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1 Introduction

This thesis was created in collaboration with the companies AKKA Czech Republic s.r.o.

(AKKA) and Andreas STIHL AG & Co. KG (STIHL).

In AKKA, there was an attempt to develop a large and complicated finite elements
method (FEM) simulation of chainsaw cutting. Although the simulation was a huge success,
unphysical mechanical properties of wood (i.e. differing by orders of magnitude) had to be
used, in order to match the cutting forces with reality. This thesis aims to investigate the
influence of the input parameters on the simulated cutting forces and calibrate an available
material model of beech wood using realistic mechanical properties that could later be used

in this simulation to bring it another step further.

A specialized experiment for the cutting forces measurement during wood cutting was
set. The experiment layout is shown in Fig. 1. Experimental data used for the calibration of
the numerical models were provided by STIHL. The cutting forces and the chip formation

are considered during the calibration.

The explicit method is used for the computation because of its simplicity and no necessity
for solving the dynamic equilibrium iteratively. Basic differences between the explicit and
the implicit method are discussed further. The software LS-DYNA was used to carry out the
simulations. LS-DYNA is a multi-purpose solver used for analysing the large deformation

static and dynamic response of structures, mainly by the explicit method.

The material subjected to testing was European beech wood. Material data required for
the FEM simulation were not provided and thus are extracted from the literature. It is
important to state, that wood is a very variable material (i.e. the material properties vary
piece by piece). Therefore, a range of possible mechanical properties is searched, rather than

exact values.

The principal aim of this thesis is creating a working LS-Dyna simulation matching the
wood cutting experiment in terms of cutting forces and wooden chip shape as close as

possible.
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Rotary
wood
cylinder

Force
measuring
device

Chainsaw
tooth

Fig. 1 - View of the experimental setup used to determine the cutting forces acting on a single chainsaw tooth
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2 Literature Review

In this chapter, the mechanical behaviour of wood is discussed along with the testing
methods. Also, the mathematics behind the FEM calculations and the failure criteria model

are briefly introduced.

2.1 Material properties of European beech wood

Wood is composed of inhomogeneous organic tissue, which makes it difficult to describe
its mechanical properties generally. The behaviour of wood changes significantly with
different moisture content (MC) and quality. It is a hierarchical material, having a different

structure on several levels. [1]

It is common to idealize wood as having different mechanical properties in three mutually
perpendicular directions — longitudinal to the grain, and tangential, and radial to the annual
rings, which are shown in Fig. 2. This indicates that wood is an orthotropic material.
However, some sources suggest that wood does not exhibit elastic orthotropic symmetry [2].
Wood divides into hardwoods and softwoods. Hardwoods are usually denser than softwoods

making them a better fit for forestry equipment testing.

Radial A

Annual rings X

i S 08 rr h.
Tangential

Longitudianal

Fig. 2 - Material axes of wood [3]
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Wood from the European beech (Fagus Sylvatica L.), which ranks among hardwoods, has
been used for the experiment of wood cutting. To calibrate the material model with realistic
values, moisture dependent mechanical properties of beech wood have been extracted from
the literature, put together and analysed. Moisture dependency could help with finding
optimal values since the MC of the wood specimen is standardized for the wood cutting
experiment. Individual properties are discussed in chapters 2.1.1 to 2.1.6. The data are
summarised in Appendix I with references to the literature. Coefficient of determination
(CoD) has been used for each mechanical property to distinguish, whether it exhibits

moisture dependency.

2.1.1 Density

Contrary to the expectations, the density did not show any apparent moisture dependency
as can be seen in Fig. 3, with the CoD for linear regression being less than 0.16. This may
be caused by the wood expanding simultaneously with increasing MC. The density was first
calculated as: 653 kg/m3 with a standard deviation of 76 kg/m3. Using the empirical rule,
it can be said that the value 312 kg/m?3 is incorrect with a certainty exceeding 99.7 % and

is therefore considered a typing error and neglected. The CoD would then be less than 0.06.

The recalculated value of the density was 667 + 33 kg/m?3.

800

°
y=-9.31x + 762.26
700 | S==e—aeao__ oq o © ® R?=0.1518
()

-~e0 | T e
S
~~
o
a4
— 500
=
w)
C
8 400

300 ®

200

5 7 9 11 13 15 17 19

Moisture content[ % ]

Fig. 3 - Moisture dependent density
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2.1.2 Normal Elastic Moduli

The normal elastic moduli show linear decrease with the CoD 0.612, 0.347 and 0.065

for the longitudinal, radial, and tangential directions, respectively.

Linear approximation has been used for all elastic moduli despite the low CoD of the
tangential elastic modulus regression, because the other two elastic moduli exhibit

considerable moisture dependencies. Fig. 4 shows normal elastic moduli in relation to MC.

16000
14000 ®
12000 | @ " S=eo °
® " ~L__
£ 10000 ® Tteeell = Longitudinal
= o - R?=0.6118 g
= S e @ direction
3 8000 ® Tangential
=} . .
3 direction
UEJ 6000 Radial direction
4000
R? = 0.0654
2000
0
5 7 9 11 13 15 17 19

Moisture content[ % ]

Fig. 4 - Moisture dependent normal elastic moduli

2.1.3 Shear Elastic Moduli

For the shear elastic moduli, using the linear regression no value of CoD exceeded 0.03.
Approximation by other functions showed no significant simultaneous increase in CoD
unless high degree polynomial functions were used, with the CoD in the LR direction still
not exceeding 0.17 when a 6th degree polynomial function approximation is used. No
moisture dependency is therefore considered. The moisture dependency of the shear moduli

is shown in Fig. 5.
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Fig. 5 — Moisture dependent elastic shear moduli

2.1.4 Poisson’s ratios

In some directions, the values from different sources differ considerably. Some sources

even state Poisson’s ratios exceeding 1.

If Poisson’s ratio vy is defined as the negative ratio between the deformations in the

tangential and the longitudinal direction caused by a load in the longitudinal direction:

_ir (1)
€L

VrL =
and the relative volume change is in simplified form defined as:

2)
628L+8T+8R:‘SL_EL.VTL_EL.VRL (

then the vy value exceeding 1 would suggest that tensile load in the longitudinal direction

causes negative volume change for any positive vg;, which is not reasonably explicable.

It is therefore important to distinguish between the ways of acquiring the values. The

values exceeding 1 are not measured directly but calculated assuming perfect orthotropic
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symmetry which is therefore considered not to be fulfilled. [2] The moisture dependent

Poisson’s ratios are shown in Fig. 6.
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5 7 9 11 13 15 17 19

Moisture content [ % ]
Fig. 6 - Moisture dependent Poisson's ratios (the calculated values are not included)

When the calculated values are not considered, Poisson’s ratios vy, Vrg, Vgr and v
exhibit increasing linear moisture dependency with CoD over 0.35. Surprisingly, for the

remaining two Poisson’s ratios the CoD values do not exceed 0.04.

2.1.5 Tensile Strength

Few sources state a value of tensile strength. For the data acquired, the CoD for linear
regression of the L, T and R directions were 0.482, 0.958 and 0.989 respectively, with
strength decrease over increasing MC. It is apparent, that for the longitudinal direction,
where data from more than one source were used, the CoD is significantly lower. It is
important to say, however, that each value is already a mean value acquired from multiple
testing. The CoD decrease can be explained by using different testing methods and
measuring equipment. This needs to be considered when choosing the optimal value for the

material model. The moisture dependent tensile strengths are shown in Fig. 7.
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Fig. 7 - Moisture dependent tensile strengths

2.1.6 Compressive Strengths

Data for the compressive strength have been obtained from three sources, one differing
significantly from the other two in the perpendicular directions (values 6, 12.9, and 52.3 N -
mm™2 for the tangential direction and 11, 8.5, and 52.4 N - mm™?2 for the radial direction).
The data from the two sources were used. It must be born in mind, though, when tuning the
material model. The compressive strength has small amount of data and graph of its moisture

dependency would not give the reader any new insight.

2.1.7 Shear strengths

The values of shear strength vary considerably even for a single MC value (Fig. 8). The

range, in which the optimal shear strength values will be searched will therefore be wide.
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Fig. 8 — Moisture dependent shear strength
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2.2 Methods for Experimental Determination of Mechanical

Properties of Wood

In this chapter, the methods used in literature for determining the mechanical properties
of wood are discussed. Standard testing methods similar to those used for testing steel, as

well as new, modern methods are presented.

2.2.1 Digital Image Correlation

Digital image correlation (DIC) is a method of deformation measurement based on optical
comparison of the undeformed and deformed object. Random patterns are sprayed on the
measured area enabling the computer to distinguish between individual points on the
specimen. Comparing the position of individual points before and after the deformation

allows us to evaluate the strains (Fig. 9). [4] [5]

X X
b l Reference subset £ {_x';.. ,t'_..} ¥ I Target subset P [1 _r_..]
=4 .
Mapping] function 4
° L
/ /
/ !
b v g
€ (%01 7) ¢ (s 1;)
Reference image Deformed image

Fig. 9 - The principle of the digital image correlation [6]

2.2.2 Tensile Tests

Standard tensile tests (e.g. ISO 6892-1) are used to determine the normal elastic moduli,

the tension strengths, and Poisson's ratios.

A normalised specimen (Fig. 10) is inserted into a tensile testing machine and fixed. The
tensile load is gradually increased until rupture occurs. The loading data are obtained directly
from the loading machine. Different approaches for strain measurement exist. In the quoted
tests, DIC was used to measure the strains. Elastic moduli and tensile strength are taken from

the stress-strain curve while the Poisson's ratios are computed from only the DIC. [4]

18



a5mm

Fig. 10 - The specimen used for the tensile test [4]

2.2.3 Compression Tests

The basic principle of a compression test is the same as that of the tensile test, but
compressive stress is applied instead of tensile stress. Fig. 11 illustrates compression test set-
up. The stress-strain curve of compressive tests does not show an unequivocal point of

rupture, so it is evaluated optically. [7]

Fig. 11 - The compressive test set-up - an illustrative image [8]
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Fig. 12 shows stress-strain curves in tangential and radial direction with different MC in

compression.
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Fig. 12 - Stress-train curves at different MC of European beech wood in compression in radial (left) and tangential

(right) direction [7]

2.2.4 Torsion Test

The torsion testing machine consists of a static jaw and a rotary jaw. The specimen is
fixed to the machine and rotated until rupture. The torsion test is used to measure shear
strength in the longitudinal direction and an apparent shear modulus. The experimental set-

up is shown in Fig. 13.

The apparent shear modulus is according to [9] calculated as:

M (3)

Gy = —,
a 6 ]

where M is the applied torque, J is the quadratic cross-sectional moment of inertia, and 6 is

the torsion angle per unit length.

From its definition, the apparent shear modulus is the average of the two longitudinal

. GLR+GLT
shear moduli: G, = LRT.
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The shear moduli are then calculated according to the theoretical and experimental

distribution of the shear strain. [5]
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Fig. 13 - The torsion test set-up [5]

2.2.5 A Special Shear Testing Method

A specifically designed testing method was used for shear properties testing in [10]. Fig.
14 shows the test set-up, the sample shape, and the deformation of the measuring field. The
shear frame is loaded and deformed by pure shear loads, which are transferred to the
specimen. Specimens of variable thickness were used and loaded until rupture occurred. The

testing method is described in more detail in [10]
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sample shape deformed
1..flexible clamp | = (undeformed) measuring field
2. fixed clamp

>

38 mm
26 mm
20 mm

s | 1
= VLA

— 20 mm |

R 38 mm .l

Fig. 14 - The test set-up (left), the sample (middle) and the deformation of the measuring field (right) [10]

2.2.6 Ultrasonic Wave Utilization

Another new testing method is using ultrasonic waves to determine the elastic
characteristics. At least three wave propagation velocities in each the normal, shear and

quasi-shear directions are needed to determine all orthotropic elastic properties.

For orthotropic materials, the stiffness matrix € is formed as:

Ci1 €12 €13 O 0 0
C12 Cay Cp3 O 0 0
C = €13 €3 €33 0 0 0 4)
0 0 0 ¢y O 0
0 0 0 0 Css 0
0 0 0 0 0 ¢4
The compliance matrix S:
1/E, —Vi2/E;  —Vvi3/E;3 0 0 0
—Vy1/E1 1/E, —Vy3/E;3 0 0 0
S—cC1= —V31/E1  —V32/E; 1/E;3 0 0 0 (5)
0 0 0 1/G,5 0 0
0 0 0 0 1/Gi5 0
0 0 0 0 0 1/G1,

The elastic coefficients of the stiffness matrix were calculated from the following

equations [2]:
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(6)

11 = pVE
C2 = PVRZR (7
C33 = PV%T 3)
csa = (PViR + pViir) /2 ©)
css = (pVir + pVi) /2 (10)
ces = (PViR + PV3L)/2 (11)
c23 = \/(CZZ T Caa — 2pVRZT/RT)(C% t Caa — ZpVRZT/RT) — Caq (12)
C13 = \/(611 + Cg5 — 2pVL2T/LT)(c33 + Cg5 — szLZT/LT) — Cos (13)
(14)

Cip = J(Cll + Cog — 2pVL2R/LR)(sz + Ce6 — ZpVLZR/LR) ~ Ce6

Where p is density and V4, V3, and V3,1, are the wave propagation velocities in normal,

shear and quasi-shear directions, respectively.
The testing method is described in further detail in [2]

While the method proved useful for the elastic moduli determination, the values of the
Poisson’s ratios were most likely incorrect due to the false premise of perfect elastic

orthotropic symmetry.

2.3  Wood Failure Simulation in LS-DYNA

The FEM solver LS-DYNA offers over 300 different material models, including the
model MAT WOOD, which is designed to fit the properties of various types of wood.
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Southern yellow pine and Douglas fir are predefined and can be activated by material model

options, while other wood types including European beech require complete data input. [11]

2.3.1 Material Model

Wood is generally assumed to be orthotropic, having different properties in three
mutually perpendicular directions — longitudinal, tangential, and radial. LS-DYNA
simplifies the orthotropic material model to a transversely isotropic model not differentiating
between radial and tangential directions. Often, the longitudinal direction is referred to as
the parallel direction and the radial and tangential directions are referred to as the
perpendicular direction. The orthotropic and the transversely isotropic material models are

compared in Fig. 15.

Radial } Perpendicular §

i
ok I
.

o
i et
e

> S

Tangential Perpendicular

F A
Longitudianal Parallel

Fig. 15. Comparison of an orthotropic (left) and a transversely isotropic (right) model of wood [3]
2.3.2 Elastic Properties

The transversely isotropic material model requires five independent elastic constants: Two
normal modules (E; and E), two shear modules (G and Grg) and the major Poisson’s ratio
(vir). The other two Poisson’s ratios are dependent on the five constants and are computed

internally as:

Er
VrL = Vit (E_> (15)
L
ET - 2 - GTR
= — 16
VTR 2 Grn (16)
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2.3.3 Failure Criteria

Modelling failure of orthotropic or transversely isotropic materials is complicated compared
to isotropic materials. Principal stresses lie in general directions most of the time and therefore
they are not used to describe failure. Instead, not only normal load but also shear needs to be
considered. Various approaches for failure exist - non-interactive criteria, interactive criteria,

and direct mode criteria. Different sets of coefficients are required for different approaches.

Non-interactive criteria also referred to as limit criteria are the simplest, comparing each
load individually with the corresponding strength. Non-interactive criteria include maximum
stress criteria and maximum strain criteria. Failure occurs when any of these inequalities are

violated:

Maximum stress . .
Maximum strain

~Sur < Our < Sir =Syt <Vir < Syrr

—Srr < org < Srg
—Syrr < V1R < SyrR

X, Y and S are the stress or strain limits for normal loads in parallel and perpendicular
direction, and shear load respectively; o is stress and € and y are normal and shear strains.
The indexes C and T indicate compressive or tensile load. The indexes LT and TR indicate

the shear planes.

The interactive criteria take into account that the individual loads are mutually
weakening. More complex equations are used to describe failure. Various interactive criteria
exist with different levels of simplification. Those include Tsai-Hill criterion, Hoffmann

criterion, or Tsai-Wu criterion.

Direct mode criteria also consider interactions between the loads. Above that, they
distinguish modes of material failure. Direct mode criteria can be highly complex and
provide very realistic results, like the LaRC criteria. Direct mode criteria also include Puck

criteria, Hashin criteria, or Modified Hashin criteria. [12]
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The Hashin criteria distinguishes the following four modes of damage:

The tensile fibre damage (a;, = 0):

UL)Z ULZT
— +—=1 (17)
(XT (Srr)?

The compressive fibre damage (o, < 0):

("L)z >1 (18)
Xc)
The tensile matrix damage (o7 > 0):
0T>2 ofr
—) +——5=1 (19)
(YT (Srr)?

The compressive matrix damage (o7 < 0):

[(2 Y ;LT) - 1] (;_Z) + (2 .(ZLT)Z + (;%)2 >1 (20)

In the Modified Hashin criteria it is assumed that shear stress weakens the material in

compression as well as tension. The failure criteria have slightly modified form:

The tensile and compressive fibre damage:

oy, 2 GET+G£R XTfOT'O'L>O
= — s =
(X) Sz, L x {Xc foro, <0 (21)
The tensile and compressive matrix damage:
(o7 + 0g)? n (ofr — o7 " 0r) | (ofr +0fr) S 1x = {YT for a,, + 033 >0 22)
Y2 S& S& - Yo for oy, +033 <0
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A reduced form of Modified Hashin is used to describe failure in LS Dyna and is
discussed further in [11].

2.4 Basics of the Mathematics Behind the Explicit and Implicit

Finite Element Method Computations

The finite element method (FEM) is a numerical method of solving various engineering
problems as static or dynamic response of elastic bodies. It works on the principle of
subdividing a complex, practically incomputable unit, into smaller parts called elements.
The displacement of an element is interpolated from the values in its nodes. Mechanical
properties of the material need to be added to form the stiffness matrix K, the damping matrix
C, or the mass matrix M. The behaviour of the elements and nodes is described by the

equation:

M%+Cx+KAx—P =0 (23)

In which P is the body force and external load vector and x is the coordinate vector.

Either explicit or implicit method is used to solve the partial differential equation. [13]

2.4.1 Explicit simulations

The explicit simulation method is the simpler of the two methods expressing each state

as a function of the previous one:

Enr = (ks o) @4

This approach implies that the inaccuracies accumulate with each time step, thus

diverging from the correct value. [14]

The time step size is limited by the Courant—Friedrichs—Lewy condition which says that
the time step must be smaller, than the time necessary for a wave to travel between any of

the adjacent nodes. The condition is represented by the equation:
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_ dmin (25)
Atmax - )
c
where At is the maximum possible time step, d,,;, is the smallest distance between two

adjacent nodes and c is the speed of sound in the material which is defined as:

L |_E (26)
p(1—v)’
where E is the normal elastic modulus, p is the density and v is the Poisson’s ratio of the

material.

The explicit method is a fast, efficient method that calculates the time integration solution

directly.

2.4.2 Implicit simulations

In the implicit simulation method, the current state cannot be directly (or “explicitly”)
expressed as a function of the previous state. It uses the previous state as well as the current

state to compute the current state iteratively, thus requiring convergence.

It typically requires 100 to 10000 fewer time steps than explicit. The problem is that the
cost of each time step is unpredictable since it depends on the convergence behaviour of the

simulation.

The implicit method divides to implicit static and implicit dynamic. Generally, implicit
static is a significant advantage of the implicit method for the possibility to neglect all
dynamic effects. However, dynamic effects are expected to play an important role and need

to be considered in simulations of this specific experiment.

The convergence of the FEM simulation is significantly influenced by the condition
number, which describes the rate of change in output caused by a small change in the input
of a function. The condition number is among other things increased by increasing the
number of parts included in the FEM simulation. The number of boundaries and constraints

decreases the condition number.
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Formation of a relatively large amount of chips with no boundaries or constraints

increases the condition number critically. [13]
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3 Experiment

A specialized experiment to measure the cutting forces on a single chainsaw tooth was
developed in STIHL. The experiment is set up to simulate the conditions of chainsaw cutting
as authentically as possible. In addition to the provided data, a different interpretation of the

forces is covered in chapter 3.4.

3.1 Setup

A cylinder-shaped European beech wood is turned by a single incisor. The initial diameter
of the wood is 150 mm. In the data from the experiment, it is said that the wood is saturated
with MC 55 % [15]. It is striking, that the value should be this high since no data for MC
higher than 19 % was found in the literature. In the LS Dyna manual, values from 23 % to

30% MC are stated for saturated wood. The values from the manual seem more realistic.

A custom made three jaw chuck is used to hold the wood. The incisor is a tooth from a
serial saw chain from STIHL marked 3/8” RS (Fig. 16). The incisor is attached to a turning
tool, which is optimized for this experiment. The head of the tool is designed to hold the
incisor. The body of the tool has grooves to lead the wiring of strain gauges, which are used
as one of the means of the cutting forces measurement. The other device measuring the

cutting forces is a load cell holding the turning tool.

Fig. 16 - The incisor
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The rotation of the wood is accelerated during the simulation to maintain a constant
cutting speed of 16.67 m/s. The feed rate is 0.3 mm/U or approximately 12.6 mm/s (the

speed must be increased as the rotation accelerates to maintain the feed rate 0.3 mm/U).

The experiment setup is shown in Fig. 17.

Measuring Plate

Tool Fixation

Intermediate Plate

Lathe Holder

Height Adjustment

Turned Wood

Specimen

Fig. 17 - The experiment setup

3.2 Measurements

Seven experiments were carried out with this setup, each measuring with both the load
cell and the strain gauges which are both further referred to as “the measuring systems” (Fig.
18), giving a total of 14 measurement data in each x, y, and z axis. The data were measured
at a sampling rate of 10,000 Hz. A measurement takes approximately 2-4 seconds, which
results in up to 40,000 values per axis and measuring system. The measuring systems were
calibrated with forces at the tip of the incisor while connected to a computer which calculates

the forces internally.
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a) The load cell holding the tool b) The tool with the strain gauges

Fig. 18 - The measuring systems

The system was recorded by a highspeed camera and a GoPro for the evaluation of the
chip formation. A sample photo from the highspeed camera recording can be seen in Fig.
19.

Fig. 19 - A sample photo from the highspeed camera recording

3.3 Evaluation

The measurement data contains large peaks and valleys (the direction of the forces in the

peaks and valleys is opposite for almost every measurement for both measuring systems and
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all axes). An envelope was created giving the maximal and minimal forces and also a mean

value curve was created reducing the data volume to 254 points on each curve.

Vibrations are the most probable cause of the peaks and wvalleys this big. The
inhomogeneity of the wood can influence the vibrations significantly. Therefore, the mean

value curve is used as reference for comparison with the numerical simulation.

3.4 Results

Even though [15] suggests calibrating the FEM simulation to match the mean values of
the peak forces to present the worst-case scenario, the aim of this simulation is not to
determine whether the incisor could be damaged, but rather to measure the effectivity of the
incisor geometry, so the effect of the peaks of the forces does not have to be taken into

consideration.

The specific results could not be revealed, as they are a property of the Stihl company.
The graphs and the proportions, however, are not classified and can be shown and discussed.

The values on the graphs were normalized.

A mean value is calculated for each measurement on the time interval, in which the incisor
is clearly fully engaged. Since the point of engagement is different for each measurement,
the time interval is individual. In each direction, the minimum and maximum mean values
are compared for each measuring system. The overall minimal and maximal mean values

are also compared for each direction. The coordinate system is shown in Fig. 20.
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Fig. 20 - Coordinate system of the incisor
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Experiments with different setups were also carried out so the measurements are

numbered from 17 to 23. The other setups are not examined in this thesis.

Most of the mean value curves fluctuate around a nearly constant value when the incisor
is engaged. The only exception is the x-force measured by the strain gauges, which is very
unstable and gives inconsistent results. The reason for this could be wrong connection of the
strain gauges or bad calibration since the mean value curves do not start at zero. The data
from the strain gauges for the x direction are assumed to be wrong and are not considered
further. The data from the strain gauges (green) and the load cell (blue) are compared for
each direction (Fig. 21). The unstable behaviour of the x-force data measured by the strain
gauges can be seen in Fig. 21 a). The forces are scaled by the same factor in the thesis in
order not to reveal confidential data. For each measurement 254 force values were provided
to us with no time step assigned. Since the duration of the measurements is inconsistent, the

time scale (x axis of the graph) is normalized.
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Fig. 21 - Forces from the strain gauges (green) and the load cell (blue)

Directions y and z show slight decrease in the course of the simulation. The most probable
explanation is that, as the diameter of the wood decreases during the simulation, the

conditions of the cutting are slightly changed. All directions are summarized in Table 1.

Table 1 — The maximal and minimal forces in each direction (normalized)

SGmin SGnax LCppin LCrar | SGmax | LCmax max
SGmin | LCpin min

X N/A N/A 0.11036 | 0.13568 N/A | 12294 1.2294

y | 034731 0.37143 0.32859 | 0.36640 | 1.0694 | 1.1151 1.1304

z | 0.04634 0.05774 0.05436 | 0.06783 | 1.2459 | 1.2477 1.4636

In the x direction, the difference between the minimal and maximal value is 22.94 %. The
difference is relatively high, given that only data from the load cell are used and the data

from the strain gauges are not evaluated and will not be compared with the FEM simulation.
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The difference in the y direction is lower (13.04 %), even though values from different
measuring systems are compared. The reason for this may be the fact that the absolute values

of the y-force are significantly higher.

The difference in the z-force is the highest (46.36 %). This is not surprising since the z-

forces are by far the lowest.

The FEM simulation will be calibrated to match the values as closely as possible.
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4 Investigation of the Sensitivity of the Numerical

Simulations on Individual Parameters

In this chapter, several parameters were varied and the effect on the chip and the cutting
forces was observed. The sensitivity was analysed using a simplified model in order to lower

the computation time.

4.1 Chip Formation

The first objective is to calibrate the simulation to form a realistic chip while using

reasonable material parameters and simulation settings.

4.1.1 Version 1.00 — First Attempt

The first model consists of two parts: the incisor and the wood.

Model

For simplification, a translative relative motion between the incisor and the wood is
simulated, instead of the rotation. Since the experiment is set to imitate the conditions during
chainsaw cutting (in which the relative motion is translative), the simplification is assumed

reasonable.

For the calibration of the chip formation, more simplifications are implemented in order
to reduce the computation time. The wood is replaced with a simple 0.6x25x8 block so only

the tip of the incisor cuts 0.3 mm deep. The feed of the incisor is neglected.

The wooden block is meshed with 0.06x0.25x0.1 hexahedral elements. The hexahedral
mesh is chosen because it provides the most accurate results and a block can be meshed with

hexahedrons easily.

Tetrahedral mesh is chosen for the incisor because it is relatively simple to mesh
complicated parts with them. The mesh size is 0.5 mm, with the tip of the incisor refined for

a better contact with the wood. The meshes are shown in Fig. 22.
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Fig. 22 - Meshes of the incisor and the wood

Two sets of nodes are used in this model. Set 1001 consist of the nodes on the upper
surface of the wood. It is used for the velocity prescription. Set 5001 consist of all nodes of

the wood and is used for the contact between the incisor and the wood.

All versions 1.XX are using this model or a similar model with the wood substituted by

a block with different dimensions or mesh. The model is shown in Fig. 23.
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a) Thex-y plane

03

b) The x-z plane

Fig. 23 - Version 1.XX model overview

Materials

The incisor is made of steel. The elastic moduli of steel are approximately two orders of
magnitude larger than the elastic moduli of wood. For this reason, the incisor is modelled as

a rigid body to simplify the model.
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Card 1 1 2 3 4 ] 6 T3 8
Variable MID RO NPLOT ITERS IRATE GHARD IFAIL VoL
Type AB F | | | F | |
Card 2 1 2 3 4 5 6 T 8
Variable EL ET GLT GTR PR
Type F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable XT XC YT YC SXY SYZ
Type F F F F F F
Card 4 1 2 3 4 5 6 T 8
Variable GF1ll GF21l BFIT DMAXI| GF1L GF2L DFIT DMAX-L
Type F F F F F F F F
Card 5 1 2 3 4 5 6 7 8
Variable | FLPAR | FLPARC | POWPAR | FLPER | FLPERC | POWPER
Type F F F F F F
Card 6 1 2 3 4 5 6 T 8
Variable NPAR CPAR NPER CPER
Type F F F F
Card 7 1 2 3 4 5 6 7 8
Variable AOPT MACF BETA
Type F | F
Card 8 1 2 3 4 5 6 7 8
Variable XP YP P Al A2 A3
Type F F F F F F
Card 9 1 2 3 4 5 6 F g 8
Variable D1 D2 D3 Vi V2 V3
Type F F F F F F

Fig. 24 - Material cards of MAT WOOD
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The material model used is MAT RIGID (MAT 20). The parameters input to the
material model include density, Young’s modulus, Poisson’s ratio, and constraints. The
elastic properties (Young’s modulus and Poisson’s ratio) must be input for contact analysis

(choice of penalty).

Values p = 7,850 kg-m~3, E = 210,000 N - mm~2, and v = 0.3 are used. Translation

and rotation are constrained in all directions.

The material model MAT WOOD (MAT 143) is used for the wood. It is a complicated

material model, with a lot of input parameters. The model offers two specific wood types:

Douglas fir (MAT WOOD FIR) and Southern yellow pine (MAT WOOD_PINE).
When those options are chosen, the number of input parameters is reduced significantly. The
model offers no option for Beech wood, so all parameters must be chosen. The material card

is shown in Fig. 24.

Card 1 contains an identification number, density, and parameters regarding
plasticity and element failure principle. Card 2 contains elastic moduli and the Poisson’s
ratio v;r. Card 3 contains failure criteria. The parameters in Card 4 define the softening of
the material and set the shape of the stress-strain curve. They are designed to reduce the
mesh-size dependency. In Card 5, the strain rate dependency is defined. The parameters
increase the strengths of wood as a function of strain rate. Card 6 contains the hardening
parameters for modelling prepeak nonlinearity. Cards 7, 8, and 9 define the material axes of
the transversely orthotropic material. The individual parameters are discussed more closely

when they are varied.

An example model from the LS Dyna manual was used for the first model as a
reference. The input parameters are shown in Fig. 25. The only difference in our material is
that the flag IVOL was changed to 1. This allows the solver to invoke element erosion when

negative volume occurs on them, instead of terminating the simulation.
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Fig. 25 - The slightly modified example material model

Element Formulation

The element formulation for the incisor is Type 13, which is a 1-point nodal pressure

tetrahedron, a tetrahedron, with additional nodal averaging.

For the wood, the element formulation used is Type -2, which is a selective reduced (S/R)
fully integrated solid intended for elements with poor aspect ratio, accurate formulation.
From the AKKA company experience, this is the most stable and accurate element
formulation for hexahedral elements. It also automatically switches the element topology to

pentahedral element.
Timestep

There are several options to meet the Courant-Friedrichs-Lewy condition in LS-Dyna.
One is to let the solver to automatically adjust the time step. This is the most accurate option.
This option, however, is very computationally demanding. The other option is to prescribe
a minimal time step strictly and adjust the material properties in order to increase the
maximal time step. The method used in this model is mass scaling. The strictly prescribed
time step for the first attempt is 1.75 - 1077 s, which is a commonly used time step in other

simulations run in our company.
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Contact

When materials with erosion are in contact, CONTACT ERODING ... need to be used.
CONTACT _ERODING NODES TO SURFACE is the most stable one and is used for the
first model. The contact is a function that every timestep checks the position of given nodes
in relation of a given surface. When the nodes penetrate the surface (the nodes are on the
other side of the surface), this function applies force proportional to the depth of the
penetration, the material parameters, and the contact stiffness scale factor. The contact is

defined between the surface of the incisor and the nodes of the wood (set 5001).

Contact settings standardly used in the AKKA company are used for this model with the
friction coefficient set to 0.2. An additional keyword input card is added to define the contact

for erosion.

Velocity prescription

The relative motion of the wood and the incisor is simulated by velocity prescription to
the wood. In LS Dyna, all nodes and elements of all parts are static at the beginning of the
simulation unless defined otherwise. If velocity prescription is applied to static entities, it is
computed as if the entity accelerates to the desired velocity in a single time step. This could
lead to simulation errors. For this reason, the keyword
INITIAL VELOCITY_ GENERATION is used to define the wood at the beginning of the
simulation as moving. To ensure that the wood is moving at a constant speed, the keyword
BOUNDARY PRESCRIBE MOTION_ SET is applied to a nodal set on the upper surface

1

of the wood (set 1001). The prescribed velocity is v, = 16.67 m - s which is the constant

cutting speed maintained during the simulation.

Results

All elements in the path of the incisor are eroding, no chip is formed. Element erosion
based on negative volume occurs in the simulation. The erosion of all elements could be
caused by a mesh too coarse or a timestep too high. At the lowest point, the incisor cuts five
element rows deep into the wood, so the mesh is considered as the less likely explanation.

Also, a timestep too high is a common cause of negative volumes occurring in a simulation.
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4.1.2 Version 1.01 — Timestep Decreased

Version 1.01 is the same as version 1.00, with the time step reduced to 4.0 - 1078 s.

Results

A chip is formed in this simulation. There are still imperfections on the chip. Still a large
number of elements is eroding, and some elements are stretching through the incisor (Fig.
26). Since only the nodes are in contact with the incisor, the elements stretching through the
incisor are not in conflict with the contact. However, the elements are still stretched in such

a way, that is not physical (erosion should occur far sooner).

Fig. 26 - Unphysically stretched elements

The imperfections will be dealt with further. In the following step, the material data

acquired from the literature were implemented to the model.

4.1.3 Version 1.02 — Material Data from the Literature

Based on the data from literature and suggestions given in the LS Dyna manual, a new
material model is defined. Values from the middle of the ranges are picked for density and
all Card 2 and Card 3 parameters. The softening parameters include uniaxial tensile, and
pure shear fracture energies in parallel and perpendicular direction and other. The fracture
energies are difficult to find in literature. A set of softening parameters for LS Dyna

modeling of beech wood can be found in [16], although the way of calculating the energies
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could be questioned. In further model versions, the fracture energies are searched in the
range between the values from the example and the literature. In this version, all the
softening parameters are taken from [16]. No data for the hardening parameters were found
so the parameters from the example are left unchanged. In further versions the range

suggested by the LS Dyna manual will be used. The material data are shown in Fig. 27.
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Fig. 27 - Material card with parameters for beech wood — version 1.02

Results

Almost all elements of the wood erode at instance when the wood touches the incisor.
The next step is to take the wood models from the versions 1.00 and 1.02 and combine the
parameters to find out, which parameter or combination of parameters cause the erosion of

the entire part.

4.1.4 Finding the Problem

A series of simulation was run with gradually substituting the parameters from the version
1.00 with the parameters from the version 1.02. It was found that the problem occurs when

the elastic properties are substituted. Identical simulations with one having the perpendicular
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Young’s modulus (E;) lowered closer to the example (500 N- mm™2) and the other
unchanged from the literature (1500 N - mm™2), chip is formed in the first one, while in the
second, the whole part erodes. With the bisection method, it was found that a simulation
with Er = 1300 N- mm~2 forms a chip, E; = 1500 N - mm™2 erodes the whole model,
and E; = 1400 N - mm™2 forms a very unnatural, very strangely behaving chip (Fig. 28).

The values in the literature range from 420 to 2310 N - mm™?2

, with a significant difference
between the E; and the Ei value. The optimal value should not be at an edge of this interval.
Since the parallel Young’s modulus (E;) used is higher than the perpendicular, the material
models with higher E seem closer to an isotropic material model. Therefore, it is assumed
that the high E; is not the real problem or is a problem only with conjunction with other

parameters, even though a chip is formed for realistic E; values.

Er = 1400 N - mm™2 was chosen as a reference for finding other parameters causing the
problem, because we should be able to observe a slight tilt towards either the chip formation

or the erosion of the whole part. This reference version is marked 1.03.

Fig. 28 - The strangely behaving chip

47



4.1.5 Element formulation

One of the things that would explain the unnatural behaviour of the chip would be the
usage of a wrong element formulation for the wood. Type -2 formulation is considered the
best for hexahedral elements with the only significant disadvantage being the computation
power demand. This kind of simulation, however, is uncommon in the AKKA company.
Therefore, the proper element formulation had to be sought for within this thesis from
scratch. The principle in which the element formulation influences the model is overly
complicated and is beyond the scope of this thesis. Other element formulations were tried
empirically to see if an improvement could be reached. Types -1, 2, and 3 were used in the

simulations.

Type -1 is a fully integrated S/R solid intended for elements with poor aspect ratio,
efficient formulation. Regularly, this formulation gives slightly worse results and shorter
computation time [17]. It is tried nevertheless, since this task is highly irregular, as

mentioned earlier.

Type 2 is termed as a fully integrated S/R solid. In this formulation, there is a risk that

shear locking could occur, if element aspect ratios are poor.

Type 3 is a fully integrated quadratic 8 node element with nodal rotations. It uses a
different integration method than the other three.
Results

For all the newly tried element formulations, the result was worse than the original Type

-2. Therefore, the idea of element formulation variation was refrained.

4.1.6 Poisson’s Ratio

Since the problem is related to the elastic properties, one of the material properties

investigated is the Poisson’s ratio.

Values ranging from 0.04 to 0.05 were found in the literature for v, and v, r, which are
the lowest Poisson’s ratio values of all directions. However, [11] implies that the v, value

should be greater than 0.1 and is about 10 times larger than v;;. A confusion between v,
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and vy, may have occurred since the standard order of the indexes is reverse in some

countries. Values 0.14 and 0.4 were used in the simulations.

Results

The chip in the version with v, = 0.14 is similar to the one in version 1.03. With v,y =
0.4 a change which could possibly be called an improvement is observed (Fig. 29). However,
an objective comparison of the chips is not possible, and both the chips are in every way still

far from a realistic one.

a) Version 1.03 —v;r = 0.05 b) Version 1.08 — vir = 0.4

Fig. 29 - The chips with different Poisson's ratios

The vy, value is calculated internally in LS Dyna as:

Er (15)

V7, =Vir* E
L

Therefore, the value 0.4 is used since values 0.04 to 0.05 could cause the vy, lower than

0.004.

4.1.7 Parallel Normal Modulus

Another elastic property investigated is the parallel normal modulus E;. Since the

problem is related to one of the normal moduli, it seems logical to investigate the other.

The normal moduli from the literature range from 8,200 to 13,700 N - mm~? and show
some degree of moisture dependency, decreasing with higher MC. Therefore, the optimal

value can also be searched lower than 8,200 N - mm™2. Single values as high as 15,400 N -

49



mm~2 [18] or even 17,000 N- mm~2 [16] were used in some simulations found in the

literature.

The value was decreased and increased significantly, so that any influence of the normal
modulus on the chip formation can be observed. Values 7,000 N - mm~2 and 16,000 N -

2

mm ™ < were used for the simulations.

Results

No considerable change in the chip formation was observed.

4.1.8 Version 1.11 — Perpendicular Shear Modulus

It is reasonable, that perpendicular shear modulus (Grg) could influence the chip
formation, since the perpendicular Poisson’s ratio vrg is calculated internally by LS Dyna

as:

_Er —2-Grg (16)
Vrr = —GTR

For the version 1.03, the ratio is vrg = 0.75. Even though values as high as 0.87 can be
found in the literature, LS Dyna does not allow the user to input Poisson’s ratios higher than

0.5 even for orthotropic materials. Grg was changed to 500 N - mm™2 to reduce v to 0.4.
Results

The increase of Grg and thus a reduction of vy leads to the formation of a chip looking

similarly to the one from version 1.01, with a lower number of elements eroding (Fig. 30).

Still elements overly stretch through the incisor. The next step is to tackle this problem. This

version of the simulation is taken as a reference.
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a) Version 1.01 — The reference material model b) Version 1.11 — The beech wood model

Fig. 30 - Comparison of the chips from versions 1.01 and 1.04

4.1.9 Version 1.12 — IFAIL on

The IFAIL flag in the first material card turns on and off erosion based on perpendicular

damage.

The LS Dyna manual suggests using this flag only when excessive perpendicular damage
causes computational difficulties. However, the types of simulations for which the material
model is originally intended for differ from our simulation considerably. Erosion not allowed
in a specific direction could explain the elements stretching far beyond the point, where

failure would normally occur.

Results

The IFAIL flag solved the problem of the overly stretched elements. However, the flag
also led to a considerable increase in the number of eroding elements. An increase was
expected since a new means of erosion is allowed, but not an increase this high. The formed

chip is shown in Fig. 31. The next step is to reduce the number of eroding elements.

a) IFAIL =0 (off) b) IFAIL =1 (on)

Fig. 31 - Comparison of the chip with erosion caused by perpendicular damage allowed
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4.1.10Version 1.13 — Timestep Further Decreased

The timestep is set to 2.0+ 1078 s. A further decrease of the timestep seems like the
logical option, since the initial timestep decrease reduced the number of eroding elements

significantly.
Results
In order to model a material failure, there is a minimal number of elements that must

erode. With the timestep decreased, the minimal value seems to have been reached and the

chip shape has been improved significantly (Fig. 32).

a) Version 1.12 — timestep =4.0-107% s b) Version 1.13 — timestep =2.0-1078 s

Fig. 32 - Comparison of the chips with different timesteps

The current shape of the chip is satisfactory. The next step is an investigation of the

influence of single parameters on the cutting forces.

4.2 Contact Forces

The investigation of the influence of the parameters is done on a still very simplified
model, so that a large number of simulations can be run. The varied parameters and the
approximate increase or decrease of the cutting forces is summarized in Table 2. Version

2.01 is taken as a reference and other versions are compared with it.
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Table 2 — Influence of individual parameters or set of parameters on the cutting forces

Varied parameter Reference value | New value x-force y-force z-force

Friction 0.3 0.2 +15% | —10% | +10%
Wood thickness 0.6 mm 1.2 mm no effect | no effect | no effect
Timestep 2:-1078s 4-1078s —40% | —40% | —-50%
Timestep 2:-1078s 1-1078s +10% | +10% | +10%
Mesh x dimension 0.06 mm 0.12 mm +10 % +10% | +20%
Mesh x dimension 0.06 mm 0.03 mm +20 % +30% | +15%
Mesh y dimension 0.25 mm 0.125 mm —-15% -15% | —20%
Mesh z dimension 0.1 mm 0.2 mm +15% +40% | +40%
Mesh z dimension 0.1 mm 0.05 mm no effect | no effect | no effect
Contact definition Nodes to Surface to —80 % -50% | —10%

surface surface

Contact scaling 1x 2x no effect | no effect | no effect
Contact scaling 1x 4x no effect | no effect | no effect
Elastic moduli From Increased by —10% —-10% | —20%

version 1.11

20 %
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Table 3 — Influence of individual parameters or set of parameters on the cutting forces — cont.

Varied parameter Reference value | New value x-force y-force z-force
. . From Decreased by
Elastic moduli ' +10% | +10% | +10%
version 1.11 ~20%
From Increased by
Failure criteria ' +20% | +25% | +30%
version 1.02 ~20%
Poisson’s ratio 0.4 0.2 no effect | no effect | no effect
Poisson’s ratio 0.4 0.05 no effect | no effect | no effect
From the
Fracture energies From [16] material —-35% -30% | —40%
example

B and D parameters 30 50 no effect | no effect | no effect

N parameters no effect | no effect | no effect
N, =03 N, =0.5
C” =400 C“ =100

¢ parameters no effect | no effect | no effect
c, =100 c, =100

¢ parameters +10% | +10% | +10%
c, =100 c, = 1000

GHARD 0 0.02 —-10% | —-10% | —10%

The investigation is described in more detail in chapters 4.2.1 to 4.2.12.
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4.2.1 Version 2.00 — The First Model

For determining the dependence of single parameters on the cutting forces, a less
simplified model is created. Whenever an increase or decrease is stated, it is meant in the

sense of absolute values.
Model
The model is the same as the one from versions 1.XX, but translation in the x direction is

allowed for the incisor, so that the feed can be prescribed. As the incisor moves in the x

direction, the cutting depth slightly increases.

Velocity Prescription

In addition to the BOUNDARY PRESCRIBED MOTION_ SET defining the movement
of the wood, BOUNDARY PRESCRIBED MOTION RIGID is added to define the x feed
of the rigid incisor. Initial velocity is also prescribed to the incisor. The value of the

prescribed velocity is v, = 12.6 mm - s~ 1.

Database

The only force acting on the cutting system is the force that the wood exerts on the incisor.
It follows that the force transferred through the contact between the incisor and the wood
should correspond with the overall force measured with the load cell and the strain gauges.
In LS Dyna, there is a possibility to output the resultant forces that are transferred through a
contact into an ASCII file or to a binary database. The keyword DATABASE RCFORC is

used.

Results

The master (incisor) x-force, y-force, and z-force values of the contact 5001

(Incisor_vs_Wood) are shown in a plot in Fig. 33.
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Fig. 33 - Contact forces in version 2.00

A slight increase can be seen in all the cutting forces during the simulation. The most
probable explanation is the fact that the thickness of the chip increases as the incisor moves
in the x direction. Fluctuations in the simulation are much smaller than in the experiment.
While the fluctuations in the experiment are most likely caused by the inhomogeneity of the
wood, the cause of the fluctuations in the simulation is most likely the step change in the
forces related to element erosion. The values stabilize shortly after the engagement of the
incisor. Therefore, the simulation can be terminated once stabilization is observed to

decrease the computation time. This version is taken as a reference.
4.2.2 Version 2.01 — Friction Increased
Standard setting for friction in our company is the value 0.2. This, however, is because
mostly plastic parts are used in our company simulations. Friction coefficients between wood

and steel range from 0.2 to 0.6. [19], [20] A more realistic friction coefficient 0.3 is chosen

for version 2.01.

Results

The measured forces are compared with version 2.00 in Fig. 34.
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Fig. 34 - Comparison of the forces from versions 2.00 and 2.01

The x-force and y-force decreased slightly and the y-force slightly increased. Version
2.01 is used as a new reference since the friction coefficient is considered more realistic. The
final forces can be calibrated by changing the friction coefficient in the range from 0.2 to

0.6.
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4.2.3 Version 2.02 — Thicker Wood

In the model, the nodes in the set defined for the movement of the wood have all
movements in the x and y direction constrained. In order to find out whether the wood is
thick enough to minimise the rigid response of the upper surface, a simulation with the

thickness of the wood doubled is run.

Results

Almost no influence is observed on the cutting forces. It is therefore assumed that the

original thickness is sufficient.

4.2.4 Timestep variation

Versions with the timestep 4.0 - 1078 s and 1.0 - 1078 s are run to see the influence of

the timestep on the contact forces.

Results

With the timestep 4.0 - 1072 s the excessive element erosion reoccurred, and the contact
forces decreased significantly. With the timestep 1.0 - 1078 s a slight increase was observed
on all forces (approx. 10 %). The timestep will need to be decreased for calibrating the final
forces. For investigating the influence of the parameters on the contact forces, the original

timestep is considered sufficient.

4.2.5 Mesh size variation

Five versions with different mesh sizes were run to investigate, if and in which manner is

the simulation mesh-size dependent. The mesh versions are:

The x dimension doubled — 0.12x0.25x0.1 mm
The x dimension halved — 0.03x0.25 x0.1 mm

The y dimension halved — 0.06x0.125x0.1 mm
The z dimension doubled — 0.06x0.25x0.2 mm
The z dimension halved — 0.06x0.25x0.05 mm

In each direction, the dimension was doubled and halved, except for the y direction, in
which the dimension would be 0.5 mm if doubled, which seemed too high for this kind of

simulation in addition to a poor aspect ratio, that would arise.
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When the x dimension is halved, the minimal element edge length decreases from
0.06 mm to 0.03 mm so the timestep must be decreased accordingly. The decrease to

0.05 mm when the z direction is halved is considered negligible.

Results

Surprisingly, the doubling and halving of the x dimension both caused an increase in all
the cutting forces with the difference being more significant for the halving. An explanation
could be that while the doubling causes a need for more volume of elements to erode, leading

to less accuracy, the halving causes a poorer aspect ratio for the elements.

Halving the y direction leads to a considerable decrease in all the cutting forces (approx.

20-30 %).

In the z direction, when the direction is doubled, a significant increase occurs. When the

direction is halved, however, no significant change is observed.
Generally, a refinement of the mesh leads to a reduction of the fluctuations and vice versa.

The wood is clearly mesh-size sensitive for this kind of simulation in both the x and y
directions. In the z direction, the mesh is assumed to be fine enough. For more accurate
results, a finer mesh would be needed, but a significant increase in computation time would
follow. Since the calibrated material model is intended for large and complicated model,
excessive increase in computation time would make the material model useless. Refinement

of the model of the wood must be done cautiously.

4.2.6 Contact definition

Besides CONTACT _ERODING NODES TO SURFACE, LS Dyna offers two more

eroding contact definitions:

e CONTACT_ERODING SINGLE SURFACE
e CONTACT_ERODING SURFACE TO _SURFACE
Since no forces can be output for the single surface contact, because it has only one
surface which generates both the action and reaction which nullify each other in the resultant
forces, the only other option is the surface to surface contact. A contact of the surfaces is

generally closer to reality since no parts can penetrate without a force being generated.
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However, for the eroding elements, computation difficulties may occur as the normal of the

surface changes its direction rapidly.

Results

Larger fluctuations occurred in the cutting forces and the x-force was decreased

dramatically. The forces are shown in Fig. 35.
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B y-force
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Time [s] (E-03)
Fig. 35 - Surface to surface contact forces

According to the experiment, the x-force should be higher than the z-force. The nodes to

surface contact is assumed to be a better fit for this simulation.

4.2.7 Contact scaling

In the contact keyword, there is an option to scale the contact stiffness. It seems logical

that this could influence the contact forces. Scale factors 2 and 4 were used.

Results

The contact scaling had little to no effect on the resultant forces.

60



4.2.8 Elastic Moduli

The next step after investigating the influence of the simulation settings on the contact

forces is to investigate the material model.

There are a lot of parameters that can be investigated. It would be beyond the scope of
this thesis to investigate each parameter individually. Some parameters are therefore
modified in groups. The first group of parameters is the elastic moduli. It is logical that the

stiffness of a material could influence the cutting forces.
The normal moduli were discussed in chapters 4.1.4 and 4.1.7.

The values for the parallel shear modulus (G;r) in the literature range from 642 to
1640 N-mm~2 with the G,; and G, values being relatively close and no moisture

dependency assumed. The optimal value is searched in this range.

The perpendicular shear modulus (Grg) ranges from 234 to 620 N - mm ™2,

Table 4 shows the elastic moduli used in the following versions.

Table 4 - The elastic moduli for versions 2.13 and 2.14

EL ET GLT GTR
Version 2.13 13,200 1,560 1200 600
Version 2.14 9,000 1,000 800 350

Results

The forces decrease with increasing stiffness and vice versa. In version 2.13 all forces

decrease by approx. 10 to 20 %. In version 2.14 the forces increase by approx. 10 %.

4.2.9 Failure Criteria

The influence of the failure criteria should be predictable. An increase of the forces with

increasing strength is expected.
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The tensile strength is the only parameter exhibiting moisture dependency. The data
consist of values from one source and one value from one another source for the longitudinal
direction which decreased the CoD of the moisture dependency significantly. It must be
taken into consideration that if data from other sources were available, the CoD of the

moisture dependency could decrease further.

The ranges for the compressive and shear strengths are wide. The ranges are summarised

in Table 5.

2

Table 5 - Ranges of the material strengths in N - mm™*; the value in the brackets is from one source [21] and differs

considerably

XT XC YT YC SXY SYZ

80—121 | 45-74 7.3—214 6—129(52.4) | 142-208 | 56—24

Suggestions from the LS Dyna manual are also taken into consideration.

One suggestion is that the Y; value should be 30 to 50 times lower than X;. This would

mean that the Y7 value should not exceed 4 N - mm™2. Values lower than 7.3 N - mm™2 are

plausible since the value decreases with increasing MC.

The manual also suggests that Y should be 4 to 5 times lower than X.. Values close to

Y = 52.4 N - mm™2 should be avoided.

The values used in version 2.15 are listed in Table 6.

Table 6 - Card 3 for version 2.15

Xt Xc Yr Ye Sxy Syz
120 60 6 12 15 15
Results

The increase of the strength parameters led to an increase of the contact forces as

expected. An increase by approx. 20 % led to a 20 to 30 % increase of the forces.
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4.2.10 Poisson’s Ratio

The Poisson’s ratio is discussed in chapter 4.1.6. It could also influence the contact forces
since it influences the deformation of the elements. Values 0.2 and 0.05 are used in the

simulations.
Results
The change of the Poisson’s ratio had no significant effect on the contact forces.

4.2.11 Softening Parameters

LS Dyna defines the fracture energy as the area under the stress-displacement curve as it
softens from peak stress to zero stress. Values approximated from fracture intensities were

found in [16].

Parameters B and D influence the shape of the stress-displacement curve. LS Dyna

recommends the range from 10 to 50.

The postpeak damage parameters dj4x the maximum damage that can accumulate. The

recommended values dMAX” = 0.9999 and dpax, = 0.99 are used.

The softening parameters are discussed in more detail in [11].

Version 2.16 has the fracture energies from the material example. In version 2.17 the B

and D parameters are increased to 50.

Results

In version 2.16, the significant decrease of fracture energies led to a decrease of the

contact forces by approx. 30 to 40 %.

In version 2.17, no significant effect on the contact forces was observed.

4.2.12 Hardening Parameters

The prepeak hardening parameters N and c¢ determinate the initiation and the rate of
prepeak hardening. The way in which they influence the stress-strain curve is described in

Fig. 36.
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Fig. 36 - Influence of the prepeak hardening parameters on the stress-strain curve [11]

The manual suggests using the values 0.3 for both N values or the values can be taken

from the example Nj; = 0.5 and N, = 0.4. For the ¢ values, the recommended range is 100

to 1000.

GHARD is an additional hardening parameter that produces continued hardening that can
surpass the ultimate yield surface. The manual recommends either a zero value for perfect

plasticity in compression or a small positive value e.g. 0.02.

Version 2.18 has the hardening initiation parameters increased to Ny = 0.5and N, = 0.4.
Versions 2.19 and 2.20 have the hardening rates set to 100 and 1000 respectively. In version

2.21 the GHARD parameter is set to 0.02.
Results
The earlier hardening initiation had no significant effect on the forces. Increasing the

hardening rate led to a slight increase of the forces (approx. 10 % difference between

versions 2.19 and 2.20). The GHARD parameter led to a decrease of the forces by approx.
20 %.
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5 Final Version

Using the knowledge gained in chapter 4, the model is calibrated so that the numerically
determined cutting forces match those that were measured experimentally as closely as

possible.

a) Full engagement of the incisor

b)  The edge of the precut parallel to an arrow showing the trajectory of the relative motion; the x direction is
scaled for better clearness

Fig. 37 - Final model overview

5.1 Contact Forces

To compare the contact forces with the experimental data, the model must be modified to

obtain a better match with the reality. The wood geometry is modified. The new geometry
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is a representation of a precut wooden block so that the incisor is engaged evenly across the
width and the cutting depth is 0.3 mm throughout the whole simulation. The model is shown
in Fig. 37. The plane of the cut is parallel to the trajectory of the relative motion of the incisor

and the wood.

5.1.1 Mesh

The wood geometry is a little more complicated and different meshes of the same size

can be applied. Two versions of meshes that are as simple as possible are shown in Fig. 38.

Fig. 38 - Comparison of the meshes for the final model

During the final calibration, it was discovered that with slightly different settings, a
change from one mesh to the other can lead both to an increase or to a decrease of the contact

forces.

The second version was chosen as it is closer to the mesh that would be used in the

simulation, for which the material model is intended for.

The basic dimensions of the mesh are 0.06x0.125x0.1 mm.

5.1.2 Simulation Settings

The timestep is set to 3 - 1072 s. The friction is set to 0.4. The material data are shown in

Fig. 39.
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Fig. 39 - Final version of the material

5.1.3 Evaluation

Mean values are calculated on the time interval where the force fluctuates around a

constant value and are compared with the experiment.

5.1.4 Results

The contact forces are shown in Fig. 40.
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Fig. 40 - Contact forces

It can be seen that since the cutting depth is constant, the contact forces do not increase

during the simulation, when the incisor is engaged.

Table 7 shows the comparison of the cutting forces with the experiment.

Table 7 - Comparison of the forces from the experiment and the simulation

x-force [N] y-force [N] z-force [N]
Experiment 0.11 —-0.14 0.33 —-0.37 0.05 - 0.07
Simulation 0.14 0.42 0.13

The forces in the x and y directions show an exceptionally good match, being 1 % and
14 % above the maximal measured value. The z-force from the simulation is 92 % above
the maximal measured value. The z-force showed a slight decrease with the decreasing
diameter of the wood so the force might be slightly influenced by the simplification of the
model with the translation instead of the rotation. Another factor influencing the force is the
mesh dependency, with the forces varying not only with different mesh sizes, but also with
different orientation (as was shown in chapter 5.1.1). Another factor could be using the

transversely isotropic material model instead of an orthotropic one.
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Ways of decreasing the z-force are known from chapter 4.2. However, it would also
influence the other two forces. The incisors on a chainsaw are aligned in such a way, that

every two consecutive incisors are symmetrical about the x-y plane (Fig. 41).

Fig. 41 - The configuration of the incisors on a saw chain [22]

This configuration is also used in the simulation, for which the material model is intended,
and it ensures that the z-forces acting on the saw chain are nullified. Therefore, the difference

of the z-forces is considered acceptable.

5.2 Chip Formation

For a comparison of the chip with the highspeed camera recordings, the model is slightly
changed. The tool is added to the simulation as an elastic part. The feed velocity prescription
is applied on a nodal set on the tool instead of the incisor. The movement of the incisor is
not constrained in general directions. Instead, a set of nodes on the tool is added to the rigid
incisor by the keyword CONSTRAINED EXTRA NODES SET to represent a connection

by bolts. A contact between the tool and the wood is also defined.

5.2.1 Results

A comparison of the chips is shown in Fig. 42.
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Fig. 42 - Comparison of the chips

The chip from the simulation matches the experiment relatively well. It can be seen that
the chip from the simulation is slightly more curved. The reason could be that the chip is not
in contact with the tool for a time long enough to stabilize. A simulation with a longer piece

of wood does not need to be run since the match is already relatively good.
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6 Conclusion

The aim of this thesis was to research the ranges of material properties of European beech
wood. Properties of wood vary from piece to piece, so a range of values was found, rather

than exact values.

Then the aim was to run numerical simulations of wood cutting, vary the material
properties in the ranges found, as well as other simulation settings, and determine how those

parameters influence the cutting forces.

The final goal was to apply the gained knowledge and calibrate a simulation of wood

cutting to match the cutting forces and the chip formation with the experiment.

Material data was extracted from 19 different sources and analysed. The data was put

together and a first material model was created.

Then, influence of 7 parameters on the chip formation and 11 parameters or groups of

parameters on the cutting forces was investigated.

The gained knowledge was applied for calibration. The result was a model with a
particularly good match in the x-force and y-force. The match in the z-force was sufficient

for the oncoming simulations. The calibration of the chip formation was also successful.

An important discovery was that the simulation is mesh size and mesh orientation
dependent for this material. A further investigation on this topic is required before the

material model can be implemented to the experiment of chainsaw cutting.
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Appendix I — Tables of the mechanical properties of the beech wood

The Elastic Moduli

MC [%] | E, [MPa] | Er [MPa] | Egr [MPa] | G,y [MPa] | G,g [MPa] | Gygr [MPa] | References
10.5 642 722 [23]
12 757 977 [5]
12 11 900 1030 1700 760 980 370 [24]
12 770 1110 [25]
12 700 1250 [26]
11 1080 1640 [27]
12 720 750 [25]
12 754 1013 [28]
10.5 1056 1608 [23]
10.5 1059 [26]
12 855 1280 [29]
12 920 1320 [30]
5.9 12 020 810 1800 [4]
11.3 10 560 730 1510 [4]
14.3 9270 600 1340 (4]
16.3 9200 530 1240 [4]

78



MC [%] | E, [MPa] | Er [MPa] | Egr [MPa] | Gy [MPa] | G.g [MPa] | Grgr [MPa] | References
9.6 11180 560 2310 1010 1370 430 [2]
12.7 9560 490 2200 930 1240 380 [2]
16.8 8200 440 2040 90 1110 350 [2]
18.7 8800 420 1890 850 980 330 [2]
10,5 13 700 1140 2240 700 1250 620 [26]
8.9 664 [10]
8.6 688 953 [10]
8.9 658 234 [10]
9.75 339.5 [31]
12 762 975 366 [24]
11.9 860 1280 490 [29]
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The Poisson’s Ratios

MC [%] vir [] Vir [—] vry [—] vrg [—] Ve [—] Ver [—] References
9.6 0.11 0.01 2.21 1.09 0.04 0.26 [2]

12.7 0.11 0.02 2.26 1.02 0.08 0.23 [2]

16.8 0.13 0.03 2.43 0.90 0.11 0.20 [2]

18.7 0.12 0.04 2.37 0.77 0.20 0.17 [2]

5.9 0.04 0.04 0.59 0.53 0.43 0.24 [4]

11.3 0.04 0.04 0.58 0.61 0.43 0.31 [4]

143 0.04 0.05 0.62 0.65 0.39 0.36 [4]

16.3 0.05 0.04 0.87 0.70 0.47 0.36 [4]

10.5 0.04 0.07 0.51 0.75 0.45 0.36 [26]
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Tensile Strength

MC [%] OLyrs IMPa] Oryrs [MPa] Oryrs [MPal] References
6.5 105 [18]
5.9 115.3 11.4 214 [4]
11.3 96.7 8.9 19.5 [4]
14.3 83.6 7.8 17.1 [4]
16.3 80.6 7.3 15.6 [4]
12 121 [21]
Compressive Strength
MC [%] OLycs [MPal Oryes [IMPa] Oryes IMPal References
12 74 523 52.4 [21]
113 45 6 11 (2]
12 56.7 12.9 8.5 [32]
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Shear Strength

MC [%] Trgr [MPa] T.r [MPa] T,7[MPa] References
12 22 [21]
12 23 (5]
11 24 (5]
12 8 (5]
12 8 (9]
12 9 [5]
12 12 [5]
12 13 [5]
12 13 [5]
12 14 [5]
12 14 [5]
8.9 16.6 [10]
8.6 20.8 17.1 [10]
8.9 6.6 16.6 [10]
11.2 7.1 19.7 14.81 [33]
13.9 5.6 15.7 14.2 [1]
9.75 5.7 [31]
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