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Experimental and numerical investigation of the fire 
performance of densified spruce wood

Tran Trong Tuan(1)

Abstract
This paper presents experimental and numerical 

investigations to assess the relative fire structural 
resistance of thermo-mechanically compressed (or 

densified) spruce wood. First of all, both compressed 
and uncompressed spruce samples of dimensions of 100 

mm x 100 mm x 19 mm have been subjected to fire in a 
cone calorimeter under 20 kW/m2 and 75 kW/m2. Finally, 

a predictive finite element model based on three-step 
multi-reactions of pyrolysis is proposed for the thermal 

transfer and degradation analyses of timber material. 
The simulated thermal profiles, the mass loss as well as 

the charring depths were compared to the experimented 
results showing a fairly good agreement.
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1. Introduction
Fire resistance should be understood as the characteristic 

times involved in the degradation, burning and loss of density and 
mechanical properties of the material. Among other timber species, 
spruce timber is known for its lower thermo-physical properties 
(thermal conductivity, specific heat and density) thanks to its porosity 
level. However, information on the thermo-physical properties of 
compressed spruce timber is not available. In fact, the objective of the 
thermomechanical compression process is to increase the density of 
spruce timber by reducing as much as possible its porosity, which in 
turn can greatly affect the thermal conduction.

It has been found that the densification process increases the fire 
performance of wood material by modifying the thermal properties 
[1–2], including heat release rate and flammability. Gan et al. [3] 
presented a study showing how delignification and densification of 
wood can substantially improve the fire-retardant properties of wood 
materials. Yue et al. [4] combined resin impregnation and densification 
of Chinese fir to improve its combustion performance. Chen et al. [5] 
combined delignification, bentonite impregnation, and densification of 
wood to enhance flame-retardancy of wood.

Pyrolysis is a crucial process to understand the fire behavior of 
wood [6–8]. In recent years, pyrolysis modeling is extensively used to 
predict the thermal degradation of polymers in general and wood in 
particular. Several numerical pyrolysis models have been formulated 
for wood including basic and more detailed chemical schemes 
to represent the transformation of the virgin components of wood, 
namely hemicellulose, cellulose, and lignin. Readers can referr to 
[1–16] for a better reading on the pyrolysis chemical schemes and 
related modeling aspects.

In this paper, the heat transfer and thermal degradation of 
both compressed and uncompressed spruce have been studied 
experimentally and compared. The pyrolysis process suggested 
by Blasi et al. [17], was modified and extended to a three-steps 
multi-reactions pyrolysis finite element model to deal with the 
thermal behavior of wet wood under fire conditions. The developed 
pyrolysis finite element (FE) model was calibrated with regard to the 
experimental database and used to simulate the thermal behavior of 
uncompressed and compressed wooden plates under fire conditions. 

2. Fire tests under a cone calorimeter
2.1. Materials

Spruce timber plates without visible defects, either compressed 
or uncompressed, having the dimensions of 100mm x 100mm x 
19mm were used in this study (Figure 1). The initial density of the 
uncompressed spruce plates was 449 kg/m3 (±3%). The compressed 
wood plates were obtained by thermomechanical compression of 
spruce blocks (cut from the same wood as for the uncompressed 
plates) in the radial direction [18] up to a compression ratio (CR) 
of 68% (the CR is defined as the ratio between the final and initial 
thickness). For a better reading of the compression process, readers 
can referr to [18]. Thanks to the thermomechanical compression 
process, the mean density of the spruce plates was increased from 
449 kg/m3 to 1210 kg/m3 (±1.4%).
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2.2. Experimental set-up
Experiments on thermal decomposition of both 

compressed and uncompressed spruce were undertaken 
using a cone calorimeter (Figure 2) using the samples 
depicted in Figure 1 with dimensions of 100mm x 100mm 
and 19mm thick, with moisture content (MC) ranging from 
7 to 8%. All the samples were heated on one side using 
two different uniform heat fluxes, namely 20kW/m2 and 
75kW/m2, with a potential of maximal temperatures at the 
exposed surfaces of 600oC and 850oC, respectively. The 
unexposed surfaces (one opposite and four lateral surfaces) 
were protected from direct heating to allow exchange with 
the room temperature. K-type thermocouples were placed 
on both the exposed and the unexposed surfaces to record 
the temperature rise during the thermal decomposition. The 
mass of samples was continuously recorded using a precise 
electronic balance every one second. In addition, an infrared 
camera was used to control the distribution of the heat flux on 
the exposed surface. The tests were carried out according to 
the standard ISO 5660-1.
2.3. Experimental results

Figures 3 and 4 display the mean experimental mass loss 
curves over the fire exposure time under 20kW/m2 and 75kW/
m2 heat fluxes, respectively, for both the uncompressed and 
compressed spruce samples. It can be observed from Figure 
3 that both the uncompressed and compressed samples 
exhibit a similar plateau-like mass loss up to about 300oC, 
which corresponds to the isotherm point of the pyrolysis. The 
beginning of this plateau corresponds to the drying stage up 
to about 100oC.

Beyond the temperature level of 300oC, corresponding to 
about 5 min exposure time to fire, the thermal decomposition 
of both uncompressed and compressed samples starts 
but the uncompressed samples pyrolyzed very quickly as 
compared to the compressed samples. However, in the case 
of heat flux of 75kW/m2 (Figure 4), both uncompressed and 
compressed samples do not exhibit the plateau-like mass 
loss, and the thermal decomposition of both starts from the 
beginning of heating, and no obvious drying process was 
observed at this heating level (75kW/m2) because probably, 
this has occurred very quickly. This result is coherent with 
that reported in [19]. Moreover, it can be clearly seen that the 
pyrolysis (charring rate) of the compressed samples is very 
slow by comparison to the uncompressed samples.

Furthermore, the experimental charring layers for both 
uncompressed and compressed samples are depicted in 
Figure 5. The experimental observation of the charring 
depths confirms the results depicted in Figures 3 and 4. It 
can, therefore, be concluded that the compressed samples 
exhibit low charring rate than the uncompressed ones.

3. Numerical simulation
3.1. Finite element modeling

A finite element model for the thermal behaviour (pyrolysis) 
of timber under fire based on three-steps multi-reaction 
kinetics is proposed. The model is inspired by the three-
steps kinetic model proposed by Blasi et al. [17] to analyze 
the thermal decomposition of wood. That model states that 
dry wood is composed of three pseudo-components A1, A2, 
and A3, each of them corresponds to specific kinetic law and 
a mass fraction α1, α2, and α3, respectively [17].

The general flowchart of the proposed three-steps 
pyrolysis model is given in Figure 6, including the drying 
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Figure 2: Experimental set-up for cone calorimeter 
test

Figure 3: Experimental mass loss under exposure to 
20 kW/m2 heat flux

	           (b) 68% compressed samples

Figure 1: Typical studied spruce timber plates 

(a) Uncompressed samples
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process. As shown in Figure 6, the kinetic mechanisms 
involved in the three parallel decompositions of the pseudo-
components A1, A2, and A3 are associated with the rate 
constants of reactions k1, k2, and k3. By assuming that the 
kinetic is described by first-order laws for the three reactions, 
the mass balance of the wet solid and associated components 
can be expressed as follows:
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Eqs. (1) to (4) show that the mass of the sample during 

the pyrolysis at a fixed temperature in an inert atmosphere 
depends on six parameters (α1, α2, α3, k1, k2, and k3), which 
are defined based on experimental data, including inverse 
approach analysis using the gravimetric test data.

The energy conservation equation for the pyrolysis of the 
wet wood was adapted from the one-dimensional model by 

Shen et al. [20] and modified to consider 3D heat transfer 
model as well as the different pyrolysis reactions involved 
in the three-steps thermal decomposition model as follows 
[21-22]:
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By introducing the mass fractions of the pseudo-
components A1, A2, and A3, the Eq. (5) becomes:
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where "
rQ  is the energy source resulting from the sum of 

reaction heat of the three pyrolysis reactions (endothermic 
and exothermic), including the drying at temperature T, which 
can be expressed as:
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CpG=2.4, CpC=1.39, Cpl=4.18, Cpv=1.58 (kJ.kg-1.K-1) are 
the specifc heat for gas, char, liquid, and vapor [20]. Specific 
heat values, Cpw, for both compressed and uncompressed 
wood are taken from experiment of thermogravimetric test 
at 60 oC (1382 and 1405). Δhi (kJ.kg-1) represent constants 
of the standard resulting heat for resultants and reactants 
per unit mass (enthalpy) and they are taken from [20] as 
follows: 0 0 0

1 2 3 420h h h∆ = ∆ = ∆ = −  (for pyrolysis reactions: 
transformation of wood to char and gas), 0 2440vh∆ = −  (for 
drying process: transformation of moisture to vapor).

λx, λy = λz are the variable thermal conductivity coefficients, 
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Figure 4: Experimental mass loss under exposure to 
75 kW/m2 heat flux

(a) Uncompressed spruce	 (b) Compressed spruce

Figure 5: Experimental charring layer under 20 kW/m2 and 
20 min exposure

Figure 6: The three-steps multi-reactions 
of pyrolysis of wet wood
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in the transverse and longitudinal directions, of the 
equivalent solid depending on the solid conversion η 
and on the thermal conductivity coefficients of char, 
λc, and wet wood λw [20]:

	 w. (1 ).i ci i= + −λ η λ η λ 			  (8)
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Conductivity reference values for compressed 
and uncompressed wood are taken from hot plate 
method (λw=0,096 for native wood and λw=0,175 
for compressed wood), and assumed to evolve as 
a function of the humidity according to the relation 
by [20]: λw=0.096+0.369X and λw=0.175+0.369X, 
respectively, for uncompressed and compressed 
wood. X represents the moisture content (in %). Here, the 
thermal conductivity of wood in the two transverse directions, 
namely tangential and radial directions, is assumed identical 
(λx=λy). While the longitudinal thermal conductivity is 
assumed to be the same (λz=0.2W/(m.K)) as for native wood 
(uncompressed). 

The rate constants of reactions k1, k2, and k3 are assumed 
to obey the first-order Arrhenius law, depending on the 
temperature T, the activation energy Ei (J.mol-1) of reaction 
i, the gas constant R=8.314 J/(mol.K) and the pre-exponent 
factor Ai (s-1) of the reaction i, as follows:
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Table 1: Identified kinetic parameters for the three-
steps pyrolysis model

Reaction Ei [kJ/mol] Ai [1/s] αi

(1) 102 1,15×107 0,25
(2) 220,9 1,16×1016 0,37
(3) 30 5,85×10-1 0,2

The parameters related to fractions α1, α2, α3, the 
activation energy Ei and the pre-exponent Ai are obtained 
using the inverse approach based on the mass loss curves 

and their derivatives obtained from the TGA-type tests. The 
identified parameter values are summarized in Table 1.

The developed three-steps pyrolysis reactions finite 
element model was successfully implemented in the Abaqus 
commercial software via the user-defined UMATHT.
3.2. Numerical simulation and validation of the FE model

Both uncompressed and compressed spruce square 
plates were simulated using the developed finite element 
model. 3D solid quadratic elements of Abaqus (CD320) were 
used to generate the finite element mesh (Figure 7). It is 
worth noting that even if the FE-model is a 3D formulation, 
at this stage of the study the application considered is a 
one-dimensional problem. Heat exchange, by radiation and 
convection, was used for the unexposed surfaces to allow 
exchange with the temperature room (23oC). A heat transfer 
coefficient of 12.5W/m2.K and radiative transfer coefficient of 
0.92 was used in the simulations.

The thermal profiles for both uncompressed and 
compressed spruce plates were simulated and compared 
to the experimentally recorded temperatures (Figure 8). 
In addition, the Eurocode 5 [23] model was applied for 
comparison purposes using the surface temperature 
recorded experimentally on the sample exposed surface (see 
Figures 3 and 4) as the boundary condition (the imposed 
temperature). This is similar to the ISO-834 fire curve [24] 
suggested by the Eurocode. Modified thermo-physical 

Figure 7: Finite element model of the spruce plate
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