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Abstract

:

The use of heat-treated timber for building with wood is of increasing interest. Heat treatment improves the durability and dimensional stability of wood; however, it needs to be optimized to keep wood’s mechanical properties in view of the possible structural use of timber. Therefore, dry vacuum heat treatment varying the maximum temperature between 170 °C and 230 °C was used on fir (Abies alba Mill.) structural timber, visually top graded according to EN 338, to analyze its final weight loss, hygroscopicity, CIELAB color, and dynamic elastomechanical properties. It turned out that weight loss and total color difference of wood positively correlates with the increasing intensity of the heat treatment. The maximum 40% reduction of the hygroscopicity of wood was already reached at 210 °C treatment temperature. The moduli of elasticity in longitudinal and radial direction of wood, determined by ultrasound velocity, increased initially up to the treatment temperature of 210 °C, and decreased at higher treatment temperature. Equally, the Euler-Bernoulli modulus of elasticity from free-free flexural vibration of boards in all five vibration modes increased with the rising treatment temperature up to 190 °C, and decreased under more intensive treatment conditions. The Euler-Bernoulli model was found to be valid only in the 1st vibration mode of heat-treated structural timber due to the unsteady decrease in the evaluated moduli of elasticity related to the increasing mode number.
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1. Introduction


Thermal treatment at high temperature, i.e., between 160 °C to 260 °C, is one of the eco-friendly methods for the enhancement of the biological durability of wood and lignocellulosic composites. Heat treatment processes vary in terms of furnace design, type and condition of heating medium, and treatment schedules, and mostly depend on final usage of heat-treated material. The common factor of these processes is a modification of the chemical structure of timber, which has consequences on the physical and mechanical properties of wood [1,2,3,4,5,6,7].



With the improved hygroscopicity and dimensional stability of heat-treated wood, there is a desire to use it for structural purposes, especially in more demanding climates. However, the important aspects in a case of thermally treated wood are strength reduction and stiffness alteration, which vary with the anatomical direction of wood, testing method, and wood species. Many studies have shown a reduction in the bending stiffness and strength of heat-treated wood, combined with the reduced wood density [8,9,10,11,12,13,14], since the latter is the main influencing factor in the mechanical properties of wood [15]. However, exceptions are found to be related to the significant decrease in modulus of elasticity only when the weight loss of wood exceeds a particular value [16]. The latter is related significantly to the treatment conditions, since material cracking and degradation of the cell structure of heat-treated wood can be induced as well [12]. The important role of material changes during heat treatment mostly concerns the initial structure and density inhomogeneity, which is almost always present in real size solid wood. In the case of the use of such heat-treated solid wood for structural purposes, it is necessary to ensure reliable quality control based on non-invasive techniques [17], widely present in the management of wood quality in the whole forest-wood chain [18,19].



Therefore, the main goal of the study was to use non-destructive mechanical and physical testing methods to investigate possible internal structural changes of fir (Abies alba Mill.) real size quarter-sawn timber after vacuum heat treatment, having varying intensity. Additionally, the machine stress grading and dynamic mechanical response of structural timber before and after heat treatment was analyzed and compared with the weight loss of boards and their color changes.




2. Materials and Methods


2.1. Material


Forty-five radially-oriented fir wood boards (Abies alba Mill.) of 45 mm thickness (LT), 120 mm wide (LR) and 4 m long (LL), Figure 1, were selected from the conditioned warehouse (T = 20 °C; RH (Relative humidity) = 65%) of a local construction timber trade company. In the sample population, we included boards without present fissures, deformations, wane, rot, insect damages, or other abnormal defects. We only allowed the presence of single healthy knots up to a size of 15 mm, substantially below 1/5 of the cross-sectional area of the boards. This visual preselection and assessment of boards allowed us to grade the sample population into the S10 and S13 classes [20], and therefrom, to assign the C24 and C30 strength grading classes for the selected boards [21]. Most of the boards were initially visually graded into the top S13 class. However, some of the boards (n = 5; 11.1% of the samples), due to growth rings of widths greater than 6 mm, and therefore, lower wood density, were graded into the lower S10 grading class.



The initial weight and dimensions of the selected boards were determined afterwards for the ranging of timber into 9 density classes. We made nine density classes by ranking boards from the smallest to the highest density of wood. Five boards were placed successively in each density class. Small cut-off specimens (L = 25 mm; 300 mm from the board end) were made afterwards from each board to gravimetrically determine wood equilibrium moisture content.




2.2. Methods


2.2.1. Heat Treatment


Industrial dry vacuum heat treatment of wood was carried out by the Silvaprodukt company (Ljubljana, SI) according to patented SilvaproTM industrial vacuum procedure with a pre-drying phase (T = 105 °C; t = 24 h), stepwise heating phase (ΔT = +15 °C/h), heating at maximum temperature for 3 hours, followed by cooling (ΔT = −15 °C/h) and conditioning in normal climate (20 °C, RH = 65%). One board per wood density class was taken for this purpose of the control group and treated at 4 heat treatment intensities (9 boards per treatment), having the maximum temperature of 170 °C, 190 °C, 210 °C, and 230 °C. A one-month conditioning period (20 °C, 65%) was used prior to determining the final weight of the boards and their equilibrium moisture content (EMC) and wood density (ρ). The board weight loss (WTloss) after heat treatment was calculated on the dry mass basis.




2.2.2. Determination of Wood Color


Standard color measurement (CIELAB) was performed on every board (3 measurements per sample) at the initial and heat treated state by X-Rite OptotronikTM SP62 (XRITE Inc., Rapids, MI, USA) spectrophotometer. The total color difference of wood before and after thermal modification was determined by the ΔE* colorimetric parameter (Equation (1)).


ΔE*=ΔL*2+Δa*2+Δb*2,



(1)




where ΔL* is a difference in color lightness, Δa* is difference in green-red axis and Δb* is difference in blue-yellow color axis.




2.2.3. Determination of Elastomechanical Properties of Structural Timber with Ultrasound


The velocity of ultrasound has been added to the measurement 3-times per board in the radial (vRR, LR = 120 mm), tangential (vTT, LT = 45 mm) and longitudinal (vLL, LM = 1500 mm) board direction by Proceq Pundit PL-200PE (Proceq Inc., Scharzenbach, Switzerland) pulse ultrasonic device, equipped with 54 kHz exponential transducers (Figure 1a). The velocity of ultrasound (vii) and wood density (ρ) were used to determine the moduli of elasticity (Ei) in longitudinal- (EL), radial- (ER) and tangential (ET) direction of the boards (Equation (2)). Acoustic anisotropy was determined by ratios of ultrasound velocity in all three wood anatomical directions (vLL/vRR, vLL/vTT, vRT/vTT; two-letter index: the first letter represents the direction of the ultrasonic wave, and the second represents its polarization).


Ei=ρ·vii2,



(2)








2.2.4. Analysis of Flexural Vibration of Structural Timber Boards and Strength Grading


For free-free flexural vibration, the test specimens were placed on soft thin rubber supports from their nodes of the 1st vibration mode (0.224 L) and excited using a steel hammer (mass 100 g) from a free end. The sound was recorded by unidirectional condenser microphone (PCB-130D20; PCB Piezotronics Inc, Depew, NY, USA) on the other free end of the board, and acquired by NI-9234 DAQ-module (National Instruments Inc, Austin, TX, USA) in 24-bit resolution with 51.2 kHz sampling frequency (Figure 1b). Euler-Bernoulli’s moduli of elasticity (EB) were determined based on each of the five initial modes (1 ≤ n ≤ 5) of flexural vibration (Equation (3)):


EB=4·π2·LL4·ρ·fn2·AI·kn4,



(3)




where LL is the length of a board, ρ is the mean density of a board, A is a board’s cross section, I is the moment of inertia and kn is a constant depending on vibration mode number n (kn = ((2 n + 1) π)/2)). The analysis of the theoretical linear decreasing slope of the evaluated moduli of elasticity with increasing vibration mode number was accomplished by calculating the difference between sequential moduli (ΔEBi = ΔEBi − ΔEB (i−1); 2 ≤ i ≤ 5), and finally by calculating the coefficient of variation of the moduli difference between vibration modes (q) (Equations (4)–(6)):


ΔEB¯=1n∑i=1nΔEBi,



(4)






SD=∑i=1n(ΔEBi−ΔEB¯)2n,



(5)






q=SD|ΔE¯B|·100%,



(6)




where ΔEB¯ is mean sequential moduli difference and SD is standard deviation of the sequential moduli difference.



We used the Euler-Bernoulli’s modulus of elasticity in 1st vibration mode (EB1) and wood density for the strength grading of boards according to standards EN 14081 [22] and EN 338 [23]. As a criterion for classification in a particular strength class, we took into account the achievement of the characteristic value of the wood density (ρc) and 95% of the average modulus of elasticity (Em). The ANOVA (Analysis of variance) statistical tool and Duncan’s multiple range test at the 95% level of significance were used for all the tested properties, to analyze the difference among group means in the sample of boards.






3. Results


3.1. Impact of Heat Treatment on Wood Density, Weight Loss, Hygroscopicity and Color of Fir Structural Timber


The rising of the heat treatment temperature induced a significant increase in the weight loss of fir wood (Abies alba Mill.; ANOVA, p = 1.42 × 10−12). This caused a drop in the mean density of wood after the heat treatment of 2.5% at a temperature of 170 °C (ρ170 = 415 kg/m3) and up to 10.3% at the heat treatment temperature of 230 °C (ρ230 = 392 kg/m3; ANOVA, p = 0.07). The hygroscopic nature of wood was significantly improved by the heat treatment (EMC; ANOVA, p = 1.11 × 10−16). Even after the lightest thermal modification (T = 170 °C), the equilibrium moisture content of the wood in the normal climate dropped to 8.0%. Only slightly lower values, i.e., between 6.9% and 7.6%, we recorded in stronger heat-treated wood (Table 1, Figure 2a).



By increasing the intensity of the heat treatment, the color lightness of the wood was significantly reduced (ANOVA, p = 1.1 × 10−16). The mean color lightness was the highest in the control samples (L* = 74.9), and the lowest in the samples after the heat treatment at 230 °C (L* = 37.6) (Table 1). Changes in the color parameters a* and b* were not as large, and were insignificant with respect to the intensity of the treatment (ANOVA, p = 0.13). Otherwise, the values of the two parameters under mild treatment conditions (≤190 °C) increased slightly, while for the more intensively heat-treated wood they dropped again. The total color difference in wood (ΔE*), compared to the color of the test specimens, was largely due to the change in color lightness. With the intensity of the heat treatment, the total color difference ΔE* was significantly increased (ANOVA, p = 1.47 × 10−9). It has also been shown that there is a positive correlation of ΔE* with the weight loss of test specimens (Table 1, Figure 2b).




3.2. Elastomechanical Properties and Anisotropy of Heat-Treated Structural Timber


The ultrasound velocity was significantly improved in the longitudinal (vLL) and radial direction (vRR) of the heat-treated structural timber, up to a treatment temperature of 210 °C (ANOVA, p = 0.049). The velocity of ultrasound in these two anatomical directions was again slightly lower only in the most intense heat-treated structural timber (T = 230 °C). In the tangential anatomical wood direction (vTT), the velocity of ultrasound didn’t significantly change with the intensity of the heat treatment (Table 2; ANOVA, p = 0.82).



A somewhat smaller increase than in ultrasound velocity was recorded in the longitudinal- (EL; ANOVA, p = 0.014) and radial direction of wood (ER; ANOVA, p = 0.046) with the intensity of heat treatment of structural timber. This difference in trends in ultrasound velocity and stiffness of wood is attributed to the simultaneous decrease in the density of structural timber by increasing the intensity of the treatment. The latter also causes a reduction, however statistically insignificant (ANOVA, p = 0.15), in the modulus of elasticity in the tangential direction of the wood (ET) by increasing the intensity of the thermal process (Table 2).



The elastomechanical anisotropy of the structural timber changed slightly but insignificantly with the intensity of the thermal process (ANOVA, p = 0.21). The largest anisotropy was determined in the longitudinal-tangential plane (4.7 to 5.4) and somewhat smaller in the longitudinal-radial plane (3.5 to 3.9). As expected, elastomechanical anisotropy was the smallest in the radial-tangential plane (1.2 to 1.5) of structural timber (Table 2).




3.3. Vibration Response of Heat-Treated Structural Timber


The modulus of elasticity in the test specimens increased initially with the intensity of heat treatment (≤190 °C); however, at higher temperatures, i.e., particularly at 230 °C, it was significantly reduced compared to control samples (ANOVA, p = 0.021). This trend was present at the modulus of the elasticity of the specimens in all five vibration modes (EB1 to EB5) (Table 3).



The uniform, close to the linear decreasing slope of the flexural moduli of elasticity with increasing vibration mode number was confirmed only for the control structural timber (Table 3; Figure 3a). The sequential moduli difference between 1st and 2nd vibration modes was initially significantly changed for the structural timber already after the low intense heat treatment (≤190 °C). Major changes between the sequencing moduli with regard to vibration mode, especially for higher modal numbers, occurred at greater heat treatment temperatures (≥210 °C). The variation of the modulus of elasticity (q-coefficient) of heat-treated structural timber at 210 °C significantly increased (ANOVA, p = 0.045) compared to the rest of the tested population (Figure 3b).



Strength Grading of Heat-Treated Structural Timber


The small reduction in wood density and significant increase in the modulus of elasticity in the moderate heat-treated construction wood (≤190 °C) cause improved classification, i.e., into the EN 338 strength classes. In the case of a moderate heat-treated structural timber (≤190 °C), the resulting mean bending strength was greater (Table 3, Figure 4a).



Classification into lower strength grades was required for heat-treated structural timber with a temperature of 210 °C or more. The estimated mean bending strength of the wood in this case is typically reduced below the values of the control specimens (Figure 4a), having also asymmetric distribution. In control specimens, the determining classification criterion was exclusively the individual modulus of elasticity. For heat-treated structural timber, the wood density was more often used for strength grading criteria (Figure 4b).






4. Discussion


The weight loss of various wood species and, consequently, the decrease in the wood density, was confirmed in both dry heat treatments, as well as in hydrothermal heat treatment processes [24,25,26,27,28]. Studies confirmed smaller degradation of heat-treated wood in a vacuum than under nitrogen or water vapor under the same conditions [26]. This is explained by the effect of vacuum allowing removal the of volatile degradation products limiting the acidic degradation of polysaccharides due to formation of acetic acid and the recondensation of volatile degradation products within the wood structure. Therefore, in the used dry vacuum heat treatment, the weight loss of wood is attributed mainly to the degradation of hemicelluloses, i.e., the most reactive wood components that hydrolyze into oligomeric and monomeric structures [29,30]. However, it is also suggested that other phenomena, such as structural modifications and chemical changes of lignin, also play an important part [31].



In comparable heat treatment in conifers, a similar increase in the weight loss of the wood was observed with increasing treatment temperature, and was dominant over the impact of the treatment time. As in previous studies, we also confirmed a rising decrease in mass correlated with EMC reduction [14,25,27,32]. This is explained by less moisture-accessible hydroxyl groups of the heat-treated specimens compared with untreated controls [33]. However, the EMC remained stable beyond the limit value of approximately 3% decrease in weight reached at 190 °C treatment temperature. This achieved limit value is lower compared to the data from related studies, ranging between 6% and 9%; however, it indicates the completion of decomposition of moisture-accessible hydroxyl groups by the heat treatment [25,32]. In these heat treatment processes, we achieved up to 40% reduction in EMC of wood, while research indicates that the EMC can be reduced in thermally-treated timber even up to 60% [28,34].



Color changes in wood during the heat treatment were found to be related to the process intensity. The excellent but non-linear negative relationship was observed between the lightness of wood (L*) and the used temperature of heat treatment, which was confirmed also in some previous studies [25,35,36,37]. Researchers even proposed more reliable means of measuring the intensity of a thermal modification process by combining parameter L*+b* and by milling of wood, to prevent scattering of color parameters on real wood surfaces [35]. Additionally, the relation between chemical composition and lightness decrease for heat-treated wood is reported [38]. However, the total color difference ΔE* is most often used, and was found also in this study to have the same exponential relationship with the increase of the treatment temperature, determined even in a case of wood weight loss (Figure 2a,b).



The increase in the ultrasound velocity, significantly in the longitudinal and partially in the radial direction of fir wood, coincided with its weight loss and overall color difference ΔE*, but just up to the treatment temperature of 210 °C. The effect of heat treatment on the longitudinal and radial sound velocity may vary, since it also increases greatly, i.e., up to 0.8% with a decrease of 1% of EMC, in the range of 5 to 30% equilibrium moisture content of wood [39,40]. Otherwise, the ultrasound velocity in the tangential direction of wood (vTT) remained unchanged at these conditions, which induced the increase of elastomechanical anisotropy of heat-treated fir wood with respect to its tangential plane (vLL/vTT, vRR/vTT). In the heat treatment of wood up to approx. 200 °C, the increase in the ultrasound velocity, especially in the longitudinal direction of the wood, which is equivalent to a specific modulus of elasticity (E/ρ), is also indicated by other studies [41,42]. Elastomechanical anisotropy of heat-treated wood has not been widely studied so far. However, some researchers report the increase in the mechanical anisotropy of wood, but already in the area of plastic deformations, where they determined the increase in the ratio of compression strength of wood along- and transverse to the grain [43,44].



The positive correlation of the modulus of elasticity with the treatment temperature up to 190 °C, and then its decrease at higher treatment temperatures (≥210 °C), were equivalent regardless of the method used, i.e., at the ultrasound velocity and flexural vibration. A similar trend in heat-treated wood is reported by some related studies [45]. Otherwise, we measured on average a 14% lower modulus of elasticity in in the 1st flexural vibration mode compared to the ultrasound velocity measurements. Lower values of modulus of elasticity determined by ultrasound can be a consequence of a small distance between sensors (LM = 1500 mm). The surface wave propagation may have affected the compression wave passage lengthwise, and skewed the final passage time of the wave through material, as reported elsewhere [41].



The control specimens showed a steady and semi-uniform decrease in the evaluated moduli of elasticity from flexural vibration related to the increasing mode number, which suggests an approximation to properties of homogeneous axial isotropic (orthotropic) material [46,47]. After the heat treatment, this steady decrease line showed some breakages (Figure 3a), determined also by the increase of the q-coefficient, as the measure of modulus variation in-between vibration modes (Figure 3b). The latter finding indicates the possible presence and increase of structural inhomogeneity in the heat-treated wood, intensified also by increasing of the heat treatment temperature. The principle of slope breakage of modally evaluated moduli of elasticity was, in the past, already successfully used to recognize the severity of artificially made defects in wooden beams [48], or for the determination of density inhomogeneity along the boards of various wood species [49]. The same methodology has been proposed for detecting concentrated mass due to knottiness in solid wood [50], as well as at the determination of surface- and end-cracks in kiln dried wood [51]. This research suggests that the evaluation of moduli of elasticity from flexural vibration can be successfully used to determine inhomogeneous structural changes in full size heat-treated wood, which are likely present in material at increased treatment temperature. Depending on treatment parameters such as treatment temperature, the heating rate, the holding time at the maximum temperature, or the gas humidity, cracks can appear and the cell structure can be partially degraded as well [13,24,28,52].



The q-coefficient was found to be in a negative relationship, however, not significant, with the strength grading class of heat-treated wood after the treatment. It is important to note that the increase in q-coefficient by increasing the treatment temperature is also likely to be due to the change in the density of the heat-treated wood. Wood density, however, was a common decision criterion for strength grading of the heat-treated wood. The findings indicate the potential of both, i.e., density and q-coefficient, together with the modal evaluation of the modulus of elasticity, for use in strength grading of the heat-treated structural timber.




5. Conclusions


The weight loss and the total CIELAB color difference ΔE* of structural fir timber positively correlate with the increase of the heat treatment temperature, in the range between 170 °C and 230 °C. The maximum 40% reduction of hygroscopicity of fir wood is already reached at 210 °C treatment temperature.



The ultrasound velocity, and consequently, modulus of elasticity, increases initially in the longitudinal and partially in the radial direction of fir structural timber, up to the treatment temperature of 210 °C, and decreases under more intensive heat treatment conditions. Due to the constant ultrasound velocity in the tangential direction (vTT) of heat-treated wood, the increase of its elastomechanical anisotropy with respect to the tangential plane is confirmed.



As with the ultrasonic method, an initial positive correlation exists of the modulus of elasticity from the flexural vibration of boards in all vibration modes with heat treatment temperatures up to 190 °C, which then decreases at higher treatment temperatures.



The Euler-Bernoulli model, used in free-free flexural vibration, was found to be valid only in the 1st vibration mode at structural timber. This discovery has potential for use in timber strength grading. The visually highly-graded preselected structural timber, having minimal structural anomalies, shows a steady decrease in the evaluated moduli of elasticity related to the increasing mode number. After the heat treatment, this steady decrease line has some breakages, with increased modulus variation between vibration modes.
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Figure 1. (a) The experimental setup for determination of velocity of ultrasound in longitudinal- (vLL), radial- (vRR) and tangential (vTT) wood direction; (b) principle of the analysis of flexural vibration response of structural timber specimens. 
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Figure 2. (a) The relationship between the individual weight loss (WTloss) of wood and the intensity of the heat treatment; (b) the relationship between the individual weight loss (WTloss) of wood and its total color difference (ΔE*). 
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Figure 3. (a) Modal evaluated values of modulus of elasticity of heat-treated structural timber; (b) the coefficient of variation of the moduli difference in-between vibration modes (q-coefficient) of heat-treated wood. 
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Figure 4. (a) Strength class distribution of heat-treated structural timber; (b) the decision making selection criteria for strength grading of heat-treated structural timber. 
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Table 1. Average wood density (ρ), weight loss (WTloss), equilibrium moisture content (EMC) and color parameters (L*—lightness, a*, b*—chromaticity on green-red and blue-yellow axis; ΔE—total color difference) of wood after heat treatment (2nd row present Coef. of variation (%)).
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	Heat Treatment (°C)
	ρ (kg/m3)
	WTloss (%)
	EMC (%)
	L*
	a*
	b*
	ΔE*





	Control
	425
	
	12.4
	74.9
	6.1
	25.1
	



	
	(6.4)
	
	(4.1)
	(2.8)
	(10.5)
	(5.7)
	



	170
	415
	2.5
	8.0
	57.8
	13.0
	31.5
	19.6



	
	(6.7)
	(36.6)
	(12.7)
	(6.2)
	(9.2)
	(4.8)
	(24.0)



	190
	415
	3.1
	7.5
	47.6
	11.7
	24.8
	28.0



	
	(7.3)
	(26.8)
	(11.9)
	(7.1)
	(6.5)
	(10.9)
	(13.9)



	210
	397
	5.9
	6.9
	44.2
	11.6
	23.5
	31.3



	
	(6.5)
	(24.9)
	(8.1)
	(6.0)
	(5.8)
	(4.9)
	(10.8)



	230
	392
	10.3
	7.6
	37.6
	10.3
	18.8
	38.2



	
	(6.7)
	(15.9)
	(13.9)
	(4.4)
	(8.5)
	(9.9)
	(8.6)
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Table 2. Mean velocity of ultrasound in longitudinal- (vLL), radial- (vRR) and tangential wood direction (vTT), elastomechanical anisotropy (vLL/vRR, vLL/vTT, vRR/vTT) and mean moduli of elasticity (EL—longitudinal, ER—radial, ET—tangential) of heat-treated structural timber (2nd row present Coef. of variation (%)).
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	Heat Treatment (°C)
	vLL (m/s)
	vRR (m/s)
	vTT (m/s)
	vLL/vRR
	vLL/vTT
	vRR/vTT
	EL (GPa)
	ER (GPa)
	ET (GPa)





	Control
	4991
	1399
	1079
	3.7
	4.7
	1.3
	10.6
	0.88
	0.51



	
	(6.8)
	(22.8)
	(14.8)
	(25.0)
	(16.4)
	(13.0)
	(15.5)
	(50.3)
	(35.8)



	170
	5424
	1610
	1090
	3.5
	5.0
	1.5
	12.2
	1.13
	0.50



	
	(6.3)
	(21.1)
	(10.7)
	(21.6)
	(14.6)
	(15.0)
	(10.5)
	(44.3)
	(22.8)



	190
	5365
	1473
	1045
	3.8
	5.4
	1.5
	12.0
	0.93
	0.39



	
	(4.1)
	(21.7)
	(7.7)
	(24.6)
	(14.1)
	(21.7)
	(11.7)
	(40.1)
	(20.3)



	210
	5520
	1587
	1071
	3.5
	5.0
	1.5
	11.7
	0.99
	0.49



	
	(4.2)
	(17.4)
	(9.7)
	(28.6)
	(15.6)
	(18.2)
	(10.4)
	(31.0)
	(26.3)



	230
	5161
	1225
	1028
	3.9
	4.7
	1.2
	10.1
	0.60
	0.42



	
	(6.5)
	(13.4)
	(8.5)
	(24.8)
	(17.6)
	(15.4)
	(13.5)
	(30.1)
	(21.3)
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Table 3. Mean moduli of elasticity of heat-treated structural timber determined by flexural vibration at individual vibration mode (1 ≤ n ≤ 5) and its mean bending strength according to EN 338 (2nd row present Coef. of variation (%)).






Table 3. Mean moduli of elasticity of heat-treated structural timber determined by flexural vibration at individual vibration mode (1 ≤ n ≤ 5) and its mean bending strength according to EN 338 (2nd row present Coef. of variation (%)).














	Heat Treatment (°C)
	EB1 (GPa)
	EB2 (GPa)
	EB3 (GPa)
	EB4 (GPa)
	EB5 (GPa)
	Bending Strength Grade (MPa)





	Control
	12.74
	13.01
	12.38
	11.83
	11.45
	31.6



	
	(12.2)
	(12.6)
	(12.9)
	(12.7)
	(12.4)
	(21.2)



	170
	13.58
	13.48
	12.96
	12.47
	12.06
	34.1



	
	(9.6)
	(11.1)
	(10.7)
	(10.2)
	(10.3)
	(17.6)



	190
	13.59
	13.73
	12.96
	12.50
	12.12
	34.9



	
	(12.5)
	(10.6)
	(10.3)
	(10.2)
	(10.1)
	(20.3)



	210
	12.94
	12.81
	12.12
	11.71
	11.40
	29.4



	
	(14.5)
	(10.8)
	(11.7)
	(11.8)
	(11.4)
	(20.9)



	230
	11.58
	12.45
	11.69
	11.21
	10.92
	26.8



	
	(23.4)
	(17.8)
	(18.9)
	(18.2)
	(18.3)
	(36.6)
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