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ABSTRACT 

In the classical approach, energetic effects (cutting forces and cutting power) of wood sawing 
process are generally calculated on the basis of the specific cutting resistance, which is in the 
case of wood cutting the function of more or less important factors. The aim of the paper is 
to present a new calculating model using the application of modern fracture mechanics and to 
compare cutting parameters of native beech, Bendywood and Belmadur. Cutting and feed forces 
are determined by the application of the Ernst-Merchant theory in the conditions of circular-saw 
blade cutting. It includes the prediction of the shear plane angle for the cutting models, which 
include fracture toughness in addition to plasticity and friction, broaden possibilities of energetic 
effects modelling of the sawing process even for small values of the uncut chip. 

KEYWORDS: Cutting resistance, circular-saw blade, fracture mechanics, shear yield stress, 
fracture toughness, native beech, Belmadur, Bendywood.

INTRODUCTION

In the wood processing industry, starting with primary production up to the machining of 
the final product, the circular-saw blade cutting is the most frequent way to machine materials 
on the basis of wood, plastic, as well as composite materials. Despite the relatively extensive 
theoretical and practical knowledge of wood machining, no process is currently known which 
would help to accurately determine the magnitude of cutting resistance and cutting force. It is 
relatively difficult to determine individual components of cutting resistance which depend on 
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many other factors. The demanding nature of the search for the optimum results is significantly 
influenced by wood properties, by its anisotropy and variations of physical and mechanical 
properties in relation to the direction of grains. Nowadays, different modifications of two basic 
methods are used for theoretical purposes and in practice – the technological and physical 
method, and analytical method (Lisičan 1996, Manžos 1974, Orlicz 1988, Naylor et al. 2012). 
Cutting and feed forces are determined by the application of the Ernst-Merchant theory in the 
conditions of circular-saw blade cutting. The chip formation process is the main factor for the 
determination process of cutting and feed forces. The model is based on the determination of the 
internal work for shearing and the subsequent chip cut-off, and further on the energy necessary to 
overcome the friction between the workpiece and the tool blade, and last but least, on the specific 
work for forming a new workpiece surface (Atkins 2003, 2009).     

The cutting kinematics (Fig. 1) makes it clear that the saw blade teeth move in the 
constant cutting velocity vc along a circular trajectory. When cutting, this rotating movement 
compounds with the linear work piece movement vf, i.e. tooth cutting edge moves along a cycloid. 
Furthermore, it is difficult to assume that under this kind of sawing kinematics there is a case 
of perpendicular cutting, because the angle between the grains and the cutting speed direction 
differs from 90º (φ3 = 0 – 90º), as it was assumed for the sash gang saw and the band sawing 
machines. 

      
Fig. 1: Saw blade cutting kinematics (Orlowski et al. 2013).

The rotation movement of the cutting tool and the steady feed result in the change in the 
chip thickness. The model of the main edge of the tooth is longitudinally transversal towards the 
grain direction (║ - ┴)  φ1 = 90º, φ2 = 0 – 90º, φ3 = 0 – 90º. 

The calculations use the mean chip thickness hm, which is determined at the point of the 
central angle of cutting of grains φ2m. The geometry (Fig. 1) shows that the angle of grain cutting 
is changing. At the point of a tooth entry into workpiece, it equals the value of angle ψ1, at the 
point of blade teeth run-out of contact, it increases substantially and equals to the exit angle ψ2. 
The mean angle of cutting the grains is then determined as the average value of both angles. 

        (1)

At the moment when a tooth starts cutting, the chip thickness has a minimum value hmin. 
Maximum chip thickness hmax is created when tooth leaves the workpiece. As mentioned above, 
the calculation models use the mean chip thickness hm.

                                                           (2)   
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The determination of energetic ratios in traditional calculation models is based on the effects 
of cutting force Fc on saw blade teeth where a chip of the width b and thickness h is produced. 
The intensity of cutting force (per one tooth) is then given by the product of the specific cutting 
resistance of the separated material kc and chip cross-sectional area

 
         (N)     (3)

For the circular saw blade cutting force can also be expressed as a function of feed and cutting 
velocity. 

      (N)     (4)

According to the latest theoretical findings with the use of fracture mechanics methods 
(Atkins 2003, 2009) and (Orlowski 2010, Orlowski et al. 2013), a mathematical model of power 
when cutting by saw blades can be expressed in the following form

 
         (5)

The first equation member expresses the power necessary for shearing and subsequent 
removal of the chip, the second member expresses the power for overcoming friction between 
the workpiece and the tool edge, including the formation of a new surface, and the third member 
expresses the power necessary for the chip acceleration and its sweep out of the point of cutting. 
However, the third member does not express force ratios at the chip separation (no effect on 
cutting resistance), but expresses kinetic energy for carrying chips (sawing) out of the cut by the 
saw blade. This means that it only affects the total consumed saw power (Orlowski et al. 2013). 
The following is applied for the mass f low of chips:

              (6)

Under the theory which uses fracture mechanics, the cutting force, related to one blade 
tooth, is expressed by the slope of the line in the form y=(k)·x+(q) (Orlowski and Palubicki 2009, 
Orlowski 2010).

   (N)        (7) 

where: τγ - shear yield stress (Pa), 
 R - specific work of a surface separation (fracture toughness) (J·m-2),
 b - the width of a saw kerf, 
 Qshear - a friction correction coefficient (-), 
 γ - shearing strain along the shear plane (-).

Shearing strain along the shear plane is possible to obtain from the formula (Atkins 2003)

   (-)        (8)

where: γf - tooth rake angle, 
 Фs - shear angle, which expresses the orientation of the shear plane in relation     
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        to the worked surface, and which is calculated with the use of the Ernst-   
        Merchant diagram (Fig. 2). 
It should be emphasised that Eq. (9) could be applied only for larger values of uncut chip 

thicknesses (Atkins 2003, 2009).

        (9) 

where:  Θμ friction angle obtained from tan-1μ = Θμ (μ is friction coefficient)
 π (rad) … 180º

Fig. 2: System of forces with the use of the Ernst-Merchant diagram.

The Atkins’s model, which includes the fracture toughness R (Eq. 5), can help to derive a 
relationship for the calculation of specific cutting resistance kc.

      (10)

The formula for the calculation of specific cutting resistance shows that the specific cutting 
resistance will increase sharply with a small feed per tooth (with small chip thickness h). The 
friction correction coefficient Qshear depends substantially on the orientation of the shear plane 
towards the worked surface (Atkins 2003, 2009). When shear angle Фs equals zero (the tool cuts 
off no chips), the friction correction coefficient Qshear equals one. (Orlowski and Palubicki 2009, 
Orlowski 2010).

           (11)

MATERIAL AND METHODS

The experiment was realized on a testing device used for research of circular-saw blade 
cutting (Kopecký and Rousek 2012). This device simulates the conditions of circular-saw blade 
cutting in the real operation as precisely as possible. The parameters of the cutting process 
(cutting force Fc, feed force Ff, cutting velocity vc, workpiece feed velocity vf) were recorded by 
sensors installed in the measuring stand. The signals from the sensors were transferred in the 
data switchboard Spider 8 and in the software Conmes Spider and subsequently processed into 
tables and graphs. 
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The cutting process was performed with a prototype blade (provisional code K9) produced by 
Pilana Hulín, which had been designed for carpentry. This circular saw blade had a regular tooth 
pitch of 10°, was equipped with cemented carbide teeth, and had also properly adjusted tension by 
rolling. Anti-noise slots finished with 6-mm holes are burnt in the blade body. 

Furthermore, six radial dilatation slots are laser-burnt in the cutting part of the blade, in 
order to compensate the waviness due to the increasing temperature. The construction parameters 
of the blade are shown in Tab. 1.  

The cutting was performed under the optimum operation rotational speed n = 4200 min-1 

(Veselý et al.  2010, 2012), i.e. under cutting velocity vc = 77 m∙s-1. Workpiece feed velocity varied 
within the range of vf = 2.5 – 22 m∙min-1 with measuring step 2 m∙min-1. This corresponded with 
the changing feed per tooth fz and mean chip thickness hm.

Tab. 1: Parameters of saw blade K9 (Veselý et al. 2010).

Parameters of saw blade K9, prototype with slots
Saw blade diameter D 350 mm

Number of teeth z 36
Clamping hole diameter d 30 mm

Blade body width s 2.4 mm
Tooth width (cutting joint) st 4.5 mm

Tooth height h 15 mm
Tooth pitch tp 30.5 mm

Clearance angle αf 15°
Cutting edge angle βf 65°

Rake angle γf 10°
Set of cutting edges λs 10°

In order to verify the validity and function of the new calculation model, the samples of 
native beech (specific density ρ = 691 kg·m-3), Bendywood (ρ = 739 kg·m-3) - hydrothermally 
treated and compressed beech (http://www.ohybacidrevo.cz/vlastnosti/ohybaci-drevo-
bendywood) and Belmadur (ρ = 707 kg·m-3) - chemically treated beech by DMDHEU 
(dimethyloldihydroxyethylenurea) (http://www.unece.org/fileadmin/DAM/timber/docs/
tc-sessions/tc-65/md/presentations/17Militz.pdf)  were used in the experiment (three samples 
of each material). The length of the scantlings was 700 mm and the width of the scantlings was  
120 mm. Samples were dried (relative moisture content 8 %) and unified in the same thickness  
e = 21 mm on a thickness woodworking machine. 

RESULTS AND DISCUSSION

The validity verification of the new calculation model was performed by an experiment. 
Data which were obtained by experiment are very important for determination of main model 
parameters (τγ and R) (Atkins 2005). Knowing these parameters, it is possible to make prognosis 
for the cutting power and cutting resistance (Eqs. 5 and 10).  

Fig. 3 shows the relation of cutting force and size of mean chip thickness. Almost linear 
increase of cutting force occurred along with the growing chip thickness, which confirms the 
theoretical assumptions, see Eq. 7.
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The cutting process of compressed plasticized beech Bendywood is easier in comparison 
with native beech; the cutting force is lower by approx. 15 %. Bendywood is known as material 
with higher density and very good bending properties – up to 1:10. The characteristic features of 
the inner structure include micro-cracks on the walls of libriform fibres and chemical changes in 
lignin-carbohydrates matrix, together forming a certain viscoplastic joint. A slight waviness of 
fibres, which was created as a reflection to longitudinal compression load, has a positive effect on 
forces for bending and subsequent chip cut-off in the cutting process.  

  
Fig. 3: Cutting force (per tooth) as a function of 
mean chip thickness. 

Fig. 4: Relationship of specific cutting resistance 
and mean chip thickness.

 
The intensity of cutting force, when cutting Belmadur, is lower by 35 % in comparison 

with native beech. In contrast to native beech, chemically impregnated and compressed beech 
Belmadur is of greater hardness, but, on the other hand, it is fragile material. Shear stress and 
tensile strength are reduced, which substantially reduces cutting force and resistance in the 
cutting process.   

The determination of the main parameters of the model is based on the regression analysis. 
The fracture toughness R║┴ (for φ2 = 29.3º, Fig. 1) was determined from the line Y-intercept 
and shear yield stress τγ║┴  from its slope (Atkins 2005, Orlowski and Palubicki 2009, Orlowski 
2010). The application of experimental data in the designed model brings significant data for the 
longitudinally transversal cutting model to the circular saw blade cutting process, see (Tab. 2):

Tab. 2: Results obtained by the application of fracture toughness.

ρ
(kg·m-3)

τγ║┴
(MPa)

R║┴
(Jm-2)

M Θμ Qshear

Beech 691 42.99 757.89 0.83 39.72 0.45
Bendywood 739 36.56 742.26 0.84 39.87 0.45
Belmadur 707 28.75 581.96 0.81 38.93 0.47

The Ernst-Merchant theory (Eq. 9) alowed to calculate the orientation of the shear plane 
in respect to the worked surface Фs = 29.52° for native beech, Фs = 29.77° for Bendywood and  
Фs = 30.46° for Belmadur (in each case for larger values of chip thickness. The shearing strain 
along the shear plane γ = 2.03 for native beech, γ = 2.01 for Bendywood and γ = 1.98 for Belmadur 
under the longitudinal transverse cutting model. These values are the input data for determination 
of the specific cutting resistance for the longitudinal transverse model of saw blade cutting. 

Another Fig. 4 shows modelling of the functional relationship of the specific cutting 
resistance and chip thickness. The calculations were performed for the chip thickness of  
h = 0.008 – 0.072 m.
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To sum up, the specific cutting resistance decreases with the increasing chip thickness. This 
phenomenon is known from metal machining, and also was noticed in wood cutting even in 
case of cutting with circular saw blades (Manžos 1974, Orlowski 2010, Orlowski et al. 2013). In 
contrast, under very small feeds per tooth when chip thickness comes closer to the existing cutting 
edge radius, the hyperbolic increase in the specific cutting resistance kc occurs, also known as the 
so-called size effect, see equation 10 (Atkins 2003, 2009).

CONCLUSIONS

Despite the fact that the circular-saw blade cutting process is not an example of purely 
orthogonal cutting, the application of results obtained from the experimental measurement 
results allowed us to determine the fracture toughness and shear yield stress for longitudinal 
transversal model of cutting beech by a saw blade. Knowing these two parameters, it is possible 
to make prognosis for the necessary cutting power and forces affecting the workpiece and the tool. 
Not only is the model useful to the technologists who work in the field of wood processing, but 
also to designers for designing new saw blades.    
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