
Engineering Fracture Mechanics 178 (2017) 433–444
Contents lists available at ScienceDirect

Engineering Fracture Mechanics

journal homepage: www.elsevier .com/locate /engfracmech
Estimation of fracture toughness and shear yield stress of
orthotropic materials in cutting with rotating tools
http://dx.doi.org/10.1016/j.engfracmech.2017.02.023
0013-7944/� 2017 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: IVALSA/CNR Trees and Timber Institute, via Biasi 75, San Michele all’Adige, TN, Italy.
E-mail addresses: korlowsk@pg.gda.pl (K.A. Orlowski), tomasz.ochrymiuk@imp.gda.pl (T. Ochrymiuk), sandak@ivalsa.cnr.it (J. Sandak

sandak@ivalsa.cnr.it (A. Sandak).
Kazimierz A. Orlowski a, Tomasz Ochrymiuk b, Jakub Sandak c,d,⇑, Anna Sandak c

aGdansk University of Technology, Faculty of Mechanical Engineering, Department of Manufacturing Engineering and Automation, Narutowicza 11/12,
Gdansk, Poland
b The Szewalski Institute of Fluid-Flow Machinery, Polish Academy of Sciences, Department of Transonic Flows and Numerical Methods, Fiszera 14, Gdansk, Poland
c IVALSA/CNR Trees and Timber Institute, via Biasi 75, San Michele all’Adige, TN, Italy
dUniversity of Primorska, Faculty of Mathematics, Natural Sciences and Information Technology, Glagoljaška 8, 6000 Koper, Slovenia

a r t i c l e i n f o
Article history:
Received 9 May 2016
Received in revised form 17 January 2017
Accepted 24 February 2017
Available online 15 March 2017

Keywords:
Fracture toughness
Shear yield strength
Wood cutting
Cutting edge
Timber structure assessment
a b s t r a c t

The cutting force is an energetic effect of splitting material, and might be considered from a
point of view of modern fracture mechanics. Forecasting of the shear plane angle in cutting
broaden possibilities for modelling of the cutting process even for thin uncut chips. Such
mathematical model has been developed here for description of the orthotropic materials’
cutting on the base of fracture theory, and includes work of separation (fracture toughness)
in addition to the material plasticity and friction. The original methodology of simultane-
ous determination of the fracture toughness and the shear yield strength on the basis of
wood cutting forces (or cutting power) is also presented in this paper. The set of data nec-
essary for computation can be easily obtained while cutting wood with common rotating
tools, such as a circular saw or a router bit. The results generated include both fracture
toughness and shear yield stresses in the shear plane, separately for two anatomical direc-
tions of wood. The simplicity and reliability of this method provides wide range of practical
applications.
� 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Estimation of the fracture toughness of materials is a challenging task, especially when accompanying with low yield
stress. Wood may be described as an orthotropic material; having unique and independent mechanical properties in the
directions of three mutually perpendicular axes: longitudinal (L), radial (R), and tangential (T). The longitudinal axis direc-
tion is parallel to the fibers course. The radial axis is normal to the growth rings, while the tangential axis is perpendicular to
the grain but tangent to the growth rings. Elastic properties of wood are usually described by twelve material constants,
where nine of these are independent [25]. Three Young’s moduli E (moduli of elasticity), denoted by EL, ER, and ET, that
are corresponding to longitudinal, radial, and tangential axes of wood. Three moduli of rigidity (or shear) G, indicating
the resistance to deflection of a member caused by the shear stresses, that are denoted by GLR, GLT, and GRT and correspond
to the elastic constants in the LR, LT, and RT planes respectively. Lastly, six Poisson’s ratios mLR, mRL, mLT, mTL, mRT, and mTR, are
used to characterize material, where the first letter of the subscript refers to the direction of applied stress and the second
), anna.
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Nomenclature

Uc shear angle
UG-vc an angle between grains and the cutting speed direction
a confidence level
bl friction angle
c the shear strain along the shear plane
cf rake angle
u an average angle of tooth contact with a workpiece
u angular tooth position
u1 entrance angle
u2 exit angle
q density
l the coefficient of friction between wood and the rake face of the cutting edge
sc\ yield stress perpendicular to the fibers
sc|| yield stress along the fibers direction
sc||\ the shear yield stress for indirect cutting speed direction
a position of the workpiece
a1 and a2 slope coefficients
b1 and b2 linear regression model intercepts
D circular saw blade diameter
FHc cutting force per tooth
fz feed per tooth
h uncut chip thickness
Hp workpiece height (depth of cut)
I measured current
Icutting electrical current in cutting
Iiddling electrical current in idling
Itotal total electrical current
L length of cube
MC wood moisture content
MOR modulus of rupture
nb number of saw blades
Pcw cutting power
PE real electric power
PEM nominal electric power of the engine driving circular saw was
PF power factor
Qshear the friction correction
r Pearson’s correlation coefficient
R\ fracture toughness perpendicular to the fibers
R|| fracture toughness along the fibers
R||\ a fracture toughness for indirect (neither || nor \) position of cutting speed
St overall set (or cutting width)
U electrical tension
vc cutting speed
W width of cube
w1 and w2 widths of cutting edges
Z material dependent parameter
z number of carbide tipped teeth
za an average number of teeth being in the contact with the kerf
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letter to the direction of lateral deformation. Several other mechanical/strength properties are frequently considered beside
above material constants during structure design [25]. Among these fracture toughness, which is also called as the specific
work of fracture R is especially important as directly affects a critical value of the stress intensity factor Kc [22]. The latter is
considered as a property indicating resistance of material to cracking [4]. The linear fracture mechanics is usually used for its
assessment, assisted by a number of semi-destructive methods. Indentations tests are for instance based on the correlation
between hardness and fracture toughness of material, in some cases including these of biological origin. Such indentation
test can be either dynamic or quasi static, and may be performed at the micro or macro level [26]. Likewise, scratch-
cutting test bases on the correlation between fracture toughness and materials’ resistance to scratch. Pull-out tests are fre-
quently used to estimate interfacial fracture toughness in fibrous materials. However, this test is not suitable for all materials
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(wood for example) due to not proper appearance of fracture surfaces required for pull-out [2]. Wedge splitting tests [48]
allows the estimation of wood fracture toughness. The energy release rate required to initiate and propagate the crack
can be measured during stable crack growth experiment [3]. Optical methods were used for determination of the mechanical
stresses distribution as well as shear angle determination while cutting wood in different anatomical directions [33]. The
orthotropic theory allows estimation of the fracture toughness by visual analysing of displacement fields at the near-tip zone
assisted with digital image correlation [46,50].

Several scientific studies, both theoretical and experimental, were dedicated to understand cutting forces involved in
material cutting by linking this process to the modern fracture mechanics [6,4,10,20,53]. Accordingly, analysis of the cutting
forces may be an alternative approach for determination of fracture toughness and shear yield stresses. It has been applied
for various materials and cutting configurations [7,42,43,38,41,51,52,9,29]. Cutting of orthotropic bio-materials is particu-
larly complex process influenced by many parameters; microstructure, morphology, mechanical properties of material, load-
ing mode, velocity of deformation, moisture, temperature, not to mention cutting edge geometry and machine/process
conditions. Numerical models of cutting forces involved in wood cutting by considering elements of fracture mechanics were
developed by Laternser et al. [28] and followed by Merhar and Bučar [32] as well as Orlowski et al. [36]. An important lim-
itation is a narrow set of reliable reference raw material data, such as values of wood fracture toughness and shear yield
strength varying in a function of the grain angle, to be possibly used for validation of models [49].

The relationship between cutting forces and uncut chip thickness, in case of cutting most materials, is considered as linear
[4]. The only exception is a zone of extremely thin chips when cutting mechanisms differs noticeably. The same relation was
reported by Csanády and Magoss [14] for wood and wood-based materials. It was experimentally confirmed by authors dur-
ing several cutting tests on the frame sawing machine [35,38,41] as well as on the circular sawing machine [21]. Hence, it is
possible to accurately describe the cutting force versus uncut chip thickness relation by means of two experimental points
resulting of at least two independent measurements.

The goal of this work was to develop an alternative methodology and measurement routine for simultaneous determina-
tion of wood fracture toughness and shear yield strength on the basis of cutting tests performed with rotating tools on stan-
dard woodworking machinery.
1.1. Cutting of orthotropic materials with rotating tool

The first systematic studies of cutting forces with different grain orientations and the study of the different chip types and
formation started in the 1950s and 1960s with the work of Kivimaa [23], Franz [16], McKenzie [31], being recently
re-examined byWyeth et al. [54]. Cutting speed directions in case of cutting along fibers, perpendicular (across) to the fibers,
and for indirect cutting direction are shown in Fig. 1. Cutting forces for orthotropic materials are commonly calculated on the
basis of the specific cutting resistance kc (cutting force per unit area of cut), which is in the case of wood cutting the function
of the following factors: wood species, cutting direction angle (cutting edge position in relation to wood grains), moisture
content, wood temperature, tooth geometry, tooth dullness, chip thickness, among others [47,1,34,44]. Values of cutting
resistance for pine wood, considering the position of the cutting edge in relation to the grains (fibers) is a common reference
for estimation of kc for other wood species. For the latter, the cutting resistance of pine wood is multiplied by specific factors
empirically determined for each species. It has to be mentioned that the specific cutting resistance differs accordingly to the
cutting operation and/or process kinematics. The specific cutting resistance may be calculated for indirect positions of the
cutting speed direction from formulae developed in the field of material strength, by considering the UG-vc angle [34].
The transformation equation for the plane stress was applied here according to Gere [17].
|| ⊥ ||⊥

ΦG-vc
a) b) c)

Fig. 1. Cutting speed directions when splitting orthotropic materials; axial || cutting along fibers (a), perpendicular \ cutting across fibers (b) and indirect ||
\ direction (c).
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The kinematics of cutting with rotating tool is schematically presented in Fig. 2 as an example of sawing with a circular
saw. The cutting speed direction vc changes its position relatively to the wood fiber direction along the tool path. Values of
entrance angle u1 and exit angle u2 depends on the cutting geometry and can be computed according to Eqs. (1) and (2)
repectively.
Fig. 2.
(depth
speed d
u1 ¼ arccos
2ðHp þ aÞ

D
ð1Þ

u2 ¼ arccos
2a
D

ð2Þ
An average value of uncut chip thickness h should be taken into account instead of feed per tooth fz in case of cutting with
circular saw blades [36]. Hence, the cutting power Pcw may be expressed by means of certain material constants and cutting
process variables as in Eq. (3). This formula was developed originally for isotropic materials by Atkins [6], and later adapted
for the case of wood sawing by Orlowski and Atkins [38], and Orlowski et al. [36]:
Pcw ¼ za � sck?StcQshear
vchþ za � Rk?St

Qshear
vc ð3Þ
where h – an average value of uncut chip thickness (Eq. (4)), za – an average number of teeth being in the contact with the
kerf (Eq. (6)), c – the shear strain along the shear plane (Eq. (7)), Qshear – the friction correction (Eq. (9)), St – overall set (or
cutting width, considered also as a kerf in the case of circular sawing), R||\ – a fracture toughness for indirect (neither || nor
\) position of cutting speed corresponding to an average angle u, sc||\ – the shear yield stress along the shear plane for indi-
rect cutting speed direction, corresponding also to an average angle u.
h ¼ f z sinu ð4Þ

where fz – feed per tooth, and u– an average angle of teeth contact with a workpiece (Eq. (5))
u ¼ u1 þu2

2
ð5Þ

za ¼ u2 �u1
360�
z

 !
ð6Þ
where z – number of teeth in the sawblade.
The shear strain c along the shear plane could be calculated as in Eq. (7) [6,12]:
c ¼ cos cf
cosðUc � cf Þ sinUc

ð7Þ
D/2

f
1

2

f

h

vc

G-vcΦ

z

Sawing kinematics on circular sawing machine: fz – feed per tooth, D – circular saw blade diameter, h – uncut chip thickness, Hp – workpiece height
of cut), a – position of the workpiece, u – angular tooth position, u1 – entrance angle, u2 – exit angle,UG-vc – an angle between grains and the cutting
irection, cf – rake angle.
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where Uc is the shear angle which defines the orientation of the shear plane with respect to cut surface (Eq. (8)). The shear
angle for higher values of uncut chip thicknesses or feed per tooth fz (h) can be calculated with the Merchant equation
(because for those uncut chip values Uc = const. [12]). Though, in other cases an equation proposed by Atkins [6] should
be applied:
Uc ¼ ðp=4Þ � ð1=2Þðbl � cf Þ ð8Þ

The friction correction Qshear is determined according to Atkins [6] as:
Qshear ¼ ½1� ðsin bl sinUc= cosðbl � cf Þ cosðUc � cf ÞÞ� ð9Þ
where bl – friction angle (Eq. (10)), the friction correction Qshear = 1 when h = 0.
bl ¼ tan�1 l ð10Þ
where l – the coefficient of friction between wood and the rake face of the cutting edge.
As a matter of fact, the shear angle Uc is not the Merchant value and therefore should be corrected according to the ratio

of R and sc [48,6]. It was found that shear angleUc values as computed according to Eq. (8) are frequently slightly higher than
those measured experimentally. Unfortunately, very limited reference material-dependent data for wood cutting was
reported so far, except for results of pine sawing [8,13]. It is important to mention that the model (Eq. (3)) assumes perfect
sharpness of the cutting edge. Moreover, both ploughing effect [51,11] and chip momentum are disregarded [36] due to
moderate values of feed speeds while sawing wood.
2. Algorithm for the determination of material mechanical properties in cutting

The method for the wood fracture toughness and shear strength determination presented here is based on the cutting
theory originally proposed by Atkins and Vincent [5]. Its practical implementation toward orthotropic materials (such as
wood) in various configurations and in a range of ordinary machining processes was reported by authors [37]. It was demon-
strated that the fracture toughness R||\ and the shear yield stress sc||\ for indirect/intermediate directions (regarding wood
fibers) may be computed on the basis of R\ and sc\ [36]. In that case, both R\ and sc\ were empirically determined in the
cross cutting experiment described in [41]. However, values of the fracture toughness R|| and the shear yield stress sc|| for the
longitudinal direction were calculated adopting corresponding coefficients reported in literature. Recently, Kopecký et al.
[24] developed an alternative methodology for determining sc||\ and R||\ within orthotropic materials by means of circular
sawing. Though, both values are appropriate only for selected directions, related to the average angle of tooth contact with a
workpiece u and may not be therefore considered as material constants.

Hlaskova et al. [21] proposed a combined method to determine toughness and strength parameters for the tooth cutting
edge principal positions for longitudinal and perpendicular cutting speed directions. Nevertheless, in this method two types
of machine tools of different sawing kinematics must be applied, and it seems to be a main disadvantage of the method. A
different way to estimate the fracture toughness and yield stress of wood along || and across \ fibers was reported by
Orlowski et al. [37]. In that case, at least four cutting tests have to be conducted with a rotating tool i.e. a circular saw blade.

It is important to assure minimum two diverse levels of feed speed vf and at least two varying chip thicknesses h, corre-
sponding to varying cutting depths Hp. In general, increased number of feed speed levels and/or cutting depths results in
the improvement of the measurement reliability and reducing estimation error. A set of linear equations (at least two)
for cutting force per tooth FH

c in sawing workpiece of thickness H is determined on the basis of experimental results:
FH1
c1 ¼ a1hþ b1

FH2
c2 ¼ a2hþ b2

(
ð11Þ
Eq. (11) corresponds to Eq. (3), but divided by za and vc. It was proven by Orlowski and Pałubicki [41] that it is possible to
determine values of the shear yield stress sc\||1(H1) and sc\||2(H2) on the base of Eq. (11), as slopes a1 and a2, can be also
expressed as in Eqs. (12) and (13) respectively:
a1 ¼ sc?k1w1c1
Qshear1

ð12Þ
and
a2 ¼ sc?k2w2c2
Qshear2

ð13Þ
where w1 and w2 are widths of cutting edges, corresponding to the kerf St.
The shear strains along the shear plane c1 and c2, the shear angle Uc as well as the friction corrections Qshear1 and Qshear2

may be, especially for higher values of h, calculated according to Eqs. (7)–(9) respectively. It is important to emphasise that
all above parameters are calculated independently for each equation from the system (11).
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Accordingly, the specific work of surface separation/formation (fracture toughness) R?k1 and R?k2 can be calculated from
the intercept values b1 and b2 for cutting depths H1 and H2:
b1 ¼ R?k1w1

Qshear1
ð14Þ
and
b2 ¼ R?k2w2

Qshear2
ð15Þ
Values of the stress sc\||1 and sc\||2 as well as of the fracture toughness R?k1 and R?k2 as derived from Eqs. (11)–(15), are
intermediary; neither parallel nor perpendicular to the woody grain direction. Consequently, it is necessary to extract the
explicit values for each of the above specific material characteristics. Orlicz [34] applied the plane stress transformation
equation for determination of specific cutting resistance in indirect positions of the cutting speed direction. The same
method is commonly used in general mechanics of materials to transform the stress components from one set of axes to
another [17]. Such approach is of a great advantage for analysis of orthotropic materials, such as wood. Currently, Orlowski
et al. [36,37] and Hlaskova et al. [21] implemented plane stress transformation equation in different cutting speed position
for computation of the shear yield stress and fracture toughness as tensor values. Hence, the following set of equations (Eqs.
(16) and (17)) provide a mathematical base for that, by considering an effect of the angle between the wood grain and the
cutting speed direction UG-vc. As the shearing take place in the shear plane, the value of the shear angle Uc is considered in
the system of Eq. (16):
sc?k1 ¼ sck cos2ðUG�vc1 þUcÞ þ sc? sin2ðUG�vc1 þUcÞ
sc?k2 ¼ sck cos2ðUG�vc2 þUcÞ þ sc? sin2ðUG�vc2 þUcÞ

(
ð16Þ

R?k1 ¼ Rk cos2 UG�vc1 þ R? sin2 UG�vc1

R?k2 ¼ Rk cos2 UG�vc2 þ R? sin2 UG�vc2

(
ð17Þ
where sc|| – yield stress along the fibers direction, sc\ – yield stress perpendicular to the fibers, R|| – fracture toughness along
the fibers, and R\ – fracture toughness perpendicular to the fibers.

It was demonstrated that Tsai-Hill failure theory may be alternatively used to determine the shear yield stresses in ortho-
tropic materials [30]. However, that approach may be implemented in the quasi-static off-axis tension test and is problem-
atic for implementing dynamic effects of the material cutting.

According to the theory of the wood machining, the favourable chip formation for rake angle cf > 35� results in the off-cut
formation by bending [16,45,4,14]. Furthermore, Atkins [4] stated that only for a constant uncut chip thickness offcut can be
formed in elastic bending, when the fracture toughness parallel to the surface is smaller than in other directions, i.e. in ani-
sotropic materials. The cutting conditions applied justify therefore the numerical approach chosen (Eqs. (16) and (17)) as the
rake angle of tools selected for our tests was cf = 25�.

3. Computational example: circular saw case

The novel method for determination of mechanical properties of orthotropic materials by means of the dedicated cutting
test was adopted for a case of the circular sawing process. The following is a brief description of the performed experiment
and demonstration of the new measurement routine.

3.1. Materials

Scots pine (Pinus sylvestris L.) wood originated from the Forest Inspectorate Lipusz in the Baltic Natural Forest Region
(Poland) was used for preparation of experimental materials. Samples were in the shape of cubes of width W = 50 mm
and length L = 2200 mm, with two heights of H1 = 50 mm and H2 = 100 mm. The wood moisture content was MC = 35%
and density q = 510 kg m�3. The processed timber temperature was corresponding to the room conditions and was 20 �C.

The reference material characteristics were measured in an independent experiment with pine wood (q = 520 kg m�3).
The values for perpendicular direction of cutting were determined according to the methodology described by Orlowski
and Pałubicki [41], while for parallel direction were estimated on the basis of data adopted from the literature [36]:

� fracture toughness; R\ = 1.30 kJ m�2 (cutting tests) and R|| = 0.065 kJ m�2 (estimated as a reference from the paper by
Aydin et al. [8]),

� shear yield stress; sc\ = 20.9 MPa (cutting tests) and sc|| = 5.2 MPa (computed as sc|| = 0.125�MOR, where MOR = 41.6 MPa
– modulus of rupture referred as a bending strength, value taken from Krzosek [27]).

The value of friction coefficient l = 0.9 for pine wood was chosen according to Glass and Zelinka [18].
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3.2. Tool and machine

The cutting tests were carried out on the one shaft multi rip sawing machine PWR301 (TOS Svitavy, Czech Republic) at the
Complex sawmill in Dziemiany (Baltic Natural Forest Region, Poland). The nominal electric power of the motor driving cir-
cular saw was PEM = 45 kW. The cutting kinematics was up-sawing, number of saw blades nb = 1, clearance of a circular saw
blade over the workpiece 5 mm and feed speed vf applied at three levels: 10, 20 and 40 mmin�1. Different tools and cutting
conditions were used for sawing samples of different thicknesses:

� Hp = 100 mm: cutting speed vc = 69.6 m s�1 (3800 rpm), the circular saw used was produced by Aspitech (Poland), exter-
nal diameter D = 350 mm, collar diameter d = 80 mm saw blade thickness s = 2.5 mm, overall set St = 3.9 mm, number of
carbide tipped teeth z = 18, and side rake angle cf = 25�,

� Hp = 50 mm: cutting speed vc = 69.9 m s�1 (4450 rpm), the circular saw used was produced by Aspitech (Poland), external
diameter D = 300 mm, collar diameter d = 80 mm saw blade thickness s = 2.5 mm, overall set St = 3.2 mm, number of car-
bide tipped teeth z = 18, and side rake angle cf = 25�.
3.3. Cutting force measurements

Electrical power consumption of the sawing machine was measured by using AC/DC current transducer DHR 100C10
(LEM USA Inc., USA), 8-channel isolation amplifier NI SCXI1125 (National Instruments, USA), 4-Slot Chassis NISCXI
1000DC (National Instruments, USA) and PC computer with the NI PCI 6281 A/D conversion board (National Instruments,
USA). The current transducer was installed on the single-phase power cable connected to the three-phase electrical motor;
however, it was assumed that the corresponding values of current were identical in all electric phases [40]. Sampling fre-
quency was 1000 Hz with a signal resolution of 18 bits. The sampling rate and accuracy of the experimental hardware
allowed precise measurement of even minor changes in the electrical current due to wood processing. The real electric
power PE was calculated as in Eq. (18):
Fig. 3.
feed sp
PE ¼
ffiffiffiffiffi
3�

p
U � I � PF ð18Þ
where U – electrical voltage (U = const. = 400 VAC), I – measured current (in A), PF – power factor (PF = cosU).
The power factor PF = 1 for purely resistive load, what is not a case of electrical motors where induction-related loads

varies depending on the working conditions. It was determined empirically that PF = 0.3 for idling, PF = 0.8 for cutting sam-
ples H2 = 100 mm, and PF = 0.55 for cutting samples H1 = 50 mm. A relation between PF and feed speed was assumed as lin-
ear in the whole range of the used cutting conditions. An example of raw results (electrical current) registered while sawing
experimental samples is presented in Fig. 3. It is clear that each cutting cycle differed from the idling run of the machine. The
quantity of the electrical energy consumed for idle running of the machine (Iiddling) was extracted from the total power (Itotal)
in order to quantify energy used for pure cutting (Icutting). Subsequently, the average cutting power (Pc) and the mean value of
the cutting force (Fc) per tooth were determined.
15

20

25

30

35

1 2 3 4 5 6 7 8

cutting time [s]

cu
rr

en
t [

A
]

idling cutting idling

totalI

iddlingI

cuttingI

Registered electrical current (one phase) variations during the cutting experiment with circular saw (pine wood (Pinus sylvestris L.) H2 = 100 mm,
eed vf = 40 m min�1).
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4. Implementation of the algorithm

Series of cutting experiments were performed on the circular sawing machine in order to acquire the set of data required
for determination of the material characteristics. The schematic of the experiment configuration is presented in Fig. 4.

All the resulting cutting forces were linearly regressed in a function of the uncut chip thickness. Statistical analyses of the
regressions were made at the confidence level a = 0.05. The set of experimental quantities obtained for varying feed speeds
and cutting depths were plotted in the single chart, as presented in Fig. 5. The linear regression models were developed in
each case and these qualities were characterized by the Pearson’s correlation coefficient. The values corresponding to models
presented in Fig. 5 were r = 0.93 and r = 0.99 for H1 and H2 thicknesses respectively.The average angle of the tooth contact
with a workpiece was computed according to Eq. (5), and assuming cutting of sample H1 = 50 mm was u1 ¼ 32:8�, while
u2 ¼ 40:1� for sample of H2 = 100 mm. Correspondingly, the average cutting force per tooth Fc for a specific cutting direction
regarding grain courseu can be expressed as on Eqs. (19) and (20) for the samples of thickness H1 = 50 mm and H2 = 100 mm
respectively.
F1
c ðu1 ¼ 32:8�Þ ¼ 139644hþ 1:25 ð19Þ

F2
c ðu2 ¼ 40:1�Þ ¼ 179580hþ 2:12 ð20Þ
The extent of the measurement repeatability was quantified as a maximum standard deviation SD, computed indepen-
dently for the slope (SDa = 4024 N m�1) and intercept (SDb = 0.64 N) of the linear fit. A set of material characteristics can
be extracted from the above equations by following the method of Atkins [4], namely; values of the slope coefficients
a1 = 139644 N m�1 and a2 = 179580 Nm�1 as defined in Eqs. (11)–(13).The orientation of shear plane with regard to cut sur-
face Uc = 36.51� was computed on the base of Eq. (8), for l = 0.9 and bm = 41.98. At the same time, the shear strain along the
shear plane c = 1.59 and the friction correction Q = 0.575 were computed according to Eqs. (7) and (9). Finally, it was possible
to determine the shear yield stresses for two indirect cutting directions: u; sc||\(32.8�) = 15.78 MPa, and sc||\(40.1�)
= 16.65 MPa. The toughness R was determined from the linear regression model intercepts b1 = 1.25 and b2 = 2.12 (Eq.
(11)) and converted into values specific for two intermediate angles u1 and u2 by means of Eqs. (14) and (15). The obtained
values of fracture toughness are therefore R||\(32.8�) = 390.6 J m�2, and R||\(40.1�) = 543.6 J m�2.

The system of Eq. (17) is resolved in order to determine the shear yield stresses sc for two principal anatomical directions
of wood; along to the fibers (grain) sc|| = 5.09 MPa and perpendicular sc\ = 17.31 MPa. The comparison of the obtained sc\
with corresponding values from reference experiments (20.9 MPa) revealed that the second are slightly larger (�3.59 MPa),
as shown in Table 1. Correspondingly, the ratio sc||/sc\ determined experimentally was equal to 0.29, while sc||/sc\ = 0.24 in
case of the reference material characteristics. It has to be mentioned, however, that the reference value of sc|| was deter-
mined on the basis of modulus of rupture (MOR) obtained in the static bending tests [27]. The higher value of the sc||/sc\
ratio could be also related to the methodological approach applied as well as to different provenances of the materials
[13]. It was reported by Green [19] that the wood shear strength parallel to the grain ranges from 3 to 15 MPa at 12% mois-
ture content (MC). In another research by Kretschmann [25] the shear strength parallel to the grain for pine was estimated as
6.1 to 11.6 MPa at MC = 12%, while it was between 4.7 and 7.2 MPa in a case of wet pine wood. Slightly lower value of sc|| as
assessed in this experiment may be therefore related to the effect of higher moisture content of machined wood (MC = 35%).
Moreover, by following Green [19] the shear strength perpendicular to the grain was 2.5–3 times higher than the shear par-
allel to the grain. The same ratio obtained experimentally in this work was sc\/sc|| = 3.44.

Wang et al. [51] and Blackman et al. [11] reported that values of the yield stress on the shear plane sc estimated by means
of cutting are relatively higher. It could be especially noticeable when characterize composite materials, such as wood. Wood
is a complex composite of three natural polymers: lignin, cellulose and hemicellulose. All of these possess dissimilar
Fig. 4. Summary of the experimental design for estimation of fracture toughness and shear yield stress in cutting with circular saw.
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Table 1
Shear yield stress and fracture toughness of Scotch pine determined in cutting tests and static bending tests [8,27].

Cutting test Cutting test and static bending estimation

Shear yield stress along the grain sc|| (MPa) 5.09 5.2
Shear yield stress perpendicular to the grain sc\ (MPa) 17.31 20.9a

Ratio sc||/sc\ 0.29 0.24
Fracture toughness along the grain direction R|| (J m�2) 22.2 65.0
Fracture toughness perpendicular to the grain direction R\ (J m�2) 1286.7 1300.0
Ratio R||/R\ 0.017 0.05
Density q (kg m�3) 510 520
Moisture content MC (%) 35 12
Provenance Lipusz Leśny Dwór

a Values determined in cutting tests.
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mechanical properties, each affecting the physics of cutting in a different way. The action of the cutting edge in the sawing
process crashes and compacts anatomical components of woody tissues. Hence, in some cases it may lead to increase of the
yield stress values. The similar phenomenon was also observed by different researchers while cutting other materials,
including metals or plastics.

Predictions of the crack trajectories while cutting is a difficult task [4]. Particularly, during wood machining several phys-
ical processes occur simultaneously, such as deformation of the material ahead and below the tool, as well as fracturing in
front of it in the opening (mode I) or shear (mode II) modes. Nevertheless, during separation processes of wood in cutting,
deformation and fracturing take place not only in the crack opening mode (mode I), but also in sliding modes (for instance
mode II – in-plane shear and mode III – antiplane shear) [49]. The explicit definition of the phenomena in the cutting zone is
particularly problematic since the sawing process with circular saw blades is accompanied by high cutting speeds, cutting in
the narrow slot, and continuously varying position of the cutting edge in relation to the wood grains. It is expected that
recent technical developments in the field of high speed photogrammetry may allow detailed observations of the cutting
zone during chip formations [15].

The system of Eq. (18) was also resolved in order to determine the specific work of the surface separation/formation (frac-
ture toughness) R for two principal anatomical directions of wood; along the grain R|| = 22.2 J m�2 and perpendicular
R\ = 1286.7 J m�2. The comparison of R values obtained with cutting and static bending tests revealed that R\ are compara-
ble for both methods, even if the ratio of R||/R\ was slightly higher in the cutting test. Again, the latter values were deter-
mined with a compound methodology (cutting tests and static bending experiments) and adopted for the needs of this
research from the literature. The other significant factor affecting differences noticed in experimental results are related
to dissimilarities of wood sample provenances and physical properties. It has to be emphasised that there are very limited
references reported for fracture properties of pine wood. Some available results from the corresponding research on Turkish
pine were published by Aydin et al. [8] whereas the ratio R||/R\ was 0.004.

The shear plane angle Uc changes according to the cutting conditions and especially in relation to the uncut chip thick-
ness h. It is possible to predict Uc assuming its material dependency, as reported by Atkins [6] and Orlowski et al. [36,37]. In
that case, the relationship for Uc prediction can be expressed as in Eq. (21) [6]:
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where Z – is a parameter, which makes Uc material dependent, being computed as in Eq. (22):
Z ¼ R

sc � h
ð22Þ
A resulting model values of the shear plane angle Uc in relation to the uncut chip thickness in the case of sawing pine
wood of H1 = 100 mm were determined according to Eq. (21) and are shown in Fig. 6a. There are noticed significant changes
to the Uc for very low average chip thicknesses. The value of the shear plane angle Uc becomes constant for h > 0.0003 m.
Such changes at small depths of cut are the causes for the dramatic increase of the specific cutting pressure for small values
of the feed per tooth, so-called ‘size effect’ as reported by Atkins [6], Atkins [4] and Orlowski et al. [39]. The obtained values
ofUc for the thick uncut chips overlap each other even for samples of different examined provenances; Uc = 36.26� for wood
originated from Lipusz and for wood from Leśny Dwór. On the contrary, the Merchant’s equation (Eq. (8)) does not take into
account rawmaterial properties (as well as provenance) and therefore the value of shear plane angleUc = 36.51�was slightly
higher.

A similar model for prediction of the shear strain c for varying uncut chip thickness was prepared on the base of Eq. (7)
and is presented in Fig. 6b. It is evident that the value of c changes dramatically for very small chips (h < 0.0001 m). However,
the differences in the shear strain due to provenance (and related material properties) are insignificant, being in case of both
provenances c = 1.56.

The action of the cutting edge in the sawing process crash and compact anatomical components of woody tissue. It may
lead to increase of the yield stress values, as was observed in our experiments. It can be related to the similar phenomenon in
cutting metals as described by Atkins [4].
5. Conclusions

The novel method proposed here provides a unique possibility of simultaneous determination of various mechanical
properties of orthotropic materials, including wood. It combines experimental cuttings for determination of reference values
and modern fracture mechanics theory for the parameters extraction. Even though the circular sawing process is not a sim-
ple process of orthogonal cutting, it was proven to be suitable for accurately determine fracture toughness and shear yield
strength for two principal directions regarding wood grains.

The results of the demonstration tests revealed that for pine wood originated from Poland, the ratio R||/R\ = 0.017 and sc||/
sc\ = 0.29. Both values are slightly different than these reported in literature, but it can be explained by the methodological
differences in the determination methods.

It was demonstrated that the sawing process with circular saw blades might become an alternative approach for deter-
mining the fracture toughness and shear yield strength of a wide variety of sawn timber. The possible application fields
include on-line quality control of construction timber, but also assessment of material properties in existing structures. In
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any case only small amount of material is removed during cutting test, and the measurement may be combined with the
process monitoring routines. The methodology presented can be, after slight adaptations, applied for material characteriza-
tion during processing on other machines with different cutting kinematics, such as bandsaws, sash gang saws or routers.

Acknowledgments

Authors acknowledge Professor Tony Atkins of Reading University (UK) for valuable and inspirational advices.
Special thanks to ASPI TECH Sp. z o.o., Sp. k. (PL) for circular saw blades data, and Complex Sawmill in Dziemiany (Poland)

for support and wood samples used in the experiments.
Part of this work has been conducted within the framework of the project SLOPE receiving funding from the European

Union’s Seventh Framework Programme for research, technological development and demonstration under the
NMP.2013.3.0-2 (Grant number 604129), and project Bio4ever (RBSI14Y7Y4) funded within a call SIR (Scientific Indepen-
dence of young Researchers) by MIUR.

Part of this work has been presented during Shatis 2015 (Wroclaw, Poland) and 22nd IWMS (Quebec, Canada)
conferences.

We would like to thank anonymous reviewers for their constructive input and valuable suggestions.

References
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[24] Kopecký Z, Hlásková L, Orlowski K. An innovative approach to prediction energetic effects of wood cutting process with circular-saw blades. Wood Res

2014;59(5):827–34.
[25] Kretschmann DE. Chapter 5, mechanical properties of wood. In: Wood Handbook, Wood as an Engineering Material. General Technical Report FPL-

GTR-190. Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory. Centennial Edition; April 2010. 508 p.
[26] Kruzica JJ, Kim DK, Koester KJ, Ritchie RO. Indentation techniques for evaluating the fracture toughness of biomaterials and hard tissues. J Mech Behav

Biomed Mater 2009;2:384–95. http://dx.doi.org/10.1016/j.jmbbm.2008.10.008.
[27] Krzosek S. Wytrzymałościowe sortowanie polskiej sosnowej tarcicy konstrukcyjnej ró _znymi metodami. In Polish: Strength grading of Polish structural

sawn timber with different methods. Warszawa: Wydawnictwo SGGW; 2009.
[28] Laternser R, Gänser HP, Taenzer L, Hartmaier A. Chip formation in cellular materials. Transact ASME 2003;125:44–9. http://dx.doi.org/10.1115/

1.1526126.
[29] Li H, Qin X, He G, Jin Y, Sun D, Price M. Investigation of chip formation and fracture toughness in orthogonal cutting of UD-CFRP. Int J Adv Manuf

Technol 2016;82(5):1079–88. http://dx.doi.org/10.1007/s00170-015-7471-x.
[30] Liu J. Analysis of off-taxis tension test of wood specimens. Wood Fiber Sci 2002;34(2):205–11.

http://refhub.elsevier.com/S0013-7944(17)30229-1/h0005
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0005
http://dx.doi.org/10.1016/j.wear.2014.02.015
http://dx.doi.org/10.1016/j.wear.2014.02.015
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0015
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0020
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0020
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0025
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0025
http://dx.doi.org/10.1016/S0020-7403(03)00040-7
http://dx.doi.org/10.1016/j.engfracmech.2004.07.014
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0040
http://dx.doi.org/10.1115/1.4030374
http://dx.doi.org/10.1016/j.jmatprotec.2004.05.009
http://dx.doi.org/10.1016/j.engfracmech.2012.09.020
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0060
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0060
http://dx.doi.org/10.15376/biores.9.3.5349-5361
http://dx.doi.org/10.1007/978-3-642-29955-1
http://dx.doi.org/10.1080/17480272.2011.629057
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0080
http://www.hljp.edu.cn/attachment/20120820084627006.pdf
http://www.fpl.fs.fed.us/documnts/fplgtr/fpl_gtr190.pdf
https://www.fpl.fs.fed.us/documnts/pdf2001/green01d.pdf
http://dx.doi.org/10.1515/hf-2013-0066
http://dx.doi.org/10.15376/biores.10.3.5381-5394
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000838
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0115
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0120
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0120
http://dx.doi.org/10.1016/j.jmbbm.2008.10.008
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0135
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0135
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0135
http://dx.doi.org/10.1115/1.1526126
http://dx.doi.org/10.1115/1.1526126
http://dx.doi.org/10.1007/s00170-015-7471-x
http://refhub.elsevier.com/S0013-7944(17)30229-1/h0150
http://mostwiedzy.pl


444 K.A. Orlowski et al. / Engineering Fracture Mechanics 178 (2017) 433–444

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

[31] McKenzie WM. Fundamental analysis of the wood-cutting process PhD thesis. MI, USA: University of Michigan; 1961.
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