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Abstract 

Non-destructive technologies have been applied on predicting the stiffness and strength 

properties of timber for decades. However, these technologies have rarely been 

investigated on predicting the properties of thermally modified timber. This study was 

performed to investigate the non-destructive technologies on estimating of the strength 

and stiffness properties of thermally modified timber. The material that was utilized for 

study is full-size structural Norway spruce. Twenty-five thermally modified boards 

were investigated by applying both non-destructive technologies and static bending test; 

25 unmodified boards were used as a control group. Timber grader MTG and Sylvatest 

Trio are two non-destructive tools that were used for the determining the modulus of 

elasticity (MOE): MTG is an application of resonance frequency technology and 

Sylvatest Trio is an application of time-of-flight technology (TOF). The results show 

that both non-destructive technologies provide good results (𝑅2=0.70 from MTG and 

𝑅2=0.58 from Sylvatest Trio) on estimating the stiffness properties while poor results 

on predicting the strength properties of thermally modified boards. The result shows an 

overestimation of modulus of elasticity (MOE) from time-of-flight test compared with 

the MOEs gathered from static bending test and resonance frequency test for both 

thermally modified boards and unmodified ones. The stiffness properties of boards after 

thermal modification reduced slightly (6.5%) compared with unmodified timbers; while 

strength properties of thermally modified boards decreased (37.5%) significantly 

compared with control group.   

This study is a part of a bigger study performed at Linneaus University by Joran van 

Blokland. 

 

Key words: Non-destructive technologies, acoustic technology, TOF, resonance frequency, 

thermally modified timber, full-size structural timber, Norway spruce, static bending test, stiffness 

and strength properties, analytical model  
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List of symbols 
𝐿  Length of the board (m) 

C Velocity measured by Sylvatest Trio (m/s) 

∆𝑡 Time measured by Sylvatest Trio (s) 

𝜌 Density (𝑘𝑔/𝑚3) 

E Modulus of elasticity (MOE) (𝑁/𝑚2) 

𝐶𝑅𝐸𝑆 Wave velocity of resonance frequency method (m/s) 

𝑓𝑛 nth resonance frequency (Hz) 

𝐸𝑑𝑦𝑛 Dynamic modulus of elasticity (MOE) (𝑁/𝑚2) 

P Load (N) 

k Stiffness constant (N/m) 

𝐴0 Original cross-section of the material (𝑚2) 

𝜎 Ultimate strength (N) 

휀 Dimensionless measure of stretching (m) 

a Distance between a loading position and the nearest support (m) 

I Second moment of inertia (𝑚4) 

𝐹𝑛 Loading point on the regression line (N) 

𝑤𝑛 Displacement on the regression line (m) 

b Thickness of the board (m) 

h Height of the board (m) 
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1  Introduction 

1.1  Non-destructive testing of wood 

Non-destructive testing (NDT) is a technology that can be utilized to predict material 

properties without changing any material characteristics for end uses (Ross, 2015).  It 

has been widely applied on estimating properties of materials for several decades, 

especially on wood (Brashaw et al., 2009). There is a variety of wood features that can 

be evaluated such as visual characteristics, chemical properties, physical properties and 

mechanical properties, and the tests can be set up according to the specific needs or 

interests from the materials (Ross, 2015). Moreover, NDT is not only beneficial to 

predict the properties of wood, but also can reduce the safety problems with noticing 

internal defects and decay (Brashaw et al., 2009). Table 1 below summarized the 

methods that can be applied to predict the different properties of wood. 

Table 1 Summary of non-destructive testing methods that applied to predict different wood properties (Niemz 

and Mannes, 2012) 

Property Basic physical principles Properties 

Mechanical properties Drilling resistance, hardness Detection of fungal decay, density 

Electrical properties Electrical resistance Moisture content, detection of fungal 

decay 

Acoustical properties Acoustic velocity, acoustic 

resonance frequency, acoustic 

emission 

Elastic constants, defect detection, 

micro cracks, insect noises 

Thermal properties Heat radiation (thermography)  Defects on near surface areas 

Electromagnetic waves IR/NIR radiation, diffraction, 

X-ray 

Humidity, chemical analysis, partly 

mechanical attributes, density, 

microstructure analysis 

 

Unlike materials such as metal or concrete, wood is neither homogenous nor isotropic. 

The properties of wood are significantly influenced by nature, which makes them 

difficult to predict by just analyzing their composition. As Kliger (2013) illustrates, 
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although destructive test method is the most effective way to obtain the properties of 

wood, it is not possible to make destructive test first and still use the material in 

applications. Therefore, it is necessary to investigate the irregularities of wood for 

further use by applying NDT (Ross and Pellerin,1994).  

According to Ross and Pellerin (1994), the hypothesis of applying NDT on wood 

properties prediction was originated by Jayne in 1959. It was proposed that static 

bending properties can be related to non-destructive testing results by setting up 

mathematical and physical relationships. As Ross and Pellerin (1994) illustrate, energy 

dissipation and storage properties of wood can be used for predicting the static stiffness 

and strength by establishing the relationship with sound propagation velocity or 

vibration frequency that can be measured during non-destructive testing. Subsequently, 

statistical regression models can be used to analyze the relationship between wood static 

stiffness and strength and NDT measurements (Oscarsson, 2014). 

There are several techniques that have been applied for non-destructive evaluation of 

wood. Static bending technique is utilized to measure the modulus of elasticity (MOE) 

of wood as the basis of non-destructive testing. Figure 1 shows a simply supported 

beam loaded at a testing span of the load-deflection relationship testing. The MOE of 

material can be calculated with the results of this testing by applying the equation that 

derived from the basic mechanics of materials (Passialis and Adamopoulos, 2002). 

Acoustic technique is another technique that has been used for non-destructive 

evaluation. Various non-destructive testing tools have applied acoustic propagation in 

materials to evaluate material properties (Ross and Pellerin,1994). 

 

 

Load Load 

Support Support 

Figure 1 Static bending technique 
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Currently, many non-destructive methods are applied for measuring wood properties. 

For example, x-ray diffraction can be used to measure the average microfibril angle of 

wood; near infrared (NIR) spectroscopy has been employed to dissect the stiffness 

distribution of timber; x-ray tomography can provide distinct imaging of the density and 

internal structure of wood (Legg and Bradley, 2016); the attenuation of x-ray has shown 

the ability to notice the internal voids of material; screw withdrawal is a low-cost NDT 

method that can present the information at one point of the material for deducing the 

strength for a large element; and Pilodyn test have been applied to investigate the 

surface damage of wood (Ross and Pellerin,1994). More examples can be found in table 

2. 

Table 2 Examples of non-destructive test applications for timber 

Sylvatest Acoustic Time of 

flight 

Sound velocity Stiffness and 

strength 

Sandoz, Benoit and Demay 

(2000) 

Timber Grader 

MTG 

Acoustic 

Frequency 

Sound resonance 

frequency 

Stiffness Oscarsson (2014) 

 

Non-destructive test can also been applied for machine strength grading by using linear 

regression analysis to set up the relationship between strength and non-destructive 

measured properties, which also can be called indicating properties (IPs). IP can be 

described as one or few measurements that obtained from the grading machine, for 

example, stiffness, density or knots of wood.   (Oscarsson,2014). As demonstrated by 

Thelandersson and Larsen (2003), the coefficient of determination, 𝑅2, can be used to 

Tools Methods NDT parameters 

measured 

Reported 

properties 

Reference 

Woodeye 

Scanner 

Laser scanning Spiral grain, local 

grain deviations and 

occurrence of knots 

and other defects 

Strength and 

stiffness 

Oscarsson (2014) 

SilviScan X-ray diffraction 

and densitometry 

Density, 

microfibril angle 

Stiffness Knowles et al. (2007) 

Sylvatest Acoustic Time of 

flight 

Sound velocity Stiffness and 

strength 

Sandoz, Benoit and Demay 

(2000) 

PUNDIT Acoustic Time of 

flight 

Sound velocity Stiffness Knowles et al. (2007) 

 

FCF SWT Acoustic Frequency Sound resonance 

frequency 

Stiffness Knowles et al. (2007) 
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present the correlation between strength and IPs measured by NDT, and 𝑅2 will be 

obtained between 0 to 1. For 𝑅2 equals to 1, the variation of strength can be explained 

by the variation of the characteristics that measured by NDT; for 𝑅2 equal to zero, the 

variation of characteristics will not affect the variation of strength. There are several 

characteristics of wood that can be measured by non-destructive testing to predict the 

strength properties. Knots is one of the factors that can be applied, however, the result 

of the investigation shown that knots alone are insufficient parameters to estimate the 

strength properties of wood. According to Thelandersson and Larsen (2003), the 𝑅2 

values from different investigations of Norway spruce differ from 0,16 to 0,42 between 

knots and strength. The stiffness of wood, normally described as modulus of elasticity 

(MOE), is another parameter to evaluate the bending strength of wood measured by 

non-destructive testing. So far, it has the best correlation with strength properties when 

applying individually as Thelandersson and Larsen (2003) described. Moreover, 

combination of MOE with the density of wood gives a reasonable correlation to predict 

the strength properties of wood (Thelandersson and Larsen, 2003).The acoustic testing 

methods which are presented below can be also used for machine grading. 

1.2 Acoustic testing methods for mechanical wood properties 

As shown by Legg and Bradley (2016), among all the non-destructive technologies, 

acoustic technology is one of the most common used methods for measuring wood 

properties. It is low-cost, rapid, robust and convenient to measure the stiffness and 

strength properties of standing trees, felled logs and sawn timber, and it is also helpful 

with breeding. As elaborated by Legg and Bradley (2016), there are several factors that 

can influence the measurements of acoustic testing, such as stiffness, density, and 

moisture content of wood.  

Acoustic technology is developed to measure the stiffness of wood by using wave 

propagation as fundamental. A stress wave is generated when stress is employed 

immediately on the surface of wood. Longitudinal, shear and surface waves are three 

common stress waves that are caused by impact. Longitudinal wave here refers to the 

vibration of particles parallel to the direction of wave propagation. Shear wave here 

refers to the vibration of particles perpendicular to the direction of wave propagation 
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and surface wave here corresponds to the wave, which is generated contiguous to the 

surface (Wang, 2013).   

According to Ross (2015), time-of-flight (TOF) testing and resonance frequency testing 

are the two most frequently used methods of acoustic technology. Wave velocity and 

attenuation are directly associated with material properties; thus, these two methods can 

be utilized to detect the defects of wood. A stress wave will detour void, defects and 

fungal attack of wood; therefore, meeting defects will extend the travel distance of 

stress wave. A longer travel distance will prolong the travel time of wave and signal 

attenuation, thereby, it will be detected by the acoustic testing tools.  

Except velocity and resonance frequency of wave, there are a great number of 

parameters that have been applied to evaluate material properties. For example, pulse 

length, which influenced by the length of routine and sound velocity that is tended to 

spread waveform, is to measure the propagation of received waveform pertaining to a 

standard waveform; insertion loss is the ratio of received energy after passing through 

the material, to initial input energy, etc. (Ross,2015).  

1.2.1 Longitudinal stress wave propagation  

According to Wang (2013), longitudinal stress wave is the most widespread wave that is 

used to measure wood properties, as it has the fastest propagation speed and it is easy to 

detect. Longitudinal wave can constantly spread for a long distance in solid or liquid 

materials, while when the wave encounters the layer of air or flaws, it will entirely 

reflect. Due to this characteristic, stress wave of sound can be applied to detect the 

defects of wood (Cestari, 2000).  

The application of longitudinal stress wave can be described by using the one-

dimensional wave theory (Ross, 2015). The one-dimensional theory illustrates that ‘the 

strain and inertia in the transverse direction can be neglected if the material is long, 

slender and isotropic’ (Wang, 2013). As Ross (2015) states, even though wood is 

neither homogenous nor isotropic, many investigators have proved that one-dimensional 

theory is sufficient to describe the wave behavior.  

Longitudinal stress wave can be considered as hammering a homogenous viscoelastic 

bar at one end: a compression wave is generated after an impact on the end of the bar. 
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The wave will spread along the bar, meanwhile, particles of the bar at the leading fringe 

become excited. When the material of the bar is homogenous, the wave will propagate 

with a constant speed and go through the whole length of the bar. However, the particles 

of the bar will only move a short longitudinal distance when the wave is passing by. 

When the stress wave has reached the free end of the bar, it returns to the hammered end 

as tensile wave, as shown in figure 2. The length of the bar, the material, and the depth 

and the distance between two crests or troughs, influence the wave propagation velocity, 

but the velocity of the wave will not be influenced by the applied hammering load 

(Ross, 2015).  

 

 

 

1.2.2 Time-of-flight (TOF) method 

Time-of-flight (TOF), which is applied to determine the velocity of stress wave, is one 

of the acoustic testing methods for wood properties prediction. In this method, a 

longitudinal stress wave is generated by a mechanical or ultrasonic impact on wood 

(Ross, 2015). Two sensor probes are inserted into two points of the testing sample that 

can sense the passing through wave.  The propagation time that the stress wave travels 

from the transmit probe to receiver probe will be measured (Wang, 2013).  

According to Bucur (2011), acoustic velocity 𝐶 measurements are associated with the 

length 𝐿 of the testing material and the measurement of the time of flight ∆𝑡, as 

indicated in equation 1. According to Ross (2015), stress wave propagation time differs 

in various wood species. The results also illustrate that stress wave propagation is fastest 

along the grain and slowest across the grain.  

𝐶 =
2𝐿

∆𝑡
   (1) 

The velocity of wave is affected by many factors. Moisture content (MC) of wood is 

one of the factor that influence the propagation velocity in wood, therefore, the 

measured speed may vary in different seasons. According to Legg and Bradley (2016), 

higher moisture content leads to lower longitudinal transmission speed, however, radial 

Particles vibration 

Compression wave Tensile wave 

Figure 2 Longitudinal stress wave generated by hammering 
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and tangential velocity are not influenced by moisture content significantly. Besides, 

density is influenced by the moisture content of wood, and both moisture content and 

density will affect evaluation of the stiffness by using TOF methods. Temperature is 

another factor that can influence the velocity of stress wave. An increased temperature 

results in a decrease of velocity, and this situation is especially obvious around the 

freezing point (Legg and Bradley, 2016).   

The propagation velocity of the acoustic wave can be applied to estimate wood stiffness 

properties by establishing mathematical relationship between these two parameters in 

combination with the density of the test sample as described in equation 2 (Wang, 

2013):  

𝐶 = √
𝐸

𝜌
    (2) 

In equation 2, 

 E is longitudinal modulus of elasticity, 

 𝜌 is the density of the material.   

There are several TOF tools that have been applied commercially as shown in table 4. 

One type of TOF tools is consist of two probes and a hammer, such as HITMAN 

(Director) ST300, HITMAN PH330, TreeSonic and Fakopp 2D and IML Micro 

Hammer. Another kind of TOF tools is employed ultrasonic excitation technique, for 

example, Ultrasonic Timer, Agricef USLab, Sylvatest Duo and Sylvatest Trio (Legg and 

Bradley, 2016). Table 3 below summarized the applications of TOF method. 

Table 3 Applications of time-of-flight (TOF) method 

Types Tools Companies 

Two probes and a 

harmer 

HITMAN(Director) ST300 Fibre-gen 

HITMAN PH330 Fibre-gen 

TreeSonic  Fakopp 

Fakopp 2D Fakopp 

IML Micro Hammer     IML 

Agricef USLab AGRICEF 
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Ultrasonic excitation 

technique 

Sylvatest Trio CBT 

 

1.2.3 Resonance frequency method 

 Resonance frequency method is another extensively spread application of acoustic 

technologies that is used to estimate wood properties non-destructively. In this method, 

the stiffness of wood is obtained by locating the test sample in a vibration condition by 

hammering at one end. The oscillation of the board is detected by a sensor. The 

resonance frequency of the vibration can be determined by applying Fast Fourier 

transformation (FFT) that can transfer time domain to frequency domain. The modulus 

of elasticity (MOE) of wood can be calculated in combination with the lowest resonance 

frequency, the density and the length of the test specimen (Olsson et al., 2011). 

Legg and Bradley (2016) indicate that resonance frequency technology was primary 

applied in Japan. Resonance frequency testing tools have been employed by sawmills 

for setting ups on a harvester head, and for measuring the stiffness of seedling or young 

trees.   

According to Legg and Bradley (2016), the highest frequencies are measured and the 

velocity of the wave 𝐶𝑅𝐸𝑆 is calculated by using the measured nth frequency as shown 

in equation 3: 

𝐶𝑅𝐸𝑆 =
2𝐿𝑓𝑛

𝑛
    (3) 

L is the length of the test sample, 

𝑓𝑛 is the measured nth resonance frequency. 

According to Niemz and Mannes (2012), the dynamic MOE of wood can be calculated 

by utilizing equation 4: 

𝐸𝑑𝑦𝑛 =
4∙𝑙2∙𝑓2∙𝜌

𝑛2
    (4) 

𝑙 is the length of the test specimen, 

𝑓 is the frequency of the longitudinal wave, 
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𝜌 is the density of the test specimen, 

n=1. 

Currently, many resonance frequency based acoustic tools have been developed for 

commercial use to measure the stiffness properties of wood, as summarized in table 5. 

For example, HITMAN HM200 is a hand-held tool for measuring the longitudinal 

resonance frequency of logs; HITMAN LG640 for cataloguing logs in sawmills (Legg 

and Bradley, 2016); Timber Grader MTG for measuring the resonance frequency of 

timber. Table 4 below summarized the applications of resonance frequency method. 

Table 4 Applications of resonance frequency method 

Material types Tools  Companies 

Logs HITMAN HM200  Fibre-gen 

Logs in sawmills HITMAN LG640  Fibre-gen 

Timber Timber Grader MTG  Brookhuis Micro-

Electronics 

Wood and panels Bing  CIRAD 

 

1.3 Mechanical properties of wood 

1.3.1 Basic concepts: 

Stiffness: 

According to Roylance (2008), stiffness is ‘a measure of the load that needed to induce 

a deformation in material’. Hooke’s Law describes the relationship between such load 

and deformation as shown in equation 5: 

𝑃 = 𝑘𝛿     (5) 

In the equation above, P is the applied load, 

𝛿 is the resulting deformation, 

and k is the constant of proportionality in N/m, which is called stiffness.  
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The equation describes that the deformation of the material is proportional to the 

applied load linearly as long as the load is adequately small, as shown in figure 3. The 

stiffness k is not only affected by the type of material, but also influenced by its shapes.  

 

 

 

 

 

 

Stress: 

Stress is used to describe the strength of the material (Roylance, 2008), as shown in 

equation 6: 

𝐴0 =
𝑃

𝜎
   (6) 

P is the load at fracture, 

𝐴0 is the original cross-section area of material, 

𝜎 is the ultimate stress. 

Stain: 

Stain is used to describe the deformation per unit length of the material (Roylance, 

2008), as shown in equation 7: 

휀=
𝛿

𝐿0
   (7) 

In equation 6, 𝐿0 is the length of the material, 

𝛿 is the resulting deformation as described in equation 6, 

휀 is a dimensionless measure of stretching.  

k 

P 

𝛿 

 

𝛿

Figure 3 Diagram of Hook’s Law 
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Young’s modulus: 

The relationship of measure the load per unit area and displacement per unit length can 

be described as equation 8 (Roylance, 2008): 

𝑃

𝐴0
= 𝐸

𝛿

𝐿0
   (8) 

In equation 8, E is the constant of proportionality, which is called Young’s modulus or 

modulus of elasticity (MOE).  

 

 

 

 

 

Thus, the relationship between stress and strain can be described with Young’s modulus 

as equation 9 presents: 

𝜎 = 𝐸휀   (9) 

Figure 5 below shows the figure of bending test of modulus of elasticity.  

 

 

 

 

 

1.3.2 Mechanical properties of wood 

Wood is one of the most commonly used and renewable materials that is created by 

nature. The properties of individual trees vary because tree growth may be influenced 

by several factors: maturing conditions, genetic heritage, and silvicultural measures 

k 

𝜎 =
𝑃

𝐴0
 

 

𝜎 =
𝑃

𝐴0

휀 =
𝛿

𝐸
 

Figure 3 Relationship of stress and strain 

L 

𝛿 

Figure 5 Bending stiffness of material 
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(Oscarsson, 2014). According to Thelandersson and Larsen (2003), wood is neither 

homogenous nor isotropic: there are knots, pocket resins and different fibre orientations 

are distributed unevenly in the material, which all can considerably reduce the strength 

of the material. Additionally, various defects can influence the mechanical properties to 

different extents. Figure 6 shows the stress-strain curve of wood. 

 

 

 

 

 

The mechanical properties of wood in its three directions (i.e. longitudinal, radial and 

tangential) are orthotropic. As shown in figure 8, the longitudinal axis is parallel to 

grain, the radial axis is perpendicular to grain and the tangential axis is tangent to the 

growth rings and perpendicular to grain (Rowell, 2005). There are many factors that can 

influence the mechanical properties of wood, such as defects, moisture content, working 

temperature, etc.  

Figure 7 (left) below shows the structure of wood cell wall. The distinct composition of 

cell wall has different contributions. Generally, cell wall is consist of hemicellulose, 

lignin and cellulose. Figure 7 (right) shows the discernable layers of cell wall: P is the 

primary layer of the cell wall that is consist of microfibrils. The essentially random 

orientation of microfibril in primary layer allows the expansion of the cell that takes 

space. S1, S2 and S3 are the secondary layers of the cell wall, they are formed after the 

first layer and the microfibrils are orientated as shown in figure 7 (right). S2 takes place 

the most volume of the cell wall and it has the most important effect on many properties 

of cell and macroscopic properties of wood. The structure of the cell wall and cell also 

influence the mechanical properties of wood (Hill, 2006).  

 

Figure 6 Stress-strain curve of wood  

Proportional limit 

Ultimate strength 
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Figure 7 Composition of cell wall (left) (Source: Anon, (2017)); Different layers of cell wall (right) (Source: 

Hill, (2006) ) 

Stiffness properties 

Elasticity indicates that the deformations of material that caused by low stress are 

entirely recoverable after the loads are eliminated. Plastic deformation and failure 

happen when a higher-level load is applied. Modulus of elasticity of wood along the 

three axes are different from each other, and vary between moisture content, species and 

specific gravity (Rowell, 2005).  As Legg and Bradley (2016) demonstrates, 

longitudinal MOE is the main parameter to estimate the stiffness of wood. As the results 

shown by Legg and Bradley (2016), the MOE of wood vary from 5,000 MPa to 15,000 

MPa. Longitudinal MOE can be calculated as equation 9 shown: 

𝑀𝑂𝐸 =
𝑎𝑙1(𝐹2−𝐹1)

16𝐼(𝑤2−𝑤1)
    (9) 

 

Figure 8 Three principle axes of wood (Legg and Bradley,2016) 

In addition to modulus of elasticity, there are other parameters that are used to describe 

the elastic behavior of wood, for example: Poisson’s ratio describes the ratio of the 
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transverse deformation to the axial deformation when a load is applied axially; modulus 

of rigidity refers to the resistance to deflection of the material produced by shear 

stresses, thus it is also called shear modulus (Rowell, 2005). 

Strength properties 

Generally, estimating the strength properties of wood include measuring the tensile 

strength parallel to grain, hardness, tensile strength perpendicular to grain, impact 

bending, shear strength parallel to grain, compressive strength parallel to grain, work to 

maximum load in bending and modulus of rupture (MOR), as equation 11 presented. 

Tensile strength parallel to grain reflects the maximum load that can be continually 

applied on wood in the direction parallel to grain; tensile strength perpendicular to grain 

indicates the maximum forces that can be employed on wood across the grain; hardness 

of wood is defined as the resistance to indentation; impact bending is to test the beam by 

dropping a hammer from a certain height, the height of the hammer will be increased 

until crack appears on the beam or the beam deflects over 152mm; shear strength 

parallel to grain means the resistance to the interior slipping parallel to grain; modulus 

of rupture refers to the maximum forces a member can afford.  

𝑀𝑂𝑅 =
3𝐹𝑎

𝑏ℎ3    (11) 

1.4 Thermal modification of wood 

Thermal modification of timber is an efficient way to improve the dimensional stability 

and resistance to the decay without using chemical components. As Hill (2006) 

demonstrates, thermal modification on timber is generally conducted between 140°C 

and 260°C, temperature lower than 140°C can hardly change the properties of timber, 

and with temperature higher than 300°C can lead to a degradation of the materials. 

1.4.1 Thermal modification process 

There are numerous thermal modification technologies that are currently applied by 

laboratories and industries. The differences between these technologies are the process 

conditions. In various thermal modification processes, treatment temperatures and 

durations, heat transfer medium, origin moisture content of wood and the pressure 

conditions are important parameters for thermal modification (Militz, 2008).  



19 

 

Currently, there are many industries applying thermal modification of wood. For 

example, Thermo Wood is one of the trades that develops heat treatment process in 

Finland. The thermal modification is conducted under atmospheric pressure, and a 

continuous steam flow is added to eliminate the volatile degradation products and it 

works as a thermal transfer medium.  At the beginning of the process, the temperature is 

raised with steady steps to 130 ℃, and wood is dried during this step; in the second step, 

the temperature is continuously increased until 180-230℃ for 2 to 3 hours according to 

end users’ needs; the last step is to cool and condition the wood: a spray water system is 

utilized to cool the material until the temperature decreases to 80-90 ℃, afterwards, 

remoistening and conditioning takes place to achieve a moisture content of 4-

6% (Militz, 2008).  

PLATO- process is another process that applied for heat treatment developed by a 

Netherlands’ company named PLATO BV. This process includes a hydrothermolysis 

period and a dry curing period. An aqueous atmosphere is applied for wood treatment 

with utilizing saturated steam as a heat transferring media, until 160-190℃ for 1-2 hours 

during the hydrothermolysis period; a 3-to-5-days drying step is taken as a intermediate 

step, and the last step is taken subsequently for 8-12 hours at 170-190 ℃ under an 

atmosphere pressure as final step. Sometimes a 2-to-3-days conditioning step is 

necessary, and the species and thickness of wood may also influence the conditioning 

duration (Militz, 2008).  

More examples can be found in table 5 below: 

Table 5 Process of thermally modification of wood (Militz, 2008) 

Thermal 

modification 

process 

Country Treated 

environment 

Heat treated 

step and 

duration 

Cooling and 

conditioning step 

and duration 

Heat 

transferring 

medium 

Thermo 

Wood 

Finland Atmosphere 

pressure, continuous 

steam flow is added 

to eliminate the 

volatile degradation 

products 

130℃ for the 

first drying 

step, 180-

230℃ for 2 

to 3 hours 

A spray water 

system for 

cooling to 80-

90 ℃, moisture 

content stays 

with 4-6% 

steam flow 

PLATO- 

process 

Netherlands aqueous atmosphere Firstly, 

heating 

to160-190℃ 

for 1-2 hours; 

secondly 

Conditioning 

for 2 to 3 days 

saturated steam 
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drying for 3 

to 5 days, and 

the last step is 

curing for 8to 

12 hours for 

with 170-

190℃ 

Retification-

process 

France Limited oxygen 

content of less than 

2% (v/v) 

Pre-dried 

wood is 

heated to 

200-240℃ for 

9-12 hours 

 Nitrogen 

OHT (oil 

heat 

treatment) 

Germany Vacuum-pressure  Heating at 

180 to 220℃ 

for -4 hours 

Typical heating 

up and cooling 

down durations 

is 18 hours (for 

log with a cross 

section 

100mm*100m

m and length of 

4m) 

Linseed oil  

Opel Therm 

GmbH 

Germany Vacuum of 150 

mbar 

Heat is 

applied by 

using heating 

plates 

between 

boards and 

the pressure 

is applied 

from the top 

of each stack 

 Heating plates 

 

1.4.2 Mechanical properties of thermally modified timber 

According to Militz (2008), the durability, sorption, shrinkage and swelling, and 

strength properties of wood are altered after thermal modification. The changing degree 

lies in the species and the applied treated processes. 

As Militz (2008) states, mechanical properties of wood are affected by the alterations in 

cell wall chemistry after heat treatment. The initial properties of raw materials and 

process conditions will influence the changing level of mechanical properties. 

According to several study results, bending strength is often affected more than 

modulus of elasticity (MOE) during static bending test. MOE often increases under a 

gentle heat treatment process while decreases under a harsh condition. Several examples 

of changes in MOE and bending strengths after heat treatment are shown in the table 6 

below: 
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Table 6 Changes of MOE and bending strength after heat treatment with different species (Militz, 2008) 

 

According to Boonstra et al. (2007), the mechanical properties are influenced by the 

polymeric components of cell wall (cellulose, hemicellulose and lignin) to distinct 

degrees. As Militz (2008) illustrates, under the temperature that generally applied in 

thermal modification process, hemicellulose is the earliest component that begins to 

degrade. And the outcome (acetic acid) of the degradation from hemicellulose catalyzes 

the degradation of carbohydrates, whose chemical structure can influence the sensitivity 

of cell wall towards thermal degradation. The effect on cellulose is less than that on 

hemicellulose, and lignin is the last one which is influenced by heat treatment. Due to 

the different changes in the polymeric components of cell wall, such as the reduction of 

hemicellulose, depolymerization of cellulose and increase of crystallinity etc., the 

mechanical properties are affected to different extent. As Boonstra et al. (2007) 

explained, the chemical-mechanical connection between the polymeric components of 

cell wall guarantees the load distribution among the microfibers.  

1.5 Problem formulation 

Thermal modification is an effective approach for timber to improve the dimensional 

stability and resistance against fungal attack, and it has been intensively developed 

during these years. It is necessary to predict the strength properties of thermally 

modified timber before applying them for structural use. However, some studies 

illustrate that the mechanical properties of heat treated timber may also be changed 

under high temperatures.  

Non-destructive technology (NDT) has been applied for predicting the mechanical 

properties of timber for several decades, and it could be an alternative to predict the 

strength properties of heat treated timber. However, it is hard to guarantee the suitability 

Species Temperature Changes of MOE Changes of 

bending strength 

Scots pine <200 ℃ Increase of 10% Decrease of 3% 

Radiata pine 165℃ Increase of 13% Decrease of 9% 

Spruce and pine 200-220℃ Minor MOE 

changes 

Decrease of 50% 
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of the estimation of thermally modified timber from non-destructive testing due to many 

properties of timber have be changed during the heating process and these changes may 

affect the measurements of NDT. Wave velocity technology and resonance frequency 

technology are two effective acoustic NDT methods for estimating timber strength 

properties. Therefore, the suitability of these two methods might vary between 

thermally modified and unmodified timber.  

1.6 Research Questions  

The follows research questions are formulated: 

1. What are the differences between the estimation of MOE from resonance 

frequency technology and wave velocity technology on thermally modified 

timber boards?  

2. What are the differences of bending stiffness and strength properties from static 

bending test between thermally modified and unmodified timber boards? 

3. Can the stiffness and strength of thermally modified timber be predicted by non-

destructive technologies (time-of-flight technology and resonance frequency 

technology)?  

1.7 Limitations 

Due to the time limitation, the test sample is small and only one wood species and 

thermal modification method was applied in this study. Thus, the result might differ if 

the testing sample is larger or more investigations on more wood species and thermal 

modification method could be conducted. 

2 Aim and approach 

The aim of this thesis is to investigate the suitability of non-destructive technologies for 

predicting the bending stiffness and strength of thermally modified timber. For this 

purpose, two types of non-destructive testing tools (timber grader MTG and Sylvatest 

Trio) will be applied on a study group of thermally modified boards and a control group 

of unmodified boards. The dynamic modulus of elasticity can be calculated from the 

measurements that obtained by non-destructive test and will be compared with the local 

modulus of elasticity measured from static bending test. The suitability of non-

destructive technologies will be analyzed with the statistical method. 
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3 Material and methods 

3.1 Materials 

In this thesis, two distinct categories of Norway spruce timber were investigated: the 

control group has 25 boards of structural timber with length from 3600mm to 4800mm 

and cross-sectional dimension approximate 45×145mm. The moisture content of the 

boards is 13% to 15%. The other 25 boards crosscut from the same log as shown in 

figure 9, corresponded were thermally treated at temperatures of 212 °C for 2-3h 

according to the ThermoWood process, conditioning was carried out after heat treated 

for 5-15h, and the moisture content of the thermally modified boards is 5.4%.  

 

3.2  Methods 

3.2.1 Density measurement 

Wood density was calculated with the measured mass, length, width and thickness of 

the board according to the standard listed in EN 408, as equation 12 shows below: 

𝜌 =
𝑚

𝑙∗ℎ∗𝑏
    (12) 

𝜌 (N/𝑚2) is the density of the board,   

M (kg) is the mass of the board, 

𝑙 (m) is the length of the board, 

H (m) is the height of the board, 

b (m) is the thickness of the board. 

For the static bending test the cross section (width×thickness) of the pieces for wood 

density determination were cut close to the fracture by avoiding knots and resin pockets.  

Thermally modified 
board 

 Unmodified board 

Figure 9 Diagram of the testing samples 
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3.2.2 Moisture content measurement 

The moisture content of the control boards was measured by a moisture meter, which 

applied the principle of the correlation between moisture content with electrical 

resistance, as shown in figure 10. Firstly, the type of wood species was selected from 

the menu. Subsequently, two electrodes were hammered into the board and finally the 

moisture content can be read from the screen after a short while until the number is 

constant. For the material with a large cross section, the moisture content cannot reach 

equilibrium at different depth. Thus, the moisture content of boards was tested in certain 

depth with avoiding knots and resin pockets.  

            

Figure 10 The measurement of the moisture content of boards 

This moisture meter has a limited measuring range. The moisture content of thermally 

modified wood is too low to be captured by a moisture meter, thus, the oven-dry method 

is applied to measure the moisture content of heat treated boards. The moisture content 

of the sample can be calculated as the equation 13 shows below: 

                               𝑀𝐶 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡−𝑂𝑣𝑒𝑛 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑂𝑣𝑒𝑛 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
× 100%                                   (13) 

3.2.3 Timber Grader MTG (MTG) 

According to Hiba Ghafoor (2017), MTG is an instrument which applies axial dynamic 

excitation technique, as shown in figure 8. MTG can determine the longitudinal strength 

properties of wood quickly with simple operation. It is nowadays widely applied by 
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wood industries for quality control. The measuring results of the resonance frequency 

can be delivered to the computer which has installed the software of MTG via 

Bluetooth, and the MOE of the timber can be calculated with the measured frequency as 

illustrated in equation 14: 

𝐸𝑎,𝑛 = 4𝜌 (
𝑓𝑎,𝑛∙𝐿𝑡𝑜𝑡

𝑛
) 2   (14) 

𝜌 (N/𝑚2) is the density of the board, 

𝑓𝑎,𝑛 (Hz) is the resonance frequency at the 1𝑡ℎ axial mode of vibration, 

n=1, 

𝐿𝑡𝑜𝑡(m) is the total length of the testing sample. 

As figure 11 (right) shown, there is a stress wave activator and a sensor on the front of 

the machine, the stress wave activator is a hammer with a certain weight. When the 

micro-hammer hits one end of the board, a stress wave will be generated and travels 

through the board and returns back to the end with MTG, and is then recognized by the 

sensor. The frequency of the longitudinal stress wave will be shown on the display of 

the machine. When begins a measurement, the measuring frontal needs to be pressed 

against one end of the timber, and one needs to press the yellow button to activate the 

measurement.  

In the experiment, the frequencies of 25 control boards and 25 thermally modified 

boards were recorded for analysis.  
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Figure 11 Frequency measurement by MTG (left); the measuring frontal of MTG (right, Hiba Ghafoor, 2017) 

  

3.2.4 Sylvatest Trio 

Sylvatest Trio is another application of non-destructive technology by measuring the 

time of flight (TOF) of acoustic waves to determine the elastic properties of wood or 

wood-based materials. It is the 3rd generation of the key reference device SYLVATEST 

(Cbs-cbt.com, 2017).  

As figure 12 shows below, the device has four buttons and a display for manipulating 

the menu and reading the results. Two transducers (an emitter and a receiver) are 

connected with the device at one end, and plugged into the holes (drilled before 

measurements) of the structural timber. The ultrasonic frequency that applied by the 

device is 50-100KHz. The testing results will be analyzed and stored by the software 

Sylvacom (Cbs-cbt.com, 2017). 

According to Cestari (2000), the length of the testing sample needs to be entered in 

advance, time of the first wave that traveled from emitter to the receiver transducers can 

be calculated by the device and the velocity of the longitudinal wave can be determined. 

During the test, the defects of the board can be detected due to the properties of 

longitudinal wave.  

The relationship between dynamic longitudinal MOE and the measured wave velocity is 

illustrated in equation 2:  

Stress wave activator Sensor 
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𝐶 = √
𝐸

𝜌
 

 

 

Figure 12 The device and transducers of Sylvatest Trio (left); the cable connects the transducer and device 

(right) (Cbs-cbt.com, 2017) 

 Figure 13 shows the experiment settings of this study, 25 control boards and 25 

thermally modified boards were tested in this experiment, and the results of the 

longitudinal wave velocity measurements were recorded for the further analyzing.  

      

Figure 13 Stress wave velocity testing with Sylvatest Trio 
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3.2.5 Static bending test 

The boards were scanned by a WoodEye scanner, model v5, as shown in figure 14. The 

weakest part of the timber can be identified by WoodEye and the results are shown with 

a graphical image. In the static bending test, the weakest part of the timber was selected 

to be tested based on the results from graphical image from WoodEye scanning.  

 

Figure 14 WoodEye scanning on test specimen 

Figure 16 shows the set-up of the static bending test in accordance with EN408. The 

experiment includes local modulus of elasticity test in the edgewise direction. The 

loading was applied to the test sample from beneath and are symmetrical to the central 

point of the testing span. Two supports are applied symmetrical to the central point with 

the span of 18 times the depth h as shown in figure 16. The local modulus of elasticity 

can be calculated according to equation 9 shown before.  

𝑀𝑂𝐸 =
𝑎𝑙1(𝐹2−𝐹1)

16𝐼(𝑤2−𝑤1)
          

𝑎 (m) is the distance between a loading position and the nearest support; 

𝑙1(m)) is the gauge length for the determination of local modulus of elasticity (equals to 

5h); 

I (𝑚4) is the second moment of inertia; 

𝐹2 − 𝐹1 (N)is the increment of the load of two point on the regression line; and 
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𝑤2 − 𝑤1 (m) is the increment of the deformation corresponding to 𝐹2 − 𝐹1(see figure 

15). 

 

 

 

 

 

 

According to EN408, a correlation coefficient of 0.99 or better should be found from the 

graph within the range of 0.2𝐹𝑚𝑎𝑥,𝑒𝑠𝑡 to 0.3𝐹𝑚𝑎𝑥,𝑒𝑠𝑡. 

The bending strength (MOR) is calculated according to equation 10 shown before, the 

strength values are determined based on EN408. 

𝑀𝑂𝑅 =
3𝐹𝑎

𝑏ℎ3     

 

 

 

Figure 17 shows the experiment setting of the static bending test in the laboratory, 

where 25 control boards and 25 thermally modified boards were tested. The testing 

𝐹

2
 

𝐹

2
 

h 

    a=6h     a=6h     a=6h 

Figure 16 The set-up of static bending testing in accordance with EN408 

w 

𝑙1 = 5ℎ 

F 

w 

𝐹2 

𝐹1 

𝑤1 𝑤2 

Figure 15 Load deformation graph within the range of elastic deformation in accordance with EN408 
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results of the modulus of elasticity and bending strength were recorded. For each testing 

board, a piece close to the fracture was cut and the moisture content was tested by oven-

dry method. And the results of the static bending test will be applied to analyze together 

with the non-destructive testing results.  

 

Figure 17 Static bending properties testing 

3.2.6 Statistical analysis 

Software JMP 13 and Microsoft Excel 2016 are applied for data analysis in this thesi. 

The mean value and standard deviation of density, resonance frequency (measured by 

timber grader MTG), ultrasonic velocity (measured by Sylvatest Trio), dynamic MOE, 

local bending MOE and bending strength were calculated by Microsoft Excel 2016.  

Independent t-test was conducted to determine if there is a statistically significant 

difference between two independent groups. P-value of independent t-test gives the 

significant level: if p=< 0.05, there are significant different between the two 

measurements; if p>0.05, there is no significant different between the two 

measurements. In this study, the independent t-test was completed with JMP 13.  

One-way ANOVA test was conducted between groups to determine whether there are 

statistically significant differences between the mean values of each group. P-value of 

the test presents the significant level: if p=< 0.05, the differences between the 

measurements are significantly different; if p>0.05, the differences between the 
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measurements are not significantly different. In this test, the mean value between 

different pairs of groups are also compared, and a letter is given to each group. For the 

groups that share a letter, the differences are not statistically significant; for the groups 

that have different letters, the differences are statistically significant. In this study, the 

one way ANOVA test was completed with JMP 13. 

Scatter plot with a regression line is applied to analyze the relationship between the 

predictor variable (which also known as independent variable) and response variable 

(which also known as dependent variable). In this thesis, the independent variables that 

measured by non-destructive test also known as indicating properties (IPs), such as 

dynamic MOEs. In this model, coefficient of determination 𝑅2 is used to determine to 

what extent IP can be used to predict the stiffness and strength properties: For 𝑅2=1 

could mean that the predictor variable has a significant influence on the response 

variable; for 𝑅2=0 could mean that the response variable is not influenced by the 

predictor variable (Oscarsson, 2014). In this study, the regression line and 𝑅2 is 

generated and calculated with JMP 13.           

        

4 Results and discussion 

The measured and calculated properties of 25 control boards and 25 heat-treated boards, 

i.e. density, resonance frequency, velocity, dynamic MOE, local bending MOE and 

bending strength, are shown in the tables below. The coefficient of determination,𝑅2, 

and the scatter plots presenting the relationship between dynamic MOE that measured 

from non-destructive test and static bending properties (local MOE and bending 

strength MOR), are shown in the figures. 

Table 7 and 8 illustrate the results that measured and calculated from non-destructive 

test. From these two tables, it is evident that the MOE calculated from both MTG and 

Sylvatest Trio measurements for unmodified boards is higher (2%) than the MOE for 

thermally modified boards. Table 9 reports that the static MOE that is measured from 

destructive bending test shows a reduction approximate 6.5%, and the bending strength 

(MOR) decreases (37.5%) significantly after thermal modification.  
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According to the literature, the effect on MOE might differ from different treatment 

conditions and species. Several factors such as treatment duration, temperature, heat 

transferring medium could have various impacts on the results of MOE. There are some 

previous studies reported the different effects on MOE of small wood samples: A 

significant reduction in dynamic MOE by 13% under a severe condition (230℃, 4h) 

was observed by Garcia et al. (2010) from Eucalyptus grandis, while there was not 

significant change in MOE under other treatment temperature; Brunetti et al. (2007) 

observed that there is an increment in MOE of 21.4% and 4.7% for European cherry and 

walnut, respectively. Bekhta and Niemz, (2003) found that the MOE of spruce wood 

decreased by 4% to 7% under heat treatment. There are also some investigations on 

MOE of thermally full-size modified structural timber: Boonstra et al. (2007) observed 

that there is an increase (10%) in MOE of full-size structural timber after thermal 

modification. Among all the studies, the influence on modulus of elasticity (MOE) is 

quite limited: there is no significant change in MOE under a mild heat treatment, while 

several studies reported that the MOE reduces considerably under a severe treat 

condition. Besides, different evaluation methods that have been applied may also obtain 

different MOEs. 

Most studies reported that there is a significant decrease in bending strength (MOR) 

after heat treatment. Boonstra et al. (2007) found that there is a reduction (31%) in 

MOR of full-size Norway spruce boards. Borrega and Kärenlampi (2007) observed that 

the bending strength (MOR) decreased with an increase of mass loss on heat treated 

boards. Kubojima, Okano and Ohta (2000) reported that the bending strength (MOR) 

increased slightly at the beginning and decreased subsequently, and the reduction of 

MOR is higher in the air than in nitrogen. Bengtsson et al. (2002) has tested structural 

boards of Scots pine and Norway spruce, and a reduction by 50% was observed in 

MOR. The initial decrease of bending strength (MOR) can be explained by the 

degradation of hemicellulose that related to the bending strength. The MOR further 

reduces as the increase of heating time and temperature (Boonstra et al., 2007). It is also 

reported that the level decrease of MOR is affected by the heat treatment process and 

species (Sandberg, and Kutnar, 2016).  

The mean value of density is decreased (8.9%) after heat treatment as shown in the 

tables below. Previous studies also reported noticeable reductions in density of 
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thermally modified wood: Garcia et al. (2010) observed that there is a reduction in air-

dry density of heat-treated eucalypt wood. A 10% decrease for thermally modified 

Eucalyptus cameldulensis boards in density was found by Unsal and Ayrilmis (2005). 

Boonstra et al. (2007) reported that the density of Norway spruce boards decreases (9%) 

after heat treatment, which is close to the result obtained from this study. An 

explanation for the reduction of density is the loss of hemicelluloses or fragile pentose 

and hexose during heat treatment (Kamdem, Pizzi and Jermannaud, 2002); some 

extractives of wood components evaporated during thermal modification process 

(Boonstra et al., 2007). Another reason is the reduction of the bound water (Garcia et 

al., 2010).   

Of the two tools tested, Sylvatest Trio provides a higher estimation on MOE for both 

heat-treated boards and untreated boards than MTG provides. The mean value of MOEs 

measured by MTG are 13744 𝑁/𝑚𝑚2and 13471 𝑁/𝑚𝑚2on unmodified boards and 

modified boards, respectively; while the mean value of MOEs measured by Sylvatest 

Trio are 15504 𝑁/𝑚𝑚2 and 15134 𝑁/𝑚𝑚2on untreated boards and treated boards, 

respectively, which are significantly higher than the testing results from MTG. The local 

MOEs that obtained from static bending test are 13488 𝑁/𝑚𝑚2 are 12608𝑁/𝑚𝑚2, 

respectively, which is closer to the results obtained from MTG test. Even though the 

measurements from resonance frequency technology are closer to the results from static 

bending test, both MOEs that obtained from the acoustic methods are higher than the 

static bending MOEs, which was also observed by Legg and Bradley, (2016).  Several 

studies have also reported that time-of-flight (TOF) methods has overestimated the 

stiffness compared to resonance frequency technology and static bending tests. For 

example, Grabianowski (2003) found that the resonance frequency method provides a 

more accurate estimation on MOE than TOF, as the velocity from resonance frequency 

method is measured with higher numbers of stress wave than TOF method.  

Legg and Bradley (2016) provids several explanations about the overestimation of TOF 

method: Firstly, the viscoelastic nature of wood result to the higher MOEs measured by 

applying time-of-flight method. There are three forms of vibrations with three 

increasing levels of frequencies that correspond to the three test methods (static bending 

test, TOF, resonance frequency), respectively. The vibration of static bending test has 

the lowest frequency and the vibration of TOF has the highest frequency that result to a 
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high velocity. Secondly, the valid propagation distance of wave is only approximate one 

meter for TOF method, while for resonance technology the propagation distance is 

much longer than that. It is also illustrated that the speed that measured by TOF 

measured is ‘bulk wave speed’ and the speed measured by resonance technology is ‘rod 

wave speed’, which also lead to a higher measurement from TOF method than 

resonance method.  

 

Table 7 Mean value, standard deviation and t-test results for density, resonance frequency and dynamic 

MOE of 25 thermally modified boards and 25 unmodified boards, measured by timber grader MTG. 

Significance levels are: **P=<0.01, *P=<0.05.  𝑵𝑺: Not significant 

Material Number Density, 𝒌𝒈/𝒎𝟑 𝒇𝟏, Hz 𝑴𝑶𝑬𝑴𝑻𝑮, 𝑵/
𝒎𝒎𝟐 

Control group 25 482.4 601 13744±10.9 

Thermally modified 

boards 

25 438.7 624 13471±8.9 

t  -3.918** 1.185𝑁𝑆 1.835* 
 

 

 

 

Table 8 Mean value, standard deviation and t-test results for density, velocity and dynamic MOE of 25 

thermally modified boards and 25 unmodified boards, measured by Sylvatest Trio. Significance level is: 

**P=<0.01 

Material Number Density, 𝒌𝒈/
𝒎𝟑 

Velocity, 𝒎/𝒔 𝑴𝑶𝑬𝑺𝒚𝒍𝒗, 𝑵/

𝒎𝒎𝟐 

Control group 25 482.4 5669 15504±9.4 

Thermally modified 

boards 

25 438.7 5873 15134±8.9 

t  -3.918** 5.397** 3.049** 

 

Table 9 Mean value, standard deviation and t-test results for density, local bending   MOE of 25 thermally 

modified timber boards and 25 unmodified timber boards, calculated from static bending test. Significance 

level is: **P=<0.01 

Material Number Density, 

𝒌𝒈/𝒎𝟑 

MOR, 𝑵/
𝒎𝒎𝟐 

𝑴𝑶𝑬𝑳𝒐𝒄, 𝑵/𝒎𝒎𝟐 

Control group 25 482.4 48.39±9.9 13488±13.2 

Thermally modified 

boards 

25 438.7 30.21±8.6 12608±12.5 

t  3.918** -9.754** 4.403** 
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Figure 18 and figure 19 present the relationships between MOE that measured by non-

destructive tools and local MOE that measured by static bending test of 25 boards in 

control group and 25 thermally modified boards. As shown in the figures, the calculated 

MOEs from both MTG method and Sylvatest Trio method are highly correlated to the 

MOE measured by destructive bending test. Of the two tools measurements, the 

measurements from timber grader MTG (𝑅2=0.796 for control group and 𝑅2=0.705 for 

thermally modified boards) provides better correlation with the measured MOE from 

static bending test than Sylvatest Trio (𝑅2=0.602 and 𝑅2=0.582). This result was 

expected, as several studies also reported the same results (Chauhan and Walker, 2006); 

Grabianowski, Manley and Walker, 2006). Of the boards from two groups, both non-

destructive tools provide better correlations with unmodified boards than thermally 

modified boards.  

Figure 20 and figure 21 present weak correlations between dynamic MOEs measured by 

non-destructive tools and MOR obtained by static bending test on 25 unmodified boards 

and 25 heat treated boards. And the correlations between local MOE and MOR from 

static bending test are also weak as shown in figure 22. However, several studies found 

that the MOR and MOE has high correlations. For example, Olsson et al. (2011) found 

that the MOE that calculated from resonance frequecy test is 𝑅2=0.69. An explaination 

for the weak correlations that obtained from this study is due to the small testing 

samples, thus, it can be assumed that if the testing sample become larger, the results 

might differ. 

Table 10 Results from analysis of variance models for non-destructive testing results and static bending test results of 25 thermally modified 

boards and 25 unmodified boards. Significance level is: **P=<0.01 

Material Number Density, 

𝒌𝒈/𝒎𝟑 

𝑴𝑶𝑬𝑳𝒐𝒄, 𝑵/
𝒎𝒎𝟐 

𝑴𝑶𝑬𝑴𝑻𝑮, 𝑵/
𝒎𝒎𝟐 

𝑴𝑶𝑬𝑺𝒚𝒍𝒗, 

𝑵/𝒎𝒎𝟐 

MOR, 𝑵/
𝒎𝒎𝟐 

ANOVA F-

test 

Control group  25 482.4 13488±13.2 b 13744±10.9 b 15504±9.4 a 48.39±12.5 c 681.496** 

Thermal 

modification group 

25 438.7 12608±12.5 c 13471±8.9 b 15134±8.9 a 30.21±31.44 d 836.159** 
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Figure 18 Relationships between dynamic MOE measured by timber grader MTG and local bending MOE, 

for 25 boards from control group (top) and 25 boards from thermal modification group (below) 

 

 

Control group 

𝑅2=0.796 
y = -942.4828 + 1.0499446x 

Heat treated boards 

𝑅2=0.705 
y = -2322.705 + 1.1083541x  

Control group 

𝑅2=0.602 

y = -1238.925 + 0.9498837x 
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Figure 19  Relationships between dynamic MOE measured by Sylvatest Trio and local bending MOE, for 25 

boards from control group (top) and 25 boards from thermal modification group (below) 

 

Heat treated boards 

𝑅2=0.582 

y = -1061.722 + 0.9032308x 

Control group 

𝑅2=0.334 
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Figure 20 Relationships between dynamic MOE measured by timber grader MTG and bending strength 

MOR, for 25 boards from control group (top) and 25 boards from thermal modification group (below) 

 

 

 

 

Figure 21 Relationships between dynamic MOE measured by Sylvatest Trio and bending strength MOR, 

for 25 boards from control group (top) and 25 boards from thermal modification group (below) 
 

 

Heat treated boards 
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Heat treated boards 

𝑅2=0.226 

 

𝑅2=0.088 

 

𝑅2=0.173 
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Figure 22 Relationships between local bending MOE and bending strength MOR from static bending 

test, for 25 boards from control group (top) and 25 boards from thermal modification group (below) 
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5 Conclusions 

According to the results found in this study, the formulated research questions can be 

answered. 

1. The MOEs of thermally modified boards and control group obtained from both 

MTG and Sylvatest Trio are higher than dynamic MOEs obtained from static 

bending test, especially for the Sylvatest Trio. The MOEs calculated from MTG 

shows a better correlation with local MOEs measured by static bending test than 

the MOEs estimated from Sylvatest Trio.  

2. The MOEs of boards after heat treatment show a slight reduction compared with 

unmodified timber; however, the bending strength (MOR) of thermally modified 

timber decreased (37.6%) significantly.  

3. As the results show from the tests, both acoustic tools (MTG and Sylvatest Trio) 

that applied in this study present good correlations for estimating the MOE 

property of thermally modified boards of Norway spruce. However, it provides 

weak correlations between the MOEs from non-destructive test with bending 

strength (MOR) on both heated treated boards and unmodified boards, which 

might be caused by the small testing sample. Thus, the two acoustic tools that 

were applied in this study are both suitable for predicting the MOE of thermally 

modified boards of full-size Norway spruce, while they are not suitable for 

predicting the bending strength. 
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6 Future study  
Research in the future could evaluate non-destructive test for predicting the bending 

stiffness and strength of thermally modified timber with different species, as the 

suitabilities of non-destructive test might differ from wood species. More tools of 

resonance frequency method and TOF method can be included for investigation since 

the result only obtained from one tool for each method is not promising. 
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