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Charring rates for large-section timber based on experimenta data have been generally established. The established
rates may not be appropriately used for the prediction of failure times of lumber members which are small by
comparison. It is questionable whether a constant rate can be safely assumed for lumber members since therateis
likely to increase once the centre-point temperature of the members stats to rise. This paper presents an empirically
based model of charring rates for Spruce-Pine-Fir (SPF) Machine-Stress-Rated (MSR) 2 x 4 lumber subject to
a constant-temperature exposure of 500°C, on the basis of test results on 55 specimens. In order that the model can be
used with reliability analysis, on of the two model parameters was treated as a Logmormal random variable to
explain variations observed in the charring rates. Furthermore, the model has been extended to permit evaluations for
other lumber sizes and under exposures such as ASTM E119 fire conditions. The model was compared with existing
models and used to predict char data found in the literature. Copyright © 1999 John Wiley & Sons, Ltd.

INTRODUCTION

When wood is exposed to elevated temperatures, its
load-carrying capacity is reduced partly by charring,
which is considered to have no strength, and partly by
strength degradation of the unburnt region. For tire
safety engineering of wood structures, the char behaviour
istherefore an important design input. For example, it is
used to calculate the residual cross-sectional area in
a tension member in which the failure event is determined
as a balance between the strength in reserve and the
increase in stress of the residual area.*

Generally, the charring behaviour of wood can either
be characterized by the rate of mass-loss (g/s) or by the
rate of advance of the char front along a certain axis or
dimension (mm/s). The latter definition has been more
widely used, particularly in structural fire. safety design
and analysis, because it lends itsdlf readily to the calcu-
lation of cross-sectional ‘residual ared’. Typicaly, the
char front is determined on the basis of a series of temper-
ature measurements using thermocouples embedded to
different depths of awood specimen. The position of the
char front is then estimated assuming the interface tem-
perature is approximately 300°C.

Charring rates for large-section timber based on
experimental data have been generally established. For
example, a charring rate of 0.6 mm/min has been deter-
mined for glue-laminated t|mber of medium-density-soft-
wood subjected to ASTM E 1197 standard fire exposures.
The charring rates established under ASTM E 119,

CAN/ULC S101,2 or 1SO 834* exposures are quite sim-
ilar, as all these standards have similar temperature-time
curves for their fire exposures. For f|re safety design of
large-section timber structures, Lie® recommended the
use of a charring rate of 0.8 mm/min for light, dry wood,
0.6 mm/min for medium-density softwood, and
0.4 mm/min for large-section, moist wood. In Canada,
analytical expressions for the fire performance of glue-
laminated beams and columns are described in Appendix
D-2.11 of the National Building Code of Canada
(NBCC). These expressions imply a charring rate of
0.6 mm/min. Swedish Building Code SBN 1976 specifies
its charring rate as a function of the opening factor of the
fire load and recommends a lower-bound limit of
0.6 mm/min and an upper-bound limit of 1.0 mm/min.
It has been questioned whether charring rates estab-
lished for |arge-section timber are appropriate for lumbar
members®’ When wood of ‘sufficient’ mass and volume
is exposed to a standard fire-exposure, the rate of char-
ring a the beginning of the exposure is usualy more
‘rapid’ than the rate noted for the teat. This is because the
rate more or less stabilizes to a constant rate after the
formation of the first few millimetres of char.° Black-
shear and Murty™ attributed the phenomenon to the
formation of a steady state of combustion under constant
boundary conditions. While the exclusion of the initial
non-linear rate data is a reasonable approach for large-
section timber, it may betoo libera for lumber members
because the first few millimeters of char represents a sig-
nificant proportion of the total cross-sectional area. It is
questionable whether a constant charring rate can be
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safely assumed, given that the rate is likely to increase once
the centre-point temperature of the members starts to rise.

Konig’ pointed out that the charring rates assumed by
various building codes vary considerably, with vaues up
to as high as 1.0 mm/min. In some codes, higher rates are
used to compensate for the loss in strength and modulus
of easticity of the unburnt portion, or to compensate for
the loss of section due to the ‘round-off’ effect at comers.
The round-off effect refers to the phenomenon that, when
a wood member is exposed to fire al around, the comers
tend to char more rapidly because the heat is coming
from both sides of the corner. In other words, the char-
ring rates are cdibrated to the loss of load carrying
capacity. For lumber members, using a calibrated char-
ring rate to account for both the loss of materia due to
charring and the loss of strength in the unburnt section
may prove to be too unreliable. Moreover, the reduction
in strength and stiffness of the unburnt portion is not
necessarily the same for all grades of lumber because of
their wide-ranging strength properties. Under these con-
siderations, the charring rates of such members should be
accurately characterized and modeled. In addition, the
distributional characteristics of the charring rate will be
required if reliability are to be carried out on the safety of
these members in fires.

This paper presents an empirically based model of
charring rates for Spruce-Pine-Fir (SPF) Machine-
Stress-Rated (MSR) 2 x 4 lumber subjected to a constant-
temperature exposure of 500°C, on the basis of test
results on 55 specimens. One of the two parameters of the
model was considered as a Lognormal random variable
to explain variations in the charring rates.

LITERATURE REVIEW

The rate of charring of wood depends on the kinetics of
wood combustion, in addition to the externa fire expo-
sure characteristics. Wood combustion is an extremely
complicated process involving the evolution of flam-
mable gases and the diffusion of these gases to and away
from the burning surface (mass transfer). Furthermore,
heat generated from the burning gases and oxidizing char
in turn fuels the decomposition process through conduc-
tion of heat inward (heat transfer). These two transfer
processes, however, are continuousy modified by the
effects of the combustion. The de-composition products
are functions of temperature, wood species and density,
while the transfer processes depend on wood species,
moisture content, permeability, and other morphological
factors. Furthermore, the thermal properties influencing
these processes are constantly varying, as is the temper-
ature itself.

EarI%/ experimental work y Lawson et al.’, Vor-
reiter’?, followed by Schaffer™, and than by White'**®
led to several similar empirical models for describing the
charring of wood. These models have the general form of
either

ox a

S =m! (n
or

X =nat" 2
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where x is the location of the char-front in the direction
of charring, X/t is the instantaneous rate of advance of
the char front, t isthe time, and h, and h, are regression
constants. The exponents n in Egn (1) determines
whether the rate of charring isincreasing (n > 0), con-
stant (n = 0), or decreasmg (n < 0) as time increases.
Truax'® and Vorreiter* showed that, with Eqn (2), n at-
tained a value of 1, provided the initial non- Ilnear rate
data were excluded from the regression. Schaffer™® and
White™ expressed their data as a time-location model. It
has the form of

t=13x" (3)

Models incorporating additional wood parameters
such as permeability, density and moisture content have
also been derived from the two basic models. A compari-
son of these modelsis givenin Table 1.

Limited char data are available on some sawn mater-
ial. Oneisthat of Norén,"® who reported cross-sectional
residual areas and t; distribution of 45-mm-thick by
120-mm-wide spruce lumber exposed to SO 834 fire
exposure. The lumber had a mean moisture content of
approximately 18.6% and an average relative denS|t¥
of 0.47. Another is Schaffer's ASTM E 119 char data’
on 2 x 4 Douglasfir lumbar. Discussions concerning
Norén's and Schaffer’s data are given in the latter part of
this paper.

EXPERIMENTAL WORK

The experimental work was carried out a the USDA
Forest Products Laboratory in Madison, WI. Sixty
specimens of 2 x 4 SPF MSR lumber (35 x 85 mm) of
4880mm (16-foot) length were individually placed in
a furnace and exposed to a ‘constant’ furnace temper-
ature of 500°C and a constant tensile load of 15570 N
(3500 Ib) until the specimen failed. The interior dimen-
sions of the furnace were 991 mm wide, 1829 mm long,
and 1219 mm high (39 in x 72 in x 48 in). It was lined
with minera fibre blankets and heated by eight natural
gas burners that maintained the furnace to within £ 10%
of any desired temperature. Orientation of the specimens
was such that the wider sides were vertical. The length of
specimen exposed to the high temperature was 1.8 m.
The temperature of exposure was selected to be 500°C so
that both charring and strength degradation in the inner
portion of the specimens would play an ‘equa’ role in
affecting the time to failure of the specimens.

The tensile load applied was approximately one third
of the fifth percentile of the tenson capacity of the
specimens. Prior to testing, the initial weight and moist-
ure content of each specimen was determined. During
testing, the time until failure of the specimen was re-
corded. Immediately after failure, the specimens were
removed from the furnace and cooled with water spray.
A 25-mm-thick cross-section was taken from each
specimen approximately 600 mm from the centre of the
specimen. The samples were subsequently used for the
determination of the residual area at the time of failure of
the specimen using image analysis. The initia relative
density of the specimens had a mean value of 0.51 at test
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Table 1. Empirical charring models for some common softwood wood species

Lawson et al.?
Spruce timbar beams 38 to 50 mm thick exposed to
ASTM E 119; moisture content 12%.

Vorreiter'?
Dried spruce plates 10 mm thick placed horizontally and exposad to a flame
from underneath.

*

Schaffer | (ASTM E 119 fire exposure)”?

Douglas-fir laminated to 75 mm thick planks and exposed to ASTM E 119;
moisture content ranged from 6% to 18%. Similar equations are available for
southern pine and white oak.

Schaffer Il (constant-temperatura exposure}®™

Douglas-fir laminated to 3 inch thick planks and exposed to constant furnace
temperatures of 538°, 816°, 927°C from one side; moisture content ranged
from 6% to 18%. Slrnliar equations are available for southern pine and white

. 1.041¢7°2
ot

where x = location of char front, mm;

t =time, min.

pe
x = 10,345

PP
where x = Iocatlon of char front, mm;
t = time, min;
p = relative density of wood;
p. = relative density of char.

t=[(2.27 + 0.0460}p +0.33]x

where x = location of char front, mm;
t = time, min;
p = relative density of wood;
@ = moisture content of wood, %.

o -onfr- e

where k = (28.576 + 0.576w) p + 4.548;

oak.

White*®

63 mm thick specimens from eight species exposed to ASTM E 119; moisture

content ranged from 6% to 16%.

T = temperature, K;

J = 4.184 joules/cal;

R = B.14 joules/{gram-mole - K);

E = 3108 cal/gram-moie;

x = location of char front, inch;
t=time, min;

p = relative density of wood;

o = moisture content of wood, %.

t= kd>®

where In{k) = — 1.7418 + 0.8485 £, 4+ 0.9388p + 0.020
f, = char contraction factor, dimensionless
p = relative density of wood;
w = moisture content of wood, %;
x = location of char front, mm

and a coefficient of variation of 7.6%. The average frac-
tional moisture content of the oven-dry weight was 0.093
with a coefficient of variation of 3.1%.

Image analysis

Each of the retained sections of the exposed specimens
was cleaned with a metal scraper to remove char par-
ticles. Then an image of the cross sectional area of the
sample was captured using a microprocessor-based
imaging system. Examples of such images are shown
in Fig 1. The area was computed using software pro-
vided with theimaging system. Thisvaue is an estimate
of the residual area (A) with a duration of exposure
t approximately equal to the time to failure of the speci-
men. Five specimens were excluded from this analysis
because of missing data. A total of 55 values of A were
obtained.

The images shown in Fig. 1 are typical of residual areas
of specimens at various times to failure. As expected, the
residual area retained, approximately, a rectangular
shape throughout the exposure period but the comers
became progressively more rounded. With the exception
of the charring at the comers, the depth of char appears
to be more or less uniform between the narrow and the

Copyright © 1999 John Wiley & Sons, Ltd.

wide faces. Charring can, however, be retarded by the
presence of a knot because density of knot-wood is gener-
ally higher than that of norma wood (see image 863 in
Fig 1). Little quantitative work has been done on the
effect of knots on charring rate. It should be noted that
these charring irregularities will preclude any sensible
measurement of the rate of charring in such regions. An
‘apparent’ rate will need to be devel oped to incorporate
the effects due to knots. It is suspected that in wood
containing edge knots, the loss of load-carrying capacity
due to charring may be insignificant compared with
the loss due to elevated temperatures near charring,
particularly when it is under tension, because of the
development of shrinkage cracks. In members subjected
to eccentric loading in compression, the charring
behaviour near knots may be conveniently neglected
because the probability that a ‘worst’ knot defect also
occurs in the same location as the maximum stress is
relatively low.

MODELLING APPROACH

The residua area A is plotted against t in Fig 2,
which indicates that a linear-regression model can be

Fire Mater. 23, 209-216 (1999)
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Figure 1. Typical images of residual areas as captured using
a computer-based imaging system.
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Figure 2. Residual areas versus time of exposure.

reasonably fitted to these data. The data subject to the
linear regression were the residual areas as determined,
from which we obtain:

A(t) = —1.5641 + 3022.3. 4)

The average rate of change of the residual cross-sectiona
area has been estimated from the dope of the fitted
regression line, which in turn provides the basis for the
derivation of the dimensiond rate of charring along the
major or minor axis. The regression is shown in Fig. 2 as
alight line along with the data. Using this relationship,
the ‘average’ rate of change of the residual area s pre-
dicted to be - 1.564 mm?’/s. In addition, the initial areais
predicted to be 3022.3 mm?, as given by the mtercept of
the equation. Because this value does not differ signifi-
cantly’ from the original area of 3080 mm? (35 mm x
88 mm) the regression model was mOdIerd by forcing the
line through the point of 3080 mm? at time 0, yielding

A(f) = —1.6281 + 3080. (5)

This second line is shown in Fig. 2 as adarker line. The
slope of the line is - 1.628 mm?s which represents
the rate of reduction of the cross-sectional area from the

Copyright © 1999 John Wiley & Sons, Ltd.

initial area of 3080 mm?. This slope is the area charring
rate (cc).

Norén's char data, shown in Fig. 7b, aso appear to be
linearly related to the time of exposure. However, if the
trend line through his data is extended back to time zero,
the line would have to curve down in order to intercept
the initial area at time zero. This behaviour was caused
by the ISO 834 fire exposure (which is quite similar to
ASTM E 119) which initialy starts off at room temper-
ature and only reaches 539°C at 5 min. Our exposure was
a constant temperature of 500°C.

Dimensional charring rate

The dimensiona charring rate (b) is determined by as-
suming that the thicknesses of char in the direction along
the mgjor and the minor cross-sectional dimensions are
the same. At any time t, the residual cross-sectional area
A(t) isgiven by

A(t) = a(t)b(z) (6)

where a(t) and b(r) are the residual cross-sectional dimen-
sions at time t. Furthermore,

a(t) = ag — 26(r) ©

bit) = by — 26(t) (8)

where a, and b, are the initial uncharred cross-sectional
dimensions and d(t) is the total depth of char measured
from one side as a function oft. Taking the derivatives of
Eans (6), (7) and (8), we obtain, respectively

A _ db@) aa(t)

and

= = A0 + =5 b() 9)
aa(r) aa(:)

- % (10)
db(t) 06(t)

R y

Substituting Eqns (10) and (11) into (9), and letting
TAM)/Mt = a, yidds

aé(t) ‘ o

T ~ =T

where ﬂd(t)/ﬂt = b(t) is the instantaneous dimensional
charring rate in the transverse direction at time t. Solving
this first-order differential equamion we obtain

B -s0=-5| S+ gror| w3

(12)

ot

1. 1 -1/2
8(t) = 7 @0 + bo) — [7 + 700 + bo)z] . (14)

Eqgns (13) and (14) give the dimensional charring rate and
char depth expressed as a function of t, theinitial cross-
sectional dimensions a, and by and a. The dimensiona
charring rate is shown in Fig. 3 Wlth ap = 35 mm,
bo = 88 mm and a = - 1.628 mm?s. From Fig. 3, the
charring rate is predicted to increase gradualy over time,
from 0.397 mm/min a t = 0 s to 0.524 mm/min at
t = 1000 s. The average charring rate over that period is

Fire Mater. 23, 209-216 (1999)
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Figure 3. Dimensional charring rates (b) of wood exposed to
elevated temperatures.

calculated to be 0.451 mm/min. Compared with the rate
of 0.6mm/mm for large-section timber exposed to
ASTM E 119 exposure, this value is reasonably lower
because the exposure temperature used in this study was
only 500°C. The ASTM time curve has the following
temperatures: 539°C at 5 min; 704° at 10 min; 843° at
30 min; and 927° at 60 min.

Figure 3 aso shows the prediction curves of Lawson,
Vorreiter, Schaffer, and White, whose models are de
scribed in Table 1. The char depths (d) calculated as
a function of time on the basis of these models are
compared in Fig. 4. In general, the rates predicted by
these models depend significantly on the exposure condi-
tions. Some of the observed differences are species, moist-
ure content and size effects, some are attributable to
limitations associated with the models. Models de-
veloped by Lawson or Vorreiter were not intended to be
used to predict the rate of charring at the initia stage of
exposure. Those predictions, and therefore their differ-
ences at the initial stage of exposure (see Fig 3), are the
result of the model choices used rather than of the actual
phenomena.

It is noted that our results and Schaffer Il (with
T =500 + 273 K) on d are similar. Schaffer 1l was
developed for constant-temperature exposure based on
75-mm-thick Douglas-fir planks exposed to one side.
While the two models predict almost the same char depth
up to 1000 s (see Fig. 4), our model predicts that the
dimensional charring rate b isto increase gradually over
time whereas Schaffer Il predicts that it is to decrease
gradudly. This difference can be attributable to the fact
that Schaffer's exposure was from one side only. Both
studies suggest that the use of a single charring rate for
design purposes may not be appropriate.

VARIABILITY OF CHARRING RATES

In designs based on probabilistic theory where the objec-
tive is to limit the probability of failure with respect to the
performance function, variability of the design para
metersis an important design input. The rate of charring

Copyright © 1999 John Wiley & Sons, Ltd.
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Figure 4. Depth of char (d) of wood exposed to elevated temper-
atures.

is an important design parameter but is aso high in
variability as can be observed in the rate of charring
among the 55 specimens exposed (see Fig. 2). In these
tests, all we know is that the charring history of an
individual specimen had to pass through two known
points—one at the beginning of the exposure and the
other at the end of the exposure. Assuming that indi-
vidual behaviour is aso a linear function oft, the slope. of
the line joining the two known points is the best estimate
of this rate. The variability can then be evaluated by
examining the digtributional characteristics of these
slopes.

The results of this examination are plotted in Fig 5
as a cumulative frequency distribution. The Normal,
Weibull and Lognormal distribution models were fitted to
the frequency distribution data The Lognormal model
provides the best ‘fit' to the data. According to Bury'®,
Lognormal is an appropriate model for a measurable
characteristic whose underlying causes are numerous,
independent of each other, and whose ‘sum’ effect is
‘multiplicative’ . The charring variable indeed possesses
these characteristics since variability in charring occurs
naturally as a result of many factors, including, mostly,
differences in material properties-between specimens
and within a specimen-such as density, moisture con-
tent, permeability, and lignin content.* Among these
factors, moisture content and density are most impor-
tant. Variability can also be caused by external factors
such as variability of furnace temperature. These factors
are largely independent of each other. Furthermore,
there is evidence found in the models of White** and
Schaffer' to suggest that the combined effect of these
factors is multiplicative. For instance, White's charring
model implies a multiplicative effect due to char contrac-
tion factor (f.), density (r) and moisture content (w). His
chgrri ng model relatestimet to the location of char front
X by

t=mx (15)

where m is given by
In(m) = — 1.7418 + 0.8485 . + 0.9388 p + 0.0197 .
(16)
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Figure 5. Cumulative frequency distribution of residual charring
rates.

Differentiating x of Eqgn (15) with respect to t, we obtain

ox :
- ,‘bbr (1/m-1
m t
x-F= (17)
where
m= e—:.vnseo.uasf.eo 9388peo 019700 (18)

It is obvious from Egn (17) and Eqgn (18) that the sum
effect of f;, r and w on b is multiplicative.

Lognormal distribution

The distribution of charring rate of the basis of residual
area (let a = JA/1t) is given by the Lognormal distribu-

tion
na — ,u)’}
da
o./2n .L o { ( a _
(19)
where Ry is the cumulative frequency, (s = 0.106, and
[ = 0.486. This function can be used to generate the

random vaue of the area charring rate for reliability
analysis.

FLN(“ o) =

VARIABLE-TEMPERATURE EXPOSURES

In order that the area-charring model can be used for
design purposes or for reliability analysis, it should be
extended to predict charring behaviour under other con-
stant temperatures or variable temperatures. Obtaining
data for these extensions experimentally would he costly.
Instead, we used Schaffer I (Table 1) to calibrate a func-
tion for a, such that a(T) = a(T - Tc)b, where T is the
temperature of exposure and T, is the temperature of
charring Since Schaffer 11 is almost identical to ours in
its predictions of d over aperiod of 1000 sat T = 500°C
(see Fig 4), we reasoned that Schaffer Il can be used to
provide the ‘shift’ needed in a for other constant temper-
atures of exposure while the fundamental characteristic
of our model, that the area charring rate is constant for
agiven constant temperature of exposure, is maintained.

Copyright © 1999 John Wiley & Sons, Ltd.

This approach incorporates T into the area-charring
model as an independent variable.

The procedure to determine the a for other temper-
atures of exposure is as follows: First, a set of d values
(d, t;) at several selected times t within the 1000 s time
span was generated using Schaffer 11 for each exposure
temperature of 500°, 600°, 700°, etc., up to 1000°C. The
set of d values for each of these exposure temperatures is
then substituted into Eqn (14) to compute a correspond-
ing set of a values. The mean of the set was then deter-
mined, which was assumed to be the area charring rate
for the temperature of exposure (a(T)). Then for
T> T, = 288°C, we let

«T)=a(T — T.\" (20)

The values of the coefficients a and b are then determined
by least-square regression. For T < T, = 288°C, a(T)
was assumed to be zero.

Note that Eqn (20) may be integrated to predict the
residual area of lumber exposed either to constant-tem-
peratures or to variable-temperature histories such as
ASTM E 119. Note dso that the coefficients a and
b depend on size because Eqgn (14) is size dependent, and
on moisture content and relative density of wood because
Schaffer Il is moisture-content and density specific.
Figure 6 shows area charring rates predicted as a func-
tion of T (constant-temperature) for a35 x 88 mm? lum-
ber member with a moisture content w = 9% and rela-
tive density r = 0.51. Coefficients a and b for lumber sizes
of 2x 4,2 x 6, and 2 x 8, moisture contents of 8% and
12%, and relative density of 0.40, 0.45 and 0.50, have
been determined and are tabulated in Table 2.

Mode testing

Equation (20) was evaluated baaed on two sets of data
found in the literature: (1) Norén's 1SO 834 data on
spruce™® with an initial moisture content of 18.6% and
arelaive density of 0.47, and (2) Schaffer's ASTM E 119
data on Douglasfir with an initial average moisture
content of 7.3% and a relative density of 0.48. The coeffi-
cients a and b were determined for each case as described
previoudly for the initial cross-sectional dimensions of
ap, = 45 mm and by, = 120 mm in the case of Norén, and
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Figure 6. Area charring rate calibrated using Schaffer Il (Table I).
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Table 2. Coefficients a and b
Density Motsture Lumber cross-sactional dimension (mm)
]
(oven-dry) @ (%} 3889 W x 140 /=19
2 ] & [ 2 b
0.40 8 -0.171 0.448 -0.179 0.509 -0.201 0.539
12 —0.154 0.460 —-0.164 0.5617 -0.185 0.545
0.45 8 —-0.142 0.469 -0.154 0.523 —0.174 0.551
12 -0.128 0.480 —-0.141 0.532 —0.160 0.657
0.50 8 —-0121 0.486 —0.134 0.536 —0.153 0.56%
: 12‘ —0.109 0.497 —-0.122 0.544 -0.141 0.567

46.8 mm and 90.5 mm in the case of Schaffer. We ob-
tained, for T > T, = 288°C, a=-0.11145and b = 0.54
for Norén. The respective values for Schaffer, are
a = - 0.13079 and b = 0.49304.

Then, replacing T with T(t), the 1ISO 834 temper-
ature-time curve, in Egn (20), where

T(2) = T + 3451og;o(8t + 1) (21)

and separating the variables by A and t, then performing
an integration with respect to the variable on each side of
Ean (20), we obtain

An %
j dd = J. a(3451og10(8: + 1) + To — T.)dr. (22)
1,

A, o

Theresidual area A at time tg is.given by
Ap = Ay + f a(34510g10(8t + 1) + Ty — TP dt (23)
Ic

where t; is the time it takes to reach the temperature. of T,
(which can be computed from Egn (21)). In the case of
Schaffer, the temperature curve was assumed to be also
given by Egn (21).

The results of this calculation and the two sets of
experimental data are shown in Fig. 7. As shown in
Fig. 7a, Schaffer's 2 x 4 data are reasonably predicted,
while those of Norén (Fig. 7b) are over-predicted. The
over-prediction is probably the result of a significant
difference in permeability between the spruce Norén used
and the Douglasfir used in Schaffer's experiment in
developing this second model. Because the moisture con-
tent of Nor&n's data was high—18.6%—permeability
probably played a significantly greater role in affecting
the rate of charring.

CONCLUSIONS AND RECOMMENDATIONS

This paper reports the charring behaviour of 55 speci-
mens of 2 x 4 SPF lumber exposed to 500°C in a furnace.
A linear model of the residual areawas developed yield-
ing a constant rate of charring of 1.628 mm?/s. The cor-
responding ‘dimension’ charring rate is found to be
a function of time with an average value of approxim-
ately 0.45 mm/min (0.0075 mm/s). The rate is predicted to
increase gradually with time of exposure, to a value of
052 mm/min at an exposure time of 16min. These
dimensional charring rates are reasonably consistent
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Figure 7. Model predictions of Schaffer's ASTM E 119 Douglas-
fir data (a) and Norén’s ISO 834 spruce data (b).

with the results of several other experiments reported in
the literature. Finally, the variability of the area charring
rate among the specimens tested can be characterized by
a Lognormal distribution. The distribution can be used as
an input to reliability analysis of a structural member
exposed to a 500°C environment by treating the residual
cross-sectional areaas avariable.

An area-charring model which incorporates an exist-
ing model by Schaffer™ to express the rate of charring
as a function of temperature of exposure, has been de-
veloped to predict residual areas of lumber exposed to
constant-temperature or variable-temperature histories.
This empirical approach was found to predict, with
reasonable accuracy, a sample of 45 x 120 mm? spruce

Fire Mater. 23, 209-216 (1999)
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lumber exposed to 1SO 834 fire exposure. Thismodel is
capable of predicting char depth as a function of time
given a variable-temperature. history. It is recommended
that this model be improved to account for the permeab-
ility effect in wood with high moisture contents.
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