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Abstract 
 

Aspen (Populus tremula L.) accounts for about 2% of the total wood stock in Sweden. 

Sawmills use only a small part (about 5,000 m³fub) of round wood aspen per year. Since 

there are no Swedish gradings and design values for aspen, no aspen is used for structural 

purposes. This also applies to other hardwood trees in Sweden. Aspen is mainly used for 

pulp and paper with a mass consumption of 800,000 m³fub per year of which about 50% 

is imported. Most imported aspen is from Russia and the Baltics. The other major use of 

aspen is in match industries. Consumption for matches amounts to approximately 30,000 

m³fub per year in Sweden. 

The aim of the research work was to increase knowledge on the wood quality of aspen 

used in the production of matches. Aspen (Populus tremula L.) logs were collected from 

two different sites in Sweden and a non-destructive tools weas used to estimate the 

modulus of elasticity in logs. To measure the dynamic modulus of elasticity (MOEdyn), 

Fakopp resonance log grader used. Other properties like density and moisture content 

were measure and were correlated with the MOEdyn values in order to identify the site 

that has a better log quality. Besides, horizontal and vertical variation of different wood 

properties were measured and compared within and between trees from two different sites 

in order to justify the variation of log quality. A total of 20 trees from Askaremåla and 

Vimmerby, Sweden were felled and used in this study. From each tree, 3 m long logs 

were sampled from each base, middle and top. After that, non-destructive evaluations 

were performed in those logs. Besides, 5 cm thick discs were collected in every tree height 

(base, middle and top) to measure horizontal and vertical variations. 

This study shows that there were differences in MOEdyn between and within trees. It was 

evident that trees collected from Vimmerby had a better log property than that in 

Askaremåla. Using non-destructive tools, it is possible to sort out quality logs for the 

production of Swedish matches.  

Keywords: Non-destructive technique, resonance, stiffness, aspen, moisture content, 

basic density, cross sectional diameter area, bark width, grain angle, taper, sound velocity.   
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1 Introduction 

1.1 The wood of aspen 

The most predominant types of trees found in Swedish forest is pine and spruce because 

Sweden is in the northern coniferous region. Therefore, research and investments have 

been focused only on the management and industrial use of pine and spruce forests for 

over 100 years (Staland et al. 2002). Hardwood trees naturally are spread inside the 

coniferous forest, while in recent time they have increased their rate in the Swedish forest. 

The growing stock of hardwood has risen from about 300 million m³sk in the 1920s to 

more than 500 million m3sk today, accounting for almost 20% of the total standing 

volume (Anonymous 2014). Birch is the dominant, followed by aspen, alder, oak and 

birch. These five species represent approximately 95% of the total stock of hardwood 

(Staland et al. 2002; Anonymous 2014). 

Hardwoods have been valued over the last decade, not only for their importance in 

improving the recreational and biodiversity of forests, but also for the increasing demand 

as raw materials in the pulp and wood industries (Adamopoulos et al. 2010). The 

consumption of hardwood as raw material in various industrial sectors (pulp, mills, 

sawmills, firewood) has risen from 5 to 20% over the last 20 years, with the variations 

over the period related to market force (Rogersson 2005). 

Aspen represents about 10% of the total hardwood volume and comes after the dominant 

hardwood species, birch, by about 70%. Aspen accounts for about 2% of the total wood 

stock in Sweden. Saw mills use only a small part (around 5,000 m³fub) of round wood 

aspen per year. Because there are no Swedish rankings and design values for aspen 

timber, no aspen wood is used for structural purposes. This also applies to the other 

hardwoods in Sweden. Aspen is mainly used for pulp and paper with a mass consumption 

of 800,000 m³fub per year of which about 50% is imported (Nylinder and Woxblom 

2005). Most imported aspen is from Russia and the Baltic states. The second major use 

of aspen wood is matches. Consumption for matches amounts to approximately 30,000 

m³fub per year (Nylinder Woxblom 2005).  

 Aspen has a medium hard and medium tough wood, easy to work with, glue and stain 

(Palm et al. 2005). It tends to conduct heat very poorly and does not release any resin 
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which makes the wood an excellent choice for sauna applications (cladding, benches). 

Other applications are manufacturing matches, construction-timber, shingle, cladding, 

upholstery, furniture and even flooring (Figure 1).  

 

Figure 1. Different use of aspen wood (Pinterest 2007). 

 

Aspen wood also provides satisfactory physical and mechanical properties needed for 

interior and exterior wood products (Bjurhager et al. 2008; Heräjärvi and Junkonen 2006). 

However, the main challenges related to the utilization of aspen potentials in the wood 

industries are availability, logs with colour defects, wet wood, spiral grain, large 

branches, internal stresses and drying of sawn wood which involves twisting, uneven final 

moisture content, end checks and collapse of wood tissues (De Boever et al. 2005; 

Heräjärvi and Junkonen 2006). Knots (as well as tension wood) are also chief causes of 

degrading in veneer type aspen logs (Ross and Pellerin 1994). For drying, technical 

approaches such as different treatments and modifications of drying schedules can 

provide solutions. However, the availability of material of appropriate quality, is 
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associated with management practices currently being applied to hardwood in Sweden. 

Individuals or families own about half of the Swedish forest area and the average area of 

privately owned properties is less than 50 hectares (De Boever et al. 2005; Heräjärvi and 

Junkonen 2006). The major economic profit stems from coniferous forests, while 

hardwood forests are less common. Since hardwood trees are naturally spread in the 

coniferous forests, their management gains less attention, which in turn has a negative 

impact on the quality of their wood. Wood industries using hardwood has non-consistent 

sources of raw materials with different or absent management, and usually of lower 

quality compared to coniferous trees (De Boever et al. 2005; Heräjärvi and Junkonen 

2006). 

Swedish Match have been manufacturing matches in Sweden for more than 150 years. 

Swedish Match Industries AB is the only remaining manufacturer of matches in Sweden. 

The modern, safe machines of today offer enormous capacity and can produce around 

250 million matches every day (Swedish Match 2017). In the early 1900s, matches were 

made of more than 150 companies. It is therefore important that the Swedish economy 

maintains forestry in such a way that the risk of loss of the sector is minimized (Palm 

2005) Since the planning of intensive management of hardwood is a requirement, but 

requires long-term planning, some of the problems can be solved by research Initiatives 

on the correct evaluation and wise resource usage. It should be noted that there is little 

research on wood quality aspects of hardwood, especially the less utilized species like 

aspen.  

1.2 Log grading 

As determined by the Swedish Board of Timber Measurement, log grading into defined 

classes after harvest is based on visual criteria in the outer surface (with or without bark) 

such as curvature, twist, taper, knots and branches, pith, reaction wood, checks and other 

defects. The key to proper grading is to determine which external visible anomalies are 

signs of underlying defects and which can be ignored, and therefore additional sorting is 

often required in the industry. It is obviously not an easy task and there are many 

restrictions, especially for these defects, which are not readily visible. As for example, 

spiral grain, which can have major consequences for certain products like building timber 

or matches. To overcome these problems, log grading and sorting is an established 

practice in modern sawmills. Converting log to sawn lumber efficiently (e.g. control log 
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orientation before sawing, optimize cutting patterns to obtain maximum volumetric 

output), their shapes and sizes must be known. Different types of log shape scanners have 

been developed from relatively simple shadow-type scanners (Holland and Reynolds 

2005), which determine log circumference and diameter with multiple cameras of laser 

scanners that accurately and quickly determine the exact three-dimensional shape of the 

log (Figure 2). 

 

Figure 2. Un-scanned and scanned log (Adopted from International 

Archives of Photogrammetry Remote Sensing and Spatial Information 

Sciences, Vol. XXXVI-8/W2). 

 

 The shape of logs can thus be used to indicate the probable quality of log as it is possible 

to record log variables, such as log curvature, knots and taper, recognize butt logs and 

evaluation out-of- roundness and other shape properties associated with lower quality 

wood. Certain types of internal defects including severe cross grains due to the deviation 

of stem trees in early life and the reaction wood in some cases cannot be identified by a 

log shape (Warensjo 2003). Internal imaging of logs is therefore used by using computed 

axial tomography based on the use of microwaves, acoustic, nuclear magnetic resonance 

and x-ray (Nystrom and Hagman 1999). The quality of products (lumber and veneers) cut 

from a stock is a function of the number, size and type of internal defects, such as 

branches, knots, rot and splits, and their detailed imaging can provide opportunities for 
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appropriate diverting in the production line. However, the use of such instruments is less 

used to sort hardwoods logs and their potential should be further analysed and optimized 

for specific species. In the future, the dependence on other foreign recourses may decrease 

and would increase the value of hardwood trees in Sweden. This requires a good 

knowledge of the most important wood properties that affect the suitability of added value 

wood conversion.  

1.3  Swedish match 

Swedish Match develops, manufactures, and sells quality products with market-leading 

brands in the product areas Snus and moist snuff, Other tobacco products (cigars and 

chewing tobacco), and Lights (matches, lighters, and complementary products). 

Production is in six countries, with sales concentrated in Scandinavia and the US. Well-

known brands: General, Longhorn, White Owl, Red Man, Fiat Lux, and Cricket. (Swedish 

match). Swedish Match is market leader in many markets. Match brands tend to be local 

and hold a strong position in their respective markets. Production in Brazil, the 

Netherlands, the Philippines, and Sweden. Strong market presence in Africa, Australia, 

Brazil, Europe, New Zeeland, and parts of Asia. The Company also offers a portfolio of 

complementary products primarily in Brazil under the Fiat Lux brand. (Swedish match) 

 

The problem and challenges the company is facing in the match production in Sweden is 

that the company uses only Visual non-destructive technique (NDT) to evaluate their 

wood materials, which is not reliable in order to identify the internal condition and 

estimate the stiffness of these materials and these internal defects can only be visible after 

the materials has been processed to veneer which often leads to waste of materials, money 

and time. The approach to these challenges is by the use of Non-destructive acoustic tools 

namely Fakopp log grader to be able to identify and sort out quality logs for the 

production of matches.  

 

1.4 Wood quality of standing trees and logs by acoustic analysis 

Wood is one of the most used and renewable materials made by nature. The structure of 

individual trees varies because tree growth can be influenced by several factors: maturity, 

genetic heritage, and forestry (Oscarsson 2014). Knots, pocket resins and different fiber 

orientations are unevenly distributed in the material, which can significantly reduce the 
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strength of the material. In addition, there are various defects that can affect the 

mechanical properties to different stage (Oscarsson 2014). 

The mechanical properties of wood in the three directions are orthotropic (Figure 3).  

 

Figure 3. Diagram showing the orthotropic axis of wood (Leg and Bladley 

2016). 

 

Where the longitudinal axis is parallel to the grain direction, the radial axis perpendicular 

to the grain direction and parallel to the ray and the tangential axis is tangent to the growth 

ring. The most important parameter used to determine whether wood is of structural grade 

is the stiffness. The longitudinal stiffness and acoustic velocity in the longitudinal 

direction relate to the range of wood properties, such as the microfibril angle (MFA), 

tracheid dimensions and density (Bucur 2006). Furthermore, the sound speed in the 

longitudinal direction is the highest while that in the tangential axis direction is the lowest. 

(Bucur 2006). In other word, moduli of elasticity (MOE) of wood along the three axes 

are different from each other. MOE also depends on moisture content, species and specific 

gravity (Evans and Elic 2001). Density is the most important factor that is associated with 

MOE in acoustic velocity tests. The results of Legg and Bradley (2016) showed that the 

MOE of timber ranges from 5000 MPa to 15000 MPa. 

1.4.1 Acoustic analysis  

Acoustic analysis is well-established method to evaluate material and its use has become 

widely accepted in the forest products industry for quality control. Recent research 

developments on acoustic technology use to evaluate standing trees and logs for general 

wood quality and intrinsic wood properties (Legg and Bradley 2016; Wang et al. 2007). 
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Acoustic methods are also called non-destructive testing (NDT) as because they allow to 

assess material properties without causing damage to the objects (Amishev and Murphy 

2008). Nowadays, several NDTs have been developed and they are often used to estimate 

timber mechanical properties such as stiffness. Acoustic NDT techniques are used to 

estimate the modulus of elasticity or dynamic modulus of elasticity of standing trees and 

logs. There are two methods used for measuring the acoustic velocity- acoustic resonance 

and time of flight techniques. 

1.2.1.1 Acoustic resonance technique 

Longitudinal stress wave is the most common instrument for measuring the properties of 

wood because it has the fastest propagation rate and it is easy to recognize (Wang et al. 

2007). Longitudinal wave can spread continuously at a long distance in solid or liquid 

material, while if the wave meets air or defects, it will fully reflect. Because of this feature, 

stress wave could be applied to detect flaws in wood (Wang et al. 2007). This technique 

involves introducing a longitudinal acoustic stress wave into a log by means of a hammer 

stroke on one end of the sample (Figure 4). It creates vibrations, which are predominantly 

in a direction parallel to the grain. The resulting stress waves are reflected from each end 

of the log many times and standing waves are generated. The signal is recorded and a fast 

Fourier transform (FFT) of the signal is obtained. After that the frequencies at which 

peaks occur in the signal are measured and acoustic velocity is calculated (Legg and 

Bradley 2016). The Fiber-Gen Director, HM200TM, Fakopp Log Grader uses this tool 

(Amishev and Murphy 2008; Paradis et al. 2013; Merlo et al. 2008; Chauhan and Walker 

2006). 
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Figure 4. Schematic of acoustic wave velocity measurement by Fakopp 

resonance log grader and the PDA screenshot (Leg and Bradley 2016). 

 

The sound wave longitudinal velocity is then calculated using the following formula 

(Baar et al. 2012): 

v = 2fL 

where v is the propagation velocity (m/s), f is the resonance frequency (Hz), and L is the 

length of sample (m). 

1.2.1.2 Acoustic time of flight technique 

Time of flight (TOF) technique measures the time of an acoustic stress wave (induced by 

a hammer stroke) needed to transmit from the transmitter to the receiver probes (Figure 

5). There are other several tools which use ultrasonic excitation to measure the acoustic 

velocity in trees and logs. Both type of tools then records the acoustic velocity (m/s). An 

advantage of this method is that it can be used in standing trees. SilvaScan2 Near Infra-

Red (NIR) tools uses this method (Amishev and Murphy 2008; Paradis et al. 2013; Merlo 

et al. 2008; Chauhan and Walker 2006).  

Sound speed in wood is influenced by many factors. The moisture content (MC) of wood 

is one of the factors that increases the propagation rate of the wood, which means that the 

measured speed varies in different seasons. According to Legg and Bradley (2016), higher 

humidity lowers the longitudinal transmission speed, but the radial and tangential velocity 

is not significantly affected by the moisture content. As density is affected by the moisture 

content of the wood, both the moisture content and the density have effect on the stiffness 
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of wood. Temperature is another factor that can affect the sound velocity e.g. a 

temperature increase reduces the sound speed (Legg and Bradley 2016). 

 

Figure 5. Diagram of an acoustic TOF tool used to measure the velocity in 

standing trees (Legg and Bradley 2016). 

 

The theoretical relationship between acoustic velocity, density and stiffness has long been 

understood and can be expressed by the following fundamental wave equation (Bucur 

2006): 

𝑀𝑂𝐸𝑑𝑦𝑛 = 𝜌𝑣2 … … … … … … … … … … .1 

• MOEdyn = dynamic modulus of elasticity (N/mm²)  

• ρ = tree density (kg/m³) 

• v= speed of sound (m/s).  

1.2.2 Acoustic assessment of standing trees 

Acoustic NDT tools can be of value to forest managers in assessing the impact of changes 

in forestry practices. Wang et al. (2000) found a good agreement between the dynamic 

MOE and static MOE values from bending tests on small clear samples. They finally 

concluded that stress-wave NDT techniques in standing trees provide a "reasonably 

accurate" way of predicting mechanical properties of wood. There are many existing tools 
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available, which are commercially used. Similar results also found by different 

researchers (Ilic 2003; Mishiro 1996; Wagenfuhr 2000). One type of TOF tools consists 

of two probes and a hammer, such as HITMAN (Director) ST300, HITMAN PH330, 

TreeSonic Fakopp 2D and IML Hammer. Another type of TOF tools that use ultrasonic 

excitation method like Fakopp ultrasound timer, Agricef USLab, Sylvatest Trio (Legg 

and Bradley 2016). 

1.2.3. Acoustic assessment of logs 

Acoustic assessment techniques are now widely used in the forest industry to assess 

timber quality and log sorting that can produce timber for wood structure, thereby 

improving high-quality outturn and economic profitability (Mackenzie et al. 2005). 

Tsehaye et al. (2000) compared acoustic speeds using TOF technique in 300 logs of 

radiata pine (Pinus radiata D. Don) from un-thinned stands. They concluded that despite 

some problems with experimental techniques, they are still able to reasonably correlate 

acoustic velocities in logs with static MOE values, thus predicting inherent properties of 

logs more accurately than visual grading. Like other studies (Carter et al. 2005; Wang et 

al. 2002; Ross et al. 1997; Matheson et al. 2002), acoustic methods are the basis for more 

efficient log sorting into structural and non-structural purposes and improved financial 

returns from a stand. Wang et al. 2002) found that both longitudinal stress wave and 

resonance flexure techniques can be used successfully to evaluate and sort small logs of 

‘Jack Pine’ (Pinus Banksiana Lamb.) and ‘Red Pine’ (Pinus resinosa Ait.). There are 

different commercial tools available which are used for log assessment. As for example 

Fiber-Gen Director, HM200TM, Fakopp Log Grader (Amishev and Murphy 2008; Paradis 

et al. 2013; Merlo et al. 2008; Chauhan and Walker 2006).   

2 Aim of the thesis     

The aim of the thesis is to increase our understanding on wood quality of aspen log used 

in the production of Matches.  

The overall objectives of this research work are:  

• To study the quality of aspen logs from different sites (within tree variability, 

horizontal, vertical) 

• To assess stiffness with acoustic tool and correlate with other properties 
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• To identify how best to use the acoustic tool in evaluating log stiffness 

• To provide a reasonable way on how to measure log properties 

• To identify the site that has the best trees and could be used for production of 

matches  

3 Materials and methods 

Source of materials obtained from site A (Askaremåla) and site B (Vimmerby) 

Aspen (Populus tremula L.) logs were collected from two different sites- Askaremåla (NS 

6316669 / EW 552460) and Vimmerby (N 5738179 / E 1546972). Randomly selected ten 

trees from each site were felled in March and each individual tree was divided in three 

sections (base, middle and top logs) of 3.0 m long (Figure 6). From each section of log, a 

5-cm thick disc was cut at the base which resulted in a total of 60 discs. The discs were 

sealed in plastic bags to prevent moisture loss. All logs were transported to the Swedish 

match factory log yard in Vetlanda, Tidaholm, Sweden.   
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Figure 6. Conversion of samples from tree to log and discs. 

 

 The disc samples were transported to the lab for further analysis. A 2-cm wide stripe 

from pith to bark was made from every disc. Each stripe was then splatted into two further 

stripes with 2 cm thickness. One stripe was used to measure the moisture content and 

density at 5 cm interval from pith to bark and the other half was used to measure growth 

ring width. For moisture content and density, the total sample at 5 cm interval for base, 

middle and top log is 150 pieces for each site, whilst samples for other properties are 30 

pieces for base, middle and top log from each sites.   

3.1 Measured parameters 

3.1.1 Wood diameter area (WDA) 

The wood diameter area of the logs was measured in two steps. The first was to measure 

the diameter of logs in both end with and without bark. The second was to calculate the 

cross-sectional area using the ellipse area equation and the bark percentage (Figure 7).  
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 𝐴𝑟𝑒𝑎 = 𝜋𝑎𝑏 =
𝜋

4
𝐷𝑑 … … … … … 2 

 

Figure 7. The largest & smallest diameter of the disc. 

 

Bark% = 𝑇𝐷𝐴% − 𝑊% … … … … 3 

Where, TDA is the total diameter area and W is the wood percentage.  

 

3.1.2 Growth ring with 

Growth ring width (mm) was measured on the stripe from pith to bark using the Rinntech 

Lintab 6 equipment running on the software TSAP-winTM version 4.80b (Figure 8).  
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Figure 8. Equipment used for measuring growth ring width. 

 

3.1.3 Basic density and moisture content 

The basic density was determined by volumetric methods which required measuring the 

volume and mass of the dry wood in the laboratory using a weighing scale (±00.0 g) and 

an oven in four steps (Figure 9). The steps in computing the basic density started by 

numbering the discs and then cutting the stripes in 5 cm intervals (starting from pit to 

bark) using a band saw. In the second step, green weight was obtained by weighing it on 

the scale. The third step was to measure the green volume based on Archimedes principle. 

The fourth step was to dry the pieces in an oven for 48 hours at 1030C ± 2 to obtain a 

constant weight. Then the basic density was calculated using the equation 4. 

𝐵𝑎𝑠𝑖𝑐 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔

𝑐𝑚3
) =

𝑂𝑣𝑒𝑛 𝑑𝑟𝑖𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝐺𝑟𝑒𝑒𝑛 𝑣𝑜𝑙𝑢𝑚𝑒(𝑐𝑚3)
… . .4 
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Figure 9. Procedure for basic density/moisture content measurement. 

 

The moisture content was measured using the following equation (4):  

𝑀𝐶 =
𝐺𝑤−𝑂𝐷𝑤

𝑂𝐷𝑤
× 100 … … … … … 5  

Where GW is the green weight (g) and ODW is the oven-dried weight (g) 

3.1.4 Taper 

This measurement was done as illustrated in Figure 10. The diameter and the length of 

the logs were measured using the diameter calliper ruler and a measuring tape. Taper was 

calculated using the following equation 6. 

𝑇𝑎𝑝𝑒𝑟 =  
𝐷1−𝐷2

𝐿
… … … … … … … … … … . .6  

Where D1= large end diameter (cm), D2= small end diameter (cm) and L= length of the 

log (m). 
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Figure 10. An example of taper measurement. 

 

3.1.5 Measurement of spiral grain/fiber angle 

When surface grain is in the direction of the right fingers is called a right-hand grain angle 

(Figure 11). The grain angle was measured using the degree tool in order to measure the 

actual angle on the surface of the logs. The procedure involved was by connecting a 

straight-line rope at both ends of the log in a vertical position and then by placing the 

measuring tool on the surface of the log in line with the straight rope to obtain the actual 

angle of the spiral grain as shown in Figure 11.   
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Figure 11. Tool for measuring spiral grain. 

 

3.1.6 Dynamic stiffness by Fakopp log grader    

In order to obtain dynamic resonance (MOEdyn), the acoustic speeds were measured and 

recorded using the Fakopp resonance log grader device (Android tool, H-9423 Agfalva, 

Fenyo u. 26 Hungary) (Figure 12). The measurements were performed on every log 

producing a total of 60 measurements.  

The Resonance log grader comprises of a hammer and an android device with a specific 

software (version: 5.2.115). The value of log length was entered into the android device 

first and then the log was hit by a hammer. Then acoustic velocity was displayed on the 

software based on fundamental natural frequency of an acoustic wave signal. Replication 

was six for each log. 
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Figure 12. Fakopp log grader and the measurement protocol. 

 

The acoustic velocity, v (m/s) together with the basic density, ρ (g/cm3) were used to 

calculate dynamic modulus of elasticity (MOEdyn) using the equation 7. 

𝑀𝑂𝐸dyn = 𝑝𝑣2……………7 

3.2 Statistical analysis 

To test whether there were any significant differences of properties between of two sites, 

a Student’s two-tailed group t test (at 95% level of significance) was performed using 

Excel 2016 program (Microsoft, Redmond, USA). To determine the effects of tree 

positions (base, middle and top) on different properties, ANOVA was performed. A 

Duncan post-hoc test was carried when the differences in the treatment were more 

evident. The statistical analyses were performed using IBM® SPSS® Statistics, Version 

23 (IBM Corporation, NY, USA). The significance level was set at 0.05. 
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4    Results and discussion 

The results and the discussion of the whole experiment that has been conducted at site A 

and B will be analysed and discussed in this chapter. 

  

4.1 Log properties 

 

Table 1 and 2 represent horizontal and vertical comparison of different properties within 

and between trees from two different sites. 

  

Table 1. T test for comparing the statistical differences between the log 

properties in two sites. The number (n) of samples are in parenthesis. 

Properties 

Site A Site B  

Base 

Middl

e Top Mean Base Middle Top Mean 

Sig. (2-

tailed) 

Growth ring 

width (mm) 

2.51 

(1) 

2.06 

(1) 

1.98 

(1) 2.18 

3.03 

(1) 

2.82 

(1) 

2.80 

(1) 2.88 0.00* 

Moisture 

content (%) 

112.1 

(50) 

111.9 

(50) 

103.6 

(50) 108.9 

77.3 

(50) 

74.3 

(50) 

72.3 

(50) 74.6 0.00* 

Basic 

density 

(g/cm3) 

0.45 

(50) 

0.42 

(50) 

0.4 

(50) 0.42 

0.46 

(50) 

0.42 

(50) 

0.42 

(50) 0.43 0.147NS 

Grain angle 

(°) 

0.9 

(10) 

1 

(10) 

0.9 

(10) 0.9 

0.1 

(10) 

0.1 

(10) 

0.2 

(10) 0.13 0.045* 

Taper 

(cm/m) 

0.76 

(10) 

0.47 

(10) 

0.16 

(10) 0.46 

1.03 

(10) 

1.64 

(10) 

1.6 

(10) 1.42 0.03* 

Bark 

thickness 

(cm) 

0.78 

(10) 

0.76 

(10) 

0.60 

(10) 0.71 

0.97 

(10) 

0.88 

(10) 

0.83 

(10) 0.89 0.65NS 

Wood 

diameter 

area (%) 

35.6 

(10) 

33 

(10) 

34.2 

(10) 34.3 

37.4 

(10) 

38.6 

(10) 

38.9 

(10) 38.3 0.00* 

NS: non-significant; *: Statistically significant (t-test, P ≤ 0.05). 

In Table 1, T-tests were carried out to assess whether the mean values of MOEdyn, spiral 

grain angle, sound velocity, moisture content, basic density, growth ring width, wood 

diameter area and bark width of the logs measured in site A logs were statistically 

significant or insignificant as to the mean values in site B. It was evident that basic 

density, sound velocity, bark width in site A and site B logs were statistically 

insignificant. But, the grain angle (P = 0.04), growth ring width (P < 0.01), MOEdyn (P = 
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0.02), taper (P = 0.03), moisture (P = 0.01), cross sectional wood diameter (P < 0.01) 

between the two sites were found to be statistically significant. 

Moisture content between sites varied a lot. It gradually decreased towards the top. Trees 

in site A had significantly 46% higher moisture content than those of site B. On the other 

hand, the basic density was found the highest at the base and decreased towards the top. 

Similar trend also mentioned by Mora et al. (2011). However, no variation was found 

between two sites.  

Grain angle varied significantly between the sites. As expected taper values decreased 

with in increasing tree height.  Grain angle and taper at site A and B were found 

significantly different. Grain angle was found higher in trees at site A and tapers was at 

site B.  

Wood Diameter Area (WDA) in the result statistically showed that log diameter site A 

and B has a significant influence on acoustic wave measurement and a significant 

relationship on MOEdyn. 

Table 2. Wood, bark, growth ring width, moisture content, basic density, 

taper, grain angle, sound velocity and MOEdyn at different tree heights levels 

obtained from sites A and B. Values in parenthesis are the standard 

deviation. 

Properties Site A Site B 

Base Middle Top Mean Base Middle Top Mean 

Growth ring 

width (mm) 

2.51a 

(776) 

2.06b 

(485) 

1.98b 

(414) 

2.18* 

(607) 

3.03a 

(386) 

2.82b 

(567) 

2.80b 

(538) 

2.88* 

(504) 

Moisture 

content (%) 

112a 

(42) 

111a 

(31) 

103b 

(16) 

109* 

(31) 

77a 

(11) 

74b 

(7) 

72b 

(5) 

75* 

(8) 

Basic density 

(g/cm3) 

0.45a 

(0.03) 

0.42b 

(0.02) 

0.40b 

(0.05) 

0.42* 

(0.04) 

0.46a 

(0.01) 

0.42b 

(0.02) 

0.42b 

(0.01) 

0.43* 

(0.02) 

Grain angle 

(°) 

0.9a 

(1.8) 

1.0a 

(1.6) 

0.9a 

 (1.5) 

1.0SN 

(1.6) 

1.0a 

(1.7) 

0.1b 

(1.6) 

0.2b 

(1.5) 

0.4* 

(1.5) 

Taper 

(cm/m) 

0.8a 

(0.2) 

0.5b 

(0.1) 

0.2c 

(1.0) 

0.5* 

(0.5) 

1.0a 

(0.7) 

1.6b 

(0.6) 

1.6b 

(0.4) 

1.7* 

(0.6) 

Wood (%) 91a 

(0.01) 

91a 

(0.03) 

88a 

(0.02) 

90NS 

(0.02) 

91a 

(0.01) 

91a 

(0.01) 

90a 

(0.01) 

91NS 

(0.01) 

Bark (%) 9a 

(0.09) 

9a 

(0.09) 

12a 

(0.11) 

10NS 

(0.02) 

9a 

(0.01) 

9a 

(0.01) 

10a 

(0.01) 

9NS 

(0.01) 
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Bark 

thickness 

(cm) 

0,78a 

(0.20) 

0.76a 

(0.31) 

0,60 b 

(0.21) 

0.71* 

(0.27) 

0.97a 

(0.19) 

0.88b 

(0.14) 

0.83c 

(0.12) 

0.89* 

(0.16) 

Sound 

velocity 

(m/sec)  

4557a 

(338) 

4835b 

(596) 

4671c 

(163) 

4688* 

(409) 

4719a 

(740) 

4936b 

(297) 

4852c 

(382) 

4754* 

(164) 

MOEdyn
 

(MPa)  

9235a 

(2069) 

9697b 

(2403) 

9003c 

(521) 

9311* 

(1814) 

10259a 

(212) 

9727b 

(122) 

9323c 

(136) 

9770* 

(628) 

Mean values followed by different letter within a row indicate that there is a significant 

difference (P ≤ 0.05) as determined by ANOVA and Duncan’s multiple range test. 

Table 2 shows the differences between the log properties at different tree heights in site 

A and B.  The growth ring width at the base of were higher than the top and middle. On 

average, trees in site B had 28.4% higher growth ring width than that in site A and that 

difference was found statistically significant. However, in both sites, the growth ring 

width gradually decreased with tree height. This trend is in agreement with (Mora et al. 

2011). 

 The percentages of wood and bark in site A from base to top were not significantly 

differed. Nevertheless, the average bark thickness in base, middle and top between sites 

A and B were significantly different. Trees in site B had 25.4% thicker bark than those 

trees in site A.   

Sound velocity and dynamic modulus of elasticity (MOEdyn) The modulus of elasticity is 

the most important parameter that was estimated from the velocity of acoustic waves 

passing through the wood according to equation 7 above. Sound velocity and dynamic 

modulus of elasticity (MOEdyn) at site A and B are significantly different. 

 

4.2 Horizontal variation of log properties 

 

Tree growth is determined by the ability of a tree species to obtain sun, water, nutrients 

and air in a certain climate. Each tree species has evolved over time to have a certain 

growth and reproductive benefit for a certain range of variability of climate and soil 

conditions. When conditions encourage growth, a tree adds extra tissue and produces a 

thick ring. In unfavourable condition, growth decreases, and the tree produces a thin ring 

(Icogitate.com 2017). 
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Figure 13. Variation of growth ring width in trees from site A. 

 
Figure 14. Variation of growth ring width in trees from site B. 

 

Growth ring width varied from base, middle and top of the tree. At site A, the base growth 

ring was found to increase for some years and then remained stable at the middle and 
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decreased at the top. In site A, it was 20% higher at the base than the middle and 4% 

higher at the middle than the top.  While in site B growth ring width at the base has the 

same characteristic as that of site A but the trees in site B grows in a better condition with 

8% at the base than the middle and 3% higher in the middle than the top. Comparing the 

two sites it was found that the average growth ring width in site B was 26% higher than 

site A. with this result the trees at site be is more robust and are in proper condition than 

the trees in site A (Figure 14 and 15). However, taper and grain angle had no strong 

correlation with any of the properties that could be shown.  

 
Figure 15. Variation of moisture content in trees from site A. 
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Figure 16. Variation of moisture content in trees from site B. 

 

Heartwood first forms in the lower trunk, resulting in lower wood MC near the ground. 

In living trees, the MC increases from pith to the bark because of the decreasing 

proportion of heartwood to sapwood. In decayed trees, the MC of the sapwood reduces 

with smaller diameter and higher height, so that the overall wood MC decreases with 

height (Mora et al. 2011). 

 In this measurement the average moisture content in site A was higher than site B. There 

was a slight deviation of moisture content difference at base, middle and top However, 

those differences were statistically significant. In site A, moisture content at the base was 

not quite accurate as because some of the samples had a little decay around the pith. 

Following the decay of the tree, MC changes at different rates in sapwood vs heartwood, 

and is associated with both sapwood and heartwood decay rates, effecting volume losses 

from 1.5% annually to 18% in some studies (Muñoz and Moya 2008). Additional 

variations are associated with tree height, especially in the upper sections of some insects 

defoliated trees where MC falls below the decay limit (Muñoz and Moya 2008). Muñoz 

and Moya (2008) have shown that wood from G. arborea heartwood contains wet 

pockets, which are zones with higher MC than the rest of the cross section. 
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Decayed wood around the pith in some of the base logs from site A, resulted in much 

higher MC (Figure 16 and 17). However, the middle log had 8% higher MC than the top. 

Whereas in site B, the base was 4% higher than the middle and the middle was 3% higher 

MC than the top. The average moisture content of logs in site A had 37% higher MC than 

site B. It was quite evident for site B. However, some inconsistency was seen mostly in 

base wood from site A.    

Moisture content of wood generally decreases from pith to bark it has also been reported 

in other forest species such as Cedrela odorata, Acacia mangium and Acacia 

auriculiformis. (Ofori and Brentuo 2005); Yamamoto et al. 2003). High MC near the pith 

can be attributed to the presence of juvenile wood with high moisture content, because 

vessel frequency is high in this part of the tree. The lowest values of moisture content in 

sapwood can be attributed to the effect of large vessels and low frequency (Ohbayashi 

and Shiokura 1989). This behavior is usually seen for many fast-growing species and is 

due to growing circumstances, age and tree dimensions. (Haygreen and Bowyer 1996).  

 
Figure 17. Variation of basic density in trees from site A. 
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Figure 18. Variation of basic density in trees from site B. 

 

Wood density (the ratio of wood mass to its volume) is the most common wood property 

to describe wood, as it provides an index for many other properties and it is an important 

physical property because it is a good indicator of many mechanical properties. (Walker 

and Nakada 1999). Typical values of wood density for western species are- Douglas fir 

(Pseudotsuga menziesii (Mirb. Franco) 0.48 g/cm3, Hemlock (Tsuga spp.) 0.45 g/cm3, 

ponderosa pine (Pinus ponederosa) 0.40 g/cm3, radiata it (Pinus radiata) 0.42 g/cm3 

(Engineeringtoolbox.com 2017). Typical values of wood density for Populus genus are- 

Populus tremuloides 0.42 g/cm3, Populus hastata 0.46 g/cm3, Populus deltoids 0.49 

g/cm3 (Engineeringtoolbox.com 2017).  

In this measurement, density data were plotted to compare the variation radially at 

different tree height (base, middle and top) and between sites. In site A and B, it was 

found that density increases from pith to bark at the base, middle and top logs (Figure 18 

& 19). According to Forest Research Bulletin 216: (1999) density varies within a tree, 

increasing from pith to bark and is strongly influenced by geographical location, fertility 

of place, age and genetics. This means that age has a significant influence on the basic 

density. When basic density is compared between two sites, trees in site B had 2% higher 
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density value than that in site A. On average for site A, base 0.45 g/cm3, 7% higher than 

the middle, middle 0.42 g/cm3, 5% higher than the top which is 0.40 g/cm3. Whilst for 

site B, base 0.46 g/cm3, 9% higher than the middle and middle 0.42 g/cm3 1% somewhat 

higher than the top which is 0.42 g/cm3. This result can be compared with other results 

that was found in other publications above.  

4.3 Correlation between log properties 

 
Figure 19. Correlation between diameter of wood vs bark width at site A. 
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Figure 20. Correlation between diameter of wood vs bark width at site B. 

 

The graph was plotted on simple linear regression model to examine the correlations 

between the diameter of wood with bark and the bark width of the logs at site A and B, 

to find out the correlation between the two variables. Comparing the both sites (Figure 20 

and 21), at site A the diameter of wood with bark was insignificantly (P = 0.14) correlated 

with bark width of the wood, where the correlation of determination was R2 = 0.267. At 

site B the diameter of wood with bark was significantly (P < 0.05) correlated with Bark 

width of the wood, where the correlation of the determination was R2 = 0.409. With a 

total average difference of 42% between site A and B, indicates that the logs in the both 

sites are statistically significant. Other studies note that bark thickness decreases 

depending on the tree height (Gadgil et al. 1998). It is emphasized that regional 

differences like environment, soil nutrition and climate conditions affect the thickness of 
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the bark throughout the trunk (Gadgil et al. 1998). This could explain why there was a 

variation between sight A and B. 

 
Figure 21. Correlation between sound velocity vs dynamic modulus of 

elasticity (MOEdyn) at site A. 
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Figure 22. Correlation between sound velocity and dynamic modulus of 

elasticity (MOEdyn) at site B. 

 

The graph plotted in this section was to investigate the correlations between the sound 

velocity and the dynamic modulus of elasticity of Fakopp resonance log grader at site A 

and B, to correlation between the two variables (Figure 22 and 23). There was an evidence 

that sound velocity at site A, was significantly (P < 0.05) correlated with MOEdyn where 

the correlation of determination was R2 = 0.535. Sound velocity at site B, was 

significantly (P < 0.01) correlated with MOEdyn where the correlation of determination 

was R2 = 0.675. 

This clearly explains that the higher the sound velocity becomes, the higher the dynamic 

modulus of elasticity. Looking at table 2, it is evident that the percentage of moisture 

content at site A is higher than site B which is the reason why a higher correlation of 

determination (R2 = 0.675) in site B was recorded. Connecting the outcome of this result 

with the measured properties that can influence wave propagation. It is evident that 
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moisture content affected the wave propagation by decreasing the acoustic velocity as the 

moisture content increased.  Because moisture content has a much greater influence on 

the wave propagation than other properties and the ratio is independent of wood quality 

(Sandoz 1993; Kang and Booker 2002).  

 
Figure 23. Correlation between basic density vs dynamic modulus of 

elasticity (MOEdyn) at site A. 
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Figure 24. Correlation between basic density vs dynamic modulus of 

elasticity (MOEdyn) at site B. 

 

Correlations of these properties were examined by comparing the graph at sites A and B 

by plotting for basic density and dynamic modulus of elasticity (MOEdyn). Afterward the 

two sites were then further compared to find out their correlation (Figure 24 and 25). Site 

A basic density was significantly (P < 0.01) correlated with MOEdyn where the correlation 

of determination was R2 = 642 which is statistically significant. Basic density at site B, 

was significantly (P= 0.14) correlated with MOEdyn where the correlation of 

determination was R2 = 0.465. The total average difference between site A and B is 32%. 

Then With this positive result, the graph reading clearly appears that the basic density has 

a great positive influence on the dynamic modulus of elasticity (MOEdyn).  

Lachenbruch et al. (2010) studied the relationship between density and acoustic velocity 

with stiffness in Douglas spruce. One hundred eighty-three trees were gathered from 17 

places that were older than 20 years without forestry treatments for the last seven years 
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were used in their study. These stands are in the west cascade and the coast of Oregon. 

From each place, 7-12 dominant or codominant trees were sampled by removing small 

clear parts of the wood. Samples were dried to a moisture content of 12%. With the use 

of Silvascan, the density was estimated at 0.526 g/cm3. Using direct measurements, they 

obtain density was 0.553 g/cm3, an acoustic velocity of 5443 m/s and MOE of 11533 MPa 

was obtained. The MOE was correlated with density 0.762 and with velocity 0.680 

(Lachenbruch et al. 2010). They predicted MOE values using density and velocity, as the 

independent variables and their model give a significant slope. The model explains 73.3 

%when density and velocity2 were used. MOE was better predicted when both variables 

were used than by either one (0.578 for density and 0.460 for velocity) (Lachenbruch et 

al. 2010). This outcome was evident in this study which clearly showed that the use of 

density and velocity² to predict MOE values gave a better result.  

 
Figure 25. Correlation between Moisture content vs Sound velocity at site A 
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Figure 26. Correlation between moisture content vs sound velocity at site 

B. 

 

This section was to look at the correlations between moisture content and sound velocity 

in their vertical variability at site A and B, to observe their correlation. The next was the 

comparison between the both sites to find out the variation between them (Figure 26 and 

27). Moisture content of trees at site A was insignificantly (P= 0.14) correlated with sound 

velocity where the correlation of determination was R2= 234 which is statistically 

insignificant. But higher than that of site B because moisture content was insignificantly 

(P= 0.17) correlated with sound velocity where the correlation of determination was R2= 

0.029 which is statistically insignificant.  

The result brought about the high recorded value in sound velocity at site B because of 

the low percentage of moisture content which was lower than site A. Because the log 

moisture content at site B was low made it more favourable to measure the log stiffness. 
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site A has more negative influence on the sound velocity with 23% than the logs in site 

B. 

The sound velocity is highly dependent on the amount of water in a medium. The lower 

the MC, the higher the sound veolcity, especially in the wood below the fiber saturation 

point (Oliveira et al. 2005). This explains why a higher sound velocity was recorded in 

site A  (Figure 26).   
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5 Conclusion: 

The objective of this thesis is to increase better understanding on quality of aspen logs 

used in the production of matches by assessing non-destructively. Quality of aspen logs 

was assessed in two different sites. In addition, horizontal and vertical variation of 

different properties were assessed and compared to identify the best use of acoustic tool 

in evaluating log properties. Specific outcomes from this research work are given below: 

• Moisture content decreased from base to the top of the trees. However, trees in 

site B had significantly lower moisture content than those in site A. Like the same, 

basic density decreased towards the top of the tree and trees in site B were denser 

than those trees in site A. 

• Taper values for trees in site B had significantly higher than site A. In addition, 

bark was found thicker for trees in site A than site B. 

• Resonance frequency technique was used to predict the stiffness of aspen logs. 

The calculated MOEdyn correlations with density at site A and B (R 2= 0.642 and 

R2 = 0.465), acoustic velocity at site A and B (R2 = 0.535 and R2 = 0.675) were all 

found very significant.  

• This study shows that there were major differences in MOE between and within 

aspen trees and that the variation MOE are associated with growth conditions and 

tree characteristics.  

• The correlations between the log properties that was done has positive results and 

the outcome was quite as expected. Because there was a significant correlation 

between sound velocity and dynamic modulus of elasticity (MOEdyn) and density. 

• Overall, trees in site B showed better properties than those are in site A and thus 

could be of better choice for production of matches. 
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5.1 Further research 

Another possibility of evaluating aspen logs for match production. This may include 

taking MOE measurements on standing trees when thinning and / or at final tree 

harvesting. Such information can be used to reduce the number of logs with unsatisfactory 

properties of wood that will eventually arrive at the sawmill. Furthermore, the 

development of an aspen log quality control model will be an important part of future 

research. 

Factors that are known to influence quality of wood, such as grain angle, density, moisture 

content, stem form, knots and frequency, need to be investigated in long-term in a good 

silvicultural managing system. Preferably, such experiments should be randomized and 

replicated to reduce the effect of differences due to random variation. 
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