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ABSTRACT

A model is presented for predicting changes in the tensile, compressive, and
shear strengths and moduli of timber exposed to high temperature. The
strengths and moduli of southern pine exposed for predetermined lengths of
time to either 100, 160, 245, 400, 600 or 800 °C were measured. The accuracy of
the model was assessed by comparing the strengths and the moduli predicted
by the model to the data.

INTRODUCTION

IN ORDER TO UTILIZE THE FULL POTENTIAL OF WOOD AS BUILDING
material, the changes in the mechanical properties of wood during ex-
posure to elevated temperature must be known. For reasons of safety,
it is especially important to know the strengths of load bearing timber
structures under fire exposure conditions. However, analytical
methods are as yet unavailable which would predict the performance
of loaded structural timber members during fire. Therefore, the objec-
tive of this investitation was to develop a model which can be used to
predict changes in the tensile, compressive, and shear properties of
wood during elevated temperature exposure.
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THE MODEL

A model is presented here for predicting changes in the tensile, com-
pressive, and shear strengths and moduli of wood when the wood is ex-
posed to high temperatures. In this paper, the hypothesis is made that
degradation in the mechanical properties is related to the mass loss.
Accordingly, the strength and the modulus at any point (designated
by the coordinates x, y, Figure 1) are expressed as

S.. 1 (Am,y)f )
S° Am,, (1)

E. ( Am ,V> &

=1- 2
E° Am.,, @)
S.. and E , are the strength and the modulus at time ¢ at the x,y posi-
tion. S° and E° are the strength and modulus at a reference tem-
perature (room temperature, say). Am,, is the mass loss of the wood at
position x,y at time t. Am,, is the maximum mass loss the wood can ex-

perience. Am ., and Am,, are mass losses resulting from volatilization
only, and do not include mass losses due to water vaporization. In egs.
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Figure 1. Description of the geometry and the model.
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(1) and (2) the exponents e and g are constants which depend on the
material but which, by definition, are independent of geometry and
temperature. The values of these constants must be determined ex-
perimentally, as will be discussed subsequently.

By assuming that the strain ¢ is constant across the cross section A,
the maximum load that the wood can carry is

F= ASS S.dA (3)

where F is the load at which failure occurs. The total (‘‘overall’’)
strength of the wood at time ¢ is

— SSSX_VdA (4)
A

The modulus of elasticity can be determined by similar reasoning. It
is assumed that up to the point of failure the relationship between the
strength and the modulus is linear and can be represented by Hooke's
law

va =Exy £ (5)

where the strain ¢ is taken to be uniform across the cross section.
Equations (3} and (5) yield

r= We.can=c E.0a ©
A A
Equation (6) can be written as
?Z)(_E) i SS E. . dA (7}

The “overall”’ modulus of elasticity at time ¢ is
— SS E. dA (8)
A

Equations (4) and (8) provide the strength and the modulus as a func-
tion of exposure time. It is noted that these equations apply to tensile,
compressive, and shear properties. The values of the constants e and g
are different for the different types of properties as will be discussed in
the Results section. However, as noted before these constants are
taken to be independent of geometry and temperature.
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CALCULATION PROCEDURE

The strength S and the modulus E can be calculated by the following
steps:

1. The mass loss at every point Am,/Am, is calculated as a function of
time. Equations appropriate for calculating the massloss are given,
for example, by Do and Springer [1].

2. The strength S,, and the modulus E,, at every point are calculated
as a function of time using egs. (1) and (2).

3. The “overall” strength S and modulus E as a function of time are
calculated by egs. (4) and (8).

Once the surface temperature or the heat flux to the surface is specified

{both of these parameters may vary with position and time) the

strength and the modulus can readily be calculated by the procedure

outlined above. The calculations must be performed by numerical
methods. A ‘‘user friendly’’ computer code for two dimensional slabs

{rectangular cross section) is available from the authors.

RESULTS

In order to assess the validity of the model and to determine the
values of the constants (e and g) the results of the model must be com-
pared to data. Here the model was compared to the measured strengths
and moduli of construction grade, kiln dried southern pine. Details of
the tests were reported elsewhere [2] and will not be repeated here.
Essentially, test specimens were heated in a muffler oven at either
100°C, 160°C, 245°C, 400°C, 600°C or 800°C for a predetermined
length of time. The strengths and the moduli were then measured at
room temperature. The longitudinal (i.e., in the direction along the
grain) and the transverse (in the direction perpendicular to the grain)
tensile strengths and moduli of southern pine were measured as func-
tions of exposure time at all six of these temperatures. In addition, the
longitudinal and transverse compression, and the longitudinal shear
strengths and moduli were measured at 400, 600 and 800 °C. The data
are shown in Figures 2-15. In these figures the cross sectional areas of
the specimen are also indicated.

The strengths and the moduli were also calculated by the model
described previously. The values of the constants e and g were ad-
justed to provide a best fit between the model and the data. The e and
g values thus obtained are listed in Table 1. The results of the model
are represented by solid lines in Figures 2-15. The results of the model
and the data agree well, creating confidence in the validity of the
model.

With e and g values given in Table 1 the model may now be used to
estimate the degradation in the strengths and moduli of southern pine
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Figure 2. Longitudinal tensile strength as a function of exposure time. Southern Pine

at 100, 160 and 245°C. o Data,

model.
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Figure 3. Longitudinal tensile strength as a function of exposure time. Southern Pine

at 400, 600 and 800°C. o Data,

model.



290 M.H. Do AND G.S. SPRINGER
10 SH SOUTHERN PINE
- 100C I ~ 100G
- 15.4 mm ]
) a:635mm of— a=3.18mm
a o o
(@] - - [
- o ° 9 a
Dy 1 i 1 1 1 J 1 1 1 1 J
S
10]
8 I 1e0c C 160G
=
w F |
4 o
o | £ o —
Z o o 0 o
Py i 1 1 bd 1 J ) ] 1 !
-
210
& | 245C 2456
S
t -
o
prd ’———\. o
9 r— -] o [~] °
o 1*]
i L 1 ] 1 1 | ! 1 I ]
0 20 40 60 O 20 410 60
TIME (min) TIME (min)
Figure 4. Longitudinal tensile modulus as a function of exposure time. Southern
Pine at 100, 160 and 245°C. o Data, model.
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Figure 5. Longitudinal tensile modulus as a function of exposure time. Southern

Pine at 400, 600 and 800°C. o Data,

model.
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Figure 6. Transverse tensile strength as a function of exposure time. Southern Pine

at 100, 160 and 245°C. o Data,

model.
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Figure 7. Transverse tensile strength as a function of exposure time. Southern Pine

at 400, 600 and 800°C. o Data,

model.
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Figure 8. Transverse tensile modulus as a function of exposure time. Southern Pine
at 100, 160 and 245°C. o Data, model.
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Figure 9. Transverse tensile modulus as a function of exposure time. Southern Pine
at 400, 600 and 800°C. o Data, model.
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Figure 10. Longitudinal compressive strength as a function of exposure time.
Southern Pine at 400, 600 and 800°C. o Data, model.

in the temperature range 100 to 800 °C. The model is not restricted, of
course, the southern pine or to this temperature range. However, the
values of e and g may be different for different types of wood. The
values of e and g may even be different for different species within the
southern pine group. Nonetheless, the data presented here indicate the
usefulness of the model for estimating changes in the mechanical
properties of wood exposed to elevated temperatures. Specifically, the
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Figure 11. Longitudinal compressive modulus as a function of exposure time.
Southern Pine at 400, 600 and 800°C. o Data, model.
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Figure 12. Transverse compressive strength as a function of exposure time.
Southern Pine at 400, 600 and 800°C. o Data, model.
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Figure 13. Transverse compressive modulus as a function of exposure time.
Southern Pine at 400, 600 and 800°C. o Data, model.
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Figure 15. Longitudinal shear modulus as a function of exposure time. Southern
Pine at 400, 600 and 800°C. o Data, model.

Table 1. The constants e and g used in equations 1 and 2.

Southern Pine

€ g
Longitudinal Tensile Strength 0.1 1.0
Longitudinal Compressive Strength 1% 10% 1% 102
Transverse Tensile Strength 0.2 0.35
Transverse Compressive Strength 2 x 10? 4 x 102
6 x 102 6 x 102

Longttudinal Shear Strength
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model provides a suitable means for predicting failure times of wooden
structures during fire exposure, a problem which is discussed in a com-
panion article [3].

ACKNOWLEDGEMENTS

The authors wish to thank Mr. Nin Hai Jin for his help in obtaining
the data. This work was supported by the Center for Fire Research,
National Bureau of Standards, under Grant Number NBSONADA1054.

REFERENCES

1. Do, M. H. and Springer, G. S., “Mass Loss of and Temperature Distribu-
tion in Southern Pine and Douglas Fir in the Range 100 to 800°C,” Journal
of Fire Sciences, Vol. 1, 1983, pp. 271-284.

2. Dastin, R. M., and Stanke, D. A., and Springer, G. S., Journal of Fire and
Flammability, Vol. 13, 1982, p. 237.

3. Do, M. H. and Springer, G. S., “‘Failure Time of Loaded Wooden Beams
During Fire,” Journal of Fire Sciences, Vol. 1, 1983, pp. 297-303.



