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Abstract

The high vulnerability of wood due to accidental conditions requires a rigorous
thermal and mechanical assessment. In this work, an experimental and numerical
study will be presented to determine the char-layer evolution in pine wood cross-
section, submitted at high temperatures due to an anaerobic process. A non-linear
thermal and transient analysis will be conducted using the numerical program. A
thermal unit and electro ceramic resistances will be used during the experimental
program. The evolution of a char-layer by the orientation of different fibres will
be determined. The experimental results obtained with several wood samples
will be compared using a numerical program with a finite element formulation.
Keywords: pine wood, grain direction, char-layer, high temperatures,
experimental study, numerical study.

1 Introduction

Wood is a natural material and is submitted to many constantly changing
influences. Wood as a construction material presents many advantages due its
high strength and stiffness to height ratios [1]. The main advantages of timber
constructions, relative to the use of other materials, are: ease of construction and
maintenance, pleasant appearance, renewable resource, lightweight. The
combustion and the chemical phenomena, occurring in wood, during an
accidental situation at high temperatures, is a complex study issue. When wood
structures are exposed to high temperatures, the burned wood becomes a char-
layer which loses all strength, but it delays the rise in temperature in the core of
material. The speed at which charring depth advances in the material is called the
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charring rate. This parameter is more or less constant and mainly depends on the
density and the moisture content of wood. The charring rate has been studied in
different countries by many researchers [2—4] using different types of specimens
exposed to the standard time-temperature curve. Safety rules and others
guidelines should be useful and used for wood applications. The fire safety of
this type of material involves prevention, inhibition and detection. This involves
appropriate design rules, installation, construction and maintenance of the wood
material in different applications. Wood combustion is slow and regular, and its
behaviour is predictable. If wood is submitted to a sufficient heat, a degradation
thermal process (pyrolysis) occurs, producing gases accompanied by loss in
serviceable cross-section and its weight. The factors which affect the burning
behaviour of wood will determine the charring rate. These types of factors
consider the following: level of radiant heat exposure, formation of char,
moisture content, species and dimensions, as reported by [5]. Design models of
wood structures at high temperatures take into account the cross-section loss due
to char formation [6]. The stiffness and strength of wood significantly decrease
with increasing temperature, as reported by [7]. The interface between charred
and noncharred wood is the demarcation plane between black and brown
material [8] and is characterized by a temperature of 300°C, according Eurocode
5 [10]. The objective of this work is to present an experimental program, which
could be used to assess the performance time of pine wood cross-sections, during
exposure to high temperatures. The determination of char-layer due to high
temperatures applied in parallel or perpendicular to wood grain direction will be
tested. As reported in [8] the char in normal wood grain direction, corresponds at
one-half in parallel direction. When wood fibre is exposed to significant heat its
strength decreases.

Different pine cross-sections will be tested and submitted at high
temperatures for different fibres’ orientation using a heating power unit, based
on electrical resistances. The temperature results will be measured through a
wood specimen during time heating exposure and char-layer thickness will be
determined. Using a finite element analysis method, with appropriated material
properties and boundary conditions, reasonable predictions of char-layer
thickness can be also provided. This type of analysis and test is important in
safety and structural design because it determines how quickly the cross-section
size decreases to a critical level at high temperatures.

2 Physical properties of pine wood

When exposed to fire, wood is subjected to thermal degradation or pyrolysis
process. This process and burning wood have been studied extensively by [7, 9,
11], among other researches. Generally, the charring rate is almost directly
dependent on the time. The charring depth is the distance between the outer
surface of the original member and the position of the char-line, as defined in
Eurocode 5 [10]. The char-line is the borderline between the char-layer and the
residual cross-section. The position of the char-line should be taken as the
position of 300°C isotherm, according Eurocode 5 [10]. To use wood for its best
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advantage and efficient engineering application, thermal and mechanical
properties should be considered. Thermal and physical wood properties play an
important role in heat and mass transfer. The physical pine characteristics used in
this work for numerical results are reported in [7], and with a density value equal
to 509 kg/m’. These authors tested different wood sections at fire conditions,
according to the normalized fire curve ASTMEI19. The wood sections
considered had initial water moisture of between 8% and 9%.

3 Thermal proprieties

The thermal properties of wood vary considerably with temperature. The
physical characteristics used for pine wood are referenced by [7], according to
table 1. Annex B of Eurocode 5 [10] provides the design values for density,
thermal conductivity and specific heat of wood. The values below about 350°C
represent the properties of wood and above 350°C represent the properties of
char-layer. The following tables summarize the values of the thermal
conductivity, the specific heat and density of wood, assuming initial moisture of
12%. The thermal conductivity values of wood are presented in table 2; function
of temperature. The thermal conductivity depends on the orientation of the wood
grain, as proposed by [12]. According to Spearpoint and Quintiere [12], Forest
Products Laboratory [13], the thermal conductivity of wood is approximately 2—
2.8 greater along the grain than perpendicular to the grain. Some studies [12],
give the range of ratios as between 1.75 and 2.25. As reported by [12, 14] the
conductivity of wood along the grain is between 1.5 to 2.8 times the conductivity
across the grain. In this work, a value equal to 1.5 of perpendicular or transverse
(T) direction was used to calculate the thermal conductivity in parallel or
longitudinal (L) direction. Table 1 represents the thermal conductivity used for
numerical analysis.

Table 1: Thermal conductivity, .

Temperature °C KT) W/mK k(L) W/mK

20 0.12 0.18
200 0.15 0.225
350 0.07 0.105
500 0.09 0.135
800 0.35 0.525
1200 1.50 2.25

The specific heat of wood increases with temperature but is practically
independent of species density [12]. Table 2 represents the values of specific
heat according to Eurocode 5 [10]. The peak verified for a value equal to 100°C
is related to moisture wood evaporation. Moisture in wood affects mass and
volume.

The density of wood is primarily dependent on the species and also varies in
individual tree [12]. Any wood moisture will also affect the value of density
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Table 2: Specific heat, C,.

Temperature °C C, kl/kgK

20 1.53
99 1.77
99 13.60
120 13.50
120 2.12
200 2.00
250 1.62
300 0.71
350 0.85
400 1.00
600 1.40
800 1.65
1200 1.65
Table 3: Density ratio, p.
Temperature °C P
20 1+w*
99 1+w*
120 1.00
250 0.93
300 0.76
350 0.52
400 0.38
600 0.28
800 0.26
1200 0

* . . o, . .
w is the initial moisture content.

[12]. The wood strength has a direct correlation with density. Density is
presented in kg/m® for each specified condition. The density ratio design values
for dry softwood using a standard fire exposure are given in table 3, according
Eurocode 5 [10].

4 Methodology

For char-layer determination different wood samples were submitted at high
temperatures on the top surface, and two alternative methods were used, a
numerical model using the finite element method and an experimental program.
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4.1 Numerical study

Differential equations are commonly approximated by the finite element method.
This method can be used for a variety of different analyses and structural
applications. In this work the finite element program Ansys was used to
modelling and analyse the thermal behaviour of pine wood exposed at high
temperatures. A finite plane element (Plane 77), with 2 degrees of freedom per
node, is used for thermal and nonlinear transient analysis. The non-linearity due
to the thermal properties’ dependence (tables 2, 3 and 4) will be taken into
account in the numerical program. Using the density ratio presented in table 3
and the physical characteristic of pine wood, the density of the considered specie
is also determined and used in the numerical analysis. Temperatures will be
determined during transient thermal analysis. Thermal analysis will be
performed over sample with 500x180x80mm dimensions. Fig. 1 still represents
the mesh and the evolution of the temperatures distribution obtained with the
numerical program, considering different thermal conductivity properties, as
represented in table 1. An initial wood temperature equal to 16°C was
considered, as measured in laboratorial, and the target temperature measured on
the wood surface 7 is function of an imposed linear heating rate, following the

equation:

T =16+-0 ()
3600

In this equation 800°C/hour represents the heating rate used and ¢ is the time in
seconds.

k(L) k(T)

Figure 1: Numerical study at one hour.

It can be observed that the submitted specimen at high temperatures, on the
top in the small side, at the end of one hour, presents a maximum temperature of
816°C in the warm surface. As we can see the distance between the top surface
and the core wood is more speed in longitudinal sample.

WIT Transactions on the Built Environment, Vol 117, © 2011 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



176 Safety and Security Engineering IV

Fig. 2 shows the numerical results of the temperature evolution during time
heating exposure, using Eq. (1), through different measured points and
considering the dependence of thermal conductivity in grain direction.
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Figure 2: Temperature-time history.

As can be seen, at 300°C only positions at 1 and 2cm present a char-layer for
different time instants, using thermal conductivity for longitudinal and transverse
direction different. One position more has a char-layer formation when high
temperature is in longitudinal direction. During one hour at high temperature
exposure, the position of Scm presents a lowest value of temperature and
represents a normal core wood. These results will be compared with the
experimental program with different manufactured samples.

WIT Transactions on the Built Environment, Vol 117, © 2011 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



Safety and Security Engineering IV 177

4.2 Experimental study

An experimental program was designed to carry out char-layer determination in
pine samples, as presented in Fig. 3.

Figure 3: Experimental setup.

The char-layer was measured in five different points using K thermocouples
through an MGCPlus data acquisition system. The temperature was measured at
different positions 1, 2, 3, 5 and 25cm, from the heating exposure surface using
an electrical device system. An electro-ceramic heating system will be used with
a thermal power unit of 70kVA. A typical heating curve was used and a
programmable controller verifies the temperature during each experimental test.
In present work, different pine samples were submitted at one exposure side at
high temperatures. Twenty-four samples with dimensions (500x180x80mm)
were prepared for experimental tests. Twelve samples are manufactured in
longitudinal or parallel to the grain fibres’ orientation (L1, L2,... L12) and other
twelve in perpendicular grain or transverse orientation (T1, T2,... T12), as
represented in Fig. 4.

Figure 4: Samples for experimental study.

5 Results and discussion

Figs. 5, 6, 7 and 8 represent the temperature evolution obtained for different char
measured positions, during one hour at high temperatures exposure. The
experimental results are compared with the numerical results. In all figures, time
heating curve is also represented. Fig. 5 represents the temperature evolution at
lem from top heating surface, during one hour, for longitudinal samples.
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Figure 5: Temperature at lcm from top surface, (L).

Between 1700s-2300s at high temperature exposure, a char-layer is obtained
at lcm position from top warm surface. For this position and after one hour, the
temperature is between 700-800°C for any experimental tests. The obtained
temperatures are lesser than the heating unit power curve. On the other hand, the
experimental results have a similar behaviour when compared with numerical
results. Fig. 6 represents the temperature evolution at lcm from top heating
surface during one hour, for transversal samples.

For transversal samples, at lcm from top surface, the char-layer starts
between 1800s-2400s. After one hour, the temperature is between 600°C-700°C.
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Figure 6: Temperature at lcm from top surface, (T).
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The experimental results are neighbour of the numerical values, when compared
with the results in Fig. 5. The wood heating exposure, in the perpendicular grain
orientation, delays the char-layer thickness. For 2cm from top surface position
and for longitudinal samples, the results are presented in Fig. 7.

At this measurement point and after one hour, the temperature is between
500°C and 600°C. After 2900s the wood is charred, at 2cm from top surface in
longitudinal samples. On the other hand, the experimental temperatures are
greater when compared with numerical results. The results for this position, but
using the perpendicular grain samples manufactured, are represented in Fig. 8.
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Figure 7: Temperature at 2cm from top surface, (L).
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Figure 8: Temperature at 2cm from top surface, (T).
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After one hour, the temperature at 2cm from top surface is between 450°C
and 550°C. The char-layer at 2cm occurs between 2900s-3200s due high heating
exposures. At 3cm from top surface, and before one hour, temperature is still
bellow 300°C. For this point and for this time, the wood is noncharred. Fig. 9 and
10 represent the values obtained for this position using longitudinal and
transversal samples, respectively.

The measured points at 5 and 25cm have low temperatures during one hour at
heating exposure. At 25cm from top surface, wood cross-sections remain at room
temperature, 16°C. The average values obtained for different measured points
during one hour of exposure heating are shown in table 4.
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Figure 9: Temperature at 3cm from top surface, (L).
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Figure 10:  Temperature at 3cm from top surface, (T).
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Table 4: Temperatures for one hour of heat exposure.
Position, cm 1 2 3 5
Pine (L), °C 755.2 527.5 266.0 102.0
Pine (T), °C 693.5 4812 2538 942
Difference between (L) and (T), °C 61.7 46.3 12.2 7.8

The obtained values allow us to conclude that the warm wood in longitudinal
orientation has greater temperature when compared with to the warm wood in
transversal orientation, for any measured point. The difference values of
temperatures are bigger in the zone of the char-layer thickness, when compared
with wood core section. At 25cm from top heat surface, temperature remains
equal to the initial value of 16°C. Fig. 11 represents the evolution of the average
temperature, for different char-layer position, during one hour and half an hour
of thermal front exposure.
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Figure 11:  The measured points.

The obtained temperatures values for longitudinal samples are greater than
the results obtained with transverse samples, in the same time period. As
reported by [7] the char-layer in longitudinal grain orientation is presumed to be
higher than transverse orientation. Following some authors [12, 14] charring rate
of wood along the grain is higher than across the grain with ratio between them
ranging from 1.3 to 2.0.

6 Conclusions

Wood exposed at high temperatures will decompose to provide an insulating
char-layer that retards further degradation. The load carrying capacity of a
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structural wood member depends upon its serviceable sections [4]. The amount
of the cross-section charring is the major in the fire endurance of structural wood
members [7]. The pine wood has a greater resistance at high temperatures
exposure when compared with other types of woods [4], function of different
charring rate and size specimens. This work contributes with an experimental
program for evaluation of char-layer thickness in wood elements under high
temperatures. Experimental results have shown a difference in charring rate and
reproduced reasonably well by numerical results with the thermal properties of
Eurocode 5 [10] and a ratio of 1.5 applied by the L/T thermal conductivity. This
study it allows to verify the evolution of the temperature and the char-layer
throughout a wooden specimen, in different fibres orientation. The experimental
results confirm that grain orientation of wood influences the char-layer
evolution. The numerical program reveal of great importance also for char-layer
determination. The char-layer thickness was calculated with the numerical results
obtained from Ansys program and compared with experimental tests.
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