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Abstract: It is well known that the use of woods as construction materials can
embody carbon content of structural members, which can enhance the urban
sustainability. However, due to the combustibility of wood, its current
application is restricted. To broaden the application of wood, its thermal
responses exposed to fire (high temperature) is investigated in this study.
Firstly, the wood kinetic parameters are determined by coats-redfern method
using thermal gravimetric (TGA) data. Secondly, the density and thermal
conductivity are obtained from parallel and series models. Thirdly, the specific
heat capacity formula is presented considering latent and decomposition heat,
which can be directly determined by differential scanning calorimetry (DSC).
Finally, the one-dimensional nonlinear heat transfer model with apparent
thermo-physical properties is proposed. The four-sided heating experiment of
Laminated Veneer Lumber (LVL) is carried out to investigate the temperature
filed. The results show that the proposed model can predict the thermal responses
of timber structures subjected to fire and high temperatures precisely.

Keywords: Apparent thermo-physical properties; decomposition; evaporation;
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Notation

M: the mass;

M,,.: the mass of pre-evaporation (virgin material);
M;s.: the mass of wood after evaporation;

M,q: the mass of wood before decomposition;
Mpq: the mass of wood after decomposition;

A: the frequency factor;

Ea: the activation energy;

n: the reaction order;

subscript e and d: the evaporation and thermal decomposition, respectively;
R: the gas constant (8.314 J/molK);

f: the heating rate;

C.: the latent heat;

Cq: the decomposition heat;

fe: the mass fraction of un-evaporated;

fa: the mass fraction of un-decomposed;
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To(x, y, z, ?): is the ambient temperature of the considered specimen;
n: the outward normal direction of the wood surface;

T’ the fire temperature measured in the furnace;

heonv: the convection coefficient;

oBoiz: the Stefan-Boltzmann constant;

Eemis: the emissivity.

1 Introduction

Wood is a kind of renewable, carbon sequestrated and environmental friendly material, which is
widely used in civil engineering, transportation and energy fields. Recently, the Chinese government
actively encourages the development of prefabricated buildings, involving prefabricated concrete
structures, prefabricated steel structures and prefabricated timber structures [1-12]. However, wood is
casily flammable. When the temperature rises, the physical and chemical changes of the wood will occur
[13-14]. There are two stages in the deterioration of wood quality: At 20~120°C, the moisture begin to
evaporate. At 200°C~400°C, wood is decomposed into char, tar and volatile gases and the mass drops
remarkably. The schematic diagram of wood subjected to high temperature is shown in Fig. 1. The char
layer is fragile, which cannot provide resistance to applied loads. Therefore, the poor high temperature
performance of wood seriously hindered the development of timber structures. The heat transfer models for
wood under high temperatures were frequently reported in the past years [15-17]. Shen et al. [15] found that
the moisture in the wood began to evaporate as the temperature exceeds 100°C. The moisture will flow to
outside of the wood and inner regions. It is slow up to 240°C and end to 320°C. Park et al. [16] conducted
the pressure calculations, which revealed that the internal pressure was different at different furnace
temperatures. Blasi et al. [17,18] studied the heat and mass transport phenomena. Meanwhile, the primary
and secondary reactions were solved by use of implicit finite difference equations. Authors analyzed the
category and output of pyrolysis products, and the influences of the heating rate, temperature and pressure,
content/composition of raw materials and inorganic substances on the pyrolysis reaction were also evaluated
in the pyrolysis stage. Zhang et al. [19] substituted the apparent thermal parameters of wood introduced in
the European standard [20]into the finite element software ANSYS to simulate the performance of wood
with three surfaces exposing to fire. Compared with the test results, the accuracy of the proposed model was
verified. Janssens [21] established a model considered four factors, involving dry density of the wood,
moisture content of the wood, lignin content of the wood and char contraction. In the meantime, a set of
thermodynamic parameters considered the change of temperatures were developed. Fredlund [22] proposed
a model to analyze the basic physical process of heating wood. The model was capable of treating transient
temperature and moisture states in both uncharred and charred portions of the cross-section. The thermal
properties of wood at high temperature depend on the thermal physical properties such as mass/density,
specific heat capacity and thermal conductivity. However, the thermo-physical properties were obtained by
fitting method based on test results in the existing models. This approach has its limitations. In addition,
the evaporation latent heat and decomposition heat in the existing models were often treated as heat
source term, and the specific heat capacity was actual specific heat of the material. In fact, the specific
heat capacity measured by differential scanning calorimetry (DSC) was the apparent specific heat rather
than real specific heat [23,24]. The apparent heat capacity can be directly implanted into the heat transfer
model to consider the lateral and decomposition heat. Furthermore, the published literatures on the
thermal analysis of wood were often focused on the activation energy and the frequency factor of the
pyrolysis, while the reaction order was usually pre-assumed [25-27]. Hence, to address the mentioned
issues, the coats-redfern [28] method was used to calculate the kinetics parameters of water evaporation
and thermal decomposition based on TGA and DSC test results. Based on the results of kinetic results and
mix rules, the apparent thermo-physical model was presented. Finally, the one-dimensional nonlinear heat
conduction model of cross grain and rift grain can be obtained. The validity and accuracy of the proposed
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model was verified through the available test results. The proposed model can predict the thermal
responses of timber structures subjected to fire and high temperatures precisely.
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Figure 1: Wood subjected to high temperature

2 Thermal Kinetics Analysis
2.1 Thermogravimetric and DSC Tests

The Douglas fir was ground into powders and then passed in 125 mesh (0.1 mm) sieve for thermal
analysis. Sample masses were 5 = 0.1 mg. The thermogravimetric experiments were conducted with 409
Jupiter® STA synchronous thermal analyzer at modern analysis center in Nanjing Tech University.
Nitrogen was purged into crucible. The scanning temperature was from 40°C to 600°C, and the heating
rate was 10 K/min. The moisture contents of Douglas fir were 6%, 12% and 18%, respectively. The DSC
200F3 produced by NETZSCH company was used to measure specific heat capacity. Hot disk TSP2500
was used to measure thermal conductivity. The samples were cut into 30 mm x 30 mm % 15 mm, and 15
mm is the direction of measurement. Thermal conductivity parallel and perpendicular to fibers of 0%, 6%,
12% and 18% moisture content Douglas fir were measured, respectively.

2.2 Thermogravimetric and DSC Test Results

Figs. 2(a) and 2(b) show the results of thermogravimetric (TG) tests. “TGA 6%”, “TGA 12%” and
“TGA 18%” represent the TG test results of Douglas fir with 6%, 12% and 18% moisture content,
respectively. The sample mass reduced slightly between 40°C and 150°C due to the moisture evaporation.
The transition zone was from 150°C to 200°C. The curves show that there was no obvious changes during
this temperature range. However, the mass reduced sharply due to the thermal decomposition from 200°C
to 400°C. At 400°C, the mass reduced to roughly 20% of the virgin material. The test results also
demonstrated that the smaller the moisture content, the smaller the mass loss between 40°C and 180°C.
But it can be concluded that the decomposition was hardly affected by the moisture content of woods.
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Figure 2: Thermo gravimetric curves at different moisture contents

Fig. 3 shows the DSC test results. “DSC 6%”, “DSC 12%”, “DSC 18%"” represent the DSC test
results of Douglas fir with 6%, 12% and 18% moisture content, respectively. There were two distinct
peaks from 40°C to 150°C and from 28°C to 420°C, which were consistent with the water evaporation and
the thermal decomposition stage of TG tests. The values of the specific heat were seriously affected by
moisture content in the water evaporation stage. The higher water content led to a larger the specific heat,
while the thermal decomposition was slightly affected by moisture content. The peaks of DSC 6%, DSC
12% and DSC 18% in the water evaporation stage were 3.6 kJ/(kg-K), 4.7 kJ/(kg-K) and 5.8 kJ/(kg-K),
respectively. The peak at the thermal decomposition was about 3.7 kJ/(kg-K). Obviously, as the wood
heats up, the temperature of the wood increased slowly because water can absorb heat in the water
evaporation stage.
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Figure 3: DSC curves at different moisture contents

2.3 Kinetic Equation for Water Evaporation and Decomposition

Based on the TG and DSC test results, 150°C can be considered as the boundary temperature of
evaporation and pyrolysis. The factors, a. and a4, can be used to describe the degree of water evaporation
and thermal decomposition, respectively.

M -
a, =#;40°C<T<1500C
ve f.e
: 1
Mvd_M o o ( )
a, =—>1 " 150C< T <700C
Mv,d _Mf,d

where M represents the mass; Mye, Mre, Mva and M represent the mass of pre-evaporation (virgin
material), after evaporation, before decomposition and after decomposition, respectively. Because the
mass remained almost unchanged during the transition zone (150°C~200°C), M;.is equal to Mya.

Then ae and aq can be expressed by the Arrhenius equation,

-E - :
4%, _ 4 exp[ 8 |(1-q, )" 40C < T <150C
dt RT
)

da, —Ea "
W _ g oex (1= ) 150C < T < 700°C
a p[ RT J( 1)

where A is the frequency factor, Fa is activation energy, n is the reaction order, (4, Ea and n called
“kinetic parameters”); subscript e and d represent evaporation and thermal decomposition, respectively; R
is the gas constant (8.314 J/molK).

To study the effects of heating rate, the Eq. (1) can be converted into:
da, A ( —Ea

e

”j(l—ae )*,40C<T <150C

=—exp
dar  p RT 3)
dad Ad _Ead nq o, o,
—==—=exp (l—ad) ,1500<T<700C
dT B RT

where /£ is the heating rate.

2.4 Calculation of Kinetic Parameters
In this study, the Coats-redfern classical method was used to calculate all the kinetic parameters.
Rearranging and integrating the Arrhenius equations, Eq. (4) can be obtained,
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_Ea
J‘ da _ :ﬁj're RT 4T )
"(1-a)" B
The right hand side can be rewritten as,
_Ea 2 _Ea (3)
ﬁjTe it gr—| ART 1_2RTje -
[0 PEa Ea
The left hand side can be rewritten as:
J-a da —a+na2 Jrn(n+1)053 . n(n+1)(n+2)oc4 (6)
‘*(1-a) 2 6 24

When the value of « was less than 0.3, the term & ? and higher order terms can be neglected,

2 _E
e ARET (1_2§Tje -
PEa a %

&) AR (1 2A) Eo N
T PEa Ea RT

1
Hence, a plot of ln% against T for small value of « should be a straight line with a slope of

E
_?a since In AR (1— ZRTJ is sensibly constant. Ea can be easily calculated from the slope of the

Ea Ea

straight line. Then the frequency factor can be obtained.

When the maximum reaction rate occurred at temperature [, the derivative of Eq. (3) gives,

m?>

Eaﬂ . _ n-1 . __Ea
RT? = An(1 a)m exp[ J )

m

Substituting Ea into Eq. (9), reaction rate can be obtained.

2.5 Dynamic Parameter Analysis Results
Tab. 1 shows the results of kinetic parameters of evaporation and decomposition. According to Eq.
(1), the mass M can be expressed as:
{MW ~a,(M,,~M,,)20<T <150C
M = | ’ |

. (10)
M, —a,(M,,~M,,)150<T<700C

Figs. 4(a) and 4(b) presents the mass loss curves with different heating rates at the water evaporation
and the whole stages. “C-R 6%”, “C-R 12%”, “C-R 18%” represent the calculation results of Douglas fir
with 6%, 12% and 18% moisture content, respectively. It can be found that the predicted values agreed
well with test results.

Table 1: Results of kinetic parameters

Dynamic model Corg:treslon Eae(J/mol) Ae(min) e Ead(J/mol) Ad(min) nd
6% 97018 2.9 x 101 2.89 96744 4.9 x107 1.86
Coats-redfern 12% 101766 2.7 %10 3.05 100227 L1x108 232

18% 111692 7.1 x 1032 3.41 107416 602 x 108 2.77
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3 One-Dimensional Heat Transfer Model

3.1 Apparent Thermo-Physical Properties

600

Figure 4: Comparison between TGA and calculation results

According to the mix rule, the wood can be considered as the combination of the virgin material
(before water evaporation), dry materials (after evaporation and before decomposition) and char (after
decomposition), respectively. The apparent density of wood can be denoted by parallel model:

p z(l_ae)pv +ae(1_ad)pd +aeadpc

where subscript v, d, ¢ represents the state of before evaporation, after evaporation and decomposition,

respectively.

The apparent thermal conductivity can be expressed by Eq. (12),

1 (l_ae)+ae(1_ad)+aead

kK k k,

v

(11

(12)

For apparent specific heat capacity considering latent heat and decomposition heat,

C,=C,  f,+(1=1)-1,C,.,+(1=f)-A=-1)C,. +d0‘e C 4

da,
dT

-C
dT ¢

(13)



1100 JRM, 2019, vol.7, no.11

where C. and Cy represent latent heat and decomposition heat, respectively, which can be obtained from
DSC tests; f. and f; represent mass fraction of un-evaporated and un-decomposed, respectively, which can

be calculated by Eq. (14):
fc = Mv,a / |:Mv,c + M,/leae / (1 -Q, ):'
fo=M, )M, +M, 0,/ (1-a,)]

(14)

The temperature-dependent thermo-physical parameters can be obtained by substituting conversion
degrees listed in Tab. 2 into the Eq. (2).

Table 2: Thermo-physical parameters used in model

Cross grain

Moisture Py Pd Pe 2 P I C. Cq
3 3 3 v d c
content  (kg/m’) (kg/m°) (kg/m°) WimK WmK WmK klJ/kg kl/kg
6% 495 467 72 0.198  0.207  0.105 108 188
12% 524 467 76.5 0.213 0.207  0.105 153 225
18% 551 467 99 0290 0207 0.105 223 201

Figs. 5 to 7 show the normalized apparent density, thermal conductivity and specific heat capacity,
respectively. The predicted results were compared with Janssens model, Eurocode 5 and Fredlund model,
respectively. It can be found that the proposed model can be used to reasonably describe the
temperature-dependent thermo-physical properties.

As shown in Fig. 5, it can be found that as the temperature increased, the relative densities decreased.
From 100°C to 200°C, the density radios calculated by the proposed model and Eurocode 5 showed a
significant reduction from the initial state, which were around 90% of its initial state. The density
calculated by Fredlund model reduced to 85% of its initial state. Because of thermal decomposition, they
all dropped dramatically until the thermal decomposition was finished. After thermal decomposition, the
predicted density radio was slightly lower than those of other models.
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Figure 5: Evolutions of temperature-dependent relative density

As shown in Fig. 6, the proposed model shows a two-stage downward trend. Janssens pointed that
before 350°C, the thermal conductivity declined with the increase in temperature, while after 350°C, the
thermal conductivity raised with the increase in temperature. Eurocode 5 measured the thermal
conductivity of woods at 20°C, 200°C, 350°C and 500°C, respectively. Within the 600°C, the thermal
conductivity did not occur significant change with the increase in temperature. Fredlund indicated that the
thermal conductivity bluff type drop occurred at 300°C.

As shown in Fig. 7, there was two distinct peaks at 75°C and 325°C, respectively. It is worth noting
that the gauge at 100°C to 120°C heat capacity suddenly increased to 13.6 kJ/(kg-K). Janssens and
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Fredlund used the same specific heat capacity model. At 250°C ~ 400°C, the specific heat obtained from
proposed model is obviously higher than that other models.
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Figure 7: Evolutions of temperature-dependent apparent specific heat capacity

3.2 Governing Equations and Boundary Conditions

According to Fourier’s law, the one-dimensional unsteady heat conduction equation can be expressed as:

or o oT 0 orT
c =k S+ 2 e =
r” 6x[x6xj 8y(“" ayj (15)
The initial temperature distribution at # = 0 is described by
T(x,y,z.0)|_, =T,(x,y,2.1) (16)

where To(x, y, z, t) is the ambient temperature of the considered specimen.

The heat fluxes exchange heat with the exposed surfaces of the wood sample by convection and
radiation, which can be expressed by means of the following boundary conditions:

oT
~ hcanv X (T - Too) + O-Ballz xé&
on

where n represents the outward normal direction of the wood surface; 7. represents the fire temperature
measured in the furnace; ficony, OBolz and Eemis are convection coefficient the Stefan-Boltzmann constant
and the emissivity, which were equal to 25 W/(m?-K), 5.67 x 10 W/(m?-K*) and 0.8, respectively [8].

_ki e,,l[SX(T4_Ta:)ai=xay,Z (17)
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4 Experimental and Numerical Verification
4.1 Experimental Program

LVL panel specimen of 60 mm thick, 146 mm width and 1000 mm long were used to measure
temperature by Thi [23]. The moisture content of the samples was 12%, and the corresponding initial
density was 570 kg/m?>. In the direction of height and width, the sample was exposed to fire on four sides.
The temperatures at various locations across the thickness were measured using a series of K-type
thermocouples, which were embedded at depths of 5 mm and 15 mm along the perpendicular directions
(horizontal for the short dimension and vertical for the long dimension), as shown in Fig. 8. Figs. 9(a) and
9(b) display LVL sample and custom-made furnace. The temperature regression curve of furnace can be
expressed as:

102.857t+30,0<¢t <7
T = (18)
750,7 <t <50

where T is the temperature Regression curve of furnace (°C), and ¢ is time (min).

1
+— 30mm —.: Symmetry

o

>
g\k 73mm

- -8
g' 15mm

Thermocouples

(a) LVL sample (b) custom-made furnace

Figure 9: LVL sample and custom-made furnace [28]

4.2 Finite Element Model

The finite element program ANSYS was used to analyze the temperature distribution of the timber
beams exposed to four-side fire. Because only one quarter of the cross-section of the specimen was
modeled, the heat transfers of sides subject to fire and the surrounding components layer were assumed to
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be heat thermal radiation and heat convection. The plane element 55 was used to model the distribution of
temperature field of any section along the beam’s longitudinal direction, while the surface effect element
SURF151 was used to model the section sideline of the thermal radiation. The initial temperature was
30°C, and the furnace temperature was the temperature regression curve.

4.3 Comparison between Predicted and Test Results of the Temperature Distribution Field

The temperature distributions at different fire-exposure times (5, 15, 25 and 30 min) are shown in
Fig. 10. The superposition of heat fluxes of the two sides (vertical and horizontal) at the corners leads to
much higher temperature in that region. The temperature in the vertical direction was higher than the
temperature in the horizontal direction because the thickness was smaller in the horizontal direction than
that in the vertical direction.

Fig. 11 displays the comparison of the predicted temperatures as a function of fire-exposure time at
different depths along the vertical directions. It can be observed that Eurocode 5, Janssens, Fredlund and
proposed model all can predict the trend of the temperature. The correlation coefficient between the test
values and the simulated values of each model was calculated. In Fig. 8(a), the correlation coefficient of
the proposed model, Janssens, Eurocode 5 and Fredlund are 0.987, 0.991, 0.986 and 0.992, respectively.
In Fig. 8(b), the correlation coefficient of the proposed model, Janssens, Eurocode 5 and Fredlund are
0.998, 0.971, 0.989 and 0.980, respectively.

In Fig. 8(a), the proposed model, Janssens and Fredlund models can predict the temperature more
accurately than Eurocode 5 when the temperature is below 400°C. The Eurocode 5, however, seems to
slightly underestimate the temperature fields at the depth of 5 mm and 15 mm along the vertical directions.
It can be attributed to its specific heat at 100°C~120°C, corresponding to the drying process. At the water
evaporation process, Eurocode 5 need to absorb more heat. The simulation value obtained from Janssens’s
model was slightly higher than the test value because of low specific heat value at moisture evaporation
and decomposition. The proposed model and Fredlund model can more accurately simulate the
temperature change of wood under high temperature.

- ANSYS
NCDAL SCLUTICN X R16.0
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Figure 10: Distribution of temperature at different fire-exposure times
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Figure 11: Experimental and predicted time-temperature profiles in vertical direction

4.4 The Effect of Moisture Content on the Temperature Distribution

Figs. 12-14 show the normalized apparent density, thermal conductivity and specific heat capacity
with different moisture contents, respectively. The effect of moisture content on the temperature
distribution was simulated by the finite element program ANSYS. Fig. 15 displays the temperature
distribution field with different moisture contents along the vertical direction. It can be found that the
lower moisture content of wood can lead to a slower increase in temperature. At the evaporation stage, the
difference of temperatures with different moisture contents become larger, while at the thermal
decomposition stage, the gap gradually diminished.
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Figure 12: Evolutions of temperature-dependent relative density
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Figure 13: Evolutions of temperature-dependent apparent thermal conductivity
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Figure 15: The Comparison between Calculation Results of the Temperature with different moisture content

5 Conclusion

In this paper, the one-dimensional nonlinear heat transfer model considered the apparent
thermo-physical properties of wood was presented. The model was validated by the four-side heating
experiments. The main conclusions are concluded as follows:

(1) The Arrhenius equation was used to describe the processes of evaporation and thermal
decomposition. Coats-redfern method was used to calculate kinetic parameters. The analytical results
agreed well with the TG results.

(2) Based on the Fourier heat conduction law, the one-dimensional nonlinear heat transfer model
considered the apparent thermal parameters was established. Well agreement was found between the test
and simulated results.

(3) The time-dependent temperature distributions as well as thermo-physical properties can be
estimated with this model. Moreover, the proposed model for calculating apparent thermo-physical
properties have clear physical meanings.

(4) The effect of moisture content on thermo-physical properties was serious at the water evaporation.
The latent heat at the water evaporation of 18% moisture content was twice as large as the latent heat of 6%
moisture content. But it has no effect at the thermal decomposition. The lower the moisture content of
wood, the slower the temperature rise when wood is subjected to high temperature.



JRM, 2019, vol.7, no.11 1107

Acknowledgement: The research described here was supported by the National key research and
development program of China (Grant No. 2017YFC0703001) and National Natural Science Foundation
of China (Grant No. 51678297).

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zhou, J., Wang, L. (2019). Repair of fire-damaged reinforced concrete members with axial Load: a review.
Sustainability, 11(4), 963.

Lai, M. H., Hanzic, L., Ho. J. C. M. (2018). Fillers to improve passing ability of concrete. Structural Concrete, 1-3.
Chen, M. T., Young, B. (2019). Behavior of cold-formed steel elliptical hollow sections subjected to bending.
Journal of Constructional Steel Research, 158, 317-330.

Li, L. Z, Liu, X, Yu, J. T, Lu, Z.D., Su, M. N. et al. (2019). Experimental study on seismic performance of
post-fire reinforced concrete frames. Engineering Structures, 179, 161-173.

Xia, Y. W, Li, X. P, Peng, Y., Lai, M. H., Wang, L. (2018). Impact and post-impact performance of sandwich
wall boards with GFRP face sheets and a web-foam core: the effects of impact location. Materials, 11, 1714.
Zhang, L. F., Liu, W. Q., Wang, L., Ling, Z. B. (2019). Mechanical behavior and damage monitoring of
pultruded wood-cored GFRP sandwich components. Composite Structures, 215, 502-520.

Lai, M. H., Chen, M. T,, Ren, F. M., Ho. J. C. M. (2019). Uni-axial behaviour of externally confined UHSCFST
columns. Thin-Walled Structures, 142, 19-36.

Lai, M. H., Ho. J. C. M. (2017). An analysis-based model for axially loaded circular CFST columns.
Thin-Walled Structures, 119, 770-781.

Lai, M. H., Liang, Y. W., Wang, Q., Ren, F. M., Chen, M. T. et al. (2019). A stress-path dependent stress-strain
model for FRP-confined concrete. Engineering Structures. https://doi.org/10.1016/j.engstruct.2019.109824.

Lai, M. H., Ho. J. C. M. (2014). Confinement effect of ring-confined concrete-filled-steel-tube columns under
uni-axial load. Engineering Structures, 67, 123-141.

Li, H. T, Qiu, Z. Y., Wu, G., Wei, D. D., Lorenzo, R. et al. (2019). Compression behaviors of parallel bamboo
strand lumber under static loading. Journal of Renewable Materials, 7(7), 583-600.

Li, H. T, Qiu, Z. Y., Wu, G., Corbi, O., Wang, L. B. et al. (2019). Slenderness ratio effect on eccentric
compression performance of parallel strand bamboo lumber columns. Journal of Structural Engineering ASCE,
145(8), 04019077.

Kung, H. C. (1972). A mathematical model of wood pyrolysis. Combustion and Flame, 18(2), 185-195.

Bryden, K. M., Ragland, K. W., Rutland, C. J. (2002). Modeling thermally thick pyrolysis of wood. Biomass
and Bioenergy, 22(1), 41-53.

Shen, D. K., Fang, M. X., Luo, Z. Y., Cen, K. F. (2007). Modeling pyrolysis of wet wood under external heat
flux. Fire Safety Journal, 42(3), 210-217.

Park, W. C., Atreya, A., Baum, H. R. (2010). Experimental and theoretical investigation of heat and mass
transfer processes during wood pyrolysis. Combustion and Flame, 157(3), 481-494.

Blasi, C. D. (1993). Analysis of convection and secondary reaction effects within porous solid fuels undergoing
pyrolysis. Combustion Science and Technology, 90, 315-340.

Blasi, C. D. (2009). Combustion and gasification rates of lignocellulosic chars. Energy Combust, 35(2),
121-140.

Zhang, J., Liu, Z. H., Xu, Y. X. (2012). An experimental and numerical study on the charring rate of timber
beams exposed to three-side fire. Science China Technological Sciences, 55(12), 3434-3444.

EN1995-1-2: 2004, Eurocode5 (2004). Design of timber structures, Parti-2: General-structural fire design.
CEN TC250-SC5, Brussels.

Janssens, M. L. (2004). Modeling of the thermal degradation of structural wood members exposed to fire. Fire
and Materials, 28(2-4), 199-207.

Henderson, J. B., Wiebelt, J. A., Tant, M. R., Moore, G. R. (1982). A method for the determination of the
specific heat and heat of decomposition of composite materials. Thermochimica Acta, 57(2), 161-171.



1108 JRM, 2019, vol.7, no.11

23. Bai, Y., Vallée, T., Keller, T. (2007). Modeling of thermo-physical properties for FRP composites under elevated
and high temperatures. Composites Science and Technology, 67(15), 3098-3109.

24. Liu, N. A, Fan, W. C. (1998). Modelling the thermal decompositions of wood and leaves under a nitrogen
atmosphere. Fire and Materials, 22(3), 103-108.

25. Reina, J., Velo, E., Puigjaner, L. (1998). Thermogravimetric study of the pyrolysis of waste wood.
Thermochimica Acta, 320(1), 161-167.

26. Shi, L., Chew, M. Y. L, Liu, X., Cheng, X. D., Wang, B. et al. (2017). An experimental and numerical study on
fire behaviors of charring materials frequently used in buildings. Energy and Buildings, 138, 140-153.

27. Coats, A. W., Redfern, J. P. (1964). Kinetic parameters from thermogravimetric data. Nature, 201, 68-69.

28. Thi, V. D., Khelifa, M. (2017). Finite element analysis of heat transfer through timber elements exposed to fire.
Engineering Structures, 143, 11-21.



	Thermal Responses of Woods Exposed to High Temperatures Considering Apparent Thermo-Physical Properties
	Yun Zhang1, Lingfeng Zhang2, Zhiwei Shan3, Lu Wang1,* and Weiqing Liu1

	2 Thermal Kinetics Analysis
	3 One-Dimensional Heat Transfer Model
	4 Experimental and Numerical Verification
	4.1 Experimental Program

	5 Conclusion
	References

