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Abstract 

The effects of different levels of thermal modification of spruce wood on the fracture properties of 
wood exposed to different moisture contents was investigated. Specimens were thermally modified 
at temperatures of 180 °C, 200 °C and 230 °C and then equilibrated together with unmodified 
specimens at relative humidities of 20 %, 44 %, 76 % and 88 %. Double cantilever beam specimens 
with TL and RL orientation were used for testing. The crack length was determined by digital image 
correlation and the compliance of the specimen was determined by multiple unloading of the 
specimen. The strain energy release rate was calculated, which decreased with increasing degree of 
modification and increased with increasing moisture content. The analysis showed that the strain 
energy release rate increased more with moisture content for unmodified samples, while the 
dependence of the release rate on moisture wasn't so clear for modified samples. The strain energy 
release rate values are higher in the TL orientation than in the RL orientation, while the crack length 
has no significant influence. The highest strain energy release rate was 0.256 N/mm for the 
unmodified TL specimens exposed to 88 % relative humidity and the lowest was 0.071 N/mm for the 
RL orientation of the thermally modified specimens at 220 °C and then exposed to 88 % relative 
humidity. From all measurements, functions were fitted to calculate the strain energy release rate as 
a function of orientation, degree of modification, moisture content and density of the spruce wood, 
which can be used to calculate the strain energy release rate for any combination of the factors 
studied. 

Keywords: double cantilever beam, strain energy release rate, compliance, fracture process zone 

Introduction 

The use of wood for building purposes is increasing every year, as wood offers a sustainable building 
principle. Currently, coniferous wood is still mainly used, but the use of hardwood is also increasing, 
with spruce making up a large proportion of softwood in Europe. However, as wood is biodegradable 
and subject to decomposition by rot fungi, especially in high humidity, it needs to be protected. In the 
past, mainly chemical preservatives were used, but they're very controversial from an environmental 
point of view because they endanger health. 

Thermal modification of wood is a more environmentally friendly way to protect against pests, but 
thermal modification also changes the properties of the wood. Positive changes include increased 
dimensional stability and reduced hygroscopicity, as well as increased bio-resistance (Bekhta and 
Niemz 2003, Tjeerdsma et al. 1998). However, the degree of thermal modification usually also reduces 
the mechanical properties, which is undesirable. Thus, various authors have found a decrease in 
density, elastic modulus and strength in different directions for different tree species of thermally 
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modified wood (Andor and Lagaňa 2018, Kurul and Görgün 2022, Molinski et al. 2018, Nhacila et al. 
2020, Roszyk et al. 2020, Wang et al. 2018). In addition to thermal modifications, various types of 
modifications are also known which also affect the mechanical and other wood properties (Thybring 
and Fredriksson 2021). 

In addition to elastic and strength properties, thermal modification also alters fracture properties. The 
change in fracture properties of thermally modified wood has been studied by several authors 
(Hlásková et al. 2021, Hughes et al. 2015, Majano-Majano et al. 2012, Murata et al. 2013, Pitti et al. 
2016, Sebera et al. 2019), mostly investigating various modification levels at one wood moisture 
content, or one modification level at different moisture contents of the wood (Hanincová et al. 2022, 
Reiterer and Tschegg 2002, Stanzl-Tschegg and Navi 2009, Stanzl-Tschegg et al. 1995, Tukiainen and 
Hughes 2016, Vasic and Stanzl-Tschegg 2007, Xavier, Monteiro, et al. 2014). 

One of the first to study fracture properties based on the stress intensity factor of rectilinearly 
anisotropic material was Sih (Sih et al. 1965). Shortly after Rice (1968) developed the well-known J-
integral based on the stress and strain energy around the crack tip. Today, the contributions of both 
authors form the basis for various recent approaches to determine the fracture toughness of wood (El 
Kabir et al. 2018, Moutou Pitti et al. 2008, Odounga et al. 2018, Subramanyam Reddy et al. 2018), 
which in turn can give different results using different approaches (Merhar et al. 2013). 

Various specimen shapes are known for fracture characterization (Kumar 2009), where only the initial 
crack length and the maximum force at which the crack begins to propagate need to be known. The 
disadvantage of this method is that only the initiating fracture property of the wood can be 
determined, which may change over the course of the sample due to the variability of the wood. Thus, 
the length of the crack can have a significant influence, especially in shorter samples where the 
proportion of the length of the fracture process zone to the total crack length in the wood is much 
greater than in samples with longer cracks (Stanzl-Tschegg and Navi 2009, Stanzl-Tschegg et al. 1995). 
However, a much better insight into the fracture behavior is obtained if the crack length is measured 
at the same time as the force measurement, because in this case the fracture behavior can be 
calculated over the entire crack. One such specimen shape that enables stable crack progression is 
certainly the double cantilever beam (DCB), where the length of the crack can be monitored by digital 
image correlation. The latter combination is very common in recent research (Gómez-Royuela et al. 
2022, Moutou Pitti et al. 2014, Oliveira et al. 2021, Yu et al. 2021, Zanganeh et al. 2013). An alternative 
to the determination of the crack length is also by the compliance of the sample, from which the 
equivalent crack length can be calculated (Crespo et al. 2018, El Moustaphaoui et al. 2021, Pečnik et 
al. 2022, Xavier, Oliveira, et al. 2014). 

The aim of the study is therefore to investigate the overall influence of different factors on the fracture 
properties of spruce wood, both for different levels of thermal modification, different wood moisture 
contents and for the direction of tissue loading, with the crack progressing in the longitudinal 
direction. Furthermore, the influence of the crack length on the fracture properties is also 
investigated. Based on the results, functions for calculating the fracture properties of spruce wood for 
all the above factors, including wood density, are developed. 

 

Materials and methods 

Specimen preparation 
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A 4 m long spruce (Picea abies) board with a cross-section of 350 mm x 55 mm and constant growth 
ring width was first cut into 4 pieces of 1 m length. One piece was left unmodified (A group), and the 
other three were thermally modified using the Silvapro process (Rep et al. 2012). The first piece was 
treated at 180 °C (B group), the second at 200 °C (C group) and the third at 230 °C (D group), where 
the mass loses were 1.8 %, 4% and 10.6 % respectively. After modification, all pieces were stored at 
22°C and 65% relative humidity for six months to allow internal stresses to relax. 

Each single piece of 1 m length was then cut into 4 smaller pieces of 245 mm length, from which 10 
samples of 245 mm x 22 mm x 22 mm were cut. The individual groups of 10 samples were then 
equilibrated to a constant sample mass at 22 °C and relative humidity (RH) of 20 %, 44 %, 76 %, and 
88 %. After final equilibration of the samples, their exact dimensions and mass were measured and 
the density for each sample was determined. The specimens were then cut to a final size of 200 mm 
x 20 mm x 20 mm. The double cantilever beam (DCB) was used for testing. 5 specimens were used for 
TL orientation (force action in tangential direction with crack propagation in longitudinal direction) 
and 5 for RL (force action in radial direction with crack propagation in longitudinal direction) 
orientation. Additional specimens were used to determine the equilibrium moisture content (EMC) of 
the wood for each combination of moisture content and thermal modification. They were weighed 
after equilibrium adjustment, then dried at 103 °C to absolute dryness and weighed again to 
determine moisture content. 

From end of the specimen, an 85 mm cut was first made with a band saw, followed by a cca 1 mm cut 
with a sharp knife. Holes 3 mm in diameter were also drilled in the specimens for clamping, as shown 
in Figure 1. The final effective length of the notch from the clamping point was thus about 79 mm, and 
the exact length was measured on each specimen after the test was completed. 

 

Figure 1. Double cantilever beam (DCB) specimen 

On the side where crack propagation was observed, the specimens were painted with white acrylic 
paint. First, one coat was applied. After drying, the surface was sanded with 500 grit sandpaper and a 
second coat was applied. After the white paint dried, the black paint was sprayed on to create a 
speckled pattern. After the paint dried, two more parallel lines were drawn at 60 mm distance, which 
served as distance calibration for the subsequent determination of the crack length using the Digital 
Image Corelation (DIC) method. The samples prepared in this way were then put again into the climatic 
chambers with the above-mentioned relative humidities in order to re-equilibrate them to a constant 
mass. 

After final conditioning, the specimens were clamped in the universal testing machine, as shown in 
Figure 2. The specimens were loaded at a feed rate of 6 mm/min. The magnitude of the force was 
recorded at a sampling rate of 100 Hz, and the crack path was recorded with a Huawei P30 ELE-L29 
camera at a distance of 10 cm from the specimen. Since two parallel lines were drawn at a distance of 
60 mm for calibration at each specimen, the exact distance of the camera from the specimen was not 
important. Before the experiment, a grid of horizontal and vertical lines was also created to check if 
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the image was distorted. Since this was not the case, the camera met our requirements. The images 
with a resolution of 3840 x 2160 dpi were taken every 5 seconds. 

After an initial crack advance of a few millimetres, the machine was stopped and the camera took 1-2 
pictures in 6 seconds. The specimens were then unloaded at a rate of 25 mm/min by 60% of the 
deflection and then reloaded at the same rate up to the deflection before unloading. From this point, 
the test was continued at a feed rate of 6 mm/min. When the crack had again advanced by about 10 
mm, the entire procedure was repeated, so that 5 to 6 measurements were taken on each specimen. 

 

Figure 2. Experimental system 

The resulting measurements were then used to determine the crack length and the corresponding 
compliance of the specimen at the specified crack lengths. The crack length was determined using the 
DIC programme GOM Correlate. A facet size of 10 pixels and a point spacing of 5 pixels were used to 
create the surface components. A scale of 32 pixels/mm was defined by vertical lines spaced 60 mm 
apart. The calculation of the specific deformation in the y-direction was performed using the images. 
Although the images showed the visible length of the crack, the strain at the visible crack tip was 10 
% or more, which is well above the failure strain of 0.62 % and 0.33 % for the tangential and radial 
directions, respectively, considering the transverse modulus of elasticity in the tangential and radial 
directions of 420 MPa and 770 MPa, respectively (Ross 2010) and the transverse tensile strength of 
2.6 MPa. The position of the crack tip was thus determined from the stress in front of the crack tip. 
The critical stress intensity factor was taken from the literature (Stanzl-Tschegg et al. 1995), which is 
for spruce on average 0.55 MPa√m and 0.6 MPa√m for TL and RL orientations, respectively. The stress 
at a distance of 1 mm in front of the crack tip was calculated using the equation (Kumar 2009, Smith 
et al. 2003), at the angle q =0° 
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where KI is critical stress intensity factor in mode I, q is angle and r is distance at the direction of 
interest. 
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1.3 Test preparation and progress 

1.3.1 Test setup 

The specimen was clamped with steel connectors in the clamps of the tensile testing machine 
(see Figure 36), which had previously been aligned with the holes made in the wood. 

 

The testing machine was controlled by a computer. The computer displayed a graph of applied 
force as a function of displacement and a graph representing both force and displacement 
over time. 

The camera was installed about ten centimeters in front of the specimen. This distance 
provided the clearest images and captured exactly the area of the specimen needed to 
examine the crack length with DIC software (see Figure 37). 

Figure 36: Strain test 
setup 

Machine clamps with 
steel connectors 

Specimen 

Movable camera 
support 

Figure 37: Specimen picture from the camera during strain test 
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Taking into account the modulus of elasticity in the radial and tangential directions of 770 MPa and 
420 MPa, respectively (Ross 2010), the specific deformation (strain) at a distance of 1 mm is. 

𝜀%" =
𝜎!!"
𝐸"

=
7.56	MPa
770	MPa

= 0.98% (2) 

𝜀%$ =
𝜎!!$
𝐸$

=
6.94	MPa
420	MPa

= 1.6%  

 

At the visible crack tip, the specific deformation in the y-direction was read off the course line from 
the DIC analysis. The location with a specific deformation of 0.98 % and 1.6 % in the y-direction for the 
RL and TL orientations was located and then the distance between this location and the visible crack 
tip was determined. The total length of the crack was therefore the sum of the initial notch created 
by the band saw, the length of the visible crack and the length between the visible crack tip and the 
location with the above-mentioned strain in the y-direction minus 1 mm. The distance between the 
visible crack tip and the tip of the actual crack can be attributed to the fracture process zone FPZ 
(Crespo et al. 2018), which includes a toughening mechanism such as microcracking and fibre bridging. 

As will be seen from the results, the distance between the location of the 0.98 % strain and the 1.6 % 
strain is less than a tenth of a millimetre, so the method described was used with the 1.6 % strain 
value for all humidities and modification levels. The critical stress intensity factor and modulus of 
elasticity vary with both humidity and different levels of modification, but the error was estimated to 
be small, especially compared to the variability within and between specimens. 

From the values thus obtained for crack length, force and compliance, the strain energy release rate 
was calculated using the equation (Dourado et al. 2010, Kumar 2009)  

 

𝐺# =
3𝑃!𝐶
2𝑎𝑏

 
(3) 

 

Where GI is the strain energy release rate for mode I, b is the specimen width and P and C are the 
force and compliance at crack length a, respectively. 

Using the resulting strain energy release values for the different combinations, a univariate linear 
regression test was performed using Statgraphics software to determine the significant influence of 
each factor, and a fit function was determined. 

Results and discussion 

Figure 3 shows the crack length analysis for an unmodified TL orientation sample conditioned at 10 % 
relative air humidity together with force and crack mouth opening displacement measurement 
showing on figure 4. The upper part of the figure 3 shows the advanced visible crack length of 25.2 
mm and the lower part of the figure shows the strain in the y-direction. From the figure it can be seen 
that the strain at the end of the visible part of the crack is 10.86 %. This means that with a transverse 
modulus of elasticity of 420 MPa in the tangential direction (Ross 2010) and a tensile strength of 2.6 
MPa, there is a cracked area, but it is not visible to the naked eye due to the micro-failure in the 
fracture process zone. 

Starting from the visible crack tip in the crack propagation direction, Figure 5 shows strain in the y-
direction with value of 1.6 % is at a distance of 1.5 mm from the visible crack tip. Since the strain was 
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calculated to be 1.6 % at a distance of 1 mm from the actual crack tip (Equation 1 and 2), this means 
that the total length of the advancing crack is 25.2mm +1.5 mm -1 mm = 25.7 mm. If the initial notch 
length of 79 mm is added, the total length of the crack is 104.7 mm. 

The strain of 0.98 % is at a distance of 1.55 mm (Figure 5), which is only 0.05 mm more than a distance 
with a strain of 1.6 %. Since a difference in distance of 0.05 mm represents only an error of 0.05 % for 
a crack length of 100 mm and even less for a longer crack, the length at a strain of 1.6 % was used in 
the rest of analyses to determine the crack length. The method described proved to be suitable, 
especially if one takes into account the coefficient of variation, which ranges from 10 % to 24 %, as 
will be presented later. 

 

Figure 3. Visible crack (upper) and strain distribution in y direction 
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Figure 4. Force and crack mouth displacement measurement, together with strain energy release 
rates and corresponding crack lengths (in mm) 

 

Figure 5. Strain in y direction in front of the crack tip in the direction of crack propagation 

 

The first the part of the force crack mouth displacement curve (Figure 4) is slightly non-linear, as the 
specimen is still adjusting to the clamping, then the linear part corresponding to the compliance of 
the specimen with the initial crack length (81.1 mm), and then again, the non-linear part when the 
fracture process zone is established (Xavier, Oliveira, et al. 2014). After the maximum force, the crack 
starts to progress. The maximum force at point A, the initial crack length of 81.1 mm and the 
compliance from the first linear part (F=35x CMOD) give the first GI value of 0.187 N/mm. The further 
the crack progresses, the lower the force becomes. After the crack had progressed for a certain 
distance, the machine was stopped (point B), the force was determined, an image was taken for DIC 
analysis and then the compliance of the specimen was determined from the part of the curve below 
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point B. The same was done for points C to E. For the points A to E there are also given corresponding 
crack lengths for which strain energy release rates were calculated. The graph shows that the value of 
GI slightly varies with crack length by the average value of 0.185 N/mm, but there is no distinctive 
influence of the crack length on the values of strain energy release rates. 

The strain energy release rate values and the trend lines for the TL and RL orientations of all measured 
values as a function of the crack length, the relative air humidity and the degree of modifications are 
shown in Figure 6 where the strain energy release rate either increases or decreases with crack length, 
while decreases with the degree of thermal modification. This trend is more pronounced in the 
unmodified specimens than in the modified specimens. To determine the effect of crack length on the 
strain energy release rate, a univariate regression test for main effects was performed. The results in 
Table 1 show that crack length has no significant effect on strain energy release rate at significant level 
p=0.05. Although the samples were made from a single board with a more or less uniform growth ring 
width, the samples from the same group had quite different densities. The univariate regression test 
for main effects confirmed a significant influence of density. The moisture content as well as the 
degree of modification also have a significant influence on the strain energy release rate. 
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Figure 6. Strain energy release rates for all measured values at different crack lengths, unmodified 
(A) and modified samples (180 °C (B), 200 °C (C) and 230 °C (D)), at different relative air humidities 

(RH) and orientations (TL and RL) 

  

Table 1. Univariate linear regression test for main effects at significant level p=0.05 

Crack length Density Relative humidity Modification Orientation 

0.956 0.000 0.000 0.035 0.000 
 

The average values of strain energy release rates for the different conditions, together with the 
standard deviations, average densities and moisture contents of the samples at different relative air 
humidities are shown in Figure 7 and Table 2. It can be seen that the equilibrium moisture contents of 
the wood at the same relative air humidity decreases with the degree of thermal modification, which 
is consistent with the literature (Bekhta and Niemz 2003). The average values of strain energy release 
rate of the unmodified samples for the RL and TL orientations at the lowest relative humidity of 20% 
are 0.143 N/mm and 0.201 N/mm, respectively, which then increase to 0.227 N/mm and 0.256 N/mm 
at the highest humidity of 88%, which is also in agreement with the literature (Majano-Majano et al. 
2012, Stanzl-Tschegg and Navi 2009, Vasic and Stanzl-Tschegg 2007, Xavier, Monteiro, et al. 2014). 
The lower values in the RL orientation can be attributed to the fact that the crack propagates through 
the earlywood, which has a lower strain energy release rate than the latewood (Xavier, Monteiro, et 
al. 2014), while in the TL configuration the crack propagates through both earlywood and latewood 
simultaneously. 
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Figure 7. Average values of strain energy release rates (GI), standard deviations of strain energy 
release rates (vertical lines) at different degrees of thermal modifications (A, B, C, D), orientations of 

the samples (TL, RL) and various relative air humidities 

 

Table 2. Values of equilibrium moisture content (EMC) of samples, strain energy release rates (GI), 
standard deviations of strain energy release rates (SD GI), coefficient of variation of strain energy 

release rate (COV GI) as a function of relative humidity (RH), degree of thermal modification (A, B, C, 
D) and orientation of the sample (TL, RL) together with average specimen density (r) and standard 

deviation of specimen density (SD r). 

 RH (%) EMC 
(%) GI (N/mm) SD GI 

(N/mm) 
COV GI 

(%) 
r 

(kg/m3) 
SD r 

(kg/m3)  

A-TL 

20 7.2 0.201 0.053 26.4 479 30 
44 9.9 0.169 0.035 20.9 477 34 
76 13.3 0.182 0.031 17.1 472 29 
88 19.1 0.256 0.052 20.1 499 28 
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B-TL 

20 5 0.143 0.031 22.0 464 52 
44 6.6 0.149 0.018 12.3 445 26 
76 10.7 0.134 0.021 15.8 461 28 
88 16.2 0.131 0.022 16.6 472 42 

C-TL 

20 4 0.095 0.016 16.8 445 23 
44 5.7 0.102 0.014 13.7 451 25 
76 8.8 0.102 0.011 10.9 459 26 
88 11.8 0.092 0.015 16.4 443 94 

D-TL 

20 3.8 0.079 0.008 10.1 438 24 
44 5.7 0.081 0.010 12.4 424 25 
76 8.5 0.114 0.018 16.1 468 7 
88 10.5 0.098 0.015 14.8 451 21 

 

A-RL 

20 7.2 0.168 0.022 13.0 476 36 
44 9.9 0.149 0.025 17.0 476 32 
76 13.3 0.203 0.030 14.6 482 33 
88 19.1 0.227 0.045 19.8 482 38 

B-RL 

20 5 0.119 0.037 31.3 448 16 
44 6.6 0.100 0.017 16.9 445 30 
76 10.7 0.146 0.035 23.9 432 20 
88 16.2 0.148 0.067 45.2 436 17 

C-RL 

20 4 0.083 0.008 9.9 444 34 
44 5.7 0.095 0.018 19.5 452 25 
76 8.8 0.092 0.014 15.4 462 31 
88 11.8 0.073 0.015 20.4 460 30 

D-RL 

20 3.8 0.073 0.016 21.7 436 31 
44 5.7 0.073 0.016 22.5 423 22 
76 8.5 0.088 0.024 27.0 450 18 
88 10.5 0.071 0.013 18.0 432 26 

 

While the trend of increasing strain energy release rate with humidity is clear for unmodified 
specimens for both TL and RL orientations, the trend is not so pronounced for thermally modified 
specimens. Thus, the trend is decreasing for thermal modification B and TL orientation, while it is 
increasing for RL orientation. For thermal modifications C and D (200 and 230 °C), the increasing and 
decreasing trends are not so clear. Thus, for the C samples, the increasing/decreasing trend is not clear 
for the TL orientation, while it slightly decreases for the RL orientation. For the D samples, the trend 
is slightly increasing for the TL orientation, but again not clear for the RL orientation. The trend of an 
increasing strain energy release rate with the moisture content of thermally modified wood was also 
noted by Majano-Majano (2012). 

Figure 8 shows the quadratic fitting functions for strain energy release rate as a function of density 
and relative air humidity for all test combinations, while Table 3 shows the corresponding equations 
together with the correlation coefficient. Linear functions were also fitted but had significantly lower 
correlation coefficients. The functions are useful for calculating strain energy release rates, but only 
over the range of values used in the test. Since the unmodified samples had a density of 410 to 540 
kg/m3, the function is only useful in this density range, while the relative humidity for all samples was 
between 20% and 88%. However, as the degree of modification increases, the densities decrease and 
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so does the range of application of the functions for modified spruce wood. It is also evident from the 
figures that the functions decrease or increase very rapidly outside the tested range, so that their 
applicability outside the tested range is questionable. 

 

 

Figure 8 Fitted surface function 
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Table 3 Fitted functions of strain energy release rate G (N/mm) in dependence of density (kg/m3) 
and relative air humidity RH (%) and R-squared 

Condition Equation R2 

A-TL 𝐺! = 0.00301129 + 0.00000196336 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 − 0.00195255 ∗ 𝑅𝐻 + 0.00000119209 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦"
− 0.00000580778 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑅𝐻 + 0.0000484495 ∗ 𝑅𝐻"	

0.51 

A-RL 𝐺! = −0.673062 + 0.00388573 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 − 0.00309552 ∗ 𝑅𝐻 − 0.00000424764 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦"
+ 5.71888𝐸 − 7 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑅𝐻 + 0.0000350826 ∗ 𝑅𝐻" 

0.48 

B-TL 𝐺! = −0.673522 + 0.00380579 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 − 0.00276632 ∗ 𝑅𝐻 − 0.00000436787 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦"
+ 0.00000642955 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑅𝐻 − 0.00000478902 ∗ 𝑅𝐻" 

0.21 

B-RL 	𝐺! = 4.26132 − 0.0170209 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 − 0.0125977 ∗ 𝑅𝐻 + 0.0000175022 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦" + 0.0000226258
∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑅𝐻 + 0.0000288291 ∗ 𝑅𝐻" 

0.21 

C-TL 𝐺! = −1.29467 + 0.00559696 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 + 0.00340415 ∗ 𝑅𝐻 − 0.00000561871 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦"
− 0.00000580861 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑅𝐻 − 0.00000752044 ∗ 𝑅𝐻" 

0.44 

C-RL 𝐺! = 0.0358999 − 0.00000660036 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 + 0.00106364 ∗ 𝑅𝐻 + 1.13685𝐸 − 7 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦"
+ 0.0000012838 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑅𝐻 − 0.0000164469 ∗ 𝑅𝐻" 

0.32 

D-TL 𝐺! = 0.704238 − 0.00319919 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 + 0.000835611 ∗ 𝑅𝐻 + 0.00000394294 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦"
+ 1.33395𝐸 − 7 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑅𝐻 − 0.00000533775 ∗ 𝑅𝐻" 

0.45 

D-RL 𝐺! = −1.23888 + 0.00614571 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 − 0.000550159 ∗ 𝑅𝐻 − 0.00000719653 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦"
+ 0.00000199951 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑅𝐻 − 0.00000235732 ∗ 𝑅𝐻" 

0.13 

 

 

Conclusions 

In the study, a comprehensive analysis of the effects of the degree of thermal modification of spruce 
wood exposed to different moisture contents and sample orientations on the fracture properties was 
carried out. From the investigations carried out, it can be concluded: 

- The strain energy release rate decreases with increasing the degree of modification. 

- The strain energy release rate increases with increasing moisture content of the wood. This trend is 
most evident with unmodified wood, while it's no longer evident at modified specimens. Thus, at 
higher degrees of modification, it can be positive or even negative. 

- The strain energy release rate was independent of the crack length in the tested samples 

- The length of the fracture zone was negligible and didn't have a major influence on the strain energy 
release rate 

- The strain energy release rate increases with specimen density. 

- Based on the degree of thermal modification, wood moisture content, orientation and wood density, 
a function was fitted to calculate the strain energy release rate as a function of these factors 

The results obtained show that the critical strain energy release rate depends, among other things, on 
the moisture content and the density of the wood species depending on the direction of crack 
propagation. In future work, mixed-mode cracking will be performed in order to assess which cracking 
mode is the most discriminating in the degradation process of these thermally modified materials. In 



14 
 

addition, a numerical finite element model will also be implemented to anticipate the complex loading 
modes compared to the tests that will be performed. 
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