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ABSTRACT 

In this paper, the values of the fracture toughness of Scots pine determined by cutting 

tests are presented. The cutting tests were carried out using the samples of Scotch pine (Pinus 

sylvestris L.) from Pomeranian Region, Poland. These experiments were carried out on two 

research stands: orthogonal linear cutting tests were conducted using the microtome 

instrument and the frame saw PRW-15M was used for sawing tests. The values of the 

fracture toughness were determined following the recorded values of cutting power during 

the cutting tests (PRW-15M) and cutting forces (microtome instrument) with the use of 

models based on the elements of fracture mechanics. It was observed that the fracture 

toughness values determined following the orthogonal linear cutting tests were significantly 

lower, what could be caused by bending the wood fibers under the pressure of the cutting 

force. 

Key words: fracture toughness, orthogonal cutting, cutting force, cutting power, frame 

sawing, pine wood 

INTRODUCTION 

The Atkins model (2003, 2005, 2009) of cutting forces (cutting power) takes into 

account the geometry of cutting tool, the friction conditions in the cutting zone and 

mechanical properties (fracture toughness R and the shear yield stress in the cutting zone τ) 

of the raw material of the workpiece. This model was applied to determine the mechanical 

properties of wood on the basis of experimental cutting tests (ORLOWSKI and ATKINS 2007, 

ORLOWSKI and PAŁUBICKI 2009, CHUCHALA and ORLOWSKI 2016, HLASKOVA et al. 2018, 

2019, 2020). The methodology compiled by ORLOWSKI and ATKINS 2007, and further 

developed by Orlowski et al. (2017), ORLOWSKI and OCHRYMIUK (2017), SINN et al. (2020), 

was used successfully to forecast the cutting forces (cutting power) for different sawing 

processes of wood (CHUCHALA et al. 2020, OTTO and PARMIGIANI 2015, ORLOWSKI et al. 

2020, SINN et al. 2020). The fracture toughness R is a material property representing the 

fracture mechanics in discussed models and defines an internal specific work required for 

the formation of a new surface. BEER et al. (2005) also adopted Atkins model (2003, 2005, 

2009) to determine the value of fracture toughness from orthogonal cutting processes with 

the use of the microtome instrument. This investigation showed that microtome instrument 

is suitable for determination of the fracture toughness for wood composite materials like 
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particle-boards. Moreover, the study conducted by KOPECKY et al. (2014) and HLASKOVA et 

al. (2020) also showed that the fracture toughness values for wood-based-materials can be 

determined following the circular saw machining tests. On the other hand, ATANASOV and 

KOVATCHEV (2019) proposed a model of the cutting power for the particleboard milling 

process based only on the feed speed and cross-section of the cutting layer. 

The fracture toughness is one of the mechanical properties of the material on which 

the Atkins model of cutting forces is based. Therefore, it indirectly enables optimization of 

the cutting process by forecasting the power and/or cutting forces based on this model. NASIR 

and COOL (2019, 2020 and 2021) showed that optimization of the cutting process has a large 

impact on the machining quality. 

The goal of this study was to investigate differences of the fracture toughness values 

which were determined using the methods based on element of fracture mechanics in two 

separate cutting tests (orthogonal and semi-orthogonal) for pine wood (Pinus sylvestris L.). 

The mentioned material property could be useful for the proper estimation of the cutting 

forces (cutting power) demand. 

MATERIALS AND METHODS 

Materials 

Scots pine (Pinus sylvestris L.) species were used to prepare the samples. One log was 

randomly selected among others at the yard in the sawmill. The middle part (2 m length) of 

4 m long log was cut into rectangular samples with dimensions W = 60 mm × H = 60 mm × 

L = 600 mm (width × height ×length, respectively). The prepared ten samples were dried 

and conditioned under laboratory conditions assuring constant air temperature of 20°C and 

relative humidity of 65 % by three months. The final moisture content MC was obtained at 

the level around 12 %. The density of the tested wood was 536.34 ±7.1 kg·m-3 for final MC 

12 % (416.4 kg·m-3 under oven dry conditions). The structure of the examined pine wood 

was characterized by an average width of annual rings 2.12 ±0.4 mm and an average width 

of the late wood in annual rings 0.44 ±0.05 mm. These rectangular samples were used in 

sawing tests conducted using a frame saw. Lamellas with the thickness of around 5 mm 

resulted from the sawing process using the frame saw. Lamellae were used to prepare small 

samples with dimensions Ws = 5 mm × Hs = 30 mm × Ls = 50 mm. Sample dimensions were 

adapted to the material holder of the microtome instrument. 

 

Frame sawing tests 

The dried ten samples were sawn using the frame saw PRW-15M equipped with a hybrid 

dynamically balanced driving system and elliptical teeth trajectory movement (WASIELEWSKI 

and ORLOWSKI 2002). The tests were carried out at the laboratory of the Gdańsk University 

of Technology (GUT). Every investigated sample was cut with feed speed set up at two 

levels, around 0.3 and 1.1 m/min. The exact values of the feed speed and corresponding 

feeds per tooth were determined on the basis of actual recorded courses of cutting power, 

following the works by CHUCHALA and ORLOWSKI (2016) and SINN et al. (2020). The use 

of electric power (active and passive) during idling and cutting cycles was continuously 

monitored and recorded with the power converter PP54 (LUMEL S.A., Zielona Góra, 

Poland). The average cutting power Pc while frame sawing was calculated as the difference 

between the mean total power PT and the mean idle power Pi following to CHUCHALA and 

ORLOWSKI (2016) and SINN et al. (2020), and expressed in equation (1): 

iTc PPP −=           (1) 
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The average idle power Pi of the frame sawing process was determined each time 

before starting the regular cutting cycle. The average cutting power in a working stroke Pcw 

was calculated as in equation (2), following the works (ORLOWSKI and PALUBICKI 2009, 

CHUCHALA and ORLOWSKI 2016; SINN et al. 2020): 

ccw PP = 2           (2) 

A specific list of frame saw settings and parameters of the applied tool is shown in 

Table 1. 

 
Tab. 1 Machine tool and tools settings for frame sawing and linear cutting processes. 

Parameter Symbol Value Unit 

frame saw setting 

number of strokes of saw frame per min nF 685 spm 

saw frame stroke HF 162 mm 

number of saws in the gang m 5 – 

average cutting speed vc 3.69 m·s-1 

feed speed 
slow vf1 0.92 m·min-1 

fast vf2 1.35 m·min-1 

feed per tooth 
slow fz1 = h1 0.11 mm 

fast fz2 = h2 0.16 mm 

frame blade parameters 

the sharp saw blades with stellate tipped teeth – – – 

overall set (kerf width) St 2 mm 

saw blade thickness s 0.9 mm 

free length of the saw blade L0 318 mm 

blade width b 30 mm 

tooth pitch tp 13 mm 

tool side rake angle γf 9 ° 

tool side clearance αf 14 ° 

tension stresses of saws in the gang σN 300 MPa 

linear cutting settings 

average cutting speed vc 0.05 m·s-1 

uncut chip thickness 

small h1 0.10 mm 

mid h2 0.15 mm 

large h3 0.20 mm 

linear cutting blade parameters 

sharp knife blade made of High-Speed Steel (HSS) – – – 

tool side rake angle (tool-in machine system) γf 15 ° 

tool wedge angle βf 55 ° 

 

Orthogonal cutting tests 

The analyzed linear cutting process was conducted using the microtome instrument 

(Figure 1b) which is located at the University of Natural Resources and Life Sciences, 

Vienna (BOKU) laboratory. The investigated linear cutting process was performed in 

perpendicular direction to wood fiber (direction 90°−90° according to KIVIMAA (1952)) 

(Figure 1a). The same direction in relation to wood fibers was performed while sawing using 

the frame saw. The uncut chip thickness h was set at three levels 0.1, 0.15 and 0.2 mm. For 

each level of tested h, five repetitions were conducted. The linear cutting tests were 

conducted with sharp knife blades made of High-Speed Steel (HSS) by Leitz GmbH & Co. 

KG., Germany. The other detailed parameters of cutting process are shown in Table 1. The 

cutting forces in cutting speed vc direction were recorded during this process.  

Methodology for determination of the fracture toughness from machinability tests 

The both recorded values, cutting power and cutting forces, correspondingly while frame 
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sawing and linear cutting processes were conducted can be described by ATKINS (2003, 

2005, 2009) model proposed. This model was adopted for determined fracture toughness of 

wood based on sawing process by ORLOWSKI and ATKINS (2007) and based on linear cutting 

by BEER et al. (2005). Equation (3) shows model described cutting power for frame sawing 

process: 
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where: R – is the fracture toughness in J·m-2, τγ – is the shear yield stress (in the cutting zone) 

in MPa, m – is the number of saw blades in the gang, HP – is workpiece height (cutting depth) 

in mm, h – is the uncut chip thickness (corresponding to the feed per teeth fz for frame 

sawing) in mm, tp – is the tooth pitch in mm, St – is the overall set (kerf width) in mm, vc – 

cutting speed in m·s-1, γ – is the shear strain along the shear plane and can be calculated 

according to equation (4), assuming that Φc corresponds to the shear angle: 
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where: γf – tool side rake angle (tool-in machine system). 

The coefficient of friction correction Q represents an effect of friction between tool 

rake face and separated material, it can be calculated using equation (5): 
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where: βμ = tan-1μ is a friction angle (rad) directly related to the coefficient of friction μ. 

Equation (6) shows the model described cutting force Fc for analysed linear cutting 

process: 
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where: Ws – is the width of sample (analogue to the kerf width in frame sawing) in mm. 

 
a) b) 

 

 

Fig. 1 Orthogonal linear cutting process: a) schema of cutting process, b) microtome instrument while 

cutting. 

Both equations (3) and (6) can be expressed as a linear regression functions: 

01)( chchPcw +=

          

(7) 
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01)( chchFc +=

          

(8) 

In those cases, c1 and c0 correspond to the slope and intercept, respectively. 

An independent variable of the regression is the uncut chip thickness h. This makes it 

possible to determine the values of the fracture toughness R⊥ by matching the regression 

equation (8) with the experimental data from the cutting tests. The equations (9) and (10) 

express mathematical procedure for calculation values of fracture toughness R⊥ based on 

frame sawing tests and linear cutting tests, respectively: 
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RESULTS AND DISCUSSION 

Obtained experimental results from the series of sawing and linear cutting performed 

on the pine wood samples in 90° – 90° direction to the wood grain (KIVIMMA 1952) are 

summarized in Figures 2 and 3. Figure 2 presents two test point groups that correspond to 

the mean value and standard deviations of measured cutting powers at two levels of feed 

speed vf (Table 1). Applied values of feeding are represented by the basic geometrical 

parameter of the cutting process, i.e. uncut chip thickness h. The exact values of the uncut 

chip thickness determined individually for each processed sample based on recorded 

experimental data were clustered around values of h1 = 0.11 mm and h2 = 0.16 mm. The data 

fitting curve (linear regression), as well as regression equation with coefficient c1 and 

intercept c0, is provided. 

The linear regression for three test point groups is presented in Figure 3. These point 

groups correspond to the mean value and standard deviations of measured cutting forces at 

three levels of uncut chip thickness: h1 = 0.1 mm, h2 = 0.15 mm and h3 = 0.2 mm. Figure 3, 

similarly like in Figure 2, includes regression equation with coefficient c1 and intercept c0, 

which is the basis for determination of fracture toughness value according to equations (9) 

and (10). The both presented linear regressions are characterized by high values of 

determination coefficient, about r2 = 0.95. The determined average values of fracture 

toughness R⊥ for Scots pine are shown in Table 2, together with their standard deviations. 

 

 

Fig. 2 Cutting power per one saw blade versus uncut chip thickness when sawing on frame saw pine wood. 
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Fig. 3 Cutting force versus uncut chip thickness when orthogonal linear cutting pine wood. 

 
Tab. 2 Fracture toughness R⊥ of Scots pine (mean value and its standard deviations) determined from 

two different cutting tests. 

name of cutting process 
fracture toughness, R⊥ 

mean value standard deviations unit 

frame sawing  747.93 ±327.2 J·m-2 

orthogonal linear cutting 273.13 ±75.24 J·m-2 

 

Differences in the determined average fracture toughness R⊥ values from two different 

machining tests are noticeable. Despite large standard deviations for both values, these 

differences are significant. This case is very puzzling because the material properties of 

the same wood sample in the same direction in relation to the fibres should be the same or 

at least very similar. The reason for this phenomenon might be the flexible bending of wood 

fibres during linear cutting. The cutting process was carried out in the 90°– 90° direction, 

which meant that the cutting force was also the bending force of the fibres. Applied a small 

values of the uncut chip thickness, the fibres under the pressure of the cutting edge were 

partially tilt (bend) before the shearing process occured (Figure 4).  

 

a)  
 

b)             

Fig. 4 Bending of the pine wood fibers while orthogonal linear cutting in the 90° – 90° direction in relation 

to the fibers: a) scheme of cutting process with bending of wood fibers, b) example of a sample with bent 

and destroyed fibers. 
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Mentioned tilt of wood fibers might change the cross-section of the cutting layer and 

consequently reduce the cutting forces. As a result, the reduced values of the cutting forces 

cause the experimentally determined linear regression (Figure 3) to cross the axis of 

ordinates lower than it should and the determined values of fracture toughness might be 

underestimated. The early wood has lower mechanical properties (GONÇALEZ et al. 2018, 

BENDTSEN and SENFT 1986) and is therefore more susceptible to such deflections and its 

percentage share in annual growth may have a significant effect on this occurrence. 

The phenomenon of the fiber tilt does not occur during frame sawing. Fibers loaded 

by cutting force, which also gives bending torque, do not tilt because they are supported by 

unloaded material on both sides of the cut kerf. The frame sawing process is called quasi-

orthogonal cutting process because during this process the main cutting edge works mostly. 

However, minor cutting edges also take part in cutting process, but to a smaller share 

(ORLOWSKI 2007). The minor cutting forces do not significantly affect cutting process, but 

material located on both sides of kerf stabilizes process, which is most notifiable while 

sawing in 90° – 90° direction in related to the wood fibers. 

The analysed cutting processes also differ very significantly in their cutting speeds. 

The cutting speed for the frame sawing process (vc = 3.69 m·s-1) is 74 times higher than for 

the linear cutting process (vc = 0.05 m·s-1) (Table 1).  Nevertheless, both KIVIMAA (1950, 

1952) and MCKENZIE (1961) have shown in their works that cutting speed does not 

significantly affect the values of cutting forces (cutting power). 

CONCLUSIONS 

The conducted research and obtained results allow the following conclusions to be 

drawn: 

1. The value of the fracture toughness for pine wood based resulting from the 

orthogonal linear cutting tests in 90° – 90° direction related to fibers, are more than 

2.5 times lower than values based on frame sawing tests. 

2. While the orthogonal linear cutting of soft wood (e.g. pine wood) in 90° – 90° 

direction to fibers can cause fiber bending and result in disruption of the cross-

sectional dimension of the cutting layer, what directly affects values of cutting 

forces. 

3. In order to analyze the phenomenon of wood fiber bending in more detail during 

the orthogonal linear cutting of softwood, it would be necessary to conduct 

research using a high frame rate camera and Digital Image Correlation system 

(DIC). 
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