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Introduction

Introduction

The demand for non-explosive hard rock excavation grows constantly. There are
several reasons for it, one of which is the increasing pressure on mining and related
industries by environmental authorities and stakeholders. In addition, mechanical

hard rock excavation shows a number of advantages on drilling and blasting.

The usage of explosives creates a number of hazards for the workforce,
environment, and adjacent communities. Namely, toxic gases emission, ground
vibrations, high noise level, impairment to roof and wall stability. Furthermore, a
major part the global mining activities take place in politically unstable regions. This
may cause security issues associated with purchasing, transportation and storage
of explosives. In addition, non-explosive excavation techniques could be operated

continuously, which can be easier integrated in mining operation complex.

Therefore, mechanical excavation methods become more and more attractive to
mining operators. However, mechanical methods show high wear and limited
advance rates in very hard and abrasive rocks or, if machines can operate under
such conditions, they are very inflexible and unsuited for production operations
(Tunnel Boring machines). In order to increase the range of applicability of
mechanical methods, one of the possible solutions is microwave irradiation to
reduce the cutting resistance of the rock massive. Microwave irradiation is under
research for over 70 years [1]. In late 1960s, the concept of using microwave energy
in mining was examined [2]. However, in the context of roadheading and production,
the knowledgebase is limited. Therefore, in this thesis, the effect of microwave

irradiation with regard to cutting efficiency is analyzed.
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Chapter 1 Issue Analysis

From the ancient times, mining was a part of human lives. Not much is left from the
Bronze Age, but fragments discussing mining can be found in works of Greek and
Roman authors. As modern beginning for mining is considered year 1556 when
German doctor and scientist Georgius Agricola (Georg Bauer) published his book
De Re Metallica. The next step in the mining was made only 100 years after, in
1670, when gunpowder was introduced, and in 1698, with Thomas Savery’s fire
engine invention. The next step to modern and safety mining was done after
additional 150 years. In 19t century, safety fuse by William Bickford and dynamite
by Alfred Nobel were invented [3].

Mining industry is a part of primary sector of the economy (this sector also includes
agriculture, forestry and fishing). The primary sector is usually less important in
industrial countries, but goods supplied by mining are widely used in developing and
even in developed countries. Mineral resources are the beginning for everything.
Basically, all things around us are a result of use of mineral resources. The
extraction and processing of minerals is a valuable part of development and

civilization growth [4].

1.1 Principles of Hard Rock Excavation

Based on information from International Organizing Committee for the World Mining
Congresses, total mineral production on year of 2014 was around 17.5 billion tons
and this number increases with years. This amount consists of several types of
commodities: 1.6 billion tons of iron and ferro-alloy metals, over 90 million tons of
non-ferrous metals, 30 thousand tons of precious metals, nearly 800 million tons of
industrial minerals and 15 billion tons of mineral fuels [5].

For mineral extraction, mechanical and drill-blast methods are widely used. Usually,
mechanical excavation methods are applied for nonabrasive rock with uniaxial
compressive strength (UCS) lower or about 150 MPa and in very abrasive rock
about 70 MPa [6]. Drill-blast methods can be used in rocks with UCS around 100-
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200 MPa and higher. However, in the last decades, there is a trend to develop
mining equipment for hard rock excavation utilizing mechanical methods. That could
be seen in some popular types of excavators: tunnel and raise boring machines,
roadheaders, longwall drum shearers and continuous miners; but also in new
unconventional techniques: projectile impact, high-pressure water jet cutting

technology, laser drilling and microwave inducting [3].

1.1.1 Basics of Mechanical Rock Excavation

Various factors affects the mechanical rock excavation process. They might be
divided into two main groups: physical and mechanical properties of rock as well as

cutting tool parameters and cutting parameters.

Physical and mechanical properties of rock

Young's modulus
Young's modulus E (elastic modulus) is the measure of the stiffness of rock [7].
Porosity
Porosity can be described as the measure of voids in the rock [8].
Density
Density describes the value of mass per volume of a substance [8].
Uniaxial compressive strength

USC is the maximum axial compressive stress that the rock sample can withstand
before failure and it is the most common way to determine the strength, widely used
in mining and related industries. The equation for calculation of UCS is presented
below [8].

F .
ucs = L% [MPa] (1.1-1)
UcsS

where  Fpy;  —maximum force on the sample before failure [N];

Aycs ~ — cross-sectional area of the sample [mm?].
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Tensile strength

Tensile strength (the maximum tensile stress experienced by the rock sample at the
destruction moment) can be determined with Brazilian Tensile Strength (BTS) test

(Indirect Tensile Strength). BTS is calculated as follows [8]

2Fqi

BTS = [MPa] (1.1-2)
ndprslpTs
where dgrs  — diameter of the sample [mm];
lgrs - length of the sample [mm].

Cerchar Abrasivity Index

The factor, which is influence on cutting tool consumption and operation cost is rock
abrasivity (the property of rocks, expressed in the ability to wear the cutting tool
during excavation process). One of the ways to evaluate abrasion rate is using the
Cerchar Abrasivity Test, introduced in the 1970s in France. The testing principle is
based on a steel pin with defined geometry and hardness scratching the surface of
a rough rock sample over a distance of 10 mm under static load of 70 N. The
Cerchar Abrasivity Index (CAl) is then calculated from the measured diameter of the

resulting wear flat on the pin [9]:

CAI =10 - Avear (1.1-3)
Cwear
where d, ., — diameter of wear flat [mm];

c — unit correction factor.
wear

The CAl is usually used for TBM and roadheader excavations prediction models as

a significant factor.

In RWTH Aachen University (Germany), experiments for determining of CAl for
numerous of materials have been carried out. Results of the research are shown in
Table 1.1-1.

Table 1.1-1 Summary Cerchar Abrasivity Test [10]

CAl Abrasivity description Examples
0.0-0.3 Not abrasive Wood, peat
0.3-0.5 Hardly abrasive Clay-siltstone
0.5-1.0 Slightly abrasive Slate, marble (pure)
0.1-2.0 Abrasive Limestone, marble (containing SiOz2)
2.0-4.0 Highly abrasive Quartz sandstone, basalt
4.0-6.0 Extreme abrasive Quartz, granite, gneiss
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Cutting tool parameters

Cutting speed

It is desirable to set the cutting speed respectively low, as it affects the wear rate. If
the speed is high, the generated by friction heat leads to undesirable wearing of the

cutting tool [11].
Cutting depth

The cutting depth influences the specific energy consumption required for
excavation (Figure 1.1-1). The larger the cutting depth, the lower the specific energy
consumption. However, with increasing in cutting depth, the cutting forces also
increase. Therefore, the maximum cutting depth is limited by the power of the cutting

equipment, as well as stability and possible penetration depth of the cutting tool [12].

- - - e = g =

tools too close optimum spacing loss of interaction

8 d=10mm 8 _ d=10mm

d=20mm

d=20mm \ \
6 \ \ /7 d=30mm

6-\\ / d=30mm

Specific energy (MJ/m’)
o
2

Specific energy (MJ/m’)

o N &

04 ‘ .
0 20 40 60 80 100 120 01 2 3 45 67

Tool spacing (mm) s/d

Figure 1.1-1 Tool spacing and its effect on specific energy [12]

Spacing between cuts

The optimum spacing between cuts is the distance, at which crack propagation from
two nearby cuts will be superimposed (Figure 1.1-1). If the spacing is too large, ribs
are formed, because of absence of crack overlaying. In case of too small spacing,
all material between cuts will be excavated, but it will lead to performing of additional
cuts in order to excavate the assigned volume. In both cases, it affects in additional

time and energy consumption [13].

Angles

In addition, the process of sustainable cutting is limited by the fast wearing of cutting

tool, which reflects in increasing of cutting forces. For avoiding undesired wearing
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and increasing of cutting forces, the cutting tool should be mounted under
established parameters. Several studies investigated the effect of cutting tool
rotation and geometry on cutting process and predicting of rock cutting force. There
are number of empirical formulas for cutting force prediction. Major amount of
equations operate such parameters of tool geometry as semi-angle of pick, rake

angle and angle of attack [14].

Cutting direction

Figure 1.1-2 Cutting geometry of point-attack picks

The angles are defined as follows (Figure 1.1-2):

6 — pick angle;

y, — attack angle;

y, — rotation angle;

B. — clearance angle;

B — rake angle.
Rake angle a,

It is the angle between the tool face and the plane normal to the surface of the cut
and pressing through the tool cutting edge. Rake angle has pronounced effects on
cutting process. The parameter generally has an optimum value. Deviation from the
optimum has negative impact. A larger angle causes accreting of tool wearing, while

a smaller angle can lead to higher cutting forces and heat generating [15].
Clearance angle 3

That is an angle between the lower surface of the pick and a plane parallel to the

cutting direction. Numerous studies show that the clearance angle has pronounced
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negative effect on cutting forces if the angle has a value around 5° or lower. To meet
the kinematic requirements, the clearance angle is considered to be around 7.5°
[11].

Attack angle y

Angle of attack is noticeable parameter affecting the performance of point attack
picks. This is an angle between cutting path and tool axis. This angle provides the
proper contact between the cutting tool and rock. Correct positioning of the attack
angle will depend on the pick cone angle. Studies say that with increasing cone
angle, the angle of attack should also increase and vice versa [11]. Moreover, the
increase in cutting force and the decrease in normal force observes after increasing

of attack angle [16].

1.1.2 Conventional Methods of Hard Rock Excavation

At present, the two of the most economical methods of excavation are mechanical

excavation and drill and blast methods [8].

Drill and blast method

Exploitation of majority of hard rock deposits typically considers preliminary
disintegration of rock mass. In the rock UCS around 100-200 MPa and higher, the
blasting is generally necessary to break large volumes of rock. The technique is
carried out under conditions that all workers, equipment, machinery, buildings and
environment will not be damaged. Annually, USA and Australia use more than 3
million tons of explosives for rock breaking in mining, which is around 75 % of the

countries demand [17] [18].

Drilling and blasting is the most common and widespread method of hard rock
excavation but it has a number of restrictions. There are a lot of resources and

investigations made within this study.

Blasting is the process of material fracturing by the use of a certain amount of
explosive so that a predetermined volume of material is broken [19].

The process of drilling and blasting technique requires very strict safety compliance.
Many preliminary operations should be performed before blasting. The basic of

them are:
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e choosing suitable drilling bit and drilling technique;

e determining type, diameter and length of blast holes;
¢ choosing type and amount of explosive;

e determining method of initiation;

e performing drilling;

e charging process of blast holes;

e initiation of safety restrictions;

e blasting; and

e ventilation (in terms of underground environment).

In mining, two types of explosives are used: primary and secondary. They differ in
the possibility to impact, produce heat, friction etc. Normally, secondary explosives
cannot be initiated without primary explosive. Often, the secondary explosive is

presented by emulsion (e.g. ANFO) and delivered to the blast holes in the tank [19].

There are three main factors of blasting that affect the environment — air shock

waves, ground vibration and fly rocks (Figure 1.1-3).

Air shock
waves

Oy

Vibration effects

Figure 1.1-3 Three factors that affect environment in blasting [20]

Mechanical excavation methods

Tunnel boring machines

Tunnel boring machine (TBM) performs mechanized destruction of rocks, shipment
of broken material and support setting. Either shielded or open-type tunneling boring
machines are applied for hard rocks. All types of hard rock TBMs excavate rock
use disc cutters mounted in the cutter head. The rock is excavated by cutting discs,
developing compressive stress fractures causing it to chip them away from the rock
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in the tunnel face. Excavated rock is transported through the cutter head to the belt

conveyor, creating continuous process of excavation [8].

Figure 1.1-4 Tunnel boring machine

In today's urban underground construction, the highest priority belongs to various
TBMs: mechanized and automated systems for the construction of tunnels with
various shapes and cross-sectional dimensions in different geological conditions. It
has turned out that such method as TBM machinery excavation has a number of
advantages over the other mining methods. Therefore, annually 500 TBMs are

produced in the world.

The use of these machines has the advantage over the drilling and blasting method
as its impact on the surrounding soil is negligible, and smoother walls of the future
tunnel are a result. Transportation process of a TBM to its operational location,

mobility during excavation and high initial cost are among their disadvantages [8].
Roadheader

Roadheaders are the partial-face machines (can excavate only a portion of the face
at once), developed in late 1940s. Typical appearance of modern roadheader can
be seen in Figure 1.1-5. As the major advantages of roadheaders over other
mechanical excavation techniques are their mobility, flexibility, and selective mining
ability. Such advantages provide roadheaders worldwide use in underground

mining, tunneling and even surface mining operations [21].

The main component of a roadheader is a boom movable in any directions. A
cutterhead with cutting tools is attached to a boom and excavates a face. The
material, excavated by cutterhead, drops on a so-called loading apron. Using

continuous loading system (e.g. star wheel, gathering arm), the loading apron
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gathers and loads the material on the chain conveyor located in the central part of
the loading apron. From the chain conveyor, through the body of the roadheader,
the muck is passed to the tail conveyor. The tail conveyor carries the material to the

transportation system (e.qg. rail cars, trucks, etc.) [21].

Figure 1.1-5 Typical roadheader [21]

As the roadheader is a partial-face machine, the excavation is performed
selectively. This leads to decreasing in ore dilution factor and positively effects on
processing of ore. In addition, such kind of boom and cutterhead eases the access

to the face and the process of inspecting and changing of cutting tool.

During mining operations it is very important to be mobile and have the possibility
to relocate excavation equipment to another face frequently. It can be fulfilled with
roadheaders, as they are mainly crawler mounted and high mobile machines. They
are mainly smaller and lighter in comparison with other underground excavators,
which benefits in lower capital expenses. The roadheaders have modular structure
and, as an advantage, can be assembled or dissembled in a couple of days.
Roadheaders can create excavations of any shape, and it is very important in the
context of underground mining (mostly, underground mining excavation requires
non-circular cross-section of opening). Additionally, it is easy to adapt the
roadheaders to mining designs. Their operating angles are up to 15°. If bracing jacks

are used their operating angles increase up to 25° [8].

The roadheaders can excavate only in rocks with UCS 100-120 MPa. This number
can increase up to 160 MPa if the rock highly fractured, jointed or foliated. Another
limitation is a level of water flow. It should be dry or with very low water flow.
Roadheaders cannot operate in abrasive rock, as it can cause high wear rate and

the uneconomical cutting tools consumption [8].
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1.1.3 Emerging Technologies of Mechanical Hard Rock Excavation

There are a various number of unique technologies of hard rock excavation, which

locate on different stages of development. Such technologies are described below.

Undercutting disc cutter technology

The undercutting disc technology was developed in Australia for cutting the rock by
producing tensile stresses rather than compressive stresses like in typical cutting
discs (Figure 1.1-6). The disc attacks rock in undercutting manner, similar to the
cutting action of a drag bit. It allows reducing cutting forces by 2.5 times. The
disadvantage of the technology is considered the potentially dangerous bending
stresses. The side forces acting on this type of cutting action limits area of

applicability [22].

The prototype of the machine with such technique has been manufactured and
tested by companies Wirth and Sandvik Voest Alpine, the basic application area of

it is narrow vein mining [8].

= | 1
L~ . g
fﬂ - ,‘“??2‘;\ | i J“‘J
i | (L 8
‘%-ﬂ N 7 s 4 %

Figure 1.1-6 Conventional (left) versus undercutting (right) disc [22]
Continuous mining machine (CMM) Mobile Tunnel Miner (MTM)

German and Canadian companies developed concept of continuous mining
machine for excavation hard rock based on the undercutting disc technology. It was
created prototype, modified Atlas Copco mini full facer. The final prototype design

had four arms with 560 mm undercutting discs at the ends (Figure 1.1-7) [22].

The motion of the arms can be programmed, which allows creation of the tunnel
excavation of any form. The machine was designed for excavation of rocks with
mean forces around 250 kN and peak forces near to 1 MN. The provided total power
was 700 kW. CMM weighted 150 t and had possibility to excavate tunnel with
diameter equals 4.25 m [22].
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Figure 1.1-7 Wirth Continuous Mining Machine [22]

First tests of CMM had been successful. Unfortunately, the machine was broken on

rocks with UCS around 250 MPa [22].
Tunnel Boring Extender (TBE)

In 2003, Wirth Group presented the machine using undercutting fragmentation
method to create 14.4 m diameter tunnels. TBE 500/1440 H-HST (Figure 1.1-8)
combines three elements: reaming technique, undercutting disc technology and the

ability to bore not round sections tunnels [23].

Figure 1.1-8 Tunnel Boring Extender [23]

For a reaming tunnel-boring project, the conventional TBM is driven a smaller
diameter excavation in the center. Afterwards, proper diameter is bored. It is
conducted with bracing the TBE in the pilot gallery and reaming with six boring arms
to the final diameter. The aspect of this procedure is the undercutting discs arranged
on slides in the arms. The slides are driven radially outwards during rotation of the

head. During the cutter rotation they are spirally moved to the outside [23].

Variable tunnel shapes may be obtained while changing radial displacement of the

cutting discs. The company claims that such machine requires less power than
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conventional TBM with equivalent parameters and weighs in two times less than the
TBM. Despite all information, the feasibility of using this technique in hard rock has

not been demonstrated [8].
Alpine Reef Miner ARM 1100

Another example of using undercutting discs is ARM 1100 (Figure 1.1-9). The Alpine
Reef Miner is a disc-mining machine, designed for mining narrow reefs of hard rocks
[22].

Referring to Voest Alpine [24], the ARM is featured with undercutting disc principle
for efficient energy utilization; gripper system for transferring the high cutting forces
while weight of the machine is low and fully remote controlling. It is suitable for low

height ore bodies mining.

Figure 1.1-9 The ARM 1100 [24]

The machine was tested in the platinum mines in South Africa. Mines, where ARMs
were implemented, have typical UCS value equal to 40-120 MPa and 150-200 MPa;

the rocks are high abrasive [22].

During the tests, the machines cut the rock successfully but the cutter costs were
very high. In addition, the cutting process produced high level of dust. These factors
caused taking out of the ARMs from the mines and returning to conventional brill-
and-blast. To be competitive in this situation, the operation costs should be reduced

to around 80 % of current ones [22].

Activated/oscillating disc cutting

Activated or oscillating disc cutting technology is a method of hard rock cutting which
uses a disc cutter, which oscillates in a plane orthogonal to the disc axis while it
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attacks the rock in an undercutting manner [22]. Such technique can lead to fatigue

cracking of rock that causes weakening.

Figure 1.1-10 Activated/oscillating disc cutting [22]

Laboratory tests showed that using of oscillating disc cutters can reduce cutting
force by 3.75 times comparing to conventional discs and by 1.5 times comparing to

undercutting discs [22].

This technique was tested in mining operational conditions. During the operations,
two main problems arose: short lifetime of cutters and repeating failures of
oscillating mechanism. The further implementations of oscillating disc-cutting

technology are investigated [22].

Minidiscs

In terms of any disc cutting, the contact area of the disc with the rock is directly
proportional to the force requirements of the cutting disc to achieve a given depth.

That shows the following: smaller disc needs less force for penetrating the same

depth in the rock.

In 1990s, the minidisc cutter has been tested under different rock conditions. These
tests have shown that minidiscs have many advantages: high cutting efficiency and
penetration rate, low cutting force requirement, low maintenance, initial and
replacement costs, longer lifetime, etc. On the other hand, weaknesses of minidiscs
and the mounting system such as bearing and sealing assembly, the cutter retaining
system and insufficient amount of wear material cannot permit the discs to become

popular [22].
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ICUTROC technology

The introduction of roadheaders with low cutting speed (1.4 m/s instead common 3
m/s) allows excavation of hard rocks and high abrasive rocks. However, new
theoretically expected results required the alteration of entire machine system,
which initialized of the EU project ICUTROC [25].

The project integrated machine and pick manufactures as well as universities and
mining industry representatives. This gave strong theoretical and practical
background in creating the hard rock oriented roadheader. New pick qualities, new
pick cooling system and cutter head with improved tool quality were developed. The
stiffness and the structural strength of machinery had been improved for resisting

high loads during cutting of hard rock.

Extended area, opened up
for Roadheaders by the new
ICUTROC Technology

MT 620 ICUTROC Technology

MT720  ICUTROC Techn

|

0 20 40 60 80 100 120 140 160 180 200

Compressive strength of rock [MPa]
Figure 1.1-11 Comparison of roadheader models by compressive strength of rock [26]

Tests show a decrease of pick wear by 60 %, which allowed reducing the pick
consumption by 75 % during cutting of rocks with compressive strength in range of
90-200 MPa. Afterwards, the roadheaders with ICUTROC system were used during
tunnel construction and mining operation in ltaly, Greece, Germany, Russia and
Canada [25] [27].

Projectile impact

Percussion devises are presented as energy conversion elements of power pulse
systems, power by primary sources of energy (e.g. electric, pneumatic, hydraulic
explosion, etc.) [3].

The need of high-energy projectile impact for performing different technological
operations has led to development of significant number of percussion devises. It

was the launching for production numerous number of executive bodies for various
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purposes. Some of the implementations have been used in the mining,

metallurgical, construction and road facilities industries.

One of the main factors influencing the volume and application field of machines
with projectile impact is the tensile strength of the mined rocks. There was
considered that the index of rock breaking performance depends on the

compressive strength and percussion energy.

Many companies manufacture machines with projectile impact. Some of them are
mass-produced and operate in various industries; others are made in the form of
concept for scientific research and testing of design solutions. At present, a fairly
large range of machines with the executive bodies of projectile impact

corresponding to a wide area of application has been formed [8].

Regardless of the large amount of machines, they are based on the same
fundamental scheme. The scheme includes following functional units: a moving
mechanism, a percussion device to the tool, a boom-arm, electro-hydraulic drive

and control system.

The executive bodies of the machines use hydraulic or hydro-pneumatic percussion
device. Hammers differ in the principle of hydro-kinematic scheme, energy value

and the frequency of strikes.

However, the question of the rational combination of energy and impact frequency
to the power of the percussion is still controversial. Most researchers agree on the
fact that the performance of the percussion machinery depends on the frequency of
strikes, in case when the strike energy ensures the exceeding threshold of strength
of the rock. Excessive impact energy affects the process of overgrinding rocks. The
action of additional static load on the tool allows increasing the efficiency of

destruction of rocks by two times.

The analysis of results of machineries with percussion mechanisms during
excavation allows to distinguish their advantages over conventional machines:
excavation of rocks with higher strength, reduce in energy consumption, less
amount of fines, decreasing level of dust, more cost-effective, increasing of

excavation speed, more safety, etc.
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A pick assisted by high-pressure water jet

Hydromechanical method of rock fracturing based on rock breaking via a conical

pick assisted by a high-pressure water jet.

The method consists in the fact that the jet of water, oriented one way or another
with respect to the machine tool, provides reducing its loading of the interaction with

the rock.

Cutting direction
-

Nuuh:'

Rock

Cutting direction Cutting direction

Pick

Flow channel

Figure 1.1-12 Model of rock breaking via a pick assisted by water jet [28]

From the viewpoint of the efficiency of destruction of rocks, working bodies of the
TBMs are the most interesting. They use high-pressure water jet in combination with
a cutting tool. Thus, for example, Wirth GmbH tested TBI-260 with executive body
diameter of 2.6 m, equipped with disc roller cutters and water jets of high pressure.
The excavation of sandstones was tested. Jet nozzle produced forward cracks in
the rock massif, breaking the continuity and reducing its strength. As a high-
pressure water source, it was used four pressure intensifier with a pressure of 300-
400 MPa, the water consumption of 120 liters per minute and the power of 250 kW.
Test results showed that by using a high pressure water jet, cutting force is reduced
for more than 50 % and the rate of production increased by 2 times. It was excavated
84.5 m and noted almost complete absence of dust, improving performance of
tunneling equipment, reducing overgrinding of the rock mass and the elimination of
the danger of sparks under friction picks with rock massif. The use of such a working

body allowed reducing the sinking cost by 30-50 % [28].

Companies Robbins and Flow Research designed and tested roadheader with
hydromechanical executive body. On the boom-mounted cutting head, 35 sapphire
nozzles with diameter of 0.25 mm were located. The pressure of water exceeded
420 MPa. In tests carried out using granite with UCS equals to 235 MPa, the
penetration rate increased by 1.5-2 times compared to mechanical destruction [28].
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In general, the tests of hydromechanical executive bodies of tunneling machines
and the experience of their operation have established the effectiveness and
availability of hydro-mechanical method of destruction and highlight the following
key benefits [28]:

e extension of the range of applications of tunneling machines to harder rocks
(with UCS up to 160-235 MPa);

e reduction in cutting force by 40-60%;

¢ reduction in torque and power on executive body in 1,3-2,2 times;

¢ 1.5-3 times increase in penetration rate without increase in executive body
power;

e 2-6 times reduction in cutting tool consumption;

e up to 2 times increase in machine productivity without increase in mass and
dimensions;

e 70-85 % dust reduction and 90-100 % sparking reduction;

e vibration reduction;

e 30-50 % decrease in tunneling costs.

However, the widespread implementation of hydromechanical method of rock

destruction faces serious technical problems.

Effective use of the hydromechanical method should involve water jets which initial
pressure is at least 80-100 MPa (the required value of the initial pressure tends to
its increase, a number of authors suggests minimum 200-400 MPa) and a flow rate
of 6.3 I/min per cutting tool. Consequently, selective roadheader must be equipped
with high-pressure water source (pump) with a working pressure of at least 100
MPa. Power of the pump can be equal to the power of the executive body, and often

exceeds it.

The high velocity of the water at the outlet of the jet-forming device causes its
considerable abrasive wear, the nozzle resistance decreases rapidly with the
increase of the initial pressure. At a pressure of 70-80 MPa, a carbide nozzle can
be used during about 200 hours and, at a pressure of 350 MPa, — just 4.3 hours.
The resistance of sapphire and diamond nozzles is by 4-5 times higher, but due to
the difficult processing of sapphire and diamond nozzles, they have imperfect

shape. The presence of the abrasive particles in the water highly increase wearing
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of the nozzles, so the strict requirements of the water treatment system is presented.
Filtration system should have filters with openings no more than 0.5 microns. It is
associated with the use of bulky equipment, the size of which is much larger of the

pump unit.

Laser drilling

During the recent decade, intense research has been conducted into application of
high-energy laser beams for rock disintegration. Military equipment conversion is
concerned as primarily source for prototypes. In such studies, laser energy is used

for the process of melting, thermal spallation or evaporation of rock [29].

Destruction mechanism of laser beam depends on the pulse energy density. At low
density, absorbed optical radiation causes heating of rock and its destruction by

melting.

At the bottomhole, laser radiation generates significant temperature gradient of
1100 °C on the surface and 75 °C at a depth of 2.2 mm beneath it. Arisen
discontinuous stresses lead to rock peeling and thermal cracking in the same way

as it happens in the thermal destruction [29].

Under the influence of a powerful laser beam, the destruction is close to electrical
breakdown of dielectric. At starting, there is a narrow channel breakdown, where
the shock wave is generated. The rock goes into a vapor condition with rapid release
of gases. Depending on the optical properties of rock (absorption or ray

propagation), the blasted canal ends with a cavity expansion.

Generally, a laser-drilling tool has no mechanical contact with the rock and its
durability is not particularly limited. Structurally, the drilling tool (laser) is mounted
on the end of the drill string, and power is supplied from the generator located in the

tube. Rotation is carried out by flow of washing liquid.
The following types of lasers have been identified for their use in rock drilling [29]:

e Hydrogen fluoride and deuterium fluoride lasers. The operation length of
wave is 2.6-4.2 micrometers. MIRACL or Mid-Infrared Advanced Chemical
Laser was used for reservoir rocks test.

e Carbon dioxide laser. It operates at 10.6 micrometers wavelength and with 1

MW power. The laser can be operated in continuous or pulsed wave mode.
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Nevertheless, in terms of long length of wave, attenuation occurs through
fiber optics.

e Carbon monoxide laser. Operation wavelength is 5-6 micrometers and power
is 200 kW. The laser operates in continuous and pulsed wave mode.

e Chemical oxygen iodine laser. This laser has operating wavelength of 1.315
micrometers. This type of lasers was used by militaries for missile destroying.
Such technique has high precision and range that can be implemented
successfully for rock drilling.

e Other types.

Major part of researches of laser drilling is focusing on usage of laser as a vaporizer
of the rock. With such techniques, the advantages over rotary drilling can be visible.
The advantages include increasing rate of penetration, provision of temporary
casing, increased bit life, decreasing in dependencies on bit design and rotary

speed, accurate and precise drilling, uniform diameter of bore hole, etc.
As the main disadvantage of laser cutting, high power consumption is considered.

Microwave irradiation

Another method for rock destruction consists in using of microwave irradiation. This

method will be described and investigated further in this work.

1.2 Microwave Irradiation of Hard Rock

Microwave irradiation has a great potential for use in mining. Microwaves can be
used during defrosting of frozen soils; rock softening and crushing, ore
decomposition; extraction of metals from waste and sludge; for grinding, leaching,

magnetic separation, and high temperature drying [30].

This chapter describes the basics of microwave irradiation and application of its in

mining.

1.2.1 Basics of Microwave Energy Irradiation

Microwave energy is a form of electromagnetic energy transmitted by high-

frequency waves. Electromagnetic waves consist of an electric and a magnetic
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wave moving perpendicular to each other (Figure 1.2-1). The speed of the
electromagnetic waves equal to speed of light and the length of the waves 1 is in

inverse ratio to its frequency [31]:

c

2 [m] (1.2:1)

" fom
where c — speed of light [m/s];
Forn — frequency [Hz].

The wavelength of microwaves range from 1 mm to 1 m — with respective
frequencies from 300 GHz to 300 MHz. The microwave heating process refers to a
family of electrical heating technology, which also includes, for example, induction,
resistance heating and infrared heating. In all cases, specific features of the

electromagnetic energy are used [32].

Electric
Field

Direction,

Wa Vela n gth P.-i:;?gztic

Figure 1.2-1 Electromagnetic waves

As well as electromagnetic waves, microwaves decay while penetration into a
dielectric material. The rate of the decay depends on the physical and electrical
properties of the material, as well as frequency of the waves [33]. Materials with

ability to absorb microwave energy is dielectrics.

Microwave treatment of a rock produces the amount of heat, which depends on
exposure time, power level and chemical composition of the rock. Different minerals

can absorb or be transparent to microwaves [34] [35].

The dielectric constant, also known as relative permittivity, describes the dielectric
properties of solid and it is dimensionless ratio of the permittivity of a substance to
the permittivity of free space [36] [37]:
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=— = =gl —ig" (1.2-2)
& o o & — gy
where & — relative complex permittivity;
€ — complex permittivity;

g = 8.854 - 10712 [F /m] — permittivity of free space;

' — real of relative complex permittivity;
g’ — imaginary of relative complex permittivity;

i =+/—1 - complex number;
gl — real part of relative complex permittivity;

el — imaginary part of relative complex permittivity.

The real and imaginary part of relative complex permittivity depend on frequency

and temperature. Selected dielectric constants can be seen in Table 1.2-1.

Table 1.2-1 Relative permittivity of selected minerals (rocks) [38] [39]

Mineral (rock) Relative permittivity
Biotite 4.7 —-9.3
Chlorite 9.0
Muscovite 6.2 — 8.0
Plagioclase feldspar 54-71
Quartz 42 —-59
Granite (dry) 4.8 —-18.9

While propagation of microwaves into rock, the loss can be observed. The dielectric
loss can be parameterized in terms of either the loss angle 6, or the corresponding
loss tangent tan 6,. The dielectric loss tangent tan §, can be found from the equation

bellow [36].

SH
tan §, = — (1.2-3)

T

Materials can be divided into two groups by loss factor:

e Lowloss (tand, < 1);

e High loss (tané§, >» 1).

It was defined, that the penetration depth d,, of microwaves is the depth at with the

power has been weakened to 1/e (around 37 %) of the power at the surface. For
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materials with such dielectric properties (low loss/high loss), the penetration depth

is calculated as follows [40].

/180'5
Low loss d, = 2mer (1.2-4)
High | d, = L
gh loss A — (1.2-5)

The different minerals consistent in the rock leads to differential volumetric
expansion under microwave irradiation. This creates stress along grain boundaries,
which causes cracks and weaken the rock (reducing in UCS, tensile strength, etc.)
[33] [41] [42] [43] [44].

1.2.2 Application of Microwave Energy in Mining Industry

There is little experience with the use of microwave energy in mining industry,
however, there are several applications where microwaves are used and the

number of perspective studies.

Thawing of soils

The method of microwave thawing of soils is an innovative method of construction
under the conditions of permafrost, allowing a warming soil for piling, construction

of communications and oil pipelines, road construction and maintenance [45].

So far, the thawing of frozen soil was carried out with the help of thermal methods,
characterizing by intensive labor- and energy-intensive consumption. Therefore,
they are used only in those cases when other effective methods are unacceptable.
It is applied near the existing underground utilities and cables; if it is necessary,

thawing of the frozen ground in case of emergency and repair work.

Disadvantages of common methods are high consumption of fuel, steam, water and
electricity, the complexity of assembling and disassembling as well as warmth-

keeping and high cost.

High-tech alternative to the above methods for thawing soils is a technique based
on the use of microwave energy to create fast, reliable and environmentally friendly
way of heating. This technology has higher penetration level, less energy (fuel)

consumption and reduced duration of treating.
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Under the leadership of N. Ryabets, there were carried out extensive studies of the
dielectric properties of frozen ground in the range of microwaves, theoretical and
experimental research of thawing of frozen soils under the effect of microwaves [45].
915 and 430 MHz frequencies were analyzed. The studies have shown that, at 430
MHz generator frequency, thawing depth is 0.8 m at power flux density of 10 W/cm?,
and irradiation time was equal to 10 min (rock is sand and sandy loam, light humidity
10 — 15 % with an initial temperature of —5 °C). At the same time, the required costs
of microwave energy is 30 — 35 kWh/m3. At a frequency of 915 MHz and power
flux density 23 W/cm? (exposure time 3-5 min), thawing depth was 0.25-0.35 m.
Thus, radiation with longer wavelength has proved higher efficiency for soil thawing.
From this study, in 1985, facilities were constructed, based on magnetrons M93 and
M116. Using of it allowed from two to three times reduce in the cost of work and

reduces the duration of elimination of accidents.

Another study has described the working body for extending a well diameter in
permafrost rock. It uses the magnetron M81 having frequency of 2.45 GHz and
power of 5 kW, which was directed to the well walls, for irradiation of frosted rocks
[46].

Mineral processing

Microwave drying of minerals and coal

The drying of minerals with microwaves was studied in Institute of Geotechnics of
Slovak Academy of Science. The study confirmed that microwave energy very
sufficiently and fast dries minerals, such as magnetite, galena, siderite and quartz.

The quality of drying depends on permittivity and their grain [47].

In addition, it was studied the drying of coal in microwave furnace. The advantage
of drying with microwaves over classical method is the velocity of drying, which in
case of microwaves in 10 times higher [47]. This is because microwave-drying
process has different mechanism, the drying runs from the middle of the mineral to
the surface. The water is pressured out from the coal to the surface and can be
taken by airflow [30].

Gold extraction from the tailings

More effective dressing and extraction of minerals can be performed with

implementation of microwaves in the processing of the rocks. The microwave

Page 24



Chapter 1 Issue Analysis

energy implementation allows more effective extraction of gold from the tailings of
old mines. A usual method with the use of cyanides solutions does not extract gold,
as it is concluded in other minerals (pyrite and arsenopyrite). Furthermore the
current technology is highly energy demanding and not environmentally friendly.
Therefore, it is necessary to use microwaves for destruction of sulfide sells. The
shell absorbs microwave energy, as a result rapidly heated and cracked; this allows

solutions access the metal [48].

The method was tested in Canada. The results shown lower decomposition
temperature, 420 °C comparing to 550 °C for formal heating. The percentage of
extraction of gold increases with microwave facility power. At power 5-6 kW, it was
observed complete extraction of gold (98 %). Feasibility study says that cost per ton

can be reduced by 45 % if the microwave heating is implemented [48] [49] [50].
Microwave treatment of coal

The process of desulphurization of coal with microwaves was tested. The coal was

treated with microwaves for further magnetic separation.

Magnetic separation depends on the difference in the magnetic moment associated
with coal and mineral particles. The microwave irradiation boosts the magnetic

sensibility of minerals and makes it more open to separation process [30].

The study of L. Tur€aniova (Institute of Geotechnics, Slovak Academy of Sciences)
says that it is possible to remove up to 80 % of total Sulphur content in the coal [51].
As the advantage of the desulphurization with microwaves was highlighted

extremely short time for desulphurization after microwave irradiation.

Microwave-assisted leaching

Leaching of refractory gold ores

Microwave destruction technology is energetically favorable for the rocks,
containing a small amount of ore minerals when one mineral is heated without waste
rock heating [52].

The possible area of application of microwave technology is the preparation of
refractory ores for hydrometallurgical extraction of gold. The degree of extraction of
gold from refractory ores during leaching of the ore without pretreatment is quite

low. To increase the extraction, various methods of pretreatment material can be
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used: firing, high pressure and biochemical oxidation. These methods are quite

expensive and long lasting.

The main reason why the microwave energy can be successfully used in the
extraction of gold leaching is the fact that the gold-bearing minerals are usually

excellent absorbers of microwaves and the ore-bearing material is transparent.

It was demonstrated that microwave irradiation techniques can be applied efficiently

and efficiently to the refractory gold ores leaching [52].
Microwave leaching of electronic wastes

In Prague, the study of microwave-assisted leaching of electronic wastes was
performed and the leaching kinetics at different temperatures was studied. An
electronic scrap (Cu 64.65 %, Al 4.54 %, Zn 0.53 %, Pb 0.16 %) with the leaching
agents (2 M HCI and 2 M H2S0O4) were used [30].

The results shown insignificant dissolution of Cu, but the recovery of Pb and Al show
some positive results with dependencies on temperature and duration. Pb was fully
recovered after 60 minutes heating at 80 °C (conventional leaching shows 65 %).
The dissolution of Al was 91 % (60 minutes, 60 °C), comparing to 83 % for

conventional methods [30].

Boulders destruction

In 1965, researches were carried out on destruction of boulders on “Rovnoe”,
“Akademicheskoe”, “Sokolovskoe” and “Golovinskoe” open pits (former USSR). It
was used high frequency microwave facility — “Electra”. The practice has shown
effectiveness of using microwaves for fragmentation of boulders. The performance
of 15 m3/h has been achieved during boulders fragmentation of volume up to 7.5
m3 [53].

Microwave heating for fracture of kimbetrlite

In Russia (2006-2008), studies of kimberlite fracturing with microwave energy were
executed. It was determined that destruction of kimberlite under microwave heating
occurs for two reasons: rapid water evaporation contained in rock, when the
saturation pressure will exceed rock strength; prompt polar expansion of minerals
[48].
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Study says that kimberlite is a porous rock with water content level at 7 %. At 150
°C the vapor pressure achieve 500 kPa, it gives the water pressure to be the main
cause of kimberlite fracture. Dielectric behavior with different water content as well
as microwave penetration were measured. Experiments confirm that for high
productivity (60 % of chips is under 3 mm in diameter), the temperature should be

under 200 °C and the temperature grows equals 40 °C/sec [54].

The productivity of the method was estimated as 0.1 tons per hour (microwave

facility power 5 kW) and 1 ton per hour (microwave facility power 50 kW) [54].

Experimental method of rock softening

Employees of Institute of Geotechnical Mechanics (Dnipro, Ukraine) have invented
an original method of destruction of rocks by irradiating with two microwave

generators [55].

Figure 1.2-2 Softening the rock by the influence of two microwave generators [55]

At first, the rock irradiated with lower power flux density (150 — 300 W /cm?) from
the generator (1) until creating heat trace, and then irradiating with higher power flux
density (300 — 5000 W /cm?) from the generator (2) in the perpendicular direction
(Figure 1.2-2). The first phase of the irradiation creates in the rock (3) heated zone
(4) with an increased value of the fictional component of the dielectric constant. For
radiation generator (2), this area is strongly absorbing, while the unheated rock is
transparent. As a result, the power produced by generator (2) is absorbed mainly in
the zone of intersection of irradiations (5). Rapid heating of zone (5) causes thermal
expansion, phase changes, gas phase formation, etc. It leads to the destruction of
the rock. Moving the generator (2) on the surface of the heat along the trace (4), can

be created a channel of broken rocks can be created [55].
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On the stage of concept, it exists significant number of microwave-assisted

machineries. However, they are not cost effective in the context of technical and

economic progress.

1.3 Formulating the Research Problem

Based on the above, the objective of this work is to analyze the reduction in cutting

resistance of granite specimen irradiated by microwave irradiation with different

irradiation times.

For the implementation of this objective, the following should be done:

determination of dependencies of cutting forces, wearing, energy
consumption, particle distribution on spacing between cuts;

determination of dependencies of cutting forces, wearing, energy
consumption, particle distribution on distance from initial surface;
determination of dependencies of cutting forces, wearing, energy
consumption, particle distribution on duration of treatment of sample with
microwaves;

development of regression model of dependency of cutting forces on duration
of treatment of sample with microwaves, spacing between cuts and distance

from initial surface.
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Chapter 2 Research Methods

Investigation of the influence of the microwave irradiation on the reduction of cutting
resistance of granite was set as a task in the current study. This chapter explains

research methods applied to process test results and obtain regression models.

2.1 Analysis of the Cutting Forces

The basic principle of the rock destruction is in overcoming the bonding between
the particles to disintegrate the rock. Inducing stresses that surpass the rock
strength in the rock formation is the basis of mechanical rock cutting; by this, the

crack propagation and chip formation are caused [22].

During cutting of rock, three-dimensional forces act on the cutting tool (Figure 2.1-1).

These forces are as follows

e Cutting force F;
e Normal force E,;

e Side force F,,.

4
P n

Cutting
Direction

Side
Force

Normal
Force

Cutting
ForV “ \

Figure 2.1-1 Forces acting on the cutting tool while cutting

Cutting force occurs parallel to cutting direction, it is mainly responsible for the actual
rock fragmentation. The normal force is directed perpendicular to cutting path and
hold the pick in the rock. The side force acts perpendicular to the cutting path and
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keeps the pick in the cutting line [56] [13]. The total force Fr,;,; might be determined

Frota = /sz “l'Fy2 + F? (2.1-1)

In this study, mean forces and maximum forces (or peak forces) are of the highest

as follows:

interest, as they are used for determining parameters of excavation equipment.
Mean forces and maximum forces should be evaluated and analyzed. The

procedure will be described further in this chapter.

2.1.1 Peak Force Analysis

As a possible method of analysis, it was decided to use the method of maximums
for analyzing data out. In this method as amplitudes of forces, it is chosen to take
differences between peaks a,,4,; Of the force-time diagram (Figure 2.1-2) and the

mean value g,,. In addition, only peaks, which are higher than mean value, should

be taken into account.

20

0 50 100 150 200 250 300 350 400

Figure 2.1-2 Example of the force-time diagram

In this way, the peaks (3), (5), (7) and (8) are excluded from evaluation, as they lay

lower than g,,. Next step is to find the amplitudes of stresses o,; equal to g,,,,; and
o, difference. If these amplitudes are arranged in ascending order, it could be taken

as the variation series. The variation series is important for the determining of the

distribution function.

In the method of maximums, it is assumed that distribution of minimums and

distribution of maximums are symmetric with respect to g,,.
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2.1.2 Verification of the Peak Force Analysis

Probability theory is the branch of mathematics analyzing patterns of random
phenomena such as random events and variables, stochastic processes, their

properties and operations.

The approaches, described in Chapter 2.1.1, should be applied to the force-time
diagram of the cutting forces. The data points for F,,,,, exctracted by the peak
analysis will follow a random variable distribution. From the view of the distribution

density histogram of experimental data, the form of a distribution law is assumed.

If the histogram has a clear peak and symmetry with respect to this peak, it could
be checked using the hypothesis of a normal distribution. The procedure for

checking the normal distribution hypothesis is shown below.
If it is not symmetrical, other hypotheses shall have to be checked for.
Atfirst, it is necessary to base a hypothesis of affiliation on the Gaussian distribution.

Use of Pearson’s test involves checking of the hypothesis such as, at the significant
level @ = 0.05 the random variables distribution F,,, does not conflict with the
Gaussian distribution.

For the force E,,,, it is necessary to calculate mean u, variance o2 and the range

of Fmaxmax - Fmaxmin .

— M (2.1-2)
n
n 2

Depending on the number of random variables N, the amount of intervals should be

chosen. For this purpose, Sturges rule will be used [57]:
k=33logN+1 (2.1-4)

Next step is to select borders of intervals. The random variable can be divided into
intervals in many ways, but it is preferable to do so according to asymptotic optimal
grouping for the Gaussian distribution [58]:

x. —
t; = ‘G —x; =0t — U (2.1-5)
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Such dividing is preferable because of the increasing possibility of criteria to differ

similar hypothesizes.

Table 2.1-1 Optimal border points of intervals for checking the Gaussian distribution with
Pearson's chi-squared test [58]

-2.319 | -1.622 | -1.022 | -0.383 | 0.383 | 1.022 | 1.622 | 2.319 - 0.875
-2.423 | -1.758 | -1.205 | -0.650 | 0.000 | 0.650 | 1.205 | 1.758 | 2.423 | 0.896

k t t, ts t, ts te t, tg to A

3 -1.111 1.111 - - - - - - - 0.407
4 -1.383 | 0.000 1.383 - - - - — — 0.553
5 -1.696 | -0.689 | 0.689 1.696 - - - - - 0.683
6 -1.882 | -0.997 | 0.000 0.997 | 1.882 - - - - 0.756
7 -2.060 | -1.265 | -0.492 | 0.492 | 1.265 | 2.060 — — — 0.810
8 -2.195 | -1.455 | -0.786 | 0.000 | 0.786 | 1.455 | 2.195 - 0.847
9

10

In case an interval has a low number of values, less than 5, it shall be deemed as

insufficient. Such intervals should be merged.

The perfect Gaussian distribution for calculated mean and variance can be

calculated by formula [58]:

1 _(x—w)?
e 202 (2.1-6)

fx) =

2021
The next step is calculate the frequency of occurrence of randoms in the interval n;
and determine probability deriving P; [58]
Xit1
P, = f(x)dx (2.1-7)

Xi

When it is considered that this is a composite hypothesis, the number of degrees of

freedom equals
r=k—-m-—1 (2.1-8)

where Mes — number of estimated parameters.

The critical value of Pearson's chi-squared is then calculated as follows [58]
(-7
_ N ¢ -
SXZ — NZT (2.1-9)
1=

The result of the equation (2.1-9) should be compared with the chi-squared
distribution table. It should be smaller.

Calculate P{S > S’} [58]
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o)

1
P{§>S8"}=———

() o

If the equation (2.1-10) is true, then the considerable random variable obeys normal

T, s
s2 "e 2ds >« (2.1-10)

distribution.

2.2 Investigated Parameters

During the cutting process multiple numbers of parameters are tracked, measured

and processed, described as follows.

Enerqy consumption evaluation

For this study, specific energy consumption of cutting process will be evaluated. The
specific energy consumption equals the amount of energy to be consumed for a

cubic meter of rock [8].

To determine the specific energy Eg, in laboratory test, the following equation can

be used:
_ e YR kWh] (2.2-1)
P T 3600 - Ve | m3
where L, — length of cut [m];
E, — mean cutting force of one cut [kN];
Ve  — volume of cut material by Y E, [m3].

Another form of energy consumption that could be evaluated is energy consumed

by the microwave facility during the irradiation process

2 Ep, (2.2-2)
Emic = m [kWh]

where Ep, — energy spent for irradiation, per second [k//sec].

Wearing

About 80 % of all failures of excavation machines are caused by wear of parts.
Especially intense abrasion exposes the working bodies of excavation equipment
[59].
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Some general effects of tool wear include increased cutting forces, increased cutting
temperatures and poor surface finish. In addition, it may lead to tool breakage and

causes change in tool geometry.

Excavation performance and wear rate are the main themes of many studies.
However, wearing should be taken into account and processed during experimental
analysis. Thus, the wear is a question of material consumption as well as the

important indicator of rock excavation (Figure 2.2-1).

Geological parameters Machine equipment
Rock & soil Tool material
Parameters & & technology

conditions

\ Tool wear /

Excavata bility'

Excavation performance

+
Construction management

Logistics, operataion, maintanance

Figure 2.2-1 Parameters influencing tool wear and excavation performance [9]

Tool wear takes place in processes involving friction of surfaces, high pressures and
temperatures. Therefore, there are the two main causes of wearing in the current

research: abrasion and diffusion.

The abrasiveness of rock is a factor with considerable influence on the tool wearing.
Since in this work such a hard rock as granite is used, it is understood that granite
is an extremely abrasive rock (CAI = 4.0 — 6.0; Table 1.1-1) and wearing of the

cutting tool will thus be significantly high.

Another factor controlling the wear rate is cutting speed. A high cutting speed results

in the increase of the tool temperature, increasing the wear rate in turn.

At high temperatures in the cutting zone, diffusion takes place that is mutual
dissolution of friction bodies. As a result, changes in chemical composition and

mechanical properties of the surface layers of the tool accelerate the wear [60].

Also, forces that appeared during the cutting process, play a significant role in the

wear rate. This impact acts in two directions. Increase in the forces results in the
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increase of the wear rate. On the other hand, when the cutting tool is worn, the

forces increase significantly [11].

In this study, an unusual method for wear rate evaluation will be applied. This is due
to the experiment’s conditions. The major procedure is to determine difference in

weight of the cutting tool before and after cutting process relatively to the cutting

way:
W= _l Mi+1 [i] (2.2-3)
cl m
where m; — mass of a pick before cutting layer [g];
m;,; — mass of a pick after cutting layer [g];
Iy — cut length on a layer [m].

Particle size distribution

The particle size plays a major role in the case of health safety. Many particles are
easily inhaled and can be deposited in the respiratory tract depending on their size,
density, shape, charge and surface properties as well as on the breathing pattern of
the individual. Numerous studies and organizations, e.g. Occupational Safety and
Health Administration (OSHA), point that the size of particles that are respirable (i.e.
can reach the deep part of the lungs) is less than 10 ym. However, the size of
particles that can be inhaled is reaching 100 ym [61] [62]. Unfortunately, there was

no possibility to determine particle size under 63 microns during this research.

In addition, more grinding means creating a larger surface area, which in turn
requires higher energy consumption. Less grinded material indicates a better use of
energy, which should cause less energy consumption or a bigger volume of cut

material in comparison to over ground material.

2.3 Procedure of Establishing a Regression Model

The procedure of the development of the regression model y = f(xy,x,,x3) is
described below [63] [64].

First of all, a table with initial data should be created. It should include variable

parameters (x;, x5, x3) and experimental values y.
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Next step is creating the multiple regression equation. Research shows that most
experimental results can be described as a complete cubic polynomial. Polynomial

regression of three-factorial design is:

Y = by + byxq + byxy + b3xs + bipx1Xy + by3X X3 + by3XpX3 + biyzX1XX3
(2.3-1)
+ b11xf + bzzx% + b33x32. + b111xf + bzzzx% + b333x§’.

For the determination of the full equation, a method of multiple regression analysis

will be used.

There are two different methods to perform regression modelling. The first is the
taking of the full polynomial and analyzing the importance of the equation members
as their numbers decrease. The second starts from a simple equation with a
minimum number of members, increasing the number of explanatory variables by

gradual addition and calculating the importance.
The regression equation in such case becomes
y = bO + b1x1 + bzxz + b3x3 (23-2)

The coefficients b; are determined by the system of equations, based on Gaussian

elimination

( nb0+blle+bzzx2+b3ZX3=zy
bole‘l‘bllez+bzlex2+b3zx1X3 :zyxl

(2.3-3)
boz.XZ'i‘bllexz‘l‘bzzx%+b3ZX2x3 :Zyxz
kbozx:g+b12X1X3+b22X2X3+b3zxg =ZYX3

Such system of equations can be written in matrix form as follows

T N YA
LB RN
S San S Y k T
S Sae S St ) W) S

Calculated coefficients b; have to be included in the equation (2.3-2):

y:...+...x1+...x2+...x3 (2.3'5)
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Determining residual variance of regression:

2
2 _ Yg=1(Yei — ) (2.3-6)
res n—(k+1)
where Vi — calculated value of the parameter by equation (2.3-5);
Yy — experimental value;

(k+1) —the number of coefficients in the equation (2.3-5);

n — sample size.
Add the next member of polynomial to the equation:
y = bO + b1x1 + bzxz + b3X3 + bllexZ (23-7)

For the new equation, the whole process should be repeated. After that, the

statistical significance of the variance difference between polynomials can be

estimated
SZ,.
Zresj >F, (2.3-8)
ST‘eSj+1
where F;_, - F distribution table value, m; =n — (k + 1), m, = oo;

(bigger S2, value has to be the numerator).

If condition (2.3-8) is fulfilled, then the member is added to polynomial, when it is
false, the member has to be skipped. All members of equation (2.1-2) have to be

processed and checked.

Determining correlation coefficient

2
Z=1(Ygi - 3’1')2 (2.3-9)
g=1(ygi - Yg)

— mean experimental value.

R =

where Y,

As a result, the equation that describes the experimental output with highest

accuracy should be received.
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Chapter 3 Experimental Study of the Cutting Process

The purpose of the current experiments is to determine the effect of the microwave
irradiation duration, spacing between cuts and distance from irradiated surface of a

granite block on the cutting force, wearing and specific energy consumption.

3.1 Equipment

In this study, laboratory equipment was used. This equipment is listed and described

in the current chapter.

The testing rig

Cutting tests were carried out using the testing rig HXS 1000-50. The rig was
developed for the determination of cutting forces and volumes using various cutting

tools during operation with blocks (samples) under experimental field conditions.

17T
#v f’/.’

Figure 3.1-1 Photo (left) and 3D model (right) of the testing rig [65]

The machine was produced by ASW-GmbH Naumburg for conducting cutting tests
at TU Bergakademie Freiberg. General view of the testing rig is given in Figure 3.1-1

and basic technical data are in Table 3.1-1 [66].
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It consists of a base frame (5), a movable work table (6), where the test block is
located, fixed 2-cross beam-portal (1), traverse (2), work bridge (3), tool holder (9),

a load cell (7), laser scanner (8) and control panel (4).

Table 3.1-1 Technical data of the testing rig [66]

Nominal capacity 60 kW
X-axis 1,750 mm/s
Cutting speed y-axis 7 mm/s
z-axis 16 mm/s
Cutting depth (max.) 50 mm
Acceleration (max.) 10 m/s?
X-axis 50 kN
Permissible forces y-axis 30 kN
z-axis 50 kN
length 600 mm
Max. dimensions of a sample width 1,000 mm
height 500 mm
Weight of the sample (max.) 1,300 kg
Angle of attack 15° ... 90°
Angle of rotation -90° ... 90°

The cutting parameters are set up using a control panel. The movement of the tool
in the Y-axis is executed by moving the traverse. In the Z-axis, the movement is
realized by adjusting the work bridge to the needed height. The cutting movement

is performed by moving of the work table in the X-direction.

—

Load cells

Figure 3.1-2 Force components of the HSX-1000-50 [65]

The cutting-force measuring system used in the machine, can measure forces in
the range from -50 to +50 kN (30 kN in Y-direction). The error of the measurement

is equal to 0.5 % (0.25 kN). This is an acceptable error in case of hard rock cutting.
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The proving ring

Before commencement of the tests, calibration of force sensors was carried out. For
the calibration of the testing rig HXS 1000-50, the proving ring M11721, with

maximum load 30 kN, was used (Figure 3.1-3).

The proving ring consists of two main elements, the ring itself (1) and the diameter-
measuring system (2). Forces are applied to the ring through the external bosses
(3) for attachment. The resulting change in diameter, referred to as the deflection of
the ring, is measured with a micrometer screw and the vibrating reed mounted
diametrically within the ring. The micrometer screw and the vibrating reed are

attached to the internal bosses of the ring [67].

Figure 3.1-3 The proving ring M11721

The procedure of calibration is:

1) mount the proving ring centrally on the testing rig machine according to the
mode of loading (for compression, the proving ring is placed centrally

between the two loading platens, the cutting tool and the sample surface);

N

connect the PC and set the minimum load for the load cells;

w

record readings of the proving ring and the load cells;

I

shift the cutting tool in the direction of the sample surface by 0.01 mm;

O

record the proving ring and the load cells readings again;

D

repeat steps 4-5 till force reaches maximum safe load;

)
)
)
)
)
)

N

repeat whole procedure for the three coordinates XYZ.

The proving ring is provided with recalculation data table (Annex G). The results of
the proving ring and the testing rig were compared. The results from this procedure

are shown in Annex G.
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It can be seen that there is no significant deviation between test results and pattern

diagram. The error is in the established range (0.5 % = 250 N).

Cutting tools
In this study, cutting tools such as point-attack bit BG35K-19.5589, made by

company BETEK were used. The cutting tools were modified for suitability with the
testing rig. The final model of the bit can be found in the Annex A. The tools are
made of steel and tungsten carbide. Tungsten carbide is used for wear-resistance
of the tip and steel for the tool shank. Such tools have prevalence as tool for
selective cut heading machines and drum shearer-loaders. Eight cutting tools were
used for the cutting tests. Each cutting tool was used in the unique conditions.
During the experiments, the bit was rotated by 45 degrees to provide uniform

wearing of the tungsten bit.

Miscellaneous

For the collecting data, computer DEWE 5000 was used (Figure 3.1-4). This
computer features special hardware and preinstalled software DEWESoft (Figure
3.1-4) —the use of which provides the possibility to determine precise values of force
acting in X, Y and Z directions — video streaming and scanning sample surface. The
camera, FASTCAM SA3 made by Photron USA was used with the computer. In
using the camera for recording, records with up to 120,000 frames per second rate

can be obtained.

Figure 3.1-4 Software and PC

The laser unit can scan the surface of the specimen determining distance from the

unit to the surface of the sample with a precision of <70 um. With the use of such
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technology, coordinates of the surface can be mapped out, the cutting track

investigated and the cut volume calculated [66].

Sieve shaker and test sieves

After cutting tests, the material was analyzed on particle size distribution. The sieve
shaker and the set of sieves were used for this purpose (Figure 3.1-5). The sieve
shaker is a machine with a vibrating engine, designed for sorting of crushed (bulk)

materials by sieving it through sieves.

The vibratory sieve shaker Retsch VE 1000 is used in current research with the set
of sieves. Retsch VE 1000 is a throw-action sieve shaker, also known as vibratory
sieve shaker. An electromagnetic drive sets a spring-mass system in motion and
transfers the oscillations to the sieve stack. The probe is exposed to a movement in
three dimensions and is distributed uniformly across the whole area of the sieve
[68].

Figure 3.1-5 The sieve shaker, sieves and the lab scale

The sieve shaker has number of installations such as duration of shaking, amplitude
of shaking and pause interval. Adjustment of these parameters serves to optimize
the sieving process for different types of material. Amplitude and sieving time are
set digitally and are continuously observed by an integrated control-unit. Therefore,

sieving results are reproducible and precise.

Current sieve shaker can carry out wet and dry sieving. Most sieving analyses are
carried out on dry materials, as in this study. Wet sieving only takes place if material

is already wet or a sample consists of very fine particles tending to agglomerate.

Page 42



Chapter 3 Experimental Study of the Cutting Process

The set of sieves used in the study is presented by 0.063 mm, 0.125 mm, 0.25 mm,
0.5 mm, 1 mm, 2 mm, 4 mm, 8 mm, 10 mm, 12.5 mm and 16 mm. Additionally,
rubber balls were added to the sieves with passing size 0.063 mm and 0.125 mm to

increase passage of materials and prevent adhering.

For determining the weight of total mass and particles within range size, the screens
are measured before and after the sieving on the lab scale produced by Sartorius.

The lab scale has an accuracy of 0.01 gram.

The results of the sieving and weighting are noted down in the Excel table for further

analysis and calculations.

3.2 Specimen

Three granite blocks by Montanuniversitat Leoben, Austria were taken for the study.
Chemical composition was tested by the company Baustoffprifstelle Wismar
GmbH.

Initially, all blocks had 500x500x300 mm dimensions. The blocks have a granular
texture with some xenomorphic crystals. The main components are quartz,
plagioclase feldspar, biotite, muscovite and chlorite as well as apatite, epidote,
sphene and xenotime. Also, compressive strength of the samples equals 202.7
MPa. More information concerning physical and chemical properties of specimens

can be found in Annex D.

600

500

Reinforced concrete frame /

Figure 3.2-1 Model of irradiated blocks
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Afterwards, blocks were exposed to microwave irradiation, which took place at
Montanuniversitat Leoben, Austria. The experiments were performed with
continuous power of 25 kW and radiation time 30 and 45 seconds. Before and during
the irradiation, temperature of specimens was measured. The temperature
increased from 220 °C to 3000 °C, after 30 seconds, and 5000 °C, after 45 seconds.
The irradiation process leads to forming of cracks up to 15 cm length [69].

For preventing destruction of irradiated blocks, they were inserted into reinforced
concreate frame (Figure 3.2-1). After that, specimens were processed during

another investigation.

As a result, blocks used in the study have sizes equal approximately to
500x500%x276 mm for the non-irradiated sample and 600x600%x350 mm for the

samples after 30 and 45 seconds irradiation (length x width x height respectively).

Figure 3.2-2 Photos of 45 and 30 secods iriated blocks respectively

Figure 3.2-2 demonstrates the state of samples with 30 and 45 seconds treating

before current study.

3.3 Conditions of the Experimental Study

Preparation of experimental research was carried out as follows. The specimen was
installed and properly fastened to the movable table of the testing rig (Figure 3.3-1).
Calibration of the sensors has been made according to the instructions (Chapter

3.1), results of it can be found in Annex G.

Next step is preparation of the surface of the block for cutting process: measuring

basic points (x-, y-, z-coordinates of the block borders) for determining cutting area
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and setting of the particle collectors. For microwave treated samples, mounting and
setting of the camera was needed. After preparation of the working area, process of
the testing rig setup was started: i.e. cutting depth, cutting speed, spacing between

cuts, number of cuts, cut length, cut area and the angle of attack.

Figure 3.3-1 Complete mounting of the sample

Angle of attack

The importance of an angle of attack and other dependent angles are described in
Chapter 1.1. For current experiments, the decision was made to set an angle of

attack equal to 45°.

Cutting depth

During the stage of experiment design, it was decided to establish the cutting depth
at 4 mm. This decision was informed by previous research, made in this study,

experiments made on the rig and the rig capabilities.

Cutting speed

The cutting speed was set up at0.1 m/s. Such speed is relatively low. It was
considered that on a high speed, the wearing of the pick could increase due to
heating. A high speed during the cutting process could also result in high forces that

would cause rig vibration and tamper with results obtained.

Spacing between cuts

During the stage of experiment design, it was considered to make the current
parameter a variable. In order to obtain valuable results from the cutting tests,

distances of 8 mm and 12 mm were chosen.
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Cutting length and cut area

e | I

Figure 3.3-2 Cutting zones

The cutting process demands high force influence on the sample, which can cause
the cracking or chipping of big parts of the sample, especially near the edges. For
this reason reinforced framing was made as well as designation of a safe zone on
the edges of the blocks. For the irradiated blocks with reinforced frame, the safe
zone was 50-70 mm towards the back of the block and around 30-50 mm on the left
and right sides (the width of the concrete frame was not taken into account). The
untreated sample had bigger safe zones, due to the lack of a reinforced frame and

the damage incurred during previous experiments and leveling. The safe zones in
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the untreated sample are equal to 90 mm at the back and 70 mm and 100 mm at
the sides. Additionally, tilted upside-down 30 seconds irradiated sample was used
as the untreated block. The safe zone was 70 mm from the back and around 70 mm

from sides.

Number of cuts

Each block was figuratively divided in two equal parts along the x-axis. This was
made to create equal conditions for the cutting process with different spacing
between cuts. Since the area for cutting was considered to be the same and space
between cuts was different, the number of cuts in each section ranged from 10 to
25.

The cutting tests were carried out without leveling of the surface. This means that
after cutting a layer, the next layer was cut in the quarry manner (the number of cuts
on the next layer was decreased by one from each side) because of the cutting tool
shape and importance of the safe zone. Cutting of the next layer began directly
under the second cut of the first layer. The data result from first cuts were not
considered in further calculations, as it is a blocked cut and, as such, has a different

mean, maximum and vector direction of the force.

After each three cuts made by the testing rig the cutting tool was rotated. This was
to allow even wearing of the pick as well as a smooth shape of the pick. In addition,
during this operation timeouts were provided during which the tool cooled down and

the speed of the wearing was decreased.

Scanning

Scanning of the surface was an important part of the experiments. When a layer
was cut and new surface cleaned, laser scanning of the new surface was made. For
this, the machine was switched to another mode. In this mode, after inserting two
basic points (highest and lowest) on the specimen, the rig starts measuring the
distance from the laser to the surface, finding the optimal distance. When measuring
is finished, the mode needed to be switched again. In the new mode, edge points of
the cutting area should be keyed in. After this, the laser scans the surface on the
optimal distance, perpendicularly to the cutting direction by constantly shifting 2 mm

further until the whole cut area is measured.

Particle size analysis
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The data was collected using the computer, described in 3.1. The PC required
connecting and setting up before experiments. The high-speed camera was

installed for shooting the cracking and chipping of the sample during the process.

After the cutting of the layer, the chipped material was collected in bags. The
collected material was used afterwards in the sieve analysis. The process of sieving
analysis required a number of manipulations. First of all, weighing of the set of
sieves on the lab scale was performed and results were listed in an Excel table.
Next, mounting of the chosen sieves with material onto the sieve shaker was done.

The sieving machine was then set up. The settings for the shaker were as follows:

e duration time of 5 minutes;
e amplitude of 1.2 mm;

e interval of 10 seconds.

On finishing the sieving process, each sieve was weighed again and the data

inserted in the Excel table.

3.4 Processing and Analysis of Results of the Experimental Study

As a result of the cutting tests the force-time diagrams for the X, Y and Z directions
were obtained. The forces were subjected to further analysis. Also, the wear rate,
particle size distribution and energy consumption have been analyzed. The

description of these results is represented in this section.

3.4.1 Description of the Cutting Process

Loud noise, considerable vibration levels and formation of a small dust cloud in front
of the pick accompanied the cutting process of granite. Scattering of particles during
cutting was directed sideways with respect to cutting direction. The cutting tool was
heated by the cutting process, but temperature was within possibility to hold the tool

with hands without discomfort.

Cutting tests with 45 seconds treated block were stopped after cutting of 4 layers

caused by failure of the sample (Figure 3.4-1).
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Figure 3.4-1 Failure of the sample

An analysis of the 45 seconds block preliminary to cutting showed that cracks

achieved lengths up to 100 mm, which is visualized by a pink penetration fluid.

Figure 3.4-2 Pieces, created as a result of failure of the sample

The pieces, formed as a result of the failure, have considerable size. The biggest
piece has dimensions around 150%x230x220 mm and weight of 11.3 kg (Figure
3.4-2).

3.4.2 Cutting Forces

After the finish of the experiments, it is possible to apply the approach of the analysis

of the experimental data, described in Chapter 2.1.1, to the obtained data.
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The result of the cutting process exported in Excel (as the data arrays), the output
has more than 43,000 rows for each cut. Now, it is possible to apply the analysis to

the data array of cutting forces.

In MS Excel the formula described in Chapter 2.1.1 was used to determine the

peaks of a force-time diagram, taking into account values exceeding a mean value.

The data obtained by the approach should be statistically processed. The output

was built in ascending order and can be found in Annex B.

From the distribution (Figure 3.4-3), it can be assumed that it is a Gaussian
distribution. As the next step of the processing should be the process of confirmation

of the obeying current random variable to the Gaussian distribution.

4,72 587 7.01 8.16 9.30 10.4511.59 12.74 13.88 15.03 16.17
Force [kN]

Figure 3.4-3 Distribution of the random variables of the peaks, represented in Annex B

Using Pearson's chi-squared test it will be checked for the hypothesis that at
significance level a« = 0.05 obtained random variables distribution is not contrary to

the Gaussian distribution.

At first, it is needed to calculate mean and variance of the random variable using
the formulas (2.1-2) and (2.1-3):

§=9.547 o2 =5.221

As written in Chapter 2.1.2, next is choosing the amount of intervals with formula

(2.1-4), the number of random variables equals to N = 452, then

k=976 =10
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Next step is choosing the borders of intervals following the formula (2.1-5) and Table

2.1-1. Calculated intervals are in the Table 3.4-1.
Table 3.4-1 Calculated intervals

1 2 3 4 5 6 7 8 9 10
X; —oo | 4.011 | 5,530 | 6.794 | 8.062 | 9.547 | 11.031 | 12.299 | 13.563 | 15.082

X;41 4011 5529 6.794  8.062 | 9.547 11.031 | 12299 | 13.563 = 15.082 00

Then it is required to calculate frequency of belonging random to the interval n; and
determine probability deriving by formula (2.1-7)
Table 3.4-2 Belonging of the random variable to the intervals

1 2 3 4 5 6 7 8 9 10
n; 0 24 38 48 108 118 67 34 11 4

In current situation intervals 1 and 2, as well as 9 and 10, should be merged.
Table 3.4-3 Merged random variable distribution belonging

1-2 3 4 5 6 7 8 9-10
n; 24 38 48 108 | 118 67 34 15

The number of degree of freedom calculated by equation (2.1-8) equals 5.

Then probability deriving for intervals was calculated

Table 3.4-4 Probability deriving for the intervals

1-2 3 4 5 6 7 8 9-10
P;[f(x)] 0.04 0.08 0.14 0.24 0.24 0.14 0.08 0.04
P;exp 0.05 0.08 0.11 0.24 0.26 0.15 0.08 0.03

Using the formula (2.1-9) the critical value of Pearson's chi-squared 8.31<18.31 was
determined, which means that condition is fulfilled. In addition, it was calculated
P{S > S'} by equation (2.1-10) which is equal to 0.14 > 0.05. All requirements are

fulfilled; the random variables meet normal distribution.

Figure 3.4-4 shows convergence of the frequency polygon and histogram of the
distribution. As the data meet Gaussian distribution, further processing can be

completed. The results of processing forces can be found in Annex H.
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Figure 3.4-4 Proven normal distribution of the peaks

The analysis of experimental results based on investigating of influence of spacing

between cuts, distance from initial surface and irradiation duration on cutting forces.

Further, it is shown the diagrams of forces, which are means for cut layers, in Figure
3.4-5, Figure 3.4-6 and Figure 3.4-7. The forces presented with different colors and

line properties are explained in the Table below.

Table 3.4-5 Legend to the forces diagrams

45 second irradiated block, mean forces;

45 second irradiated block, maximum forces;
—— 30 second irradiated block, mean forces;
— — 30 second irradiated block, maximum forces;
—— non-irradiated block, mean forces;

— — non-irradiated block, maximum forces.

Cutting forces

Influence of spacing

According to Figure 3.4-5 the dependency of the forces on the spacing is low in
terms of values under study. The forces of cutting process with spacing between

cuts of 8 mm are 13 % lower compared with that of 12 mm.
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25

The legend is in Table 3.4-5

Figure 3.4-5 Cutting forces F,, with spacing 8 mm (left) and 12 mm (right)
Influence of distance from initial surface

The influence of distance from initial surface is shown in Figure 3.4-5. It is seen that
while penetrating deeper in a sample the forces slightly increase. The growth for
each subsequent layer is around 3 %. This increase is also caused by decreasing
of cracking of the sample and wearing of the individual picks, since all samples show
a similar increase of the forces with increasing depth, a decreasing influence of the
radiation seems unlikely. However, it must be said, that a reliable quantification of
the penetration depth of the radiation in the 45 seconds irradiated block cannot be

done as the preliminary failure.
Influence of duration of treatment

Graphs in Figure 3.4-5 show the effect of microwave irradiation on the cutting forces.
As itis demonstrated, 45 seconds treated sample in average required on 22 % lower
forces in comparison to non-irradiated sample. However, during cutting of 30
seconds irradiated sample observed slightly higher forces for cutting in comparison

to untreated block.
Side forces

As it is seen from Figure 3.4-6, side forces are much lower than cutting and normal
forces, less than 11.5 kN maximum. This means, with such conditions and for

current study, they have less influence on cutting process.
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The legend is in Table 3.4-5

Figure 3.4-6 Side forces F,, with spacing 8 mm (left) and 12 mm (right)

Normal forces
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The legend is in Table 3.4-5
Figure 3.4-7 Normal forces F,, with spacing 8 mm (left) and 12 mm (right)
Normal forces in average repeat the behavior of cutting forces. The only difference

is that they operate in the range up to 40 kN. The according diagrams can be seen
in Figure 3.4-7.
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Total forces

The same, as for normal forces, could be seen for total forces. The behavior of total

forces mainly repeats the behavior of cutting forces.
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The legend is in Table 3.4-5
Figure 3.4-8 Total forces, with spacing 8 mm (left) and 12 mm (right)
The total force, for cutting 45 seconds irradiated sample with spacing 8 mm,
achieved where 9.03 kN and 26.58 kN as mean and maximum respectively. At the

same time, the total force, for cutting the same sample with spacing 12 mm, reached
11.5 kN and 32.12 kN.

Up to 18.65 kN and 39.31 kN were seen during cutting of 30 seconds treated block
with space between cuts 8mm as total forces. During cutting of this sample with
spacing 12 mm, the total forces achieved 21.15 kN and 45.58 kN.

The untreated sample showed total forces up to 16.42 kN and 36.95 kN for 8 mm
spacing, as well as 18.37 kN and 39.75 kN for 12 mm spacing.

3.4.3 Specific Energy
In this study, the energy consumption is based on the cutting force F,. This is due to

the fact that normal force F, and side force F, are not performing by the rig.

The calculation of the specific energy consumption was carried out utilizing Formula
(2.2-1).
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Influence of spacing

In average, the specific energy consumption of cutting process with spacing
between cuts of 8 mm was 20 % higher than cutting process with spacing of 12 mm

between cuts (Figure 3.4-9).
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Figure 3.4-9 Specific energy consumption of cutting process with spacing between cuts 8
mm (left) and 12 mm (right)

Influence of distance from initial surface

Depending on the distance from the initial surface and duration of microwave
irradiation, the specific energy consumption varies between 30 and 60 kWh/m3. As
seen in Figure 3.4-9, the specific energy increases during cutting process after

increasing depth with respect to initial surface.
Influence of duration of treatment

From the diagrams (Figure 3.4-9) is seen that the specific energy needed for cutting
of 45 seconds threated block is the lowest. Comparing specific energy consumption

of cutting process with spacing 8 mm shows (layers compared respectively):

e the specific energy consumption of 45 seconds treated block is lower by 29.8
%, 20.3 % and 9.4 % that for untreated block;

e the 45 seconds treated block demands on 27.01 %, 17.05 % and 13.99 %
less energy than 30 seconds treated sample for excavation the same volume;

¢ the difference between specific energy consumption of 30 seconds treated
block and untreated block is insignificant (in the range of 2.8-13.2 %).
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For the 12 mm spacing, these numbers are as follows:

e the untreated block demands on 7.4 %, 32.8 % and 6.3 % more energy,
comparing to 45 seconds treated block;

¢ the specific energy spent for cutting the 30 seconds treated block is higher
by 15.46 %, 26.40 % and 26.16 % than 45 seconds treated block;

e ehe blocks with 30 seconds treatment duration and untreated did not show
significant difference in specific energy consumption, except layers 4t and
7t for which the specific energy of untreated block exceeds 26.84 % and

34.10 % respectively.

5.00

4.00
45sec

= 3.00
= W 30sec

=
= 2.00

1.00

Energy consumption

0.00

Figure 3.4-10 Energy consumption of microwave irradiation process

From the data, gathered during microwave irradiation, it was calculated the energy
consumption spent on microwave treatment. The calculation was made with
Formula (2.2-2).

Taking into account the energy consumed by irradiation process, it could be seen
in the Figure 3.4-10 that 45 and second irradiation duration process demands 4.96
kWh which is on 22 % more than for 30 second (3.86 kWh).

3.4.4 Wearing

For collecting data concerning tool wearing, during the cutting process were used
multiple number of cutting tools. Each tool was involved only in the process with the
same cutting parameters, such as cutting speed, cutting depth, spacing between

cuts and the duration of microwave irradiation.

The tools were weighed after each cut layer on the high accuracy weight scale, with

precision 0.001 g. Every measurement was repeated 3 times for avoiding statistical
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error. The collected data is shown in the Annex D. To determine wearing, the
equation (2.2-3) was used. Results of calculation and cut distance per layer can be

found in the Annex D.
Influence of spacing

Looking in the Figure 3.4-11, it can be seen that for the block treated with
microwaves for 45 seconds, the wear rate, during cutting with spacing 8 mm, was
around 0.011 g/m, while, during cutting with spacing 12 mm, the ware rate was in
range 0.016-0.019 g/m.

H8 mm 12 mm B8mm E12mm
0.05
0.04
S
b
- 0.03
oo
R=
© 0.02
=
0.00
1 2 3 4 2 3 4 5 6 7 8 9
Layer Layer
0.05
€ 0.04
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20
3 0.03
©
S 0.02 H8 mm
3 H12 mm
o 11
0.00
2 3 4 5 6 7
Layer

Figure 3.4-11 Wear rate of cutting tool comparing 8 mm and 12 mm, for spacing 45 sec (top
left), 30 sec (top right) and 0 sec (bottom)

30 seconds irradiated block showed wear rate of 0.011-0.017 g/m for cutting with
spacing between cuts 8 mm and 0.011-0.045 g/m for 12 mm. The wear rate, during
cutting the untreated sample with 8 mm between cuts, was 0.012-0.015 g/m, while
during cutting with 12 mm spacing — it was 0.012-0.019 g/m.

In addition, it should be mentioned that influence of spacing between cuts on wear

rate during cutting of irradiated blocks higher than during cutting of non-irradiated
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block. The difference between 8 mm and 12 mm cutting is around 15 % for non-
irradiated block, in average 30 % for 30 seconds treated block and more than 35 %

for 45 seconds treated block.
Influence of distance from initial surface

Concerning the influence of distance from initial surface on wearing, it is cannot be
clearly identified. As seen from Figure 3.4-11, there is no significant changing in
ware rate with each subsequent layer and Figure 3.4-12 describes wear rate as
almost linear function. Exception is cut layers 5 and 7 of 30 seconds irradiation
block, which hardly can be statistically explained without additional investigations of

the sample homogeneity.
Influence of duration of treatment

Results show that wear rate of untreated block and 45 seconds treated block have

no major difference comparing to other blocks.

45sec —@—30sec —@—O0 sec 45sec —@—30sec —@—O0 sec
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Cut distance [m] Cut distance [m]

Figure 3.4-12 Wearing, distance between 8 mm (left) and 12 mm (right)

From Figure 3.4-12, it is seen that after cutting 40 m of the non-irradiated granite
with spacing between cuts equals to 8 mm, the tool was worn by 0.56 g, when 45
seconds treated block was worn by 0.6 g and 30 seconds threated block — by 0.72
g. At the same time, the cutting of 30 m of the non-irradiated granite, with spacing
between cuts equals to 8 mm, worn the tool by 0.62 g, 45 seconds threated block —
by around 0.66 g and 30 seconds treated — by 0.62 g.
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3.4.5 Particle Distribution

The experiments included the process of analysis of particle size distribution. The

table of results of the sieving analysis are presented in Annex E.
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Figure 3.4-13 Cumulative frequency curve of the sieving analysis for untreated block
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Figure 3.4-14 Cumulative frequency curve of the sieving analysis for 30 seconds treated
block
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Figure 3.4-15 Cumulative frequency curve of the sieving analysis for 45 seconds treated
block
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Influence of spacing

In Figure 3.4-13, Figure 3.4-14 and Figure 3.4-15 present a comparison of particle
distribution curves with different spacing between cuts. As seen, the difference in
particle size under 100 uym is under 3 %. But with passing 50 % of material, it is clear
that 12 mm spacing cutting process creates less fines, which is positively affects

cutting conditions, further processing and transportation.
Influence of distance from initial surface

The variance of particle size distribution with respect to layer can be found in Figure
3.4-13, Figure 3.4-14 and Figure 3.4-15 as dotted lines. The deviations of sieving
results (over 1 mm particle size) for different layers of 45 second irradiated block
are 43.84 + 1.77 % (8 mm spacing) and 37.34 + 1.08 % (12 mm spacing). These
results for 30 seconds treated block are 53.28 +5.73 % and 45.48 + 2.98 %.
Moreover, the deviations for untreated sample are 50.86 + 1.9 % and 40.86 +
2.98 %.

Influence of duration of treatment
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Figure 3.4-16 Cumulative frequency curves, 8 mm (left) and 12 mm (right)

The influence of duration of irradiation by microwaves can be seen in Figure 3.4-16.
45 seconds irradiated block has bigger grain size with respect to other samples, it
consists of 50 % particles with diameter higher than 1.51 mm (2.39 mm), when non-
irradiated and 30 seconds irradiated samples have 0.85 mm (1.43 mm) and 0.97

mm (2.05 mm) respectively. In this case, microwave treating has positive effect, as
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the cutting process after irradiation during 45 seconds creates the smaller volume

of fine particles.
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Chapter 4 Development of Regression Models and

Force Mapping

In chapter below, presented are the results of development of regression models for
numerous of factors investigated in the current study. The procedure for

development is given in Chapter 2.3.

4.1 Regression Models of Forces

Initial data for development of regression model are given in Annex C. The
regression models and the resulted equations describe dependency of an
appropriate force F on duration of irradiation T, spacing between cuts S, and

distance from initial surface D.

Using the method of multiple regression analysis, the determination of the full

regression equation is accomplished.

In this study, it was chosen to start regression analysis from simple equation and
afterwards increase the number of explanatory variables until highest regression

coefficient will be found. As the simple equation, formula (2.3-2) was chosen.

The system of equation (2.3-4) for F,__ takes the form

34 750 340 640 bo 223.96
340 26550 7500 13800\ (b1 |_ [ 47712
340 7500 3536 6400 b, 2270.36
640 13800 6400 14464 b, 4412.28

After solving the system of linear equations and determination of coefficients b;, the

formula (2.3-2) has a view

E = 3.147157421 — 0.014377651 - T + 0.226176471 - S + 0.079437322 - D

Xmean

Next step is calculation of the residual variance of regression (2.3-6) and correlation
coefficient (2.3-9). The residual variance equals 0.36 and correlation coefficient

equals 0.84. The results are written in Table 4.1-1.
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Table 4.1-1 Regression model for mean values of cutting forces

St . . 2 S%eSi
ep Regression equation S7es F1_p) R
Stesisq
1 Y=ot exg o xy o xg 0.36 0.84
2 Y=t xy Xy o xg XX 0.37 1.03 1.46 0.84
3 Y=t xy Xy o xg XX 0.31 1.15 1.46 0.86
4 Y=ot eexy o Xy F o xg o XX 0.37 1.03 1.46 0.84
5 Y=ot xg Xy e Xg XXX 0.32 1.12 1.46 0.86
6 = e xy Xy Xy o X 0.06 5.99 1.46 0.98
7 Y=o Xy Xy Xy + X+ e xS 0.06 1.04 1.46 0.98
8 Y=o Xy Xy Xy o xE e xE 0.05 1.17 1.46 0.98
9 Y=ot Xyt xg e x? 0.27 4.50 1.46 0.88

Further, should be added next explanatory variable from the equation (2.3-1). For

such equation the system of equations is

/ 34 750 340 640 13800 /bo\ / 223.96\
750 26550 7500 13800 462600 b, 4771.2

| 340 7500 3536 6400 138000 |-| b, | =] 2270.36 |
640 13800 6400 14464 314400 / bs 4412.28
7500 265500 78000 138000 2761200/ \b,, 48440.4

The resulted equation is

F

Xmea

. = 3.422017365 — 0.026837969 * T + 0.198690476 - S + 0.079437322 - D
+ 0.001246032-T -S

The residual variance equals 0.37 and correlation coefficient equals 0.84. Now, it is
needed to determine statistical significance of variance difference between
polynomials by equation (2.3-8). The result is 1.03, which is lower F;_,,y = 1.46. The

explanatory variable x;, should be skipped, as it is not significant.
The procedure should be repeated. In this case, the system looks like
34 750 340 640 13800 bo 223.96
750 26550 7500 13800 462600 by 4771.2
340 7500 3536 6400 138000 || by | =] 2270.36
640 13800 6400 14464 314400 bs 4412.28
13800 462600 138000 314400 10058400 b5 93877.2

The resulted equation is

F

Xmean

= 3.960296762 — 0.04599853 - T + 0.226176471- S + 0.032212273-D
+ 0.001905286 - T - D

The residual variance is 0.31 and correlation coefficient is 0.86. The statistical

significance, in this case, should be calculated as residual variance of first equation
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divided by residual variance of current. It equals 1.15, which is less than 1.46 (F

distribution table value). This variable does not improve the regression.

The explanatory variable x5 is skipped. The new system of equation is

750 26550 7500 13800 462600 b, 4771.2
340 7500 3536 6400 138000 b, 2270.36
640 13800 6400 14464 314400/ b3/ 4412.28/
6400 138000 66560 144640 1504256 b, 44695.04

34 750 340 640 13800 \ bo\ 223.96 \‘

The resulted equation will be

F

Xmean

= 3.01530842 — 0.014377651 - T + 0.239361371 - S + 0.0864418 - D
—0.000700448-S-D

The residual variance and correlation coefficient for such equation equal 0.37 and

0.84. The regression model is not improved. The variable can be skipped.

The same process is repeated with adding x;,;. The system of equations will have

a view
34 750 340 640 13800 b, 223.96
750 26550 7500 13800 462600 by 4771.2
340 7500 3536 6400 138000 || b, |=| 2270.36
640 13800 6400 14464 314400 by 4412.28

138000 4626000 1435200 3144000 10460736 bis3 951904.8

The equation for such system looks like

E

Xmean

= 4.384653945 — 0.039043064 - T + 0.165854586 - S + 0.0426001 - D
+ 0.000148619-T-S-D

The residual variance is 0.32 and correlation coefficient is 0.86. The regression

model is not improved. The variable can be skipped.

The new system of equation is

750 26550 7500 13800 462600 by 4771.2

340 7500 3536 6400 138000 b, |=| 2270.36

640 13800 6400 14464 314400 / b3/ 4412.28
26550 978750 265500 462600 37563750 b,3 163075.5

34 750 340 640 13800 \‘ bo\‘ 223.96 \‘

The equation for such system has a form
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F

Xmean

= 3.470653993 — 0.095667514 - T + 0.226176471 - S + 0.05046748 - D
—0.00282456 - T*

The residual variance is 0.06 and correlation coefficient is 0.98. The statistical
significance of variance difference between polynomials is 5.99. All requirements

are fulfilled and explanatory variable is accepted.

The process was repeated further, but the importance of other explanatory variables

was not proved. The final equation of regression model of mean cutting forces is

F,

Xmean

= 3.470653993 + 0.095667514 - T + 0.226176471 - S
(4.1-1)
+ 0.05046748 - D — 0.00282456 - T?

The visualization of the regression model (4.1-1) for mean cutting forces F,__is

shown in Figure 4.1-1.

9.0 kN
8.5kN
8.0kN
7.5kN
7.0 kN
8.5 kN
6.0 kN
5.5kN

(2) 82303

5.0 kN
4.5 kN
4.0 kN

Figure 4.1-1 Response function of mean cutting forces F on irradiation time and

Xmean

distance from initial surface with spacing 8 mm (lower) and 12 mm (upper)

The same procedure was implemented for determination of £, , F

Ymean’ F.'Vmax ’

F,

Zmean

and F,

Zmax "
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The equation of regression model of maximum cutting forces is

E, ... = 11.573862984 + 0.097032916 - T + 0.494558824 - S + 0.133780488 - D
—0.003142205 - T2

Mean side forces regression model equation is

F,

Ymean

= 3.344489479 + 0.078016994 - T — 0.059117647 - S + 0.022825203 - D
—0.002132336 - T*

The equation of regression model of the mean normal forces looks like

E,

Zmean

= 5.307086322 + 0.321586213 - T + 0.595147059 - S + 0.155172764 - D
—0.009474243 - T

In the same way, the equation of regression model of maximum side forces was

determined

F,

Ymae = 0:602914873 + 0.131420958 - T + 0.136911765 - S + 0.065813008 - D

—0.003580608 - T2

The maximum normal forces equation of regression model is

E, .. = 11065932568 + 0.457940041 - T + 1.200882353 - S + 0.298069106 - D
—0.013046364 - T?
The visual interpretation of regression modelsof ., F, = .FE,_ . F,_  andF,

are presented in Annex H. In the Annex H also presented comparison of regression

models mean and maximum forces with same spacing.

Important fact, that the regression models are applicable only within established

boundaries of variable factors.

It can be seen that each equation of regression models has the same polynomials,
but with different coefficients. The regression models are square dependent on
microwave treatment duration. The linear dependency of regression models on
distance from initial surface has been established. In addition, there is linear
dependency of regression models on space between cuts, as it is only two spacing

have been used.

At the same time, the signs before coefficients are repeating, except the coefficient

at S (spacing between cuts) of the regression model of mean side force F,, . This
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situation has an explanation. It can be explained by the fact that with decreasing of
spacing, the equilibrating side force (directed in opposite direction) decreases.

However, it is not repeated in maximum side forces.

4.2 Force Mapping

To illustrate the assistance of microwave treatment in rock breaking, force mapping
was implemented. This procedure allows visualizing an acting force in 3D

environment.

For creating force maps, the data, collected by DEWE 5000, was used. The
procedure includes implementation of moving averaging gridding. This function is
used to estimate the value of a surface at a specific grid node. It works as calculation
of an average of the known values of the surface at nearby control points. In fact, it
projects nearby known values to the grid node location. Afterwards, a complex
approximation is made by averaging the values, typically weighting the closest

points more heavily than distant points.

The resulted force maps have the X and Y coordinates from the data as an X-axis

and Y-axis respectively. Z-axis is presented by forces F,, F,, F, and Fr,., for second

layer and averaged 2-4 layers for each block. The force mapping of average cutting
force F, can be seen in Figure 4.2-1, all other maps of forces is presented in Annex
l.

On the Figure 4.2-1 (and all other maps of forces), with red dots are presented the
places of irradiation with microwaves. The irradiation is presented in a checkerboard

pattern with space between dots equals 100 mm.

As a dotted line is visualized the boundary between 8 mm and 12 mm spacing. On
graphs, forces with spacing 8 mm lie in upper part of a graph respectively to

boundary.

The color scale is mutual for set of maps.
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Figure 4.2-1 Set of force mapping of average cutting force F, of three layers (2- 4) for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irradiated sample (lower right)

It can be seen that for all maps of forces the 8 mm spacing shows lower loads and
peaks that 12 mm. However, in force mapping of side forcesk,, it is opposite (Figure
Annex |-1, Figure Annex I-5). This fact is supporting the assumption made in
Chapter 4.1, that decreasing of spacing in experimented range can increase side

forces, generated during cutting.

All sets of force mapping have consistent pattern, such as the lowest loads are
presented in 45 seconds irradiated sample and the highest loads in 30 seconds

irradiated sample.
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Conclusion

The thesis that describes researches made with high power microwave irradiation
as a promising solution in hard rock excavation. The solution consists of using
microwave energy for reducing cutting resistance of granite. Additionally, the study
shows dependencies of forces, wearing, energy consumption and particle size
distribution on spacing between cuts, time of irradiation with microwaves and

distance from the initial surface.

Minerals of the granite have different dielectric properties. It leads to heating of some
parts of the specimen, which causes its cracking. This fact has positive effects in
cutting force reduction. In the study, the cutting force has been reduced by 22 %
after 45 seconds microwave irradiation. This means, that specific energy
consumption was also reduced; analysis shows reduction by 20-40 % (for different
cutting conditions) for 45 seconds treated sample. However, 30 seconds exposure
time did not show any positive effect on forces and specific energy consumption.
The difference in wear rate with respect to microwave irradiation is not clearly
visible. The dependency between particle size distribution and microwave irradiation
is noticeable only for 45 seconds exposure time, the analysis shows the smaller

volume of fine particles.

The study included analysis of two positions of spacing between cuts, such as 8 mm
and 12 mm. The analysis shows that with spacing 8 mm cutting forces smaller for
around 13 % and wearing of the tool is slower. However, increasing of spacing to
12 mm positively effects on specific energy consumption and particle distribution.
The results show reduction in specific energy consumption by 20 % and the material

is less overgrinded for spacing 12 mm.

Regression models describing dependences of mean and peak cutting forces on
irradiation time, distance from the initial top surface of the sample and spacing were
obtained. Force maps characterizing force distribution within the cut face were

created.
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Conclusion

In total, microwave energy assistance for cutting of granite has shown good results
in case of its treatment during 45 seconds. The further investigations to be carried

out are suggested.
Future work

According to this work, the future research could be recommended for increasing of

knowledge in the field of microwave assisted mechanical excavation:

1. Determination of optimum microwave irradiation duration and power.

2. Crack propagation analysis and their influence on the forces.

3. Separately determine the wear and microwave irradiation influences on
cutting forces.

4. Determination of the optimum distance between spots.

5. Further investigations on the depth of influence of the microwave irradiation.
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5 58 8 ® 5 5 'a 5 o £ <

g c @ 2 o0 o c c £ S £

) o+ [ c c @ c =) £ 3

] = e L © o ] £ -~ £

E S 8 @B < = $ = 5 %

Z a @ a S = S

1 0 8 8 6.04 3.25 12.32 16.96 8.66 25.35
2 0 12 8 6.26 3.04 | 1284 | 1782 866 | 26.09
3 0 8 12 5.83 322 | 1179 | 17.08 | 893 | 24.92
4 0 12 12 6.76 223 | 1501  19.00 @ 8.08 @ 29.79
5 0 8 16 5.93 325 | 1243 | 17.36 | 898 | 24.32
6 0 12 16 7.30 357 | 1543 | 2023 @ 946 | 2963
7 0 8 20 6.21 319 | 12.82 | 1819 @ 9.04 | 27.09
8 0 12 20 7.27 292 | 1599 2161 | 929 | 3201
9 0 8 24 6.58 3.41 13.50 19.08 9.40 28.59
10 0 12 24 7.44 260 | 1659 2071 | 879 @ 3247
11 0 8 28 6.87 361 | 1446 | 1918 @ 10.06 @ 29.93
12 0 12 28 7.20 368 | 1544 | 19.91 1053 | 31.09
13 30 8 8 5.85 342 | 11.94 | 1649 @ 861 | 23.78
14 30 12 8 6.58 297 | 1359  18.01 & 912 | 28.16
15 30 8 12 6.01 339 | 1226 | 17.05 | 879 | 24.82
16 30 12 12 6.96 335 | 14.73 | 18.87 | 10.00 = 30.21
17 30 8 16 6.46 3.76 | 14.00 17.86 | 945 @ 27.91
18 30 12 16 7.56 351 | 1672 | 19.94 1067 | 34.17
19 30 8 20 6.63 373 | 1415 | 1823 | 953 | 28.20
20 30 12 20 7.71 347 | 1747 | 2051 @ 10.63 | 35.03
21 30 8 24 6.88 3.89 15.09 18.96 9.77 29.69
22 30 12 24 8.30 400 | 1875 | 22.03 @ 11.39 | 37.30
23 30 8 28 7.27 437 | 1661 | 19.98 @ 10.68 | 32.11
24 30 12 28 8.23 3.82 | 1910 | 2214 @ 11.32 | 38.19
25 30 8 32 7.31 409 | 16.40 | 2012 @ 10.40 | 32.10
26 30 12 32 7.74 341 | 1762 | 21.06 | 1060 & 35.80
27 30 8 36 7.18 3.98 15.93 19.83 10.24 31.56
28 30 12 36 8.06 367 | 1863 | 2165 11.04 | 37.03
29 45 8 8 4.29 2.19 701 | 1463 | 7.07 @ 17.20
30 45 12 8 5.22 1.99 9.07 | 1624 743 | 21.99
31 45 8 12 4.51 2.22 750 | 1463 | 6.70 @ 17.83
32 45 12 12 5.55 2.53 962 | 1721 @ 823 | 22.89
33 45 8 16 4.44 2.10 743 | 1587 | 7.37 | 19.96
34 45 12 16 5.53 2.29 981 | 1819 @ 805 | 2517
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Annex D Wearing Data

Annex D Wearing Data

Measuring [g]

45sec 30sec Osec Osec (additional)
8 mm 12 mm 8 mm 12 mm 8 mm 12 mm 8 mm 12 mm
609.703 | 609.494 611.887 @ 612.325 | 614.986 | 614.749 | 596.073 | 612.986
® 609.698 | 609.495 | 611.875 | 612.325 | 614.989 | 614.753 | 596.072 | 612.982
E 609.701 | 609.490 @ 611.881 | 612.320 | 614.990 | 614.743 | 596.075 | 612.987
609.701 | 609.493 611.881 612.323 | 614.988 | 614.748 | 596.073 @ 612.985
609.427 | 609.214 611.571 | 612177 | 614.788 | 614.608 | 595.926 | 612.730
E 609.424 | 609.215  611.569 @ 612.174 | 614.780 | 614.604 | 595.923 | 612.728
& | 609.426 609.210 611.569 612.175 614.786 | 614.607 595.925 612.732
- 609.426  609.213 611.570 612.175 | 614.785 | 614.606 | 595.925 | 612.730
609.309 | 609.071 | 611.387 | 612.008 | 614.632 | 614.481 | 595.774 | 612.613
g 609.307 | 609.064 = 611.380 | 612.002 @ 614.627 | 614.474 | 595.777 | 612.601
& 609.298  609.064  611.386 = 612.006  614.634 614.480 595.776 @ 612.614
- 609.305  609.066  611.384 | 612.005 | 614.631 | 614.478  595.776 | 612.609
- 609.169 | 608.938  611.236 = 611.871 | 614.499 | 614.374 | 595.647 | 612.515
5 609.174 | 608.938 | 611.229 | 611.861 | 614.496 | 614.378 | 595.646 | 612.513
& 609.169  608.943 | 611.235 611.868 614.500 614.373 595.648 @ 612.515
- 609.171 | 608.940 611.233 611.867 | 614.498 | 614.375 | 595.647 @ 612.514
< 609.052 | 608.827 611.073 | 611.663 | 614.383 | 614.187 | 595.533 | 612.429
= 609.047 | 608.825 611.069  611.661 | 614.377 | 614.191 | 595531 | 612.429
& 609.050 = 608.829 611.074 611.665 614.381 = 614.188 595535 | 612.432
- 609.050 608.827 611.072  611.663 | 614.380 | 614.189 | 595.533 | 612.430
o 610.932 | 611.339 595.432 | 612.366
5 610.934 | 611.333 595.429 | 612.363
Py 610.931 | 611.337 595.433 | 612.367
- 0.000 0.000 | 610.932 | 611.336 0.000 0.000 595.431 612.365
610.756 & 611.222 595.325 | 612.298
; 610.753 | 611.225 595.323 | 612.299
= 610.758 | 611.227 595.324 | 612.297
- 0.000 0.000 | 610.756 | 611.225 0.000 0.000  595.324 612.298
- 610.583 | 610.927 595.230 | 612.227
= 610.576 | 610.922 595.229 | 612.229
= 610.579  610.927 595.232 = 612.226
- 0.000 0.000 | 610.579 | 610.925 0.000 0.000  595.230 612.227
© 610.450 | 610.834
5 610.444 | 610.827
x 610.450 | 610.833
- 0.000 0.000  610.448 | 610.831 0.000 0.000 0.000 0.000
610.316 | 610.759
: 610.309 = 610.752
% 610.317 | 610.758
- 0.000 0.000 | 610.314 | 610.756 0.000 0.000 0.000 0.000
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Annex D Wearing Data

Wear rate [g/m]

45sec 30sec Osec Osec (additional)
Layer 8 mm 12 mm 8 mm 12 mm 8 mm 12 mm 8 mm 12 mm
1 0.27 0.28 0.31 0.15 0.20 0.14 0.15 0.25
2 0.12 0.15 0.19 0.17 0.15 0.13 0.15 0.12
3 0.13 0.13 0.15 0.14 0.13 0.10 0.13 0.09
4 0.12 0.11 0.16 0.20 0.12 0.19 0.1 0.08
5 0.14 0.33 0.10 0.06
6 0.18 0.11 0.11 0.07
7 0.18 0.30 0.09 0.07
8 0.13 0.09
9 0.13 0.08
Cut distance [m]
45sec 30sec Osec Osec (additional)
Layer 8 mm 12 mm 8 mm 12 mm 8 mm 12 mm 8 mm 12 mm
1 12.04 8.17 12.04 8.17 8.61 5.74 10.32 6.88
2 11.61 7.74 11.61 7.74 8.2 5.33 9.89 6.45
3 11.18 7.31 11.18 7.31 7.79 4.92 9.46 6.02
4 10.75 6.88 11.61 7.74 7.38 4.51 9.03 5.59
5 11.18 7.31 8.6 5.16
6 10.75 6.88 8.17 4.73
7 12.47 7.74 7.31 4.3
8 11.61 7.31
9 11.18 6.88
Total | 45.58 301 103.63 67.08 | 31.98 20.5 62.78 39.13
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Annex E Sieving Analysis Data

Annex E Sieving Analysis Data

Non-irradiated (additional) block

Sieve class [mm] 8 mm 12 mm
Fraction [%] Cumulative Fraction [%] Cumulative
frequency [%] frequency [%]
< 0.063 7.51 7.51 6.24 6.24
0.063 - 0.125 7.95 15.46 6.13 12.37
0.125 - 0.25 10.17 25.63 8.06 20.43
0.25 - 0.5 12.51 38.14 10.10 30.54
0.5 - 1 12.72 50.86 10.33 40.86
1 - 2 11.33 62.19 8.94 49.80
2 - 4 16.12 78.31 11.61 61.41
4 - 8 18.84 97.15 28.85 90.25
8 - 10 2.30 99.45 9.00 99.25
10 - 12.5 0.41 99.86 0.51 99.76
12.5 - 16 0.38 100.00 0.46 100.00
16 < 0.00 100.00 0.00 100.00
Non-irradiated block
Sieve class [mm] 8 mm 12 mm
Fraction [%] Cumulative Fraction [%)] Cumulative
frequency [%] frequency [%]
< 0.063 7.78 7.78 6.34 6.34
0.063 - 0.125 6.68 14.46 5.32 11.66
0.125 - 0.25 9.48 23.94 7.52 19.18
0.25 - 0.5 11.59 35.53 9.41 28.59
0.5 - 1 11.54 47.06 9.69 38.28
1 - 2 10.41 57.47 8.75 47.03
2 - 4 15.63 73.10 11.04 58.06
4 - 8 22.87 95.97 28.65 86.71
8 - 10 2.84 98.81 10.86 97.57
10 - 12.5 0.85 99.66 1.76 99.33
12.5 - 16 0.34 100.00 0.67 100.00
16 < 0.00 100.00 0.00 100.00
30 seconds irradiated block
Sieve class [mm] 8 mm 12 mm
Fraction [%] Cumulative Fraction [%] Cumulative
frequency [%] frequency [%]
< 0.063 7.85 7.85 7.01 7.01
0.063 - 0.125 8.31 16.16 6.63 13.63
0.125 - 0.25 10.79 26.95 9.26 22.89
0.25 - 0.5 13.22 40.16 11.27 34.17
0.5 - 1 13.11 53.28 11.32 45.48
1 - 2 11.29 64.56 9.98 55.46
2 - 4 15.61 80.17 13.35 68.80
4 - 8 16.77 96.94 25.18 93.99
8 - 10 2.15 99.09 5.13 99.11
10 - 12.5 0.37 99.46 0.55 99.66
12.5 - 16 0.22 99.69 0.12 99.78
16 < 0.35 100.00 0.30 100.00
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Annex E Sieving Analysis Data

45 seconds irradiated block

Sieve class [mm] 8 mm 12 mm
Fraction [%] Cumulative Fraction [%] Cumulative
frequency [%] frequency [%]

< 0.063 7.02 7.02 5.72 5.72
0.063 - 0.125 5.84 12.86 5.06 10.78
0.125 - 0.25 8.66 21.51 7.46 18.24
0.25 - 0.5 10.92 32.43 9.32 27.56
0.5 - 1 11.41 43.84 9.78 37.34
1 - 2 11.38 55.22 9.84 47.18
2 - 4 15.54 70.76 14.30 61.48
4 - 8 18.82 89.58 27.55 89.03
8 - 10 3.33 92.91 6.99 96.02
10 - 12.5 3.30 96.21 2.00 98.02
12.5 - 16 2.50 98.71 0.71 98.73
16 < 1.31 100.00 1.34 100.00
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Annex F Granite Sample Properties

Annex F Granite Sample Properties

Baustoffpriifstelle Wismar GmbH

Anerkannt als Priif-, Uberwachungs- und Zertifizierungsstelle

Liibsche Strafie 109, 23966 Wismar; Tel.(ISDN): 03841/ 76 23 06, 7 55 48; Fax: 03841/ 76 30 78 DAP-PL-3497.00

Devtechor
{ubieasarurge

mA

L

|

Auftraggeber: Poschacher Natursteinwark,
GmbH & Co. Kg; ‘

Auftragsgegenstand:

Handelshezeichnung:

Herkunft/Abbauort: St. Martin im Mihlkreis
Kennwerte Priifergebnis
Wasseraufnahme 02M-% |
Rohdichte" 2670 kg/m*
Biegefestigkeit” i NEN : 19,1 MPa
Druckfestigkeit” "| DINEN1926:1999-05 202,7 MPa

merkmale Druck- und Biegefestigkeit”

Frostwiderstand einschl. Uberpriifung der Lemtungs- i, 7' )

IN EN 12371:2002-01,

| D[N.EN 1341:2002-04,

DIN EN 1343:2002-04

F 1 (besténdig)

Petrographische Priifung

1) = - ; _
Abriebwiderstand pIN EN 1341:2002-04 14,5 mm
i} DIN EN 1342:2002-04
Verschleifpriifung” “DIN 52108:2002-07 6,7 cm?/50cm*
' = 4 i 1) : it an .
Frost-Tausalz-Bestandigkelt (:.')NORM B 3306:2005-12, bestandlg
ONORM B 3303:2002-09
DIN EN 12407:2000-08 Granodiorit

Kurzfassung zum Prufberlcht-Nr 1597/10” vom 22.02.2011 |

Kennwerte \; Priif-bzw. Produktnorm Priifergebnis
Wasseraufnahme" DIN EN 13755:2008-08 0,2 M.~%
 Offene Porositat" DIN EN 1936:2007-02 0,5%
Rohdichte"! DIN EN 1936:2007-02 2650 kg/m®
Blegefestigkeit” DIN EN 12372:2007-02 17,7 MPa
Druckfestigkeit” DIN EN 1926:2007-03 198 MPa
Frost-Tausalz ?Jestélndlgkq[_l it TL Pflaster-StB 06, bestandig
s DIN EN 1367-6:2006-08 (Entwurf)
¥ ’._' G ) o
Frost Taus?lz Besténdigkelt ‘BVS 08.18.01 besténdig
o ONORM EN 1367-6:2008-12

" Mittelwert geman PEvaorsch’ﬂﬁ

2 Wiederholungspriifungen Im Rahmen der werlselgenen Produktionskontrolle

Weitere Priifergebnisse siehe Priifbericht-Nr.

Wismar, den 22.02.2011

2949/03 und 1697/10
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Annex G Calibration

Annex G Calibration

Force [kN]

Force [kN]

® 24.05.16 Corrected
® 24.05.16

® 18.05.16

Ideal

0 50 100 150 200 250 300

Figure Annex G-1 Results of calibration for axis X

16

14 /I

12 A
. S~

® 24.05.16 Corrected

® 24.05.16

8
® 18.05.16
6 Ideal
4
2 =
0w
0 50 100 150 200 250 300

Figure Annex G-2 Results of calibration for axis Y
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Annex G Calibration

16

e
14 /8
e
12 /E
®
= 10 7.( — ® 24.05.16 Corrected
= fo( - 24.05.16
° 8 z—
S o e 18.05.16
6 ? — Ideal
4 -4~
R —
-l
0 —_—
0 50 100 150 200 250 300
Figure Annex G-3 Results of calibration for axis Z
Force comparing to gauge index:
Force [kN] Strain gauge sensor index
3 554
4 74.9
S 94
6 112
8 151.8
10 190
12.5 238.2
15 286.9
17.5 335.5
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Annex H Regression Models

Annex H Regression Models

24 kN
23 kN
22 kN

20

21kN
20 kN
19 kN
18 kN
17 kN

() @2303

16 kN
15 kN
14 kN

Figure Annex H-1 Response function of dependency of maximum cutting forces F, _on
irradiation time and distance from initial surface with spacing 8 mm (lower) and 12 mm

(upper)

5.0 kN
4.7 kN
4.4 kN

4.1kN
- 3.8 kN
% 3.5KN
® 3.2kN
s
é 2.9KkN
= 26kN
2.3kN
2.0kN
Figure Annex H-2 Response function of dependency of mean side forces F,  on

irradiation time and distance from initial surface with spacing 8 mm (upper) and 12 mm
(lower)
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Annex H Regression Models

12 kN
11 kN
11 kN
10 kN
9.6 kN
9.0kN
8.4 kN
7.8kN
72kN
6.6 kN
8.0kN

() 32303

Figure Annex H-3 Response function of dependency of maximum cutting forces F

on
Ymax
irradiation time and distance from initial surface with spacing 8 mm (lower) and 12 mm

(upper)

21 kN
20 20 kN
18 kN
17 kN
15 kN
14 kN

12 kN

(p) 32303

11 kN
9.0 kN
7.5kN

8.0kN

Figure Annex H-4 Response function of dependency of mean cutting forces F, _ on
irradiation time and distance from initial surface with spacing 8 mm (lower) and 12 mm
(upper)
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Annex H Regression Models

45

40
41 kN

154 39 kN
36 kN
34 kN
31kN

29 kN
27 kN
24 kN

() 32303

22 kN
19 kN

17 kN

Figure Annex H-5 Response function of dependency of maximum cutting forces F, _on

irradiation time and distance from initial surface with spacing 8 mm (lower) and 12 mm
(upper)

22 kN
20 kN
18 kN
17 kN
15 kN
13 kN
11 kN
9.4 kN
76kN
58 kN
4.0 kN

20

(p) 32303

Figure Annex H-6 Comparing of response functions of mean (lower) and maximum (upper)
cutting forces F, for spacing 8 mm
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Annex H Regression Models

24 kN
22 kN
20 kN
18 kN
16 kN
14 kN
12 kN

20

10 kN
8.0kN
6.0kN
4.0 kN

(ASEVESAESE

Figure Annex H-7 Comparing of response functions of mean (lower) and maximum (upper)
cutting forces F, for spacing 12 mm

12 kN
11 kN
10 kN
9.0 kN
8.0kN
7.0kN
8.0 kN
5.0kN
4.0kN

{a) 30103

3.0kN
2.0kN

Figure Annex H-8 Comparing of response functions of mean (lower) and maximum (upper)
side forces F, for spacing 8 mm
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Annex H Regression Models

12 kN

10 kN

8.0kN

b
0 B.OKN
5
o]
= 40kN
z

20kN

Figure Annex H-9 Comparing of response functions of mean (lower) and maximum (upper)
side forces F,, for spacing 12 mm

7- 36 kN
! 33 kN

30 kN

)
[=}

27 kN
24 kN

L]
o

21 kN
18 kN

L)
=

15 kN
12 kN
9.0 kN
6.0kN

() 32303

Figure Annex H-10 Comparing of response functions of mean (lower) and maximum (upper)
normal forces F, for spacing 8 mm
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Annex H Regression Models

40 kN
38 kN
36 kN
34 kN
32 kN
30 kN
28 kN
26 kN
24 kN
22 kN
20 kN
18 kN
16 kN
14 kN
12 kN
10 kN
8.0kN

() 32303

Figure Annex H-11 Comparing of response functions of mean (lower) and maximum (upper)
normal forces F, for spacing 12 mm
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Annex | Force Mapping

Annex | Force Mapping

Cutting direction

2 8mm
9 _____________ 15
5| 12 mm y

Figure Annex I-1 Force mapping of average side force F,, of three layers (2-4) for untreated

sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds irradiated sample
(lower right)
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Annex | Force Mapping

Cutting direction 4

Figure Annex I-2 Force mapping of average normal force F, of three layers (2-4) for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irradiated sample (lower right)
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Annex | Force Mapping

21
20
19
18
17

Cutting direction 4

Figure Annex I-3 Force mapping of average total force F;,,; of three layers (2-4) for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irradiated sample (lower right)
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Annex | Force Mapping

Cutting direction

2 8mm
9 _____________ ;5

Figure Annex I-4 Force mapping of average cutting force F, of layer 2 for untreated sample
(upper), 30 seconds irradiated sample (lower left) and 45 seconds irradiated sample (lower
right)

Page XXI



Annex | Force Mapping

Cutting direction 4

Figure Annex I-5 Y, layer 2 Force mapping of average side force F, of layer 2 for untreated

sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds irradiated sample
(lower right)
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Annex | Force Mapping

Cutting direction 4

> 8mm "
- :
> 12 mm g

Figure Annex I-6 Z, layer 2 Force mapping of average normal force F, of layer 2 for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irradiated sample (lower right)
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Annex | Force Mapping

Cutting direction 4

Figure Annex I-7 Total, layer 2 Force mapping of average total force Fy,,, of layer 2 for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irradiated sample (lower right)
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Annex J Cutting Forces

Annex J Cutting Forces

45 seconds irradiated sample (layer 1, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 472 2.59 7.36 9.12 14.03 7.48 15.71 22.35
3 4.22 243 6.77 8.34 13.80 6.61 15.07 21.48
4 4.09 2.23 6.64 8.11 14.44 6.95 16.88 23.27
5 4.54 2.52 6.66 8.45 12.87 6.75 14.92 20.83
6 417 2.35 6.34 7.94 13.15 7.30 15.15 21.35
7 4.60 2.76 7.35 9.10 13.31 7.75 15.63 21.94
8 4.40 2.24 6.82 8.42 13.11 6.18 13.63 19.90
9 4.41 2.50 6.39 8.16 13.09 7.22 15.05 21.22
10 4.66 2.84 7.02 8.89 13.38 7.76 15.59 21.96
11 4.83 2.90 7.47 9.36 14.45 7.56 15.99 22.83
12 4.55 2.78 7.04 8.83 13.88 7.59 14.88 21.72
13 4.96 3.06 8.12 9.99 14.34 7.61 15.27 22.28
14 4.79 2.88 7.71 9.53 13.88 7.87 16.06 22.64
15 4.85 2.90 7.89 9.70 14.53 7.73 15.78 22.80
16 4.88 3.02 8.07 9.90 15.10 8.16 18.19 25.01
17 4.45 2.59 7.53 9.12 14.79 7.77 18.21 24.71
18 473 2.67 8.29 9.91 14.51 7.09 17.26 23.64
19 4.66 2.39 7.83 942 14.75 7.65 18.22 24.66
20 4.75 2.69 8.16 9.82 15.09 7.08 17.95 24.50
21 5.21 2.79 9.00 10.77 14.81 6.83 18.35 24.55
22 4.15 2.11 7.09 8.48 14.63 7.19 18.71 24.81
23 4.55 2.51 7.59 9.19 14.53 6.56 17.34 23.55
24 4.63 2.21 7.77 9.31 14.41 6.16 17.15 23.23
25 4.48 2.21 7.35 8.89 14.35 6.63 16.44 22.81
26 4.63 2.36 7.27 8.94 13.98 6.49 16.03 22.23
27 4.31 2.28 7.07 8.59 13.78 6.48 15.22 21.53
Mean 4.62 2.59 7.47 9.16 14.12 719 16.39 22.81
45 seconds irradiated sample (layer 1, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal | Total | Cutting Side Normal @ Total
1 5.72 242 9.52 11.37 18.46 8.65 26.45 33.40
2 5.31 2.49 9.20 10.91 16.12 7.64 21.71 28.10
3 5.11 1.97 9.01 10.55 15.89 6.92 22.92 28.73
4 5.92 2.41 11.06 12.78 17.07 7.52 25.08 31.26
5 4.99 1.93 8.44 10.00 14.82 6.84 18.52 24.69
6 5.57 2.52 9.57 11.35 16.29 7.21 21.87 28.21
7 5.13 2.20 9.02 10.61 16.15 7.63 23.76 29.72
8 5.28 2.46 8.89 10.63 15.74 8.00 21.41 27.75
9 5.28 2.35 8.83 10.56 156.72 7.09 21.37 27.46
10 4.30 1.86 7.07 8.49 14.99 6.08 18.52 24.59
11 4.79 2.04 7.44 9.08 15.30 7.33 21.00 26.99
12 5.09 2.25 8.44 10.10 15.11 6.99 19.92 25.96
13 4.74 2.00 7.50 9.09 14.87 6.64 18.69 24.79
14 4.31 1.82 6.45 7.97 14.44 5.64 16.90 22.93
15 4.58 2.04 7.14 8.72 14.22 6.21 17.65 23.50
16 4.74 1.93 7.72 9.26 14.56 5.97 18.66 24.40
17 4.93 1.90 7.68 9.32 14.73 5.55 18.16 24.03
18 4.73 1.49 7.33 8.85 14.12 4.89 17.76 23.21
19 4.84 1.61 7.68 9.22 15.56 6.03 22.98 28.40
Mean 5.05 217 8.46 10.09 15.61 7.02 20.90 27.03
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Annex J Cutting Forces

45 seconds irradiated sample (layer 2, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 4.79 2.39 8.55 10.09 14.83 7.14 18.74 24.94
3 443 1.99 7.77 9.16 14.64 6.43 17.81 23.94
4 4.76 2.13 8.52 9.99 15.77 6.97 21.44 27.51
5 4.47 2.23 7.65 9.13 14.65 6.73 17.45 23.75
6 4.40 2.21 7.34 8.84 14.34 6.64 16.08 22.56
7 4.33 2.19 7.04 8.55 14.03 6.55 14.72 21.36
8 413 1.98 6.34 7.82 13.76 6.69 13.95 20.70
9 4.16 2.38 6.54 8.10 13.34 6.77 13.95 20.46
10 4.19 2.53 6.97 8.52 13.40 7.29 14.90 21.32
1 4.05 2.16 6.28 7.77 13.81 7.29 15.00 21.65
12 4.09 2.32 6.71 8.20 13.46 6.40 14.46 20.77
13 3.79 1.91 5.57 7.00 13.05 6.44 13.02 19.53
14 4.07 2.13 6.39 7.87 15.21 7.21 16.73 23.73
15 4.50 2.72 7.56 9.21 15.57 8.60 18.98 26.01
16 443 2.49 7.49 9.05 15.36 8.34 18.64 25.55
17 4.64 242 8.02 9.58 15.44 7.02 19.13 25.56
18 4.74 2.49 8.26 9.84 15.78 7.95 19.54 26.34
19 3.85 1.78 6.24 7.55 15.02 6.58 19.01 25.11
20 4.25 2.03 6.91 8.36 15.46 7.93 20.34 26.75
21 4.45 2.15 7.62 9.09 15.35 7.22 19.57 25.90
22 4.54 2.12 7.72 9.21 15.42 6.57 19.01 25.34
23 4.34 2.27 6.67 8.27 14.56 7.18 18.10 24.31
24 4.38 2.02 6.75 8.29 14.07 5.64 15.44 21.64
25 4.26 1.85 6.82 8.25 14.37 6.43 17.07 23.22
26 3.75 1.90 5.77 7.13 15.38 8.25 19.15 25.91
Mean 4.29 2.19 7.01 8.51 14.63 7.07 17.20 23.70
45 seconds irradiated sample (layer 2, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 4.61 1.68 7.07 8.60 15.70 6.71 20.28 26.51
2 4.84 1.87 7.85 9.41 16.99 7.59 23.96 30.34
3 5.39 2.43 9.04 10.80 16.10 7.27 21.38 27.74
4 5.59 2.51 9.94 11.68 16.70 8.38 23.40 29.94
5 5.38 2.02 9.34 10.97 16.26 7.35 22.32 28.57
6 5.39 1.96 9.63 11.20 16.26 7.26 22.30 28.54
7 5.20 1.65 9.05 10.56 15.46 6.41 20.54 26.50
8 5.24 1.66 9.27 10.77 16.72 6.90 23.56 29.70
9 5.13 1.53 8.97 10.45 15.85 5.76 21.41 27.25
10 4.70 1.50 7.86 9.28 16.50 7.04 21.71 28.17
11 5.40 2.03 9.78 11.36 16.44 7.08 23.53 29.56
12 5.58 1.67 10.17 11.72 16.28 6.89 22.35 28.49
13 5.44 2.09 9.70 11.31 16.05 6.77 20.40 26.82
14 5.05 2.36 8.87 10.48 15.79 7.42 20.68 27.06
15 5.02 2.1 8.53 10.12 15.71 7.18 19.97 26.40
16 5.65 2.79 10.02 11.83 17.02 8.06 24.13 30.61
17 4.98 2.08 7.97 9.62 16.63 7.57 22.26 28.81
18 5.07 2.35 7.97 9.73 16.37 9.25 21.62 28.65
Mean 5.22 1.99 9.07 10.66 16.24 713 21.99 28.26

Page XXVI



Annex J Cutting Forces

45 seconds irradiated sample (layer 3, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 5.11 2.97 8.67 10.50 16.21 8.57 20.17 27.26
3 4.66 2.75 7.76 9.46 15.02 8.05 17.81 24.65
4 5.04 2.96 8.80 10.57 14.90 712 18.17 24.56
5 5.83 3.41 9.84 11.94 16.98 8.52 22.15 29.18
6 4.49 2.24 7.31 8.87 14.64 6.54 17.41 23.66
7 4.51 2.11 7.03 8.62 13.81 6.19 16.01 22.03
8 4.70 2.12 6.99 8.68 14.03 5.93 16.05 22.12
9 4.40 2.03 6.64 8.22 13.12 5.49 14.74 20.48
10 4.50 2.01 7.22 8.74 13.71 6.00 16.64 22.38
1 3.88 1.79 6.35 7.65 13.09 5.91 15.83 21.38
12 3.90 1.81 6.36 7.68 14.64 7.08 17.43 23.84
13 4.11 1.72 6.60 7.96 14.02 5.80 16.38 22.33
14 4.33 2.10 7.42 8.84 14.10 5.95 16.99 22.86
15 4.55 1.97 8.20 9.58 15.61 6.83 21.19 27.19
16 4.66 2.09 8.38 9.81 15.89 6.28 21.18 27.21
17 4.30 2.11 7.61 8.99 14.32 6.24 17.32 23.32
18 5.39 2.48 9.94 11.58 16.29 7.15 21.91 28.23
19 4.93 2.18 8.63 10.17 15.65 7.09 20.89 27.05
20 4.55 243 7.84 9.38 14.98 7.03 18.83 25.07
21 5.14 2.71 8.77 10.52 15.16 7.33 19.27 25.59
22 4.85 2.56 8.27 9.93 14.90 7.36 18.31 24.73
23 3.68 1.71 5.35 6.71 13.17 6.57 13.94 20.27
24 3.86 2.11 5.96 7.41 14.70 6.89 16.19 22.93
25 3.44 1.67 5.16 6.42 13.80 6.82 15.49 21.84
Mean 4.51 2.22 7.50 9.03 14.63 6.70 17.83 24.04
45 seconds irradiated sample (layer 3, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 5.00 2.01 8.32 9.91 16.91 7.36 22.66 29.22
2 5.27 2.24 9.02 10.68 17.51 8.44 25.66 32.19
3 5.34 2.34 8.90 10.64 18.15 7.80 22.90 30.24
4 6.06 2.85 10.67 12.60 18.60 8.58 24.09 31.62
5 6.09 2.80 10.63 12.57 17.64 8.86 24.23 31.25
6 6.07 3.00 10.70 12.66 17.84 8.75 24.31 31.40
7 5.87 3.16 10.16 12.16 17.78 9.16 23.28 30.70
8 5.68 3.32 9.61 11.65 17.72 9.56 22.25 30.01
9 5.01 2.58 8.33 10.06 16.65 9.05 20.03 27.57
10 5.26 2.68 8.83 10.62 18.24 8.61 24.21 31.51
11 5.75 2.84 10.14 12.00 17.64 8.92 25.14 31.98
12 542 2.33 9.65 11.31 16.88 8.16 22.94 29.63
13 5.60 2.14 9.85 11.53 16.02 7.63 21.40 27.80
14 5.76 2.22 10.06 11.80 16.35 6.90 21.71 28.04
15 5.00 1.71 8.66 10.15 15.20 6.68 19.02 25.25
16 5.66 2.28 10.39 12.05 16.18 7.21 22.46 28.61
17 4.98 1.56 8.41 9.90 15.78 6.48 22.23 28.03
Mean 5.55 2.53 9.62 11.40 17.21 8.23 22.89 29.81
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Annex J Cutting Forces

45 seconds irradiated sample (layer 4, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 4.44 2.11 7.42 8.91 15.90 7.43 19.97 26.62
3 4.59 1.79 7.62 9.07 15.08 6.02 19.92 25.70
4 4.59 1.79 7.62 9.07 15.08 6.02 19.92 25.70
5 4.51 1.60 7.53 8.92 14.77 5.83 18.72 24.55
6 4.33 1.45 6.86 8.24 15.29 5.31 17.03 23.50
7 4.40 1.58 6.74 8.20 14.39 5.88 17.01 23.05
8 4.53 1.66 7.26 8.72 16.34 5.79 20.16 26.59
9 4.79 1.92 7.93 9.46 15.93 6.87 21.28 27.46
10 4.30 1.61 7.27 8.60 15.22 5.66 18.25 24.43
1 4.66 1.85 7.88 9.34 17.88 6.94 22.82 29.81
12 4.74 2.07 8.14 9.64 17.87 8.09 23.85 30.88
13 4.47 2.40 7.99 9.46 16.73 8.43 22.71 29.43
14 478 2.57 8.52 10.10 18.75 9.33 25.77 33.21
15 5.38 3.20 10.04 11.84 19.05 10.15 26.32 34.04
16 5.17 2.99 8.87 10.70 17.02 9.14 22.69 29.80
17 478 2.72 8.13 9.82 15.81 8.58 21.52 28.05
18 4.60 2.53 7.82 942 15.40 7.83 18.46 25.29
19 4.34 243 7.18 8.73 15.42 8.43 18.57 25.57
20 3.55 2.07 5.49 6.86 15.02 8.81 17.96 25.01
21 3.48 1.84 5.54 6.80 13.92 6.89 15.96 22.27
22 3.87 1.86 6.29 7.61 14.74 7.46 17.14 23.80
23 3.78 2.03 5.85 7.26 13.86 6.34 14.64 21.13
24 4.15 2.24 6.78 8.26 15.43 8.19 18.51 25.45
Mean 4.44 2.10 7.43 8.91 15.87 7.37 19.96 26.58
45 seconds irradiated sample (layer 4, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 4.55 1.72 7.72 9.13 16.67 6.46 22.87 29.03
2 5.51 1.90 9.95 11.53 18.43 8.20 28.25 34.72
3 4.98 1.51 8.82 10.24 17.24 6.36 26.63 32.36
4 5.12 1.71 8.75 10.27 17.32 6.73 23.12 29.66
5 5.57 1.79 9.92 11.52 17.21 6.61 24.80 30.90
6 5.38 1.58 9.29 10.85 16.53 6.23 21.67 27.96
7 5.07 1.82 8.85 10.36 17.00 6.65 22.90 29.29
8 4.83 1.64 8.53 9.94 18.00 7.71 25.68 32.29
9 4.69 1.58 7.97 9.38 18.00 7.01 23.82 30.67
10 5.79 2.39 10.05 11.84 19.23 8.73 25.34 32.99
11 5.91 2.55 10.89 12.65 21.88 8.86 28.19 36.77
12 6.80 3.59 13.20 15.28 19.72 10.95 30.30 37.77
13 6.00 3.23 10.97 12.91 18.12 9.76 23.55 31.28
14 6.04 3.17 10.69 12.68 19.14 10.15 25.54 33.49
15 6.58 3.80 11.98 14.19 18.40 9.60 23.94 31.69
16 5.67 2.66 9.38 11.28 18.20 8.75 26.15 33.04
Mean 5.53 2.29 9.81 11.50 18.19 8.05 25.17 3212
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Annex J Cutting Forces

30 seconds irradiated sample (layer 1, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 5.51 3.00 11.33 12.95 15.27 7.66 20.76 26.88
3 548 3.07 11.06 12.72 15.35 8.09 21.13 27.34
4 5.55 3.02 10.88 12.58 15.93 8.20 21.65 28.11
5 5.11 2.78 10.06 11.62 14.90 7.66 19.48 25.69
6 5.20 2.59 10.08 11.63 14.82 7.06 18.87 25.01
7 5.02 2.53 9.80 11.30 14.95 7.47 19.69 25.83
8 478 2.59 8.94 10.46 14.14 6.97 17.55 23.59
9 4.56 2.17 8.37 9.78 14.04 6.30 16.90 22.86
10 478 2.39 9.10 10.55 14.58 7.04 19.63 25.45
1 4.35 2.45 8.10 9.51 13.59 6.54 15.96 21.96
12 4.62 2.29 8.43 9.88 14.06 6.71 16.54 22.72
13 4.76 2.47 8.98 10.46 14.18 7.04 17.16 23.35
14 4.90 2.64 9.53 11.03 14.31 7.37 17.78 23.99
15 4.57 2.37 8.97 10.34 14.21 7.27 19.11 24.90
16 4.96 2.52 9.96 11.40 14.44 6.88 18.66 24.58
17 4,53 2.20 7.97 943 13.50 6.31 15.59 21.57
18 4.63 2.48 8.79 10.24 14.23 6.62 18.02 23.90
19 4.84 2.44 9.03 10.53 13.88 6.69 16.78 22.78
20 5.01 2.82 9.65 11.23 14.45 7.37 18.57 24.66
21 5.07 2.75 9.81 11.38 14.47 7.41 19.01 25.02
22 5.05 2.69 9.61 11.18 15.00 7.34 19.59 25.74
23 5.65 2.97 10.72 12.47 15.55 7.49 20.57 26.85
24 5.35 2.67 10.69 12.25 15.35 7.09 20.07 26.24
25 5.58 2.92 10.98 12.66 16.04 7.71 22.25 28.49
26 5.57 3.17 11.13 12.84 15.81 8.41 22.15 28.49
27 5.51 3.03 11.09 12.75 15.70 7.86 21.25 27.57
Mean 4.97 2.61 9.56 11.08 14.62 7.16 18.75 24.84
30 seconds irradiated sample (layer 1, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 5.44 1.92 10.84 12.28 15.87 5.92 22.25 27.97
2 5.88 1.39 12.18 13.60 16.90 5.83 26.41 31.89
3 6.31 1.23 13.19 14.67 17.44 5.88 27.46 33.06
4 6.15 1.48 12.85 14.33 17.19 6.11 26.18 31.91
5 5.85 1.66 12.40 13.81 16.55 7.36 26.19 31.84
6 6.22 1.53 12.74 14.26 17.30 6.57 27.22 32.91
7 6.02 1.53 12.03 13.54 16.59 6.58 24.37 30.21
8 5.83 1.92 11.84 13.34 16.34 6.85 24.22 30.01
9 6.10 1.91 12.41 13.96 16.72 6.67 24.85 30.68
10 5.77 1.58 11.32 12.81 16.31 6.23 23.57 29.33
11 5.48 1.72 11.14 12.54 16.05 6.57 23.71 29.37
12 5.67 1.69 11.48 12.92 16.05 6.42 23.19 28.92
13 5.09 1.41 9.62 10.97 15.09 5.88 20.42 26.06
14 5.29 1.45 10.41 11.76 15.59 5.79 21.94 27.53
15 5.05 1.14 9.46 10.79 14.97 5.35 19.77 25.36
16 4.84 0.66 9.43 10.63 14.87 4.64 19.89 25.26
17 4.69 0.60 9.04 10.20 14.59 4.26 19.81 24.97
18 4.49 0.45 8.36 9.50 14.28 3.88 17.91 23.23
19 4.59 0.36 8.80 9.93 14.23 3.71 18.29 23.47
Mean 5.69 1.51 11.46 12.89 16.24 6.17 23.85 29.52
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Annex J Cutting Forces

30 seconds irradiated sample (layer 2, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 5.58 3.14 11.04 12.76 16.01 8.30 22.59 28.91
3 5.51 3.22 11.04 12.76 15.64 8.24 21.37 27.73
4 5.59 3.15 11.29 12.98 16.06 8.38 22.93 29.22
5 5.32 3.03 10.16 11.87 14.71 7.35 18.90 25.05
6 5.63 3.36 11.37 13.12 15.87 8.46 22.24 28.61
7 5.35 2.98 10.45 12.11 15.40 7.49 20.18 26.47
8 5.64 3.50 11.51 13.29 16.05 8.82 22.91 29.33
9 5.80 3.57 12.28 14.04 16.49 8.37 23.73 30.09
10 5.77 3.61 12.00 13.80 15.91 8.62 22.79 29.11
1 5.56 3.33 11.03 12.79 15.87 8.53 22.01 28.45
12 5.76 3.47 11.31 13.15 16.31 8.67 22.13 28.83
13 5.70 3.45 11.28 13.10 16.10 8.56 22.09 28.64
14 5.96 3.80 12.46 14.32 16.71 8.88 23.49 30.16
15 5.92 3.56 11.79 13.67 16.34 8.81 23.93 30.29
16 5.62 3.35 11.31 13.06 16.44 8.91 23.51 30.04
17 5.98 3.23 11.84 13.65 16.76 8.35 24.20 30.60
18 5.96 3.37 12.20 13.99 16.90 8.70 25.20 31.57
19 6.03 3.39 12.03 13.87 16.99 8.85 25.20 31.66
20 6.09 3.39 12.47 14.28 17.00 8.87 25.42 31.84
21 6.17 3.71 12.91 14.78 17.38 9.29 25.89 32.54
22 6.05 3.41 12.33 14.15 17.16 8.52 25.75 32.09
23 6.32 3.72 13.17 15.07 17.34 9.25 26.40 32.91
24 6.18 3.52 13.17 14.97 17.39 8.82 26.44 32.85
25 6.10 3.43 13.13 14.88 17.00 8.78 25.84 32.15
26 6.10 3.43 13.13 14.88 17.00 8.78 25.84 32.15
Mean 5.85 3.42 11.94 13.73 16.49 8.61 23.78 30.20
30 seconds irradiated sample (layer 2, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 7.21 3.62 14.48 16.57 19.40 10.41 30.55 37.66
2 6.98 3.97 14.14 16.26 19.01 10.60 29.39 36.57
3 6.76 3.10 13.27 15.21 18.44 9.81 28.68 35.48
4 6.30 3.04 12.57 14.39 17.28 8.85 25.56 32.10
5 6.29 3.10 12.57 14.39 17.19 8.98 25.97 32.41
6 6.11 2.62 12.49 14.15 17.03 8.07 25.53 31.73
7 5.76 2.26 11.75 13.28 16.75 7.53 25.60 31.51
8 5.95 2.50 12.37 13.95 16.51 7.67 24.52 30.54
9 6.01 1.89 11.99 13.54 17.38 7.82 26.72 32.82
10 6.15 2.45 13.02 14.61 17.01 7.74 25.64 31.73
11 6.37 2.56 13.52 15.17 17.55 8.96 27.23 33.61
12 7.04 2.76 14.79 16.61 18.35 8.89 29.38 35.76
13 6.98 3.09 14.96 16.80 19.16 9.57 32.24 38.71
14 6.98 3.15 15.25 17.07 18.88 9.56 32.34 38.65
15 713 3.28 14.97 16.90 19.08 10.63 31.09 37.99
16 7.22 4.11 15.26 17.38 19.17 10.88 30.17 37.36
17 7.45 413 16.34 18.42 19.64 11.16 32.27 39.39
18 7.92 4.67 16.71 19.08 20.22 11.62 33.93 41.17
Mean 6.58 2.97 13.59 15.39 18.01 9.12 28.16 34.67
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Annex J Cutting Forces

30 seconds irradiated sample (layer 3, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 6.66 3.73 13.60 15.59 17.66 9.05 26.42 33.05
3 6.39 4.05 13.49 15.46 17.97 10.18 27.47 34.36
4 6.56 3.87 13.19 15.24 18.05 9.89 26.88 33.86
5 5.85 3.48 11.61 13.46 16.62 8.74 23.48 30.06
6 5.94 3.42 12.27 14.06 16.70 8.69 23.85 30.38
7 6.04 3.59 12.41 14.27 16.76 8.59 24.33 30.77
8 5.45 3.07 10.96 12.62 16.10 8.10 21.89 28.35
9 5.50 3.19 11.16 12.85 16.17 8.58 22.76 29.21
10 5.50 3.16 11.06 12.75 16.13 7.90 21.93 28.35
1 547 3.03 10.58 12.29 16.40 8.46 22.97 29.47
12 5.61 2.99 11.35 13.01 16.13 8.17 23.43 29.59
13 5.86 3.27 12.27 13.98 16.65 8.41 24.48 30.77
14 5.41 2.76 10.77 12.37 16.03 7.74 22.25 28.49
15 5.57 3.00 11.24 12.90 16.32 8.18 22.42 28.91
16 5.58 3.17 11.25 12.96 15.83 8.21 22.05 28.36
17 5.99 3.39 12.25 14.06 17.19 8.90 25.35 31.89
18 5.97 3.50 11.85 13.72 16.89 9.02 24.70 31.25
19 6.21 3.77 13.18 15.05 17.29 9.40 25.31 32.07
20 6.14 3.02 12.23 14.01 17.71 8.41 26.72 33.14
21 6.60 3.49 13.46 15.39 18.37 8.63 26.66 33.51
22 6.32 2.94 12.82 14.59 17.23 7.94 24.87 31.28
23 6.52 3.55 13.57 15.48 17.81 9.16 27.23 33.81
24 6.72 4.16 14.33 16.36 18.39 10.38 29.59 36.35
25 6.99 4.10 14.57 16.68 19.44 10.54 30.15 37.39
Mean 6.01 3.39 12.26 14.07 17.05 8.79 24.82 31.38
30 seconds irradiated sample (layer 3, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 6.78 3.25 14.31 16.17 18.62 9.59 30.56 37.05
2 7.22 3.30 15.71 17.60 19.62 9.72 31.81 38.62
3 7.34 3.48 16.06 18.00 19.82 10.51 32.24 39.28
4 7.35 3.80 15.99 18.00 19.38 10.81 31.57 38.59
5 7.41 3.83 16.64 18.62 19.60 11.11 31.83 38.99
6 7.41 3.97 16.36 18.39 19.43 10.71 31.43 38.47
7 7.29 3.35 15.03 17.04 19.33 10.24 32.10 38.85
8 7.26 3.78 14.89 16.99 19.87 10.61 32.16 39.26
9 7.02 3.48 14.69 16.64 18.86 10.51 30.29 37.20
10 6.85 3.41 13.71 15.70 18.22 9.92 27.56 34.50
11 6.83 3.55 14.35 16.29 18.80 10.02 28.70 35.74
12 6.79 3.11 14.41 16.23 18.70 10.08 29.40 36.27
13 6.57 3.23 13.52 15.37 17.96 9.53 28.31 34.85
14 6.75 3.04 14.40 16.20 18.41 9.58 29.94 36.43
15 6.29 2.63 13.42 15.05 17.70 8.59 27.60 33.89
16 6.17 2.33 12.22 13.89 17.55 8.53 27.83 33.99
17 6.46 2.43 13.51 15.17 18.21 8.20 28.74 35.00
Mean 6.96 3.35 14.73 16.64 18.87 10.00 30.21 37.00
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Annex J Cutting Forces

30 seconds irradiated sample (layer 4, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 5.87 3.18 12.62 14.27 16.80 8.18 24.75 31.01
3 5.87 3.14 12.23 13.92 16.22 7.89 23.44 29.58
4 5.81 2.83 12.01 13.64 16.58 7.86 23.53 29.84
5 5.93 3.39 12.27 14.04 16.38 8.08 23.08 29.43
6 6.03 3.52 12.63 14.43 16.76 8.80 24.65 31.08
7 5.90 3.30 12.14 13.90 16.96 8.67 25.33 31.70
8 6.16 3.54 13.14 14.93 17.08 8.74 25.15 31.63
9 6.50 3.82 13.90 15.81 17.87 9.74 28.28 34.84
10 6.37 3.70 13.59 15.45 17.72 9.37 27.42 33.96
1 6.51 3.95 14.35 16.25 18.00 9.77 27.87 34.59
12 5.97 3.67 12.71 14.52 16.85 8.90 25.70 31.99
13 6.19 3.77 13.65 15.45 17.56 9.34 27.01 33.54
14 6.53 3.98 14.31 16.23 17.87 9.51 26.94 33.70
15 6.68 4.20 14.35 16.37 18.01 9.92 27.96 34.70
16 6.40 4.04 13.77 15.72 17.39 9.87 28.10 34.49
17 6.46 2.96 13.43 15.20 17.94 8.86 28.15 34.54
18 7.14 3.48 15.39 17.32 19.14 9.32 32.02 38.45
19 6.67 3.47 14.54 16.37 18.85 9.70 32.54 38.84
20 7.26 4.64 16.86 18.94 19.35 10.89 32.18 39.10
21 6.93 4.48 15.64 17.68 18.83 10.49 30.51 37.36
22 7.31 4.48 16.15 18.28 19.26 10.85 31.56 38.54
23 6.34 3.87 13.77 15.64 17.45 9.08 26.56 33.05
24 6.33 3.55 13.72 15.52 17.41 8.91 27.04 33.37
25 6.81 4.23 16.00 17.90 18.86 9.93 30.13 36.91
26 6.42 3.65 13.73 15.59 18.57 10.70 30.28 37.10
Mean 6.46 3.76 14.00 15.88 17.86 9.45 27.91 34.47
30 seconds irradiated sample (layer 4, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 6.96 3.18 15.13 16.95 18.58 9.56 30.40 36.89
2 7.65 3.09 16.55 18.49 19.73 9.82 33.29 39.93
3 6.91 242 14.92 16.62 18.75 8.37 32.56 38.49
4 7.63 2.97 16.26 18.21 19.97 9.94 34.53 41.11
5 7.15 3.03 16.13 17.90 19.00 9.77 32.17 38.62
6 7.44 3.15 16.94 18.77 20.27 10.23 35.78 42.38
7 7.56 3.40 17.25 19.14 20.03 10.49 35.07 41.73
8 7.55 3.15 17.02 18.88 20.09 10.46 35.05 41.73
9 8.05 3.45 17.86 19.89 21.00 11.29 37.36 44.32
10 7.56 3.37 16.35 18.33 19.78 10.91 32.85 39.86
11 7.53 3.61 16.65 18.63 20.32 10.75 34.08 41.11
12 8.25 4.64 19.00 21.23 21.21 12.25 36.46 43.93
13 7.82 4.06 17.31 19.43 20.49 11.45 34.07 41.37
14 7.36 4.02 16.38 18.40 19.42 11.94 33.24 40.30
15 7.61 4.33 16.51 18.69 20.13 11.94 33.92 41.21
16 7.95 4.32 17.32 19.54 20.29 11.59 35.83 42.77
Mean 7.56 3.51 16.72 18.69 19.94 10.67 34.17 40.99
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Annex J Cutting Forces

30 seconds irradiated sample (layer 5, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 7.09 4.67 15.58 17.74 19.05 11.04 29.71 36.98
3 7.01 4.56 15.63 17.72 18.98 10.56 29.36 36.52
4 6.86 4.55 15.11 17.21 19.80 11.03 31.06 38.45
5 6.10 3.69 12.98 14.81 16.79 8.69 24.07 30.61
6 6.33 3.43 13.04 14.89 17.56 9.18 25.93 32.63
7 6.77 3.64 14.43 16.35 18.37 943 28.90 35.52
8 6.80 3.95 14.04 16.09 19.70 10.11 28.59 36.16
9 6.01 3.05 12.41 14.12 17.16 8.44 25.70 32.04
10 6.73 3.69 14.62 16.51 18.46 9.22 28.49 35.18
1 6.52 3.87 13.95 15.88 17.30 9.25 26.08 32.63
12 5.90 3.20 12.19 13.92 17.21 8.70 25.76 32.18
13 6.40 3.78 13.75 15.63 17.39 9.64 27.66 34.07
14 6.29 3.69 13.59 15.42 17.46 9.62 27.82 34.23
15 6.18 3.60 13.44 15.22 17.53 9.60 27.98 34.38
16 6.58 3.93 14.48 16.38 17.79 9.48 27.88 34.40
17 6.84 3.40 13.87 15.83 18.78 9.60 28.47 35.43
18 6.27 2.81 12.83 14.56 17.67 8.15 27.04 33.32
19 6.72 3.00 13.95 15.77 18.30 8.75 28.82 35.24
20 7.48 4.49 16.87 19.00 19.56 10.42 31.50 38.51
21 7.26 443 16.32 18.41 19.20 10.85 30.75 37.84
22 7.48 443 16.79 18.91 19.92 10.82 33.57 40.51
23 6.40 3.42 13.44 15.27 17.57 8.57 26.78 33.16
24 6.53 3.29 13.44 15.30 18.02 9.04 27.49 34.09
25 7.03 3.89 14.36 16.45 18.82 10.12 28.90 35.94
Mean 6.63 3.73 14.15 16.07 18.23 9.53 28.20 34.91
30 seconds irradiated sample (layer 5, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 7.27 3.65 15.49 17.50 19.53 9.79 31.19 38.08
2 7.33 3.50 15.70 17.68 19.54 10.46 32.89 39.66
3 7.01 3.14 15.36 17.17 19.53 10.09 32.68 39.39
4 7.33 3.15 15.90 17.79 19.66 9.89 33.69 40.24
5 7.40 2.83 15.96 17.81 20.26 9.47 35.34 41.82
6 7.60 2.55 16.71 18.53 20.01 9.06 34.79 41.15
7 8.20 3.84 18.44 20.54 21.29 11.00 36.55 43.70
8 8.20 3.58 18.38 20.44 21.35 11.87 36.89 44.25
9 8.08 3.50 19.20 21.13 21.26 10.82 37.37 44.34
10 8.36 3.81 18.69 20.83 21.87 11.32 38.26 45.50
11 7.74 3.40 16.96 18.95 20.20 10.79 34.99 41.82
12 8.00 3.33 17.80 19.80 21.06 10.83 37.20 44 .10
13 7.80 3.34 17.65 19.58 20.47 10.53 34.96 41.86
14 7.24 3.18 15.97 17.82 19.85 10.62 32.92 39.88
15 7.45 3.41 16.86 18.75 20.14 10.66 33.76 40.72
16 8.40 5.26 19.62 21.98 22.14 12.94 37.02 45.03
Mean 7.71 3.47 1717 19.14 20.51 10.63 35.03 41.97
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Annex J Cutting Forces

30 seconds irradiated sample (layer 6, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 7.81 4.52 18.03 20.17 20.63 11.02 34.21 41.44
3 7.62 4.47 16.93 19.09 20.60 10.69 31.84 39.40
4 7.33 4.40 16.08 18.22 19.96 10.89 32.27 39.48
5 6.94 3.69 14.62 16.60 18.89 9.68 30.33 37.02
6 6.95 3.97 15.01 17.01 18.48 9.34 28.50 35.23
7 7.28 4.06 15.16 17.30 19.46 10.46 31.56 38.53
8 6.77 4.28 14.85 16.88 18.46 10.47 30.01 36.76
9 6.38 3.84 14.22 16.05 17.57 9.60 27.67 34.16
10 6.60 3.90 14.37 16.29 18.51 10.00 28.54 35.46
1 6.44 3.50 13.50 15.36 18.00 8.83 26.48 33.22
12 6.39 3.1 13.87 15.58 17.86 8.57 26.79 33.32
13 6.50 3.17 14.23 15.96 18.32 8.47 27.86 34.40
14 6.54 3.79 14.61 16.44 18.07 8.99 27.04 33.74
15 6.68 3.65 14.65 16.51 18.96 9.55 28.40 35.45
16 6.48 3.66 15.09 16.82 18.35 9.53 29.77 36.24
17 6.91 3.72 15.09 17.01 19.71 9.24 30.20 37.23
18 6.33 3.22 13.52 15.27 19.75 8.70 29.35 36.43
19 6.64 3.64 14.93 16.74 18.44 9.35 29.48 36.01
20 6.72 4.09 14.59 16.58 18.75 10.10 29.43 36.33
21 7.13 4.57 15.59 17.74 19.33 11.15 31.31 38.45
22 7.18 472 16.42 18.54 19.11 10.39 29.71 36.82
23 7.13 3.63 15.26 17.23 18.98 9.45 30.79 37.38
24 7.42 3.94 16.43 18.45 19.99 10.30 31.31 38.55
Mean 6.88 3.89 15.09 17.04 18.96 9.77 29.69 36.57
30 seconds irradiated sample (layer 6, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 7.77 2.88 17.29 19.18 21.38 9.30 36.55 43.35
2 7.93 2.94 17.93 19.82 21.42 9.56 36.59 43.46
3 8.27 2.90 18.53 20.50 21.00 9.85 37.53 4412
4 9.02 443 20.37 22.72 23.29 12.43 39.90 47.84
5 8.79 4.39 20.48 22.71 22.26 11.87 38.35 45.90
6 8.92 4.37 20.84 23.09 24.76 12.03 40.39 48.88
7 8.38 3.88 18.41 20.60 21.93 11.68 37.17 44.71
8 8.41 414 18.97 21.16 22.94 12.24 39.81 47.55
9 7.82 3.44 17.89 19.83 21.69 10.71 37.30 44.45
10 8.14 3.48 18.72 20.71 20.87 10.85 36.65 43.55
11 7.93 3.50 17.66 19.67 2212 10.70 37.20 44.58
12 7.88 3.20 17.18 19.17 21.06 10.57 34.81 42.04
13 7.21 3.69 16.79 18.64 19.95 10.98 33.32 40.36
14 7.45 3.54 16.68 18.60 20.07 10.80 32.90 40.02
15 7.72 4.18 18.12 20.14 21.19 11.82 35.34 42.87
16 11.20 8.99 24.16 28.11 26.48 16.82 43.02 53.24
Mean 8.30 4.00 18.75 20.92 22.03 11.39 37.30 44.81
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Annex J Cutting Forces

30 seconds irradiated sample (layer 7, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 8.18 4.80 16.91 19.39 19.86 11.40 33.15 40.30
3 7.41 3.97 15.01 17.21 19.42 10.45 31.77 38.68
4 7.27 3.67 15.86 17.83 19.59 10.10 32.52 39.28
5 6.70 3.98 14.50 16.46 18.71 10.23 29.62 36.50
6 6.66 3.88 14.46 16.39 18.14 9.68 28.16 34.86
7 7.26 4.32 15.85 17.97 20.06 10.82 31.85 39.17
8 6.39 3.66 14.26 16.05 18.41 9.71 28.64 35.41
9 6.58 3.23 14.12 15.91 18.90 8.85 28.06 34.97
10 7.04 3.75 15.73 17.64 19.50 9.84 31.84 38.61
1 7.04 3.98 15.01 17.05 19.85 10.20 30.24 37.59
12 6.86 3.95 15.32 17.25 19.15 9.98 29.29 36.39
13 6.78 3.86 15.05 16.95 19.01 9.89 29.53 36.49
14 7.53 4.06 17.34 19.33 20.56 10.53 34.61 41.61
15 7.55 3.98 16.59 18.66 20.74 9.82 32.22 39.56
16 7.44 3.90 17.15 19.10 19.69 10.24 33.36 40.07
17 7.68 5.14 17.51 19.80 20.37 11.32 32.34 39.86
18 7.44 5.22 17.79 19.97 20.72 11.84 32.52 40.34
19 6.86 4.41 15.45 17.47 18.93 10.75 30.57 37.53
20 7.81 473 18.56 20.68 20.42 11.35 34.71 41.84
21 7.69 473 18.27 20.38 20.97 12.08 36.10 43.46
22 7.58 414 17.33 19.36 19.99 10.84 34.45 41.28
23 7.73 5.40 18.84 21.07 2143 11.74 34.63 42.39
24 7.44 5.10 18.53 20.61 20.68 10.71 33.14 40.50
25 7.71 5.50 19.07 21.29 20.69 11.70 33.78 41.31
26 7.42 4.76 17.29 19.41 20.72 11.02 33.65 41.02
27 7.90 4.88 18.02 20.27 21.83 12.40 35.31 43.32
Mean 7.27 4.37 16.61 18.65 19.98 10.68 32.11 39.31
30 seconds irradiated sample (layer 7, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 8.20 3.51 18.36 20.41 22.27 11.25 37.24 44.83
2 8.58 3.24 19.84 21.86 23.25 11.39 41.24 48.69
3 8.96 3.33 21.19 23.24 23.14 10.71 41.81 48.97
4 8.92 4.31 22.02 24.15 23.18 11.97 40.42 48.11
5 8.64 4.34 20.65 22.80 23.15 11.75 40.62 48.21
6 8.55 3.94 20.24 22.32 22.94 11.53 38.70 46.44
7 8.25 3.44 19.50 21.45 21.90 11.11 39.25 46.29
8 8.19 3.54 18.49 20.53 22.09 11.22 38.43 45.72
9 8.50 3.68 20.02 22.06 21.90 11.08 38.85 45.95
10 8.29 3.22 18.82 20.81 23.44 11.28 38.97 46.85
11 7.75 3.21 17.46 19.37 20.96 10.53 36.67 43.53
12 8.43 3.65 19.21 21.29 21.74 11.22 38.64 45.73
13 7.67 3.99 18.23 20.18 22.70 11.56 35.88 44.00
14 7.49 4.05 17.60 19.55 21.02 10.92 34.15 41.56
15 7.75 4.76 18.63 20.73 20.85 12.07 36.16 43.45
16 8.07 4.71 18.06 20.33 21.04 11.92 36.08 43.44
17 7.63 3.97 16.36 18.48 20.87 10.99 36.08 43.11
Mean 8.23 3.82 19.10 21.15 22.14 11.32 38.19 45.58
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Annex J Cutting Forces

30 seconds irradiated sample (layer 8, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 6.25 3.06 12.80 14.57 16.90 8.12 24.93 31.20
3 6.33 3.10 13.22 14.99 17.11 8.70 26.18 32.47
4 6.90 3.43 14.71 16.60 18.60 9.15 29.79 36.30
5 6.81 3.88 15.63 17.49 18.22 9.59 29.08 35.63
6 6.87 3.93 15.47 17.38 18.63 9.94 29.64 36.39
7 6.85 3.87 15.44 17.33 18.98 9.48 29.49 36.33
8 7.70 3.86 17.32 19.34 20.57 10.47 33.06 40.32
9 7.29 3.57 16.09 18.02 20.41 9.56 33.35 40.25
10 7.34 3.71 15.95 17.94 20.84 9.97 33.44 40.65
1 8.03 5.22 17.96 20.35 21.71 11.97 34.03 42.10
12 7.57 5.27 17.38 19.68 20.40 11.55 32.28 39.89
13 7.53 5.15 17.38 19.63 20.52 11.27 32.09 39.72
14 7.57 3.88 16.09 18.20 19.81 10.57 32.43 39.45
15 717 3.31 15.29 17.21 19.25 9.39 29.84 36.73
16 7.58 3.55 16.49 18.49 20.49 10.62 33.85 40.97
17 7.62 4.60 18.30 20.35 20.73 10.92 34.46 41.67
18 7.44 4.54 17.62 19.66 20.19 10.95 33.19 40.36
19 8.00 4.69 18.63 20.81 22.09 11.58 35.54 43.42
20 7.32 3.66 16.18 18.13 20.48 10.55 33.65 40.78
21 7.32 3.59 16.39 18.31 20.56 10.02 32.82 40.01
22 7.13 3.50 16.34 18.17 20.75 9.77 33.35 40.47
23 6.76 3.84 14.58 16.52 20.13 9.46 28.57 36.20
24 6.96 4.64 16.60 18.59 19.52 10.80 31.34 38.47
25 7.41 4.51 16.90 19.00 20.37 10.89 32.75 40.08
26 6.90 3.80 14.45 16.46 19.51 10.76 30.33 37.63
Mean 7.31 4.09 16.40 18.42 20.12 10.40 32.10 39.30
30 seconds irradiated sample (layer 8, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 8.45 3.81 18.75 20.91 21.75 11.59 38.26 45.51
2 8.77 414 19.45 21.73 22.38 12.53 39.27 46.90
3 8.15 3.53 17.77 19.87 21.66 10.41 36.69 43.86
4 8.18 3.42 18.38 20.41 22.47 11.34 37.58 45.23
5 7.89 3.38 18.18 20.11 20.92 10.54 35.73 42.73
6 7.92 3.16 18.77 20.61 21.45 10.63 37.78 44.73
7 7.82 3.47 18.47 20.36 21.80 11.34 37.19 44 .57
8 8.08 414 19.04 21.09 21.27 11.38 36.42 43.68
9 7.58 3.74 17.46 19.40 20.45 11.02 34.82 41.85
10 7.03 3.21 16.14 17.90 19.68 9.59 32.74 39.38
11 7.36 3.23 16.43 18.29 22.07 10.03 34.72 42.35
12 7.05 2.55 15.59 17.30 20.54 9.54 35.12 41.79
13 713 3.33 16.60 18.37 19.95 10.00 32.72 39.60
14 7.02 3.22 15.94 17.72 19.34 10.22 32.48 39.16
15 7.48 3.56 17.20 19.09 20.02 10.35 34.13 40.90
16 7.89 2.63 17.77 19.62 21.16 9.08 37.12 43.69
17 9.96 4.73 22.33 24.90 24.33 12.70 43.95 51.81
Mean 7.74 3.41 17.62 19.55 21.06 10.60 35.80 42.87
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Annex J Cutting Forces

30 seconds irradiated sample (layer 9, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 7.53 3.71 16.52 18.53 19.98 10.07 32.83 39.73
3 7.05 3.41 15.05 16.96 19.31 9.82 31.21 38.00
4 7.30 3.88 16.63 18.57 18.96 9.70 31.68 38.17
5 7.83 5.10 18.34 20.58 20.79 11.45 34.70 42.05
6 7.60 5.25 17.44 19.74 20.76 11.74 33.22 40.90
7 7.23 4.40 15.35 17.52 20.08 11.25 32.52 39.84
8 7.43 3.70 15.74 17.79 20.37 10.59 33.91 40.95
9 7.50 3.40 16.34 18.30 20.02 9.76 33.79 40.47
10 7.65 3.45 16.43 18.45 20.19 9.82 33.68 40.48
1 8.15 4.93 19.05 21.30 22.72 11.69 35.13 43.44
12 7.60 472 17.35 19.52 20.78 11.08 32.25 39.93
13 7.48 4.65 17.00 19.14 20.76 11.33 33.43 40.95
14 6.77 3.25 14.65 16.46 19.83 9.32 30.58 37.62
15 6.97 3.34 15.62 17.43 18.93 9.48 31.50 37.95
16 6.90 3.36 15.07 16.91 18.97 9.50 30.49 37.15
17 7.02 413 15.74 17.72 19.28 10.20 30.22 37.27
18 7.47 4.66 16.90 19.05 20.04 11.13 32.89 40.09
19 7.22 4.65 16.57 18.66 20.02 11.00 31.08 38.57
20 6.33 3.23 13.14 14.94 19.24 9.38 27.91 35.17
21 6.53 3.30 14.35 16.11 19.36 8.82 28.34 35.44
22 6.79 3.49 14.85 16.70 18.49 8.90 28.08 34.78
23 6.62 3.59 14.67 16.49 18.38 9.56 29.15 35.76
24 7.23 412 15.98 18.02 19.45 10.36 31.48 38.43
25 6.57 3.47 14.10 15.94 19.33 9.63 28.63 35.86
Mean 7.18 3.98 15.93 17.93 19.83 10.24 31.56 38.66
30 seconds irradiated sample (layer 9, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 8.82 3.63 20.53 22.63 23.21 12.72 41.22 48.99
2 8.53 4.36 20.04 22.21 2212 11.96 38.34 45.85
3 8.03 3.68 18.39 20.40 21.81 11.89 38.09 45.47
4 6.86 3.01 15.46 17.18 18.77 9.17 31.03 37.41
5 6.99 2.93 15.61 17.35 20.16 8.88 30.92 37.97
6 7.33 3.05 16.89 18.66 20.44 9.40 32.40 39.44
7 6.95 2.75 15.53 17.24 19.38 8.72 31.61 38.08
8 7.08 3.20 15.67 17.49 19.69 9.69 32.31 39.06
9 7.41 3.16 16.15 18.05 20.82 9.79 33.21 40.40
10 7.94 3.05 17.91 19.83 21.67 10.36 37.33 44.39
11 8.06 2.82 19.16 20.98 21.16 10.11 38.75 45.29
12 8.64 3.00 19.31 21.37 22.64 10.89 39.97 47.21
13 9.16 5.08 21.95 24.32 24.40 13.62 43.40 51.62
14 8.68 4.64 21.04 23.23 23.08 12.74 40.84 48.61
15 9.33 5.37 23.41 25.77 23.75 13.14 41.16 49.31
16 9.17 4.92 21.09 23.52 23.24 13.50 41.92 49.79
Mean 8.06 3.67 18.63 20.64 21.65 11.04 37.03 44.31
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Annex J Cutting Forces

Non-irradiated sample (layer 1, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]

line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 5.91 3.51 11.72 13.59 16.56 9.88 23.90 30.71

3 5.82 3.65 11.79 13.64 16.52 9.44 24.09 30.70
4 5.93 3.57 12.05 13.90 16.74 9.64 24.75 31.40
5 5.69 3.23 11.77 13.46 16.40 8.57 23.35 29.79

6 5.88 3.37 11.80 13.61 16.45 9.41 23.34 30.06

7 5.96 3.46 11.60 13.49 17.05 9.90 24.16 31.18
8 6.03 3.67 12.25 14.14 17.10 10.18 25.31 32.20

9 6.09 3.78 12.55 14.45 17.15 10.05 25.37 32.23
10 6.38 4.07 13.39 15.38 17.48 10.18 27.46 34.11
1 5.78 3.57 11.75 13.58 16.55 9.80 24.34 31.02
12 5.91 3.71 11.75 13.67 16.78 10.04 23.69 30.72
13 6.12 3.89 13.03 14.91 17.50 9.95 26.84 33.55
14 6.21 3.90 12.87 14.81 16.95 9.70 25.45 32.08
15 5.98 3.52 12.50 14.30 17.07 9.68 25.65 32.29
16 5.86 3.27 12.21 13.93 16.92 9.16 25.92 32.28
17 5.54 3.12 11.09 12.78 15.98 8.70 22.62 29.03
18 5.62 3.16 11.41 13.11 16.57 8.89 24.05 30.53
19 545 2.98 10.98 12.61 16.14 8.81 22.78 29.27
20 5.14 2.92 10.96 12.45 15.46 8.70 21.70 28.03
Mean 5.85 3.48 11.99 13.79 16.72 9.48 24.50 31.15

Non-irradiated sample (layer 1, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 6.20 1.86 12.84 14.38 17.31 6.53 25.76 31.72

2 6.11 1.96 13.26 14.73 17.45 6.24 26.40 32.25

3 6.87 2.61 15.19 16.87 18.58 8.08 29.18 35.52

4 6.23 2.77 13.63 15.24 17.70 7.31 26.28 32.51

5 6.13 2.59 13.43 14.99 17.35 7.88 26.09 32.31

6 6.58 2.78 14.39 16.06 18.32 7.67 29.00 35.14

7 5.94 2.68 12.70 14.27 16.95 7.50 24.19 30.48

8 6.29 2.36 13.53 15.11 17.60 7.13 27.51 33.42

9 6.03 2.28 13.51 14.97 17.31 6.99 25.70 31.77
10 5.55 2.00 11.69 13.10 16.69 6.69 2411 30.07
1 5.73 2.22 12.53 13.96 16.76 6.96 24.35 30.37
12 6.00 1.93 13.40 14.81 17.24 6.34 26.06 31.88
13 5.77 2.00 12.54 13.95 16.81 6.77 24.67 30.61
14 6.01 2.09 13.19 14.65 17.17 7.04 25.28 31.36
Mean 6.15 2.37 13.34 14.88 17.46 7.18 26.23 32.32
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Annex J Cutting Forces

Non-irradiated sample (layer 2, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]

line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 6.42 3.76 13.87 15.74 17.86 9.92 26.73 33.64

3 6.31 3.63 13.40 15.25 17.67 9.47 26.65 33.35

4 6.40 3.70 13.09 15.03 17.73 9.68 26.42 33.25

5 5.89 3.96 12.38 14.26 16.79 9.63 23.37 30.35

6 6.19 4.02 13.17 15.10 17.42 9.62 24.08 31.24
7 6.08 4.22 13.41 15.31 17.23 9.57 24.56 31.49

8 5.86 4.06 12.39 14.29 16.70 9.64 23.77 30.61

9 547 3.35 11.06 12.79 16.79 9.46 23.55 30.43
10 5.89 3.92 12.56 14.41 17.12 9.67 25.20 31.97
1 5.67 3.60 11.93 13.70 16.20 8.60 22.60 29.11
12 5.99 3.54 12.85 14.61 17.04 9.34 24.34 31.15
13 5.97 3.74 12.28 14.16 16.92 9.22 24.66 31.29
14 6.19 3.51 12.85 14.68 17.37 9.36 25.54 32.27
15 6.02 3.44 12.59 14.37 17.22 9.00 25.04 31.70
16 6.14 3.47 13.05 14.83 17.46 9.00 25.70 32.35
17 6.15 4.15 13.38 15.30 17.33 9.96 26.79 33.43
18 6.23 4.05 13.74 15.62 17.24 942 26.14 32.70
19 6.54 4.45 14.15 16.21 18.35 11.43 29.76 36.78
Mean 6.04 3.82 12.80 14.67 17.18 9.54 25.10 31.88

Non-irradiated sample (layer 2, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 7.09 3.11 15.49 17.32 19.65 10.08 31.45 38.43

2 7.33 3.15 15.95 17.83 19.70 10.25 32.45 39.32

3 7.39 3.28 17.32 19.11 20.25 9.98 32.49 39.56

4 7.50 4.16 16.53 18.63 19.66 10.59 30.71 37.97

5 7.23 3.85 16.03 18.01 19.29 10.02 31.32 38.13

6 7.14 3.70 16.45 18.31 19.44 10.29 31.96 38.79

7 6.88 3.38 14.98 16.83 18.81 9.42 29.15 35.95

8 7.03 3.37 15.91 17.72 19.59 10.35 32.26 39.13

9 6.99 2.85 16.01 17.70 19.07 9.89 31.01 37.72
10 7.05 3.85 16.07 17.96 19.59 11.16 31.64 38.85
1 6.70 3.42 14.94 16.72 18.69 9.67 29.78 36.46
12 6.93 3.27 15.30 17.11 19.17 9.75 31.02 37.74
13 7.06 3.43 16.08 17.89 19.31 10.44 30.88 37.89
Mean 7.12 3.46 15.97 17.83 19.43 10.15 31.29 38.21
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Annex J Cutting Forces

Non-irradiated sample (layer 3, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]

line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 6.57 3.84 13.77 15.73 18.35 10.58 27.97 35.08

3 6.19 3.74 12.87 14.76 16.97 9.85 24.35 31.27

4 6.41 3.75 13.93 15.79 17.91 9.66 27.59 34.28

5 6.23 3.65 13.00 14.87 17.54 10.02 26.41 33.25

6 6.09 3.85 13.03 14.89 17.23 9.56 25.24 32.02

7 6.57 3.93 13.68 15.68 18.65 9.89 27.64 34.77

8 6.50 4.03 14.03 15.98 18.17 9.86 27.25 34.21

9 6.75 412 14.38 16.41 18.91 10.79 29.64 36.78
10 6.64 3.88 14.69 16.58 18.17 10.16 28.17 35.02
1 5.74 3.49 11.27 13.12 17.49 9.28 23.33 30.60
12 5.89 3.72 12.04 13.91 17.01 9.31 24.55 31.29
13 6.01 3.69 12.68 14.51 17.58 9.70 26.71 33.41
14 5.77 3.30 11.64 13.41 17.18 9.01 25.11 31.73
15 5.92 3.49 12.45 14.22 17.19 9.41 26.04 32.59
16 6.03 3.54 12.41 14.25 17.42 9.24 24.99 31.84
17 6.19 3.19 12.75 14.53 17.54 9.06 25.65 32.37
18 6.42 3.71 13.19 15.13 18.11 10.34 27.18 34.26
Mean 6.21 3.69 13.00 14.88 17.69 9.70 26.24 33.11

Non-irradiated sample (layer 3, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 7.19 3.73 15.94 17.88 19.98 10.58 30.85 38.25

2 6.97 3.35 15.07 16.94 19.57 9.56 29.87 36.97

3 6.88 3.57 14.81 16.71 20.17 9.87 30.27 37.69

4 7.14 3.36 16.07 17.91 19.60 9.54 32.27 38.95

5 7.30 3.11 16.02 17.87 20.88 9.68 33.88 40.95

6 7.01 3.27 16.15 17.91 21.42 9.54 34.78 41.95

7 6.50 2.74 14.44 16.07 18.40 8.75 29.66 35.98

8 7.33 3.58 16.45 18.36 20.15 10.49 32.22 39.43

9 7.25 2.99 16.64 18.40 20.02 9.96 33.67 40.42
10 7.06 3.26 16.43 18.17 19.40 10.41 32.33 39.12
11 7.39 3.09 16.99 18.78 20.67 9.83 33.95 40.94
12 6.83 2.64 15.12 16.80 19.57 8.76 31.46 38.07
Mean 7.09 3.28 15.91 17.73 20.02 9.84 32.16 39.15
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Annex J Cutting Forces

Non-irradiated sample (layer 4, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]

line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 6.26 3.57 13.95 15.71 18.15 9.59 27.34 34.18
3 6.26 3.83 13.52 15.38 17.17 9.21 25.12 31.79

4 6.36 3.90 13.69 15.59 18.24 9.52 26.24 33.34

5 6.33 3.63 13.61 15.44 17.86 9.16 26.49 33.24

6 6.90 417 15.08 17.10 18.54 9.96 28.28 35.26

7 6.83 4.01 15.14 17.08 19.18 9.76 28.96 36.08

8 6.28 3.49 13.48 15.27 17.92 9.24 27.04 33.73

9 6.43 3.63 13.80 15.65 17.99 9.15 26.73 33.49
10 6.51 3.66 14.26 16.10 18.15 8.89 26.81 33.57
1 6.02 3.59 12.67 14.48 17.43 943 26.46 33.06
12 6.16 3.74 12.82 14.71 17.85 9.54 26.09 33.02
13 6.16 3.40 12.76 14.57 18.37 9.52 25.90 33.15
14 6.08 3.41 12.76 14.54 18.14 9.82 26.39 33.49
15 6.43 3.65 13.13 15.07 18.35 9.40 25.65 32.91
16 6.38 3.75 13.65 15.52 19.53 9.55 26.54 34.31
17 6.14 3.27 12.60 14.39 17.35 8.92 25.05 31.75
Mean 6.34 3.67 13.56 15.41 18.14 9.42 26.57 33.52

Non-irradiated sample (layer 4, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 6.06 3.53 12.69 14.50 19.62 10.25 30.19 37.43

2 6.06 3.53 12.69 14.50 19.62 10.25 30.19 37.43

3 6.76 3.82 14.51 16.46 19.40 10.72 29.23 36.68

4 6.76 3.82 14.51 16.46 19.40 10.72 29.23 36.68

5 7.08 4.26 15.06 17.17 19.80 11.33 31.51 38.90

6 7.08 4.26 15.06 17.17 19.80 11.33 31.51 38.90
7 6.84 3.69 13.90 15.93 20.07 10.48 29.85 37.46

8 6.89 3.82 14.39 16.40 19.30 10.75 30.17 37.39

9 6.84 3.49 14.32 16.25 19.17 9.71 29.36 36.38
10 7.34 3.53 15.68 17.67 19.84 9.98 31.57 38.60
1 7.21 3.67 16.19 18.10 20.13 9.97 33.63 40.44
Mean 6.81 3.76 14.45 16.42 19.65 10.50 30.58 37.85
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Annex J Cutting Forces

Non-irradiated sample [additional] (layer 1, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
5 5.31 3.13 10.40 12.09 15.85 8.96 23.10 29.41
6 4.90 2.77 9.72 11.23 15.25 7.86 21.33 27.37
7 478 2.66 9.58 11.04 15.13 8.47 21.44 27.57
8 4.54 2.55 8.35 9.84 15.50 8.37 20.96 27.38
9 4.74 2.26 8.55 10.03 15.15 7.60 20.05 26.25
10 5.18 2.74 9.76 11.39 15.74 7.94 22.41 28.51
1 4.74 2.50 9.32 10.75 14.55 7.23 19.08 25.06
12 4.97 2.84 9.81 11.36 15.31 7.81 21.08 27.20
13 5.00 2.57 9.86 11.35 15.52 7.52 21.08 27.23
14 4.86 2.62 9.37 10.87 14.88 7.31 20.26 26.18
15 5.12 2.83 10.88 12.35 15.83 8.65 24.35 30.31
16 5.00 2.76 10.28 11.76 15.30 7.78 22.10 27.98
17 4.84 2.19 9.63 11.00 14.31 6.54 20.32 25.70
18 5.21 217 10.56 11.98 15.77 7.71 23.82 29.59
19 5.15 2.20 10.50 11.90 15.88 7.43 24.18 29.87
20 544 2.73 11.39 12.91 16.47 8.11 25.46 31.39
21 5.88 2.83 12.91 14.47 17.79 8.47 28.66 34.78
22 5.90 2.83 13.09 14.64 16.77 7.98 26.61 32.46
23 5.34 2.19 10.64 12.11 15.89 8.36 22.82 29.03
Mean 5.16 2.55 10.44 11.92 15.68 7.76 22.82 28.77
Non-irradiated sample [additional] (layer 1, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 7.07 2.54 14.03 15.92 19.19 10.05 29.50 36.60
2 6.20 3.61 12.26 14.20 18.01 9.76 26.13 33.20
3 6.53 3.53 12.78 14.77 18.48 10.06 26.47 33.82
4 6.88 3.63 14.02 16.04 18.87 9.85 27.75 34.97
5 6.85 3.62 14.56 16.49 18.51 10.07 28.73 35.62
6 6.88 3.48 14.75 16.64 18.85 9.65 28.53 35.53
7 6.94 3.48 14.74 16.66 18.81 9.56 28.82 35.72
8 6.81 3.34 15.06 16.86 18.57 9.03 28.87 35.49
9 7.07 3.12 15.86 17.64 19.24 9.05 29.94 36.72
10 7.25 3.45 16.36 18.22 19.34 9.69 30.39 37.30
1 7.33 3.11 16.90 18.68 19.71 9.42 31.43 38.28
12 7.86 3.63 17.73 19.73 20.62 10.58 34.14 41.27
13 7.14 3.47 15.32 17.25 19.25 9.94 30.81 37.67
14 7.23 3.00 15.47 17.34 19.47 9.35 31.96 38.58
15 7.46 3.36 17.17 19.01 19.87 10.10 32.75 39.62
16 7.02 3.50 15.32 17.21 19.89 11.28 33.63 40.67
Mean 6.85 3.38 14.44 16.35 18.79 9.68 28.51 35.50
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Annex J Cutting Forces

Non-irradiated sample [additional] (layer 2, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 5.72 3.33 11.13 12.95 16.39 8.84 22.23 29.00
3 5.29 3.10 9.90 11.65 16.49 8.39 21.06 28.03
4 5.12 2.96 9.81 11.46 16.18 8.39 22.50 28.95
5 543 3.23 10.43 12.19 15.60 8.45 21.23 27.66
6 4.85 2.95 9.01 10.65 15.28 8.62 20.27 26.81
7 5.11 3.10 10.04 11.68 15.54 8.22 21.66 27.89
8 5.82 3.37 11.60 13.41 16.76 8.87 23.85 30.47
9 5.74 2.99 11.17 12.91 16.12 8.09 21.88 28.35
10 5.67 3.25 11.31 13.06 16.44 8.71 24.08 30.43
1 5.83 3.33 11.86 13.63 16.58 8.59 24.04 30.44
12 6.04 3.66 12.18 14.07 17.04 9.48 25.54 32.13
13 6.02 3.50 12.25 14.09 17.02 8.99 26.32 32.60
14 5.95 2.99 11.98 13.70 16.41 8.05 25.29 31.20
15 5.97 3.10 12.13 13.87 16.35 8.59 24.50 30.68
16 5.95 2.89 12.01 13.72 17.20 8.22 26.05 32.28
17 6.53 3.63 14.17 16.02 17.77 8.73 27.09 33.55
18 713 4.05 15.79 17.79 19.15 9.74 30.20 37.06
19 7.14 3.90 15.31 17.33 19.03 9.66 30.15 36.94
20 6.60 3.67 13.23 15.23 17.62 9.56 27.01 33.64
21 5.81 3.03 11.49 13.23 16.77 8.47 25.18 31.42
22 4.36 1.47 8.26 9.45 14.14 6.13 19.07 24.52
Mean 6.04 3.25 12.32 14.10 16.96 8.66 25.35 31.71
Non-irradiated sample [additional] (layer 2, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 6.62 2.31 13.38 15.11 18.67 7.97 27.84 34.46
2 5.48 2.55 11.25 12.77 16.00 7.45 21.69 27.97
3 6.24 3.12 13.09 14.83 17.56 8.72 25.83 32.43
4 6.38 3.01 13.02 14.81 18.31 8.25 27.12 33.74
5 6.05 3.1 12.20 13.97 16.99 8.82 23.99 30.69
6 6.31 3.52 13.28 15.11 18.27 9.64 26.47 33.58
7 6.62 3.10 13.29 15.17 18.24 8.90 26.54 33.41
8 6.05 3.00 12.74 14.42 18.05 8.62 27.73 34.19
9 6.63 3.86 13.58 15.59 18.64 9.74 28.09 35.09
10 6.19 2.77 12.60 14.31 17.46 8.50 25.62 32.14
1 6.67 2.93 14.14 15.91 18.06 8.84 25.95 32.82
12 6.84 3.28 15.53 17.29 18.85 9.14 29.96 36.56
13 6.82 2.87 14.99 16.72 18.96 8.78 28.96 35.71
14 6.69 2.77 15.03 16.69 18.64 9.02 29.31 35.89
15 6.83 2.77 15.31 16.99 18.74 8.47 29.99 36.36
Mean 6.26 3.04 12.84 14.61 17.82 8.66 26.09 32.77
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Annex J Cutting Forces

Non-irradiated sample [additional] (layer 3, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]
line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 5.79 2.70 11.97 13.57 16.52 8.34 25.17 31.24
3 5.54 2.51 11.20 12.74 16.67 7.55 23.66 29.91
4 6.03 2.75 12.71 14.34 18.01 8.25 27.13 33.60
5 6.20 3.27 13.50 15.21 18.08 8.92 28.27 34.72
6 6.50 3.21 13.86 15.64 17.69 8.51 27.27 33.60
7 6.70 3.45 14.59 16.42 18.15 9.06 29.21 35.56
8 5.95 2.84 11.62 13.36 16.46 8.23 23.83 30.11
9 5.83 2.92 11.68 13.38 16.53 8.34 24.25 30.51
10 5.99 3.00 11.72 13.50 16.74 8.79 23.92 30.49
1 5.75 3.33 13.08 14.67 16.55 8.91 25.88 31.99
12 5.77 3.36 12.44 14.12 17.75 8.97 25.12 32.04
13 5.78 3.28 12.14 13.84 17.88 9.08 27.15 33.75
14 5.97 3.58 12.03 13.90 18.13 9.13 25.03 32.23
15 5.87 3.69 11.60 13.52 16.98 9.85 24.84 31.66
16 6.44 3.93 12.56 14.65 18.21 10.08 26.34 33.57
17 5.66 3.34 10.96 12.78 16.52 9.45 23.14 29.96
18 5.58 3.35 11.15 12.91 16.13 8.61 23.20 29.54
19 5.30 3.07 10.25 11.94 16.97 8.77 23.78 30.50
20 6.27 3.39 12.36 14.27 18.04 9.48 26.24 33.22
21 4,53 1.81 8.67 9.95 15.19 717 21.88 27.58
Mean 5.83 3.22 11.79 13.55 17.08 8.93 24.92 31.51
Non-irradiated sample [additional] (layer 3, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 6.90 1.46 15.95 17.44 19.15 7.36 31.15 37.30
2 6.80 2.28 14.87 16.51 19.21 8.92 29.63 36.42
3 6.06 1.67 12.52 14.02 17.83 7.62 27.17 33.38
4 6.12 2.05 13.31 14.79 17.54 6.98 27.24 33.14
5 7.00 1.81 15.38 16.99 18.74 7.48 29.75 35.95
6 6.65 1.62 14.92 16.41 18.56 7.56 29.35 35.54
7 6.69 2.59 15.14 16.75 19.45 8.35 29.91 36.64
8 6.64 2.24 15.06 16.61 18.71 7.43 29.45 35.67
9 7.49 3.07 16.64 18.51 20.24 9.28 32.24 39.18
10 7.30 3.52 16.35 18.25 20.60 9.82 32.02 39.31
1 7.22 3.79 16.18 18.11 19.87 10.53 31.27 38.52
12 7.70 3.64 17.65 19.60 21.21 10.30 35.10 42.28
13 7.24 4.02 15.25 17.35 19.53 10.31 29.47 36.83
14 7.53 4.47 15.97 18.21 20.52 11.36 30.74 38.67
Mean 6.76 2.23 15.01 16.63 19.00 8.08 29.79 36.25
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Annex J Cutting Forces

Non-irradiated sample [additional] (layer 4, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]

line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 6.31 3.25 13.33 15.10 17.44 9.23 24.85 31.74

3 6.70 3.64 13.98 15.92 18.06 9.89 26.60 33.64

4 6.51 3.56 13.95 15.80 17.94 9.36 26.73 33.52

5 6.57 3.76 14.55 16.41 18.31 9.49 27.78 34.60

6 6.80 3.71 15.09 16.96 18.54 9.39 28.19 35.03

7 6.79 3.63 14.84 16.72 18.93 9.11 27.97 34.98

8 6.47 3.58 13.88 15.73 18.22 9.21 25.13 32.38

9 5.92 3.14 12.08 13.82 18.81 9.25 25.21 32.79
10 6.34 3.40 13.62 15.40 17.54 9.38 26.66 33.26
1 5.54 2.92 12.03 13.56 16.37 8.53 23.77 30.10
12 5.65 2.84 12.57 14.07 17.13 8.29 25.26 31.63
13 5.81 2.99 12.84 14.40 16.91 8.36 24.18 30.67
14 5.79 3.38 11.68 13.47 16.87 9.06 23.10 30.00
15 542 3.02 11.06 12.69 16.05 8.87 21.88 28.55
16 6.03 3.66 12.65 14.49 18.04 9.38 24.74 32.02
17 5.66 3.07 11.08 12.82 17.67 8.40 21.61 29.15
18 548 3.21 10.94 12.65 16.14 8.75 21.41 28.21
19 545 3.07 10.56 12.28 16.01 8.74 20.56 27.49
20 5.75 3.06 11.58 13.28 17.23 9.98 25.16 32.09
Mean 5.93 3.25 12.43 14.16 17.36 8.98 24.32 31.22

Non-irradiated sample [additional] (layer 4, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 7.92 2.91 17.65 19.56 20.27 8.44 33.01 39.64

2 7.62 2.80 16.75 18.62 20.46 8.61 31.76 38.75
3 7.72 3.17 16.63 18.61 22.22 9.04 32.36 40.28

4 7.58 3.84 15.12 17.34 22.60 9.86 29.90 38.76

5 7.57 4.31 16.04 18.25 19.83 10.33 28.81 36.47

6 7.10 3.75 14.87 16.90 20.17 10.25 30.33 37.84

7 6.93 3.76 14.25 16.29 20.14 9.73 28.06 35.89

8 7.00 4.05 14.19 16.33 20.28 10.03 27.60 35.69

9 6.74 3.64 14.00 15.96 18.10 9.36 27.03 33.85
10 6.80 3.46 14.82 16.67 18.27 8.99 27.40 34.14
11 6.67 3.52 14.50 16.35 18.50 8.89 27.36 34.21
12 6.08 2.83 12.89 14.53 17.44 8.40 25.67 32.14
13 6.80 2.95 15.30 17.00 19.85 8.61 29.74 36.78
Mean 7.30 3.57 15.43 17.45 20.23 9.46 29.63 37.13
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Annex J Cutting Forces

Non-irradiated sample [additional] (layer 5, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]

line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 6.37 3.58 13.05 14.96 18.69 10.12 28.22 35.33

3 6.74 4.03 13.58 15.68 19.28 10.66 28.31 35.87

4 6.73 413 13.88 15.97 18.29 10.15 28.04 34.98

5 6.02 3.37 11.93 13.78 18.34 9.38 24.84 32.27

6 5.53 3.12 10.91 12.63 17.26 8.73 23.97 30.80

7 5.87 3.38 11.62 13.45 17.41 9.46 24.57 31.56

8 6.31 3.34 12.73 14.59 18.15 9.33 26.54 33.48

9 6.26 3.30 12.77 14.60 18.62 9.09 27.27 34.25
10 6.12 3.27 12.63 14.41 17.93 9.39 27.16 33.87
1 5.74 3.02 11.70 13.38 17.87 8.99 27.04 33.63
12 6.56 3.53 13.59 15.50 18.83 9.49 28.68 35.60
13 6.44 3.75 14.14 15.99 19.04 9.59 28.26 35.40
14 6.08 2.90 12.57 14.26 17.41 8.63 26.59 32.94
15 6.28 2.91 13.46 15.13 18.15 8.72 28.18 34.63
16 6.41 2.93 13.63 15.35 18.87 8.76 28.82 35.55
17 6.52 3.11 13.59 15.39 18.12 8.38 27.22 33.76
18 6.77 3.10 13.91 15.78 19.18 9.32 30.54 37.25
19 6.31 2.85 13.12 14.84 17.75 8.38 26.71 33.15
Mean 6.21 3.19 12.82 14.60 18.19 9.04 27.09 33.88

Non-irradiated sample [additional] (layer 5, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 8.30 2.91 17.96 20.00 21.49 9.56 34.99 42.16

2 8.09 3.31 17.52 19.58 21.89 10.03 35.02 42.50

3 7.22 2.51 15.85 17.60 20.55 8.42 32.51 39.37

4 7.37 3.36 16.90 18.74 21.46 9.82 32.16 39.89

5 7.42 3.08 17.16 18.94 23.38 9.42 33.98 42.31

6 7.46 2.77 16.73 18.53 25.91 9.02 35.30 44.70

7 6.67 2.50 13.90 15.62 22.37 9.21 28.93 37.72

8 6.78 2.78 14.56 16.30 19.60 8.44 27.72 34.98

9 6.70 2.87 14.65 16.36 19.28 9.1 30.59 37.29
10 6.64 3.10 14.69 16.42 20.16 9.83 28.94 36.61
1 6.81 3.31 14.71 16.54 20.13 9.09 29.20 36.61
12 7.03 3.72 15.33 17.27 19.76 10.24 29.66 37.08
Mean 7.27 2.92 15.99 17.81 21.61 9.29 32.01 39.75
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Annex J Cutting Forces

Non-irradiated sample [additional] (layer 6, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]

line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 6.83 3.37 13.65 15.64 18.46 9.45 29.37 35.95

3 6.10 3.03 12.42 14.17 19.43 8.79 27.31 34.65

4 6.46 3.16 12.86 14.73 19.55 9.41 29.47 36.59

5 6.37 3.50 13.28 15.14 18.22 9.06 26.93 33.76

6 6.69 3.72 14.30 16.22 19.45 9.54 28.89 36.11

7 6.60 3.48 13.66 15.56 18.89 9.11 28.08 35.05

8 6.45 3.17 12.96 14.82 19.37 8.89 27.77 35.01

9 6.39 3.08 12.97 14.79 19.06 9.18 27.20 34.46
10 6.41 3.1 13.13 14.94 19.69 9.09 28.50 35.81
1 6.59 2.95 13.01 14.88 19.48 8.68 29.16 36.12
12 6.86 3.22 14.60 16.45 18.98 9.24 29.88 36.58
13 7.46 3.44 15.50 17.54 20.66 9.87 32.79 39.99
14 6.79 3.80 13.78 15.83 18.52 9.97 28.33 35.29
15 6.84 4.07 14.07 16.17 19.33 10.80 29.44 36.84
16 7.06 4.38 14.81 16.98 19.82 10.29 30.39 37.71
17 6.18 3.47 12.61 14.46 17.98 9.72 28.07 34.72
18 5.53 2.54 11.00 12.57 17.24 8.13 23.93 30.60
Mean 6.58 3.41 13.50 15.41 19.08 9.40 28.59 35.64

Non-irradiated sample [additional] (layer 6, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 8.12 2.24 17.99 19.86 23.37 9.72 36.44 44.37

2 7.29 3.01 16.49 18.28 19.69 8.96 30.83 37.67

3 7.16 2.77 15.55 17.34 19.36 9.43 31.63 38.27

4 717 2.85 15.50 17.31 19.43 9.21 30.69 37.47

5 7.43 2.97 16.42 18.27 20.56 9.12 31.81 38.96

6 7.12 2.25 16.38 18.00 19.81 8.33 32.58 39.03

7 7.39 2.39 16.13 17.90 20.79 8.04 31.77 38.81

8 7.59 2.34 16.92 18.70 22.18 8.12 33.41 40.92

9 7.56 1.98 16.97 18.68 20.59 7.56 32.90 39.54
10 7.56 3.17 17.53 19.35 21.31 9.41 32.62 40.09
1 7.68 3.29 17.88 19.74 21.71 10.18 34.55 42.06
Mean 7.44 2.60 16.59 18.37 20.71 8.79 32.47 39.51
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Annex J Cutting Forces

Non-irradiated sample [additional] (layer 7, spacing 8 mm)

Cutting Mean forces [kN] Maximum forces [kN]

line | Cutting  Side Normal = Total | Cutting  Side Normal  Total
2 7.14 3.90 15.57 17.57 19.36 10.24 30.00 37.14

3 7.01 3.78 14.71 16.72 19.38 10.53 30.84 37.92

4 6.62 3.61 13.88 15.80 19.03 10.24 29.22 36.34

5 6.83 3.85 14.07 16.10 19.55 10.20 29.64 36.94

6 712 3.98 14.51 16.65 19.86 10.20 28.79 36.43

7 6.78 3.87 14.26 16.26 18.65 9.86 28.83 35.72

8 6.64 3.85 14.24 16.17 18.87 10.65 29.85 36.88

9 6.88 3.89 14.47 16.49 19.30 11.06 31.05 38.20
10 7.14 4.21 15.46 17.54 19.50 10.57 30.96 38.09
1 6.58 3.24 13.28 15.17 19.22 9.45 28.77 35.86
12 6.77 3.30 14.26 16.13 18.52 9.99 30.67 37.20
13 6.85 3.56 14.62 16.53 18.81 9.80 29.01 35.94
14 6.91 3.23 14.38 16.28 19.06 9.46 30.68 37.34
15 7.16 3.28 15.53 17.41 19.42 9.72 31.06 37.90
16 6.60 2.66 13.68 15.42 19.14 8.93 29.53 36.31
Mean 6.87 3.61 14.46 16.42 19.18 10.06 29.93 36.95

Non-irradiated sample [additional] (layer 7, spacing 12 mm)
Cutting Mean forces [kN] Maximum forces [kN]

line Cutting Side Normal = Total  Cutting Side Normal @ Total
1 7.73 2.85 16.60 18.53 21.05 9.63 34.38 41.45

2 6.81 3.54 14.33 16.26 19.21 10.14 31.37 38.16

3 7.74 3.99 16.68 18.82 21.08 10.54 32.26 39.95

4 7.76 4.33 16.70 18.92 21.40 11.89 33.40 41.42

5 6.87 3.91 14.64 16.64 19.30 11.05 30.04 37.37

6 7.58 4.25 16.19 18.38 20.92 11.17 31.71 39.60
7 7.05 3.70 15.16 17.12 19.18 11.25 29.98 37.33
8 7.14 3.97 15.29 17.33 19.70 11.04 29.75 37.35

9 6.39 3.18 13.22 15.02 18.13 9.21 28.39 34.92
10 6.97 3.10 15.56 17.33 19.18 9.42 29.58 36.49
Mean 7.20 3.68 15.44 17.44 19.91 10.53 31.09 38.40
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