as those noted above. What is lacking in the literature is the knowledge of the 
effect of load duration at elevated temperature near charring.

The reason to specifically discuss perpendicular-to-grain behaviour is 
that the major defect in lumber is the knot. In in-grading testing, the majority 
of failures, whether in tension, compression, or bending, occurred near a knot. 
The wood grain around knots is generally distorted. In specific locations in this 
region, perpendicular-to-grain stress can be quite high as a result of a load 
applied externally, stress due to temperature differences, or a combination of 
these factors.

In the safety design of heavy timber structures against fire exposure, 
member cross-section dimensions are increased to compensate the loss in dimension
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due to formation of char. Thus, the precise prediction of char thickness is 
essential. For light-frame lumber, we ought to ascertain that charring behaviour 
near knots does not depart significantly from that of the clear wood material.

5.0 FIRE ENDURANCE OF LUMBER

5.1 Experimental data

Until recently, few full-scale test data had been available on the 
endurance of structural lumber subjected to fire. In his work, Norén (1988) 
compared an FRR between high-grade and low-grade lumber. Each specimen was loaded 
in bending respectively to 1/3 or 1/6 of the expected strength of the specimen. 
The expected strength was estimated from the testing of a matched specimen at 
room temperature. The centre-third portion was exposed to an ISO 834 type fire. 
The better grade was relatively clear of knot. His analyses showed that, 
statistically, the low-grade material was at least as reliable as the high-grade 
material in term of FRR. The validity of this conclusion, however, depends on 
whether the author has estimated correctly the expected strength, and thereby has 
applied the correct load. Instead of gauging the applied load relative to the 
individual expected strength at normal temperature, the author perhaps should 
have computed the design stress for each grade such as the 5th percentile value 
(with an appropriate safety factor) and applied a corresponding load. This 
approach is more stringent to the lower-tail population of the grades.

In a separate study, Kônig and Norén (1991) have exposed 45 mm thick by 145 
mm deep members to an ISO 834 type fire under pure bending stress in the range 
of 10 to 77% of the predicted ultimate load at room temperature. The flat sides 
of the members were protected by rock-wool. They observed that the loss of 
stiffness was significantly larger when the fire-exposed side was in compression 
than when the exposed side was in tension. In the case of the fire-exposed side 
in compresssion, the loss of stiffness depended also on the load applied when it 
was above 35% of predicted ultimate load at room temperature. From the same test 
data, Kônig (1991) found that the rate of loading significantly affected the 
failure load in the case of exposed side in compression.

5.2 Modelling of Strength Behaviour

Several different approaches have been proposed for predicting the fire 
endurance of structural members. The one adopted by most building codes for the 
design of heavy timber structures is termed the elastic transformed section
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theory model3. The finite-element method was also used to predict the 
temperature profile in wood members and char development as a function of fire 
gas temperature. This refinement allows the prediction of fire endurance under 
various fire conditions. Modelling taking into account the reliability-based 
design concept has been discussed.

5.1.1 The Elastic Transformed Section Theory Model

Hall (1968), Lie (1977), followed by King and Glowinski (1988), on the 
basis of elastic transformed section theory, developed a mathematical model to 
predict FRR of heavy timber beams and columns exposed to an ASTM E119 type fire. 
The model developed by Lie (1977) has been adopted by NBCC for determining the 
FRR of glued-laminated timber beams.

The elastic transform section theory assumes that the cross-section is 
reduced by the amount of char formed and that when this reduction reaches a 
certain critical value, the member fails. This critical value is a function of 
the rate of charring, the residual strength and stiffness of the unburnt 
material, and the load applied.

For beams exposed on all sides, the governing equation is 

k BID , d s 2
ô  dID - BID) Z) [11]

where B and D are the breadth and depth of the beam before the fire, k is the 
load ratio, a is the reduced strength and stiffness of the unburnt wood expressed 
as a fraction of that before exposure to fire. The critical value in this case 
is the depth of the unburnt section d. The time t required to reduce the original 
section to the critical section is then given by

t = D - d

2/3
[1 2]

where p is the rate of charring. Since d can not be solved explicitly using 
Equation 11, Lie (1977) proposed, as an approximation,

t = 0.1/6 4 [13]

3 The transformed section analytical method assumes that strain varies linearly across the depth o f the beam and 
that stress at any depth is the product o f strain at that point and the modulus of elasticity of the layer involved.
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where

t = fire resistance rating (FRR), min;
f = a load factor between 1.0 and 1.5 to compensate for partial loading;
b = the full dimension of the smaller side of the beam before exposure to 

fire, mm;
d = the full dimension of the larger side of the beam before exposure to 

fire, mm.

In the model proposed by King and Glowinski (1988), four distinct layers 
were assumed to occur in a beam exposed to fire: an outer char, followed by a hot 
layer, then a warm layer, and finally an unaffected layer at the core. The char 
layer was assumed to have zero strength; the hot layer 60% of normal strength; 
the warm layer 80% of normal strength. The respective modulus values assumed were 
0, 75, and 90% of the unaffected value. Failure of any layer occurred when the 
calculated induced stress exceeded a previously established critical value. The 
load-carrying capacity of the beam was reached when the induced stresses in all 
layers exceeded their respective critical values. Failure was defined by the 
occurrence of a specific sequence of failures in an individual layer. This model 
is a more comprehensive version of Lie's model (Lie 1977).

The derivation of the column model follows the same approach as for beams. 
It is, however, conditional on the slenderness of the column since it affects 
whether the failure mode is crushing or buckling.

In comparisons with glued-laminated timber beam and column test data, Lie’s 
model (Lie 1977) predicts accurately the FRR of members loaded at full design 
load but underestimates the FRR of members loaded at only partial design load. 
On the contrary, the reverse is true with King and Glowinski's model (King and 
Glowinski 1988).

In general, these models apply only to heavy timber beams and columns 
subjected to ASTM E 119 type exposures. Lie (1977) commented that the performance 
of sawn timber can not be predicted reliably because of the effect of shrinkage 
cracks.

5.1.2 Finite Element Models for Heat Transfer

One of the refinements made is the use of finite element method to predict 
temperature distribution in wood members exposed to fire. For example, Knudson 
(1971) proposed a finite-element heat transfer model, but retained the concept 
of transformed elastic section beam and column theory to calculate beam stress 
and deformation. Using predicted temperature distribution, assuming wood turns
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into char at 288°C, the structural model was able to predict strength between 63 
and 88% of the failure load. However, higher-than-actual test values were 
predicted in a majority of the test cases. Knudson (1971) used published data 
developed for small, clear specimens as the initial strength of the structural 
members for which the predictions were calculated. His assumption of constant 
modulus of elasticity versus temperature, based on dynamic testing, was 
contradictory to the findings reported by Schaffer (1971), Sulzberger (1953), 
James (1961), Okuyama (1974), where a linearly decreasing dependence was 
indicated. Knudson (1971) had neglected the creep effect, yet in the comparison 
with actual FRR test data of some beams the duration of test under the prescribed 
loads was as long as 69 minutes.

Gammon (1987) modelled the FRR test of wood-frame wall assemblies using a 
finite-element approach to solve the problem of heat transfer through the wall 
coverings into the stud and the wall cavities. Structural failure was considered 
using elementary column theory taking into account the amount of char formed and 
the thermal degradation of wood.

5.1.3 Models with Reliability Treatment

It is generally neither practical nor economical to experimentally test a 
sufficiently large number of specimens to determine fire endurance for a spectrum 
of possible designs. It is for this reason that analytical methods are proposed 
to bridge the gap between limited existing experimental data and information 
required for design. Although the analytical approach furnishes a logical 
framework for utilizing and interpreting test data as well as extrapolating to 
situations not covered by the data base, such analyses are invariably performed 
under the assumption that the parameters involved are single-valued. For wood, 
however, most properties are highly variable. Naturally, researchers have been 
seeking means of quantifying the problem of variability in the design equation - 
- thus the development of the probability-based design concept and approach. 
These developments have led to the reliability-based design methodology adopted 
for the limit states design codes currently in use in Canada, for the structural 
design of steel, concrete and wood.

Bender et ai. (1979) proposed a model for the prediction of FRR of glued- 
laminated beams taking into account the strength variation of lumber and end- 
joints. The ultimate moment carrying capacity of the beams was calculated on the 
basis of randomly generated strength properties of individual laminate and 
laminate length data which affect the location of end-joints between laminates. 
This information was then fed to a fire endurance prediction model which 
calculates the FRR of the beam exposed to an ASTM E119 type fire. Using a Monte
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Carlo Simulation, the distribution of FRR can then be estimated. The reliability 
is defined as the percentage of FRR values meeting the design rating requirement. 
The charring rate and the strength reduction factor for unburnt wood were assumed 
to be constant.

5.3 Remarks

The design equations for calculating the FRR of heavy timber construction 
are empirically developed based on limited experimental FRR test data (Lie 1977). 
Having met the requirement of Equation 13 has merely asserted that a beam, as 
designed, will not fail structurally in the rated period of time when exposed to 
similar fire conditions to the prescribed conditions of the standard FRR test and 
to a load which is not significantly different from the prescribed test load. 
These assumptions and criteria have worked well for heavy timber structures, 
partly because the characteristic strength of this class of wood members has been 
conservatively developed due to lack of data, and partly because any departure 
from the temperature-time condition is not critical for the performance of this 
class of members (Kônig 1991).

Kônig (1991) pointed out that the elastic transformed section theory 
assumes a charring rate which varies considerably among different building codes, 
ranging to as high as 1.0 mm/min, whereas 0.6 mm/min is considered the average 
rate for clear wood specimens of medium density. The higher-than-normal charring 
rates used are intended to compensate the loss in strength and modulus of 
elasticity of the unburnt portion of the structural element. In other word, 
charring rate is calibrated to the loss of load carrying capacity. For dimension 
lumber, basing on a unified charring rate to account for both the loss of 
dimension and loss of strength in the unburnt section may prove to be too 
unreliable, especially if we introduce strength classes for the grading of lumber 
based on more accurate in-grade testing data. That is, the reduction in strength 
and stiffness in the unburnt portion is not necessarily the same between 
different grades of lumber. Moreover, this reduction in lumber depends on whether 
the stress is in compression or in tension (Kônig and Norén 1991).

The thermal degradation effect on light-frame members will need to be 
precisely modelled since these members lack the structural redundance typical of 
heavy timber members. This results indirectly from the recent improvements in the 
structural design of wood systems, the utilization of composite behaviour, and 
improved data bases.

The reliability analyses discussed are limited to determining the 
probability of failure of sub-assemblies including the individual structural 
element, against the required FRR values on the basis of an ASTM E119 type test.

26



Moreover, the analyses assumed that the variability and distribution of the 
material strength properties have not been modified by the exposure condition. 
Therefore, only a constant factor was needed to account for the mean reduction 
in strength. The assumption of a uniformly distributed behaviour of strength 
properties may not be justified in view of the fact that failure locations are 
generally concentrated around knots, for which no data on charring and heat 
damage are available.

Ramachandran (1990) provided an overview of a probability-based fire safety 
code concept and the framework within which the concept should be developed. 
Different levels of codes can be formulated depending on the performance target 
chosen. The design can then be varied to achieve a required probability of 
failure. The problem, as we can see now, is what constitutes an acceptable 
performance. Unlike the structural codes, the limit states —  other than 
structural collapse —  in the fire codes are not well-defined. They imply the 
level of safety or property damage acceptable to the society.

6.0 CONCLUSIONS AND RECOMMENDATIONS

It has been urged at the international level that the design for fire 
safety in wood construction should be aimed toward an analytical one. This 
approach will involve the development of computer models for the prediction of 
fi-te loadings, heat transfer, thermal degradation, structural damage and 
ultimately for the estimation of the probability of failure. The one utmost 
important link in this approach is an understanding of the effect of elevated 
temperatures on wood members under various loading, duration of exposure and 
moisture conditions.

The current movement, however slow, is heading toward a limit states design 
format, with performance requirements stated in terms of risk to human life and 
fire cost (Beck and Yung 1991). Under such an approach, current fire-resistance 
rating methods of test no longer provide the relevant information. These tests 
must be revised to produce damage information or be replaced by computational 
models.

The steel and concrete industries have worked toward a computational 
approach for predicting fire performance, taking into consideration the quite 
different impact of the much shorter peak temperatures of real fire scenarios, 
and these properties are becoming accepted, for example in Sweden.
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The objective of fire-safety research on wood structural members is to, 
ultimately, be able to determine the fire endurance of wood structural members 
when they are exposed to real fire conditions. To achieve this common goal, the 
following basic elements of research are needed:

• Fire gas temperature-time functions expressed as a function of design 
factors such as opening factor, fire load, and thermal properties of the 
fire compartment;

• A heat-transfer model characterizing the temperature profile of the 
structural member as a function of the fire gas temperature, thermal 
properties of the lumber, lumber dimension, species, moisture content and 
other external factors such as the use of a protective membrane;

• A strength model predicting the response of structural members exposed to 
elevated temperatures taking into account the effects of charring, defects 
and the development of perpendicular-to-grain stresses;

• The strength of wood is known to depend on loading history. This 
phenomenon needs to be evaluated for short-term durations up to one day at 
elevated temperatures near 288°C.

Knudson's work (1971) has shown that the problem of predicting lumber 
strength exposed to fire is a difficult one. Since a piece of lumber can not be 
tested to failure twice, we must first be able to predict accurately lumber 
strength at ordinary temperatures before attempting to predict the loss of 
strength of lumber exposed to fire.

In short, the most modern wood systems do not enjoy the same degree of 
conservatism as do existing heavy timber structures due to better design methods 
and a more accurate data base. Advance in fire safety design, however, has not 
kept pace. To ensure the same degree of fire safety as steel and concrete, it is 
imperative to re-examine the fire safety design concept in light of the recent 
reliability-based approach developed for wood, steel and concrete.
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