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Compression Test of Thermally-Treated Beech Wood:
Experimental and Numerical Analysis
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Experimental and numerical analysis of a compression test carried out on
samples of as-received and thermally-treated beech (Fagus sylvatica L.)
wood is presented. In a normal climate, samples with the dimensions of
20 x 20 x 20 mm were exposed to static compressive loads parallel and
transverse to the grain. Afterwards, the test was modelled using the finite
element method. It was confirmed that, after thermal modification, the
wood’s density decreased and the stiffness in both tested directions
increased. After the thermal treatment, the strength of beech wood
increased in the direction parallel to the grain and decreased in the
direction transverse to the grain. Based on the comparison of experimental
and numerical results, it is possible to use the hyperelastic constitutive law
to reasonably model the force and displacement obtained in the
compression test samples.
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INTRODUCTION

Thermal treatment is a promising, environmentally friendly method for the
protection of wood that reduces its hygroscopicity and consequently improves its
dimensional stability and durability, both of which are needed for outdoor applications
(Bourgois and Guyonnet 1988; Tjeerdsma et al. 1998; Militz 2002; Bekhta and Niemz
2003). The important negative aspect of thermal modification is the loss in mass and
strength, and the alteration of stiffness, which limit the potential use of thermally treated
wood in structural applications.

Timber engineering deals with the evaluation of the load-bearing capacity of
structural members in areas connected with mechanical connectors, openings, and notches.
The load-bearing safety of structural units is usually acquired on the basis of experimental
investigations with subsequent finite element (FE) simulations (Gaff et al. 2015). The
numerical data of strength and stiffness of solid wood from several published works
(Kollmann and Cote 1968; Dinwoodie 2000; Mackerle 2005) has been reported. In
reference to compressive loads, many studies have been conducted on elastic compression
mechanisms (Bodig and Jayne 1982; Niemz 1993) and underlying fracture criteria
(Daudeville 1999; Mackenzie-Helnwein et al. 2003). Further publications examined the
different angles of the grain (Reiterer and Stanzl-Tschegg 2001), and special aspects, such
as the impact of temperature, moisture content (Hering et al. 2012; Hering et al. 2013;
Ozyhar et al. 2013a), size effects (Schneeweiss 1963; Dill-Langer et al. 2003), creep
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dependency (Keith 1972), and the strain rate effects (Reid and Peng 1997; Vural and
Ravichandran 2003).

Changes and modifications to the wooden components were confirmed after the
thermal treatment of wood from previous works (Kollmann and Fengel 1965; Dietrichs et
al. 1978; Bourgois and Guyonnet 1988; Yildiz and Gumuskaya 2007) and appear to be
involved in the effect of thermal treatment on the general reduction of wood mechanical
properties (Kubojima et al. 2000a; Santos 2000; Windeisen et al. 2008; Taghiyari et al.
2012). Consequently, the reexamination of the mechanical properties of thermally treated
wood is desired when the material is purposed for construction applications. During
compressive loading testing, a slight increase in the compression strength along the grain
was reported for poplar, beech, and ash woods after the thermal modification procedure
(Windeisen et al. 2008; Taghiyari et al. 2012). The authors contribute the rise in
compression strength to the relative increase in lignin content and its condensation, which
was confirmed using NIR spectroscopy (Windeisen et al. 2008).

This study was performed to investigate the impact of an industrial thermal
treatment process on the behavior of defect-free wood under compression loads.
Furthermore, these findings can be used to elaborate on the potential use of thermally-
treated wood in the construction sector by researching proper material simulation models.

EXPERIMENTAL

Materials

Ten beech wood boards (Fagus sylvatica L.), 32 mm by 2 m (thickness by length
(L)), having no visible defects, were randomly selected from the conditioned warehouse (T
=20 °C; RH =65%) of an industrial thermal treatment company (Evolen, Novska, Croatia).
Selected boards were split into halves (L = 1 m) for the control (C) board samples and
thermally-treated board samples (TT). Industrial thermal treatment in an unsaturated steam
atmosphere (Pam = 1.2 bar) was performed at the Evolen company (Croatia) on TT board
samples. The treatment included the following phases: a pre-drying phase (T = 105 °C; t =
24 h) and a stepwise heating phase (AT = +15 °C/h). Heating at a maximum temperature
of 210 °C for 4 h was followed by cooling (AT = —15 °C/h) and conditioning (T = 20 °C;
RH = 65%). The treatment was regarded as an intensive modification, and offered a
compromise between good stability and durability, as well as an assumed decrease in
mechanical properties. However, detailed processing data was confidential and thus could
not be published.

Two prismatic and oriented compression wood specimens 20 x 20 x 20 mm
(longitudinal x radial % tangential) were constructed after the treatment process from each
oriented board of unmodified (C) and thermally-treated wood (TT) for the transverse (T)
and along the grain (L) uniaxial compression testing.

Methods
Experimental procedures

Compression wood specimens were conditioned at room temperature (T = 20 +
0.1 °C) by storing them into a chamber with a saturated salt solution (NaNOz; RH = 65 +
1%) to achieve the equilibrium state. Beforehand, the compression test specimens were
weighed (Am =+ 0.001 g) and measured (AL = £ 0.01 mm) to determine the density (p) of
each specimen.
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Transverse (T) and longitudinal (L) displacement-controlled compression tests
were conducted using a Universal Testing Machine (ZwickZ100, Ulm, Germany) with a
load cell with the maximum capacity of 100 kN. The specimens were loaded until failure
with a constant loading rate so that the specimen failure was reached in 90 + 30 sec. The
loading rate was adjusted in both tested wood directions (Fig. 1). The stress-strain data was
captured at 0.1 s time intervals.

The Young’s modulus of elasticity (MOE) was obtained from the ratio of the stress
(o) to the relative strain (¢) measured in the linear elastic range. The specific stress
boundaries i1 and oi2 were set at 10% and 40% of the specimen strength and adjusted in
accordance with the wood direction. The ultimate strength (omax) was calculated from the
maximum load (Fmax) at the point of failure and at the cross sectional area (A) of the
unloaded specimen (Fig. 1).
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Fig. 1. Principle of loading direction and determination of compression modulus of elasticity and
ultimate stress from the stress-strain relationship

Specimens were dried after the compression test in a vacuum drier (T =50 °C; P =
20 mbar). The gravimetric method was used to determine the moisture content (MC) from
the difference between equilibrium (me) and oven-dry mass (mo) of each specimen (SIST
EN 13183-1).

Numerical procedures

In case the force-displacement curve consisted of linear and non-linear parts it is
not possible to model the test results using Hook’s Law, which applies only for linear
elastic materials. In this case it is a possibility to use hyperelastic material models
(Constitutive Law) to calibrate the data presented in the form of the experimental force-
displacement curve.

Hyperelastic materials are described in terms of a “strain energy potential,” which
defines the strain energy stored in the material per unit of reference volume (volume in the
initial configuration) as a function of the strain of a single point in the material (Abaqus
2013). Several traditional constitutive hyperelastic models (Yeoh, Ogden, Neo Hooke,
Marlow, etc.) were analyzed in this study. Through extensive numerical simulations,
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Marlow’s constitutive model was chosen as an appropriate model for the data presented in
this work.

The form of the strain energy potential per unit of reference volume in the Marlow
constitutive model is defined as follows (Abaqus 2013):

U=Uger (1_1) + Uvol(]el) 1)

where Ueev indicates the deviatoric part, Uvol stands for the volumetric part, I, stands for

the first deviatoric strain invariant, and Jer is the elastic volume ratio. The deviatoric part
of the potential is defined as either uniaxial, equibiaxial, or planar, depending on the test
data, while the volumetric part is defined by the volumetric test data, Poisson's ratio, or
specifying the lateral strains together with the uniaxial, equibiaxial, or planar test data
(Abaqus 2013).

The Marlow model was appropriate when only one set of test data was available.
In this case, the strain energy potential was constructed so it would fit the test data very
accurately. Furthermore, the model covered reasonable behavior in other deformation
modes (Abaqus 2013).

Regarding the symmetry of the test samples (a cube with 20 mm long sides), only
one quarter of the test samples were modeled with the appropriate symmetry boundary
conditions being specified (Fig. 2). The symmetric planes were y-z and x-y. Figure 2
presents the boundary conditions with quasi-static load (displacement) in the direction —y
and with the support of the lower surface in the plane x-z, in the direction of the normal y.
The model was discretized with 20 noded quadratic hexa elements (Fig. 2c). The presented
numerical model adequately described the conditions during the compression test.

A) Loading in -y B) C)
Fixed normal
to x

Fixed normal
toz

L’,‘ Fixed normal
toy

Fig. 2. Finite element model: A) boundary conditions B) discretization of the model, and C)
guadratic finite element

RESULTS AND DISCUSSION

The thermal treatment significantly reduced the density of beech wood, determined
at a normal climate (Ap = —10.3%), from a mean value of 712 kg/m? to 639 kg/m? (Fig. 3).
The reduction of wood density was expected and confirmed in several studies (Kubojima
et al. 2000a; Poncsak et al. 2006), primarily as a consequence of the thermal degradation
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of wood polyoses (Dietrichs et al. 1978; Bourgois and Guyonnet 1988). However, smaller
portion of wood density changes can be attributed to the reduction in the equilibrium
moisture content, which was lowered at the tested climate from 7.9% to 3.3% (Fig. 4).
VVolume shrinkage of 2.0% is namely established by reduced EMC of thermally treated
wood (AEMC = -4.6%), when shrinkage coefficients of 0.252 %/% and 0.175 %/% in
tangential and radial direction of this material are considered (First et al. 2010). Therefrom
the relative wood mass loss of approx. 12% was achieved after the treatment, and even
exceeded the reduction of wood density.
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Fig. 3. Wood density (p) distribution before (C) and after (TT) the thermal treatment of beech
wood
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Fig. 4. Moisture content (MC) distribution before (C) and after (TT) the thermal treatment of
beech wood

The stiffness of thermally-treated beech wood, determined at a normal climate, was
generally increased. The 29.4% increase in mean MOE along the grain was confirmed after
the thermal treatment (MOELc = 7.5 GPa; MOEL 1T = 9.7 GPa). Similarly, the stiffness
transverse to the grain (MOEr.c = 1.8 GPa; MOET.t71 = 2.1 GPa) increased by 16.2% (Fig.
5). This increase in stiffness is often reported at mild thermal treatment conditions
(Kubojima et al. 2000b; Santos 2000), where it is related to the formation of new chemical
bonds with higher binding energy than in case of cleaved hydrogen bonds (Rusche 1973).
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The separate FT-NIR spectroscopic analysis of the same material also confirmed chemical
modification of hemicelluloses, amorphous and semi-crystalline cellulose, and lignin
(Straze et al. 2013). However, increased stiffness after thermal treatment might be related
to the reduced MC of thermally treated beech wood, since the negative relationship
between wood stiffness and moisture content is well known (Borrega and Karenlampi
2008; Hering et al. 2012; Ozyhar et al. 2013b).
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Fig. 5. Longitudinal (left) and transverse stiffness distribution (right) before (C) and after (TT) the
thermal treatment of beech wood

The thermal treatment caused alternate changes in the compression strength of
beech wood. After the treatment, the ultimate compression strength of beech along the
grain increased by 44.8% (omaxLc = 49.7 MPa; omaxL 1T = 72.0 MPa), whereas the
compression strength transverse to the grain decreased by 24.7% (omaxt.c = 10.5 MPa;
omax.7.TT = 7.9 MPa) (Fig. 6). This slight increase in compression strength along the grain
was also found for various wood species after thermal modification; this was explained by
the relative increase in lignin content and its condensation after the process (Zaman et al.
2000; Windeisen et al. 2008; Taghiyari et al. 2012). Studies indicate a clear increase in
compression strength of thermally-treated wood along the grain, additionally with a lower
amount of bound water, which was established also in this research (Boonstra et al. 2007).
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Fig. 6. Longitudinal (left) and transverse ultimate strength distribution (right) before (C) and after
(TT) the thermal treatment of beech wood

The compression strength perpendicular to the grain was much lower than the
strength parallel to the grain; this might be explained by the presence of weak and soft
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secondary bonds acting in the transverse direction of the cellulose microfibrils (Winandy
and Rowell 1984). The FT-NIR study of this material also confirmed changes of semi-
crystalline cellulose regions (Straze et al. 2013). In the transverse direction, the effect of
the cellulose microfibrils on the compression strength was limited when compared to the
longitudinal direction. Therefore, the assumed degradation of hemicelluloses within the
lignin-hemicellulose matrix after the thermal treatment might reduce the load sharing
capacity of wood and more prominently effect the compression strength in the transverse
direction (Winandy and Rowell 1984; Winandy and Lebow 2001). The decrease in the
radial compression strength after thermal treatment might be additionally affected by small
radial fissures (Boonstra et al. 2006).

Numerical Results

Force and displacement were recorded for each compression test and modeled using
the finite element method. Therefore each compression test was modeled separately with
material response consideration only in one axial plane. Comparison of results for different
material models (Marlow, Yeoh, Ogden) are presented in Fig. 7.
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Fig. 7. Comparison between different material models for modelling of compression test for
thermally-treated (TT) board samples in the transverse loading direction

Results in Figure 7 show that the Marlow material model was the most appropriate
for simulation of presented experimental tests. Therefore it was used for numerical
modeling of presented experimental tests.

The comparison between numerical and experimental results is presented in Figs.
8 and 9. It was evident from the results in Fig. 8 that the largest compressive force in the
transverse direction was approximately the same for the control (C) and thermally-treated
(TT) board samples, whereas the largest compressive forces in the longitudinal direction
were approximately 50% larger in thermally-treated (TT) samples than the control (C)
samples. The results in Fig. 8 and Fig. 9 also show a favorable alignment between the
experimental measured data and computational simulation results. It can be concluded that
the Marlow constitutive model was appropriate for computational simulation of the
presented problem.
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Fig. 8. Comparison between numerical and experimental results for the control (C) and thermally-
treated (TT) board samples in the transverse loading direction
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Fig. 9. Comparison between numerical and experimental results for the control (C) and thermally-
treated (TT) board samples in the longitudinal loading direction

The presented results apply for cases when forces act in one direction only (either
in the longitudinal or transverse direction). Consequently, the use of the presented
numerical model is limited, in practice, when loads with components are simultaneously
active in both directions — longitudinal and transverse.

CONCLUSIONS

1. The intensive thermal treatment caused notable wood mass loss and a reduction of
wood density (10.3%), presumably because of the degradation of wood hemicelluloses.
The decreased equilibrium moisture content (AEMC =—-58%) was confirmed at normal
climate conditions.
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2. After the thermal treatment, the compression modulus of elasticity of beech wood
increased by 29.4% along the grain and 16.2% transverse to the grain.

3. Because of the thermal treatment, the ultimate compression strength of beech wood
parallel to the grain increased by 44.8% and decreased by 24.7% perpendicular to the
grain.

4. The alteration of testing mechanical properties was mostly attributed to the chemical
changes of thermally treated wood. Additionally, the impacts of beech wood’s
structural anisotropy on strength and stiffness properties were present, combined with
differences in EMC of innate and thermally treated wood.

5. It was evident from the experimental results that the largest compressive force in the
transverse direction was approximately the same for the control (C) and thermally-
treated (TT) board samples, whereas the largest compressive force in the longitudinal
direction was approximately 50% larger in thermally-treated (TT) samples than in
control (C) samples.

6. In this research, numerical simulations were dealt with separately for loads in the
longitudinal and transverse directions. It was established that wood behavior during
compression testing can be very accurately described by these two loading directions
using the Marlow model for hyperelasticity.
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