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Abstract

The influence of the specific energy to the cutting performance was investigated and
different hybrid cutting performance perdition models were established. Those models vary
in different cutting depths and different preconditioning depths of the tunnel face. The most

effective forecast model of Mr. Comakli was investigated in more detail.

These multi regression models sets the uniaxial compressive strength, Brazilian tensile
strength, Schmidt hammer value, ultrasonic test, dry density and porosity into relation. The

original equation creates a correlation value of 0.98.

As the best precondition technique the microwave fragmentation was chosen, because the
horizontal and radial cracks create an easier situation for extraction of the tunnel face with
a roadheader cutting head than e.g vertical laser drilled holes. Lower the rock mass rating
by a factor of 20% will lead to an improvement of the performance, expressed by the net

cutting rate of 22%.

The preconditioning with laser drilled holes (vertical and inclined) was interpreted as not
sufficient for mining operations, because the tunnel face will get too hot and the thermal

wear of the wolframite pick will move out of the economic situation.

The most effective cutting situation could be a microwave preconditioned face and a water
jet assisted cutting process. As best the precondition will be, as higher the cutting

performance will be in the end.
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Zusammenfassung

In this thesis several material testing techniques and rock rating parameters were
presented. These input parameters influence the cutting performance of roadheaders in a
very intense way. The specific energy of rock turned into the special focus of this master

thesis.

Also different alternative fragmentation technics were discussed for applying those in

mining operations. As last chapter several forecast models were compared and discussed.
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1 Roadheaders

Underground roadheaders were heavy-duty equipment for tunneling and drift excavation
operations. The top range for excavating minerals can reach up to a uniaxial compression
strength of 120 MPa. Beyond that strength the excavation gets uneconomic in reaction of
very high tool erosion. The excavation process can be carried out by trans or axial cutting
heads, where hard metal cutting picks are mounted.

The installed power can reach up to 547 kW (manufacture Sandvik (N.N, Sandvik). The
average loading capacity is 350 m®h. The cutting power can reach up to 325 kW.

To cut higher ranges of UCSs, different hybrid cutting techniques have to be researched.

In this paper cutting rocks up to UCSs 250 MPa has been investigated. The provided
mechanical cutting power for the hybrid cutting models is 300 kW.

Figure 1: Roadheader Sandvik (www.sandvik.com)
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1.1 Cutting characteristics

1.1.1 Chip formation

As reaction to increasing cutting forces, the stress between the rock pick and the rock
surface rises up until the rock strength is reached (boarder between elastic and plastic
stress situation).

Celal wrote in his paper in the year 2013 that after this first stage lateral and median cracks
run through the plastic deformation zone.

As second stage the lateral cracks reach the surface, in a circle like way. Here the maximum
of cutting force is reached.

As last stage of the cutting process, the chips are moved out by the rock pick (crushed
zone). For this only the shear resistance has to be overcome. All the descripted processes
can be seen in Figure 2 below.

For very ductile rocks shear forces will dominate the chipping process, on the other side for
very brittle process lateral and median cracks dominate the process.

Depth Cutting Process : Cutting by Segment
of cut

Platform Section view

segment

Lateral cracks /Median crack
Plastic deformation
(Crushed zone)

(a)
N Chippin
pping segment
‘Jr[ .
: of grooves
Lateral cracks Lateral cracks 3
) LJr.)ined cracks intercross fedian crack

(b) = >—"1 chipping off Crushed zone

Figure 2: Cutting process (Pihtili 2013)
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1.1.2 Angle influence to cutting forces

To induce a higher efficiency during cutting operations, it is necessary to control the forces
and angles of attack to the excavating material. Those parameters were presented in Figure
3.

Figure 3: Geometric conditions during cutting process (Munoz et al. 2016)

The geometric designations were:
d... cutting depth W....cutting width F<C...peak cutting force

F.C...normal cutter force to surface ©... angle of cutter

Munoz et al wrote in their paper (2016) that the cuttability indices are influenced by:

e rock texture

e grain size

e UCS

e Mohrs hardness

e structural parameters

o tool-rock interactions (friction losses)

In their paper they investigate 0 for 15°, 30° and 45°over different cutting depths.
The results at low cutting depths showed plastic yielding (material fails by yield stress).

At deeper cutting depth the fracture mode will be dominant.
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The nominal stress is shown in the equation below after the size effect law (Bazant's law):

_ (Fsc)peak

0,
n weXd

(1)

Figure 4 shows the influence of the cutting depth to the necessary cutting forces. The letter

€ represents the specific energy (SE).

The Mantina stands for basalt, Brukunga for phylite and Hawksbury for sandstone minerals.

1000

o 500| /

£= 221 Jlem®

fe=88 o
=42 A

D 1 1

%

Manlina
UCS= 249 MPa

Brukunga 7
UCS=103
f*v’
J--"Wﬁ g
Hawksbury
UCS=45

0.0 0.1 0.2 0.3

0.4 0.5 0.6

d (mm)

Figure 4: Cutting force over cutting depth (Munoz et al. 2016)
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For example, the cutting experiment (Figure 5) of Brukunga shows the influence of 6:

1000

N _
/: 0= 151 _
...._..........._..

Z 500 / PN, I

S =4 . o= 15", o= 88

Brukunga phylite

w d (mm’)
Figure 5: Brukunga cutting test (Munoz et al. 2016)

The SE for this were at a constant w.= 10mm

6=15° 88 Jicm?®
0=30° 151 Jlcm?®
0=45° 205 J/cm3

The conclusion of the Munoz et al experiment was that a higher attack angle causes a
higher amount of SE to excavate the same amount of material.
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2 Rock mass classification models

The aim of rock classification models is to give forecast information about the rock
properties during the feasibility and preliminary design stage of a mining/tunneling project.
During this stage of preliminary reconnaissance no detailed information (UCS, BTS, CAl,
...) are available.

The prediction models cannot replace the laboratory research activities of rock (mass)
properties during the construction stage.

In the following sector of the thesis different classification models are presented.

Hoeck recommended a short list of the common models which are used in the mining
industry:

e Rock Quality Designation Index (RQD)
e Rock Structure Rating (RSR)

¢ Rock mass rating (RMR)

¢ Barton (Q-Value)

e Geological Strength Index (GSI)

Normally serval classification models were applied at the same face to give a more detailed
view of the rock properties (and also to compare them).

Most use in practice are Bienawskies RMR and Bartons Q-Value rock mass ratings.

2.1.1 Rock Quality Designation Index (RQD)

This drill core quality rating was invented by Deere et al in the year 1967. The RQD is
defined as the percentage of unbroken pieces, which are longer than 100mm, of a drill core.
The equation below shows this relation:

M length of pieces longer than 100 mm
RQD — Zl g fp g (2)

total length of core

Hoeck mentioned that this value is strongly depending on the orientation of the drilled hole.
Joints and discontinuities can influence the value in an intense way.
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Figure 6 shows a short example:

——
L=38cm
L=17cm
Iy =0
/ no pieces
*10¢cm
=
=
L=20¢cm
L=35cm
P Crilling break
L=0
ng recovery

L.

Figure 6: RQD (Hoek)

The RQD Value of this core sample wusing the equation above
RQD = (380+170+200+350) / 2000 = 55%

2.1.2 Rock Structure Rating (RSR)

This method to rate rock mass was invented by Wickham et al (1972). An advantage of this
method is that the classification of the necessary support is included. Equation 2 shows the
rating:

RSR=A+B+C (3)
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Parameter A represents the estimation of the geology and geological structures (see Table

1)
Parameter B represents the influence of discontinuities on the tunnel orientation (see Table
2)
Parameter C represents the influence of ground water (inflow and joint condition) (see Table
3)
Table 1: RSR Parameter A (Hoek)
Basic Rock Type
Hard Medium  Soft Decomposed Geological Structure

laneous 1 2 3 4 Slightly Moderately Intensively

Metamarphic 1 2 3 4 Folded or Folded or Folded or

Sedimentary 2 3 4 4 Massive Faulted Faulted Faulted

Type 1 30 22 15 9

Type 2 27 20 13 8

Type 3 24 18 12 T

Type 4 19 15 10 6

Table 2: RSR Parameter B (Hoek)

Sinke L fo Axis Strike || to Axis
Direction of Drive Direction of Drive
Both With Dip ‘ Against Dip Either direction
Dip of Prominent Joints a Dip of Prominent Joints
Average joint spacing Flat Dipping Verlical Dipping Vertical Flat Dipping Yertical
1. Very closely jointed, = 2 in 9 1" 13 10 12 g 9 7
2. Closely jointed, 2-6 in 13 16 19 15 17 14 14 "
3. Moderately jointed, 6-12 in 23 24 28 19 22 23 23 19
4_Moderate to blocky, 1-2 ft 30 32 36 25 28 30 28 24
5. Blocky to massive, 2-4 ft 36 38 40 33 35 36 24 28
6. Massive, = 4 ft 40 43 45 cr 40 40 38 34
Table 3: RSR Parameter C (Hoek)
Sum of Parameters A + B
13-44 | 45-75

Anticipated water inflow Joint Condition 2

gpm/1000 ft of tunnel Good Fair Poor Good Fair Poor

Mone 22 18 12 25 22 18

Slight, = 200 gpm 19 15 9 23 19 14

Moderate, 200-1000 gpm 15 22 if 21 16 12

Heavy, = 1000 gp 10 8 8 18 14 10

4 Dip: flat: 0-20=; dipping: 20-50°; and verical: 50-90°

b Joint condition: good = tight or cemented; fair = slightly weathered or altered; poor = severely weathered, altered or open
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After calculation the RSR the support can be read out of Figure 7

70

()

)

40

30

Rock Mass Rating (RSR)

20

1

Shotcrete

1 inch diameter
rockbolts

6H20

--"'"--
8 WF 31

e

8 WF 48

B i

% Practical limit
for bolt and
rib spacing

2 3

4

5 I3

Steel rib spacing - feet
Rockbolt spacing - feet

Shotcrete thickness - inches

Figure 7: RSR Support (Hoek)

For example, a RSR of 60 will create a minimum support of 2.2 inches (5.6 cm) of shotcrete
in addition with 1-inch diameter rockbolts spaced every 4.5 feet (1.4 m).
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2.1.3 Rock Mass Rating (RMR)

This method was invented by Bieniawski in the year 1976 and modified in the year 1989.

The model after Hoek rates the following parameters to a maximum sum of 100:

UCS of material

RQD

Spacing of the discontinuities
Condition of the discontinuities
Water conditions

Orientation of discontinuities

IS

Table 5 shows the detailed information about the rating of the parameters. All parameters
can be rated directly in situ, except the strength values (Point Load and UCS).

The result of the rating can directly be read out of Table 4.

Table 4: results of Bieniawski rating (Hoek)

Rock mass Excavation Rock bolts Shotcrete Steel sels
class (20 mm diameter, fully
grouted)
| - Very good Full face, Generally no support required except spot bolting.
rock 3 m advance.
RMF: 81-100
Il - Good rock Full face , Locally, bolts in crown | 50 mm in Mone.
RMR: 61-80 1-1.5 m advance. Complete 3mlong, spaced 2.5 | crown where
support 20 m from face. m with occasional required.
wire mesh.
Il - Fair rock Top heading and bench Systematic bolts 4 m 50-100 mm Mone.
RMR: 41-60 1.5-3 m advance in top heading. | !ong. spaced 1.5-2m | in crown and
Commence support after each e and ""'3”5 3!:' il
blast with wire mesh in sides.
CTOWN.
Complete support 10 m from
face.
IV - Poor rock Top heading and bhench Systematic bolts 4-5 100-150 mm | Light to medium ribs
BME- 21-40 1.0-1.5 m advance in top m long, spaced 1-1.5 in crown and | spaced 1.5 m where
heading. m in crown and walls 100 mm in required.
Install support concurrently with with wire mesh. sides.
excavation, 10 m from face.
WV —Very poor Multiple drifis 0.5-1.5m Systematic bolts 5-6 150-200 mm | Medium to heavy ribs
rock advance in top heading. m long, spaced 1-1.5 in crown, 150 | spaced 0.75 m with
BRMRE- < 20 Install support concurrently with m in crown and walls mm in sides, steel lagging and
excavation. Shotcrete as scon with wire mesh. Bolt and 50 mm forepoling if required.
as DDSS”JIE after b|asﬁng_ invert. on face. Close invert.
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Table 5: Rock Mass Rating System (Hoek)

A CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parameter Fiarngs of values
Streegfh | Port-cad >10 MPa 4-106Pa 2-4 MPa 1-2 MPa Fer s low rangs - niasial
al strength index compressive lest is prelamed
1 intaclrock |1 jniasial camp. *250 MPa 100 - 250 MPa 50 - 100 MPa 25-50 MPa 5-25 | 1-5 | =1
maleal | erangth MPa | MPa | MPa
Faling 15 12 7 4 ] 1 []
Dl exve Cuslity RGO S0 - 100% 75 - 00% S0 - T5% 258 - 50% < 25%
2 Rating 2 17 13 ] 3
Spacirs of »2m 0&-2.m 200 - 500 mm 60 - 200 mim < Gl mim
3 Raling 2 15 10 ] 5
ery rough surlBoss Shghtly reisgh surfaos Shghtly rough surfaos Shckensided surfanes Soft gouge »5 mm ick
Condilion of disconinuiies Mol corlnuous Separaﬁm-t 1 mom 5E1.‘.3|”3|50|‘| < 1 I:I’GME < 5 mim Bick nrs:epmﬁm > 5 mim
[Se=E) M separation Shghtly weathersd walls | Highly wealhened walls & Sepersfien 15 mm Cerlinuous
4 Unwesaiensd wall fock Corfinuous
Faling 0 25 20 10 []
Inflow per 10 m Mo <10 10-25 25-125 > 125
tunned leng {im)
Grounshwa [[Jont waler prasalf 5 <4 0.4,-0.2 02-05 *05
5 e | [Major principal o]
General conciliona Complately dry Damp et Dripping Flowing
Ralirg 15 10 7 '] 0
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F)
Shike and dip ariertsions Very tmvaurable Favourable Fair Unlaveursble Very Linfawour able
Turrsals & mires 0 -2 5 -l -2
Ratings Feundatiors 0 -2 7 A5 -5
Sopes 0 -5 -5 50
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Pating 100 + 81 B a1 [T 0 <
Class number I 1 1] v v
DCescripion Very good ook Good ok Fair rock Poer rock Very poor rock
D. MEANING OF ROCK C1ASSES
Claza number | I n w W
Auerage sand-up fme 20 yrs fer 15 m span 1 year for 10 m span 1 week for 5 m apan 10 hrs for 2.5 mspan 30 min fer 1 m span
Cohesion of rock mass (kPa) * 400 300 - 400 200 - 300 100 - 200 < 100
Friction srale ol rech masa [dez) =45 35-45 535 15-25 <15
E. GUIDELINES FOR CLASSFICATION OF DISCONTINUITY concitions
Discontiruily length (persistencs) <im 1-3m 3-10m 10-20m *»20m
Faling 3 ] 2 1 [
Separalion ﬁa}emre] s < [L1 mm 0.1 - 1.0 mm 1 -5mm > 5§ inm
Fating [ 5 4 1 o
Reughness ery rensgh Foensh Shightly rewssh Srgelh Shgnenzided
Rating & 5 3 1 [
Infilling (gouge) Mo Hard filing < 5 mm Hard filing > 5 mm Sod filing < 5 mm Sot filing > 5 mm
Raling & 4 2 H [
Wigatherrs Uneeathared Slightly wealsered Moderalety weathared Highly weathered Decompesed
Ralings [ 5 3 1 [
F.EFFECT OF DISCONTINUITY STRIKE AND D4P ORIENTATION IN TUNNELLING™
Siia Défpéﬂlﬂ?uhlﬂi.l‘l‘ﬁaa& Eﬂmpmlel 1o e aus
Dirive with dip - Dip 45 - 90° Debve with dip - Dip 20 - 45° Dip 45 - 90 Dip 20 - 450
ery lavouratis Faviuratie Wery unlavourable Far
Drive againgt dip - Dip 45-00° Crrve against dp - Dip 20-45° Dip 0-20 - respective of srke®
Fair Uinfaveurabis Fair

* Bome condilions are mulualy excusive | For exsmele, if inliling is present, the roughness ol e surface will b= avershadowsd by the influsnce of the gouge. In such cases uss A8 drecly.
™ Modified afer Wickham el al (1972).
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2.1.4 Rock Tunneling Quality Index (Q-Value)

Another very prominent method is the Q-Value which was invented by in the year Barton,
Lien and Lunde (1974). The equation below shows the relation of several parameters:

Q:

RQD
In

]_TX]_W

Ja

SRF

(4)

RQD Rock Quality Designation

Jn joint set number

Jr joint roughness number
Ja joint alteration number
Jw water reduction factor
SRF stress reduction factor

The logarithmic results of the equation can be directly put into Figure 8. Out of this diagram
the rock classes (A-G) and information about the support categories can be read out.

ROCK CLASSES
G F E D c B A
Exceptionally Extremely Veary : Ve ry Ext. Exc.
poor poor paor Pox ks Good good | good good
100 1 111 ] Il 11 25 - 20
EEEEN Fittoam am .
woared 2 n == 5
50 S\’\ctc‘ef\e' 17m i 1 i1 =
2 m R /,/ / // g
fl’ Vi 1” // {/ 7 %
Y A =
E. 90 | r/ /] 1l //// V.all 5 ;
c ’ ,Jf P / // :‘) v / —~ D =
— 5 2 1
- V4 () 2 o)/lic @} SZ |\ g e
e 10 L C40m 3 W
E 7 T 7 A /.l T o
. _ ] .\q,‘:{\\ -qd‘c ‘Dcf vd? 7 A 1l 1
o 51 i v o H P 2.4
% I / rTzom_ 6@0 :
‘% d / il /15rm |(|\é(\°\d
A y | |.'{\
) A // / A el ‘ad“g\
// 7 H (/ 13 m 6‘\5&3 1.5
/ ,/ /// %’J m b ‘
1-/ ] A i !
0.001 0004 0.01 0.04 0.1 04 1 4 10 40 100 400 1000
, RGQD Jr Jw
Rock mass quality Q = on X Ja X SEF

Figure 8: RQD support categories (Hoek)
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2.1.5 Geological Strength Index (GSI)

The last method to geological rating of the rock masses is the GSI-Value, which was
invented by Hoek and Brown (1997).

It is a visual interpretation of the tunnel-face in tunneling operations, or surface of bench in
open pit mining operations. Figure 9 shows the template for the rock mass evaluation.

After Marinos typical ranges for various rock types varies between ranges of:

Sandstone massive / brecciated: 90-45 / 45-30

Siltstone, Claystone bedded / sheared: 45-22 / 25-5

Limestone massive / thin bedded / brecciated: 90-45 / 56-34 / 45-27
Granite: 90-50

Ultrabasic rocks fresh / serpentinised: 90-38 / 25-8

Gneiss: 90-35

Schist strong / weak / sheared: 58-40 / 40-16 / 25-7
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GEQLOGICAL STRENGTH IMDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSl. Do not iry to
be too precise. Quoting a range from 33
to 37 is more realistic than siating that
GSI = 35, Mote that the lable does not
apply to structurally controlled failures.
Where weak planar structural planes ane
present i an unfavourable orientation
with respect to the excavation face, these
will dominate the rock mass behawviour.
The shear strength of surfaces in rocks
that are prone lo delerioration as a result
of changes in moislure content will be
reduced if water is presenl.  When
working with rocks in the fair to very poor
categories, a shift to the right may be
made for wel conditions. Water pressure
is deall with by effective stress analysis.

Slickensided, highly weathered surfaces with compact

coatings or filings or angular fragments

VERY POOR

Slickensided, highly weathered surfaces with soft clay

Smooth, moderately weathered and altered surfaces
coatings or fillings

SURFACE CONDITIONS
Vary rough, fresh unweathared surfaces
Rough, slightly weathered, iron stained surfaces

VERY GOOD

:

STRUCTURE DECREASING SURFACE QUALITY —>

POOR

FAIR

- s - 4 i X 50
INTACT OR MASSIVE - intact / Iassive or sparsely jointed rock
rock specimens or massive in 90 masses do not satisfy condifions m
situ rock with few widely spaced rd for isotropy and hom egenesty

discontinuities g;_ BI.'I::;;/ /g//ﬁgf
//T./ /
e %ﬁ%
7 7t

| 37

74 47 3?/3/26,1

A o2

40

BLOCKY - wall interlocked un-
dislurbed rock mass consisting
of cubical blocks formed by three
intersecting discontinuity sets

VERY BLOCKY- interlocked,
partially disturbed mass with
P | multi-faceted angular blocks
/% 7] formed by 4 or more joint sels

BLOCKY/DISTURBEDISEAMY
- folded with angular blocks
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Figure 9: GSI Value (Hoek, Carter, Diederichs 2013)
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2.2 Material testing

2.2.1 Uniaxial compressive strength

The uniaxial compressive strength (UCS) is one of the most used parameters in mining
engineering.

The UCS is defined as the stress of a sample during the failure situation during the testing
procedure. The equation below shows the mathematical term:

o = mme (kN/mm?)  (5)

Restner wrote in his master thesis (1998), that there were two testing conditions. Those
conditions are: stability and cuttability.

Stability:

« water flushing is allowed

» weaker parts of the rock

* low loading rates (o(t) < 5MPa/min)

* large, slim specimens (height/diameter = 2)

Cuttability:

* dry sampling is to be preferred

* stronger parts of the rock

* high loading rates (o(t) = 600 MPa/min)

» small, cubic specimens (height/diameter = 1)
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Figure 10 shows the sample during the testing.

| ‘ .1! ,_\
\ 4 In
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Figure 10: UCS testing device

Table 6 will show the UCS of several rock types.

Table 6 UCS Strength (after Solenhofen, 2003)

Rock type UCS (MPa)
Granite 100-250
Diabase 150-300

Basalt 100-300

Sandstone 20-170

Limestone 30-250
Dolomit 30-250

Steel 900-1500
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2.2.2 Brazilian tensile test

The Brazilian tensile test investigate indirectly the tensile strength of a sample.

Under pressure the sample collapses along the Y-axis (see Figure 11). The strength of the
sample gets calculated with the equation below.

F...maximal load on sample D... diameter of sample t...thickness of sample

Y Y

o

[
|

TTITT

t

Figure 11: Brazilian tensile test (Tavallali und Vervoort 2010)
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Figure 12: influence of inclination angle to BTS (Tavallali und Vervoort 2010)

7

Tavallali und Vervoort wrote in their paper (2010), that for limestone the BTS varies between
14 - 36 MPa.

For crosschecking of the results the BTS should be approximately 10 % of the UCS results.
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2.2.3 Brittleness test

This indirect testing procedure was published by Yagiz and Gokceoglu (2010) and is
deriving the brittleness out of the rock strength (punch penetration test). The experimental
arrangement is presented in Figure 13. The specimen diameter is 54 mm, the height to
diameter ration has to be at least 1. For this test it is necessary to fix the sample into a steel
ring (inner diameter of 115 mm) with gypsum to create a high resistance against yielding.
The penetration procedure ends automatically at a penetration of 6.5 mm. The constant
penetration speed is 0.0254 mm/s.

Applied Load

Upper platen

Indentor

Plaster

Lower platen
Steel ring

Figure 13: punch penetration test (Yagiz and Gokceoglu 2010)

Out of the force-penetration diagram (Figure 14) the brittleness can be calculated.

Bly, = e (7)

Fmax ...maximal penetrating force (kN) P ...penetration at maximal force (mm)
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Figure 14: Brittleness graph (Yagiz and Gokceoglu 2010)

As classification of the results the following ranges (KN/mm)
240 very high brittle 30-34 medium brittle

25-29 moderate brittle

35-39 high brittle
20-24 low brittle <19 not brittle (ductile)

Several rock types are listed below to give a little overview (all rocks were from USA):

Sandstone: 10.7-30.5
Granite 27.0-41.7

Limestone 14-35.7
Basalt 21.0-42

Gneiss 17.4-36.8
Marble 35

Yagiz and Gokceoglu also investigated a multiple linear regression between the rock
parameters of compressive strength (ocin MPa), tensile strength (o: in MPa) and the
specific weight (p in KN/m?). The equation below shows this relation:

Blu=0.198 X 0 - 2.174 x 01 + 0.913 x p — 3.807  (8)

This equation creates a correlation coefficient (R?) of 0.94
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2.2.4 Cerchar abrasiveness

The third important material testing parameter in this thesis, is the abrasiveness index after
Cerchar (researched in the year 1986). The experimental principal is shown in Figure 15.

The scratch distance of the pin is 10 mm and the load during the test is 70 N.

After the test the diameter of the plane pin top is measured.

Figure 15: Cerchar experimental principle (Kasling 2010)

The Index (CAl) gets calculated out of the equation below:

CAI=10+5 (9)

c... unit correction factor (standard 1 mm)

Table 7: CAl-Index (after Kisling 2010)

CAl-Index category material

<0.3 not abrasive organic material

0.3-0.5 not very abrasive mudstone, marl

0.5-1.0 slightly abrasive slate, limestone

1.0-2.0 medium abrasive schist, sandstone

2.0-4.0 very abrasive basalt, quarzitic sandstone
>4.0 extremely abrasive | Amphibolite, quartzite
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2.2.5 Shore hardness test

The aim of the shore hardness test in an early stage of a project is to estimate roughly the
strength of a rock sample. The device below (Figure 16) shows the very basic testing
situation for rock. A diamond dipped hammer impacts on the surface of the sample from a
selected height. The average rebound height of 20 test is measured and calculated with the
equation below into UCS. Figure 17 shows the influence of SSH to UCS of several minerals.
Those minerals were: limestone, marble, basalt and sandstone.

UCS = 2.88 x SSH (10)

SSH...shore scleroscope hardness

? Ranging Scala

Clamp wheel o s )
Magnifying

glass
SAMPLE
Hammer
Trigger

Figure 16: shore hardness test device (Yasar und Erdogan 2004)
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Figure 17: correlation SSH to UCS (Yasar and Erdogan, 2003)
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3 Influence of rock parameters on cutting performance

For excavating operations with roadheaders, the cutting performance is the most important
parameter.

The cutting performance is governed after Thuro (2002) by two input parameters. On one
hand by the cuttability of the rock, which is defined by the excavation of solid rock masses
per (net) working hour (m3h). On the other hand, the cutting performance is influenced by
the pick consumption per solid rock mass during excavation (picks/m3).
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£l8| 28| £ 5 5 | &
) I} = E o I ({4\'&
225 — :
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C i :
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Spez. Meillelverbrauch [Meilzel/m?]

Figure 18: cutting performance for roadheaders (Thuro 2002)

Figure 18 shows a matrix for estimating the cutting performance (here “Frasbarkeit’) as a
function of specific pick consumption. The range starts by very low 25 m3h (sehr gering)
and reaches to extreme high by 225 m3*h (extrem hoch). This matrix was made for a
roadheader with 300 kW cutting power.

Special rock parameters can influence the cuttability of rock and the pick consumption. The
list below shows some of these parameters:

e specific destruction energy

e uniaxial compressive strength
e Brazilian tensile strength

e geotechnical abrasivity
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For the specific destruction energy, it is necessary to take into consideration that the post-
failure energy also influences the cuttability.

Further also the joint system and the geological condition of the face influence directly the
cutting performance. Figure 19 demonstrates this in a very visual diagram.

130 kW-Teilschnittmaschine Frasgeschwindigkeit
50 - [%]
Gesteins-
eigenschaften — 300 sehr hoch
1 maligebend
40 Sparnen (Cutting)
— des Gesteins B
&
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— 30 — e
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Figure 19: Cutting performance versus geological jointing (Thuro 2002)

The spacing varies between displacement (Stérung) to massive (massig) face conditions.
This figure was made for a 130 kW (cutting power) roadheader.

Thuro wrote in his paper 2002 that in the diagram two dominant areas can be concluded.
On one hand the high energy consumption of the cutting sequence. On the other hand, the
more effective ripping area. Some rock parts can get easier ripped off along those micro
joints.

Also the preconditioning of the face influences the performance in a positive way.
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3.1 Influence of anisotropy

The influence of anisotropy to UCS and destruction energy (which can be calculated out of
the same laboratory test) will be presented in this section of the thesis. The cylindrical core
samples would get drilled in different orientation to the joint system.

Thuro and Plininnger wrote in their paper (2002), that the highest UCS can be measured
rectangular to the joint system. On the parallel orientation it reaches 80% to 90% of the
rectangular value.

Typically the distribution graph (left side of Figure 20 ) shows a minimum compressive
strength at an angle of 60° (out of the horizontal level). The reason of that is the missing
surrounding support pressure (03=0) during the test procedure.

The minimum UCS is important to investigate when the excavation direction will be
diagonally to the joint system. The tensile strength shows the same analogy (right side of
Figure 20). The continuous line shows a high degree of anisotropy, the broken line a strong
anisotropy.
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90 Schieferung
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.
o
|
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Prozent der Zerstérungsarbeit

0

Figure 20: Anisotropy influence of UCS and tensile strength (Thuro and Plininnger)

Figure 21 shows the anisotropic influence to the cutting performance. The cutting direction
parallel to the joint system creates the highest cutting performance. The lowest cutting
performance of 80% to 60% (“Prozent der Frasleistung”) is found rectangular to the jointing
system. The continuous line shows the performance for clay shale, the broken line shows
the performance for silt saltes.
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Figure 21: Anisotropic influence to cutting performance (Thuro and Plinninger)
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A rectangular joint system creates also bad operation conditions for the pick tools
(vibrations).

The pick tool consumption will be explained in the next chapter of this thesis.
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3.2 Pick consumption

The pick consumption prediction creates a very complex problem. Especially the interaction
of tool, rock mass, drilling fluid, air and rock chips is a very difficult forecast situation.

To describe the tool consumption two parameters are important.

The first parameter will be the qualitative pick consumption, which describes how the
erosion of the tool is progressing in the field. It's a visual comparison of different erosion
types.

The second parameter will be the quantitative pick consumption, which describes the speed
of pick erosion.

3.2.1 Qualitative pick erosion

Thuro and Plinninger wrote in their paper (2002) that all influencing factors could be
compared by four different erosion parameters:

e abrasiveness (contact between tool and rock surface)

brittle failure (erosion in result of impact stress)

thermal wear (creates much higher erosion of the two factors above)

special erosion (contact between tool and fluid/ aerosol media)

Figure 22 shows the characteristics of those four parameters.

Typ A: normal abrasiveness
Typ B: brittle failure

Typ C: thermal wear

Typ D: new pick
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Figure 22: Qualitative pick erosion; normal abrasiveness (A), brittle failure (B), thermal wear
(C), new pick (D) (Thuro and Plinninger)

In prospect to microwave-pre-conditioning thermal pick erosion is also taken into
consideration. An economic operation temperature below 360°C should be issued.

3.2.2 Quantitative pick erosion

Thuro and Plinninger wrote in their paper (2002), that their erosion data are based on field
data and were created in cooperation with geologists and engineers. It should work
accurately for estimating the quantitative pick erosion.

Table 8 below categorize the quantitative pick erosion. The left column shows the grade of
erosion. Starting on the top at very low and ends at the bottom at extreme high. In the center
column the specific pick consumptions picks/m? (solid) are listed. In the right column the
pick-operation-times are presented.
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Table 8: Quantitative pick erosion (after Thuro and Plinninger)

Specific pick consumption

Grade of erosion (Pick/m?) Standup time
Very low <0.01 Very high
low 0.01-0.05 High
intermediate 0.05-0.15 Intermediate
high 0.15-0.3 Low
Very high 0.3-05 Very low
Extrem high >0.5 Extrem low
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3.3 Forecast models for performance prediction

3.3.1 Ocak and Bilgin model

The roadheader excavation performance and roadheader excavation efficiency is
influenced by the factors of utilization time, as well by the net cutting rate (NCR).

The equations below were published by Ocak and Bilgin in the year 2010.

For axial type roadheaders:

RMCI = USC * (%)2/ 3

(11)

NCR = 0.28 % P * (0.974)RMCI (12)

RMCI stands for rock mass cuttability index. UCS for the uniaxial compression strength in
MPa. RQD for the rock quality designation index in %. P for the cutting power in kW and
NCR for net cutting rate in m3/h.

For transversal type roadheaders:

RPI =P x— (13)

NCR = 27.11 % ¢(0:0023+RP)  (14)

RPI... roadheader penetration index W... mass of the roadheader (t).

The data have been determined empirically based on a installed cutting power of 300 kW
(brand: Westfalia) and a mass of 74 tons. The average RQD was 55 % and the UCS varies
between 40 - 145 MPa.

The data correlation between UCS and NCR is shown in Figure 23 below. Figure 24
presents the deviation of field data from predicted data.

The following figures were made for a rock mass mixture of sandstone, siltstone, claystone,
mudstone and shale. Also limestone and conglomerates appear sometimes in the direction
of the excavation.
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Figure 23: Relation between UCS and NCR (Ocak 2010)
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Figure 24: Deviation of field data to predicted data of NCR (Ocak 2010)

The high deviation of the NCR in Area A was created by an inclined joint system at the
tunnel face. This influence were described in chapter 3.1 before. In this specific case the
inclining of the joint system at 45° was very favorable for the excavation.
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3.3.2 Comakli model

Comakli, Kahraman, Balci wrote in their paper (2014), that a roadheader could produce a
three times higher production rate than the excavation applying traditional drilling and
blasting technics. Their model was invented for metallic ores: chromite, hematite, galena
and smithsonite.

The instantaneous cutting rate (ICR) is again:
ICR = k+x— (15)
SE

P... installed cutting power (kW) SE...specific Energy (kWh/m?)
Comakli et al declared that the energy transfer ratio factor k will be 0.8.
To estimate the specific energy several rock parameters have to be investigated.

Their model was designed for metallic ore excavation and includes several parameters
(including their fluctuation range):

e uniaxial compressive strength MPa: 66.3 — 7.9
e Brazilian tensile strength MPa: 7.5 — 1.1

e point load test MPa: 3.0 - 0.5

e Schmidt hammer value: 37.9 — 15.5

e ultrasonic velocity km/s: 5.7 — 2.5

e dry density test g/cm?®. 6.3 - 2.4

e dry and saturated porosity test %: 31.4 — 2.0

The results create several single-linear equations for different rock conditions:

SE = 1.98 x ¢®182*0c (16)
SE = 1.68 x e°181*0t (17)
SE =1.31% %25 W (18)
SE = —1.28 xIn(n) + 6.74 (19)
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The correlation coefficient drops from 0.82 to 0.51. To get better correlation coefficients a
multiple linear regression model was developed. The results of this is shown in equation
below. The correlation coefficient of this equation is 0.98.

SE =56.1—-0.16*0,+4.24*0, —1.08+«R, —099*V, —643*p—034+*n
(20)

Comakli et al created another easier, but not as a good (correlation coefficient 0.75) as the
equations above, equation:

SE =—149—040+R, —1.78 % p (21)

In situ conditions (joint system, water, inclining, experience of the operator, stress...) can
increase or decrease the cutting performance.

3.3.3 Tiryaki model |

This forecast model was invented by Tiryaki (2008). It uses a multiple nonlinear regression
model to estimate the specific energy during excavation. Tiryaki wrote that tougher rocks
will primary fail in shear-stress-mode and brittle rocks will fail primary in tensile-stress-mode.
The process of failure and fracturing is descripted in chapter 1.1.1 .

This model was invented for 44 not specified rock types.

The testing parameter to calculate the SE in this model are listed (including their fluctuation
range):

e quarz content %: 0 - 99

e drydensity g/cm?®: 2.2 - 2.7

o effective porosity %: 0 —22.9

e Brazilian tensile strength MPa: 1 — 10.3

e modulus of elasticity GPa: 5.6 — 65.7

e uniaxial compressive strength MPa: 7 — 192.9

e cone indenter hardness: 1.3 - 12
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The calculation with the software MATLAB creates the equation below as result of three
important parameters:

SE = 2.15 » UCS®2* x C[°68 (22)

The correlation coefficient of this equation is 0.84.

Figure 25 shows the scatterplot of the observed and predicted SE.
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Figure 25: Tiryaki nonlinear regression model (Tiryaki 2008)
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3.3.4 Tiryaki model I

The next model of Tiryaki (2009) uses a regression tree model to estimate the SE for
excavating tunnels. A regression tree can be interpreted as an if-then relationship between
different layers. Tiryaki concluded, that the SE is depending on four independent variables.
Those were the UCS, BTS, Elasticity and CAl.

Figure 26 presents a regression tree to estimate the SE (MJ/m3) over the modulus of
elasticity (GPa) (fluctuation range: 80.6 — 5.6), the cone indenter hardness (ranges from
27.8 — 1.3) and the BTS (MPa) (ranges from 21.3 — 1).

Figure 27 shows the scatterplot between the observed and modulated SE. This estimation

fits with a very good correlation coefficient of 0.97.
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Figure 26: Regression tree for SE (Tiryaki 2009)
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3.3.5 Tumac Bilgin model

This model was published by Tumac et al. (2007). Its target is to estimate the cuttability

from two parameters (shore hardness (SH) and UCS).
They use the equation 15 to calculate the ICR using the SE.

In Figure 28 the SEquimum, Which is calculated out of laboratory tests, is presented.

Relieved Cutting Mode (interaction between grooves)

too small spacing (a) optimum spacing (b) too large spacing (c)
{overcrushing) (chipping) (ridge occurance-coring)

i s | i s s
s = line spacing

(a)
Specific
Energy

(b)

sid

Figure 28: SE,ptimum In cutting test (Tumac et al. 2007)

In Figure 29 the correlation between the SE and SH is presented. The equations below

show these mathematical correlations.

SE = 0.2316 * SH1 — 2.0066 (23)

SE =0.1705 *SH2 — 3.9468 (24)

SH1... average of 50 points (ranges for limestone around 54)

SH2... result of 15 tests at one location (ranges for limestone around 72)

The correlation coefficient of this equations were 0.78 and 0.44.
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Figure 29: Relation between specific energy and shore hardness (Tumac et al. 2007)

If this data is set into the equation for NCR.
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Figure 30: Relation between NCR and SH (Tumac et al. 2007)

The equations in Figure 30 show the final result of the Tumac et al. paper.

For the application in this thesis this correlation factors, SH and NCR’, will not guide to a

successful performance model.
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3.3.6 Yilmaz model

This model is using the hybrid dynamic hardness (HDH) to estimate the ICR of roadheaders.

The HDH is a relation between different measured rebound hardnesses. It is described by

the equation below.

HDH = ESH? x ESH,. (25)

Here ESH;s stands for the surface hardness of rock established by using the hardness test
(Figure 31)(ranges for limestone around 72). It gets calculated out of the average of 20

rebound tests (different spots) (ranges for limestone around 54).

And ESH; stands for the peak hardness value, which is measured at the impact on one

single spot.

Figure 31: Surface hardness tester (Yilmaz et al. 2015)

Yilmaz et al created a equation for the SE which can be seen below:

SE = 0.2662 x HDH + 0.1975 (26)

The correlation coefficient of this equation is 0.91. The equation fits for rocks with a UCS
between 10 and 170 MPa.
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To estimate the ICR the common equation (27) is used again.

ICR=k+— (27)

Yilmaz et al recommended in their paper in the year 2015 that also the RQD value should

be taken into consideration, otherwise the ICR will just depend on one single parameter.
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3.4 Geological and geotechnical factors

Of course geological and geotechnical factors also influence the cutting performance, as
well as the parameters written in the chapters above. A change of input-parameters always
influences the output result.

Bilgin et at published in the year 2004 several equations including geotechnical parameters:

The specific energy:

SE =2 (28)

Instantaneous cutting rate per time (also known as NCR):

P
SEOpt

ICR =k *

(29)

Oc ... compressive strength (MPa) E ...Young’s modulus (MPa) P...cutting power (kW)

SEopt ...optimum specific energy (kW/m?) (see Figure 28) k ...energy transfer coefficient

The energy transfer coefficient k alternates for roadheaders between 0.45 and 0.55.

Important to mention could be that utilization time can influence the excavation in a positive
or negative way.

The geological factors could be:

e strata inclination /tunnel inclination

This effect is mentioned in chapter 3.1

o effect of water

Water can reduce friction and rock strength in joint systems. The ICR can reach double in
performance than in dry zones (material specific).

o wet sticky zones

Sticky material (influenced by: water absorption, plastic limit and liquid limit) can reduce the
ICR up to a factor of 2.5, because the cutting head can be filled with material. Figure 32
presents such a unwanted cutting head.
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Figure 32: cutting head pollution during sticky zone (Bilgin et al. 2004)

e Effect of lamination

Bilgin et al also wrote in their paper (2004), that a lamination smaller than 100 mm increases
the ICR. The spacing of joints (related to RQD-value) have the same influence to the ICR.

Performance prediction for road heading applications page 42



4 Alternative rock fragmentation technics

4.1 Water jet cutting

4.1.1 Introduction

The water jet cutting technology was invented during the 1960 years. In the case of rock
cutting abrasive particles (most used: garnet, alumina, silicon carbide, glass beads) in the
water beam are used.

Paul et al. published (1998), that the operating fluid pressure varies between 150 - 400
MPa, the beam width between 0.1 - 0.4 mm and the velocity of the beam varies between
200 — 800 m/s and follows the equation below.

The equation below was invented by Liu et al (2015) and calculates the beam velocity out
of the water pressure:

v = 44.67 x\/P (30)

V... beam velocity (m/s) P... pressure

Figure 33 shows the principal design of the nozzle

High Pressure Water

Jewel Qrifice

Abrasive Inlet

Mixing Tube

Figure 33: Water jet nozzle (www.omax.com)
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4.1.2 State of the art

4.1.2.1 Geometric influence

There are a view combinations of different geometric factors which can influence the result
of water jet cutting in a direct way. These factors are:

e standoff distance effect

Oh et al wrote in their paper (2014), that a shorter standoff distance will create better
fracturing results, than longer standoff distances. This result is based on the expansion of
the water jet in diameter over the distance (focusing characteristics). The testing of the
critical standoff distance, tested on a preconditioned sample is presented in Figure 34. The
artificial holes in the center of the sample have to be 35 + 15 mm deep and in cylindrical
shape. The result for 25 mm free surface samples (sample shape 50 x 50 x 100 mm) is
presented in Figure 35.

Waterjet
nozzle head

ISlﬁllduffdiHlancc

«  »
Depth ut"pn:-I \\ Free surface

indentation boundary
distance

Rock specimen

Figure 34: Water jet geometric parameters (Oh et al. 2014)
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Figure 35: Effect of standoff distance on granite; distance 130mm (a), distance 10mm (b) (Oh
etal 2014)

e pre indentation effect

A pre drilled target hole greatest easier breakage conditions for longer standoff distances
(of not possible to access closer). Low water flow rates may be not able to great fracturing
without this target hole (also influenced by the free surface effect).

e free surface effect

The crack resistance increase with increasing distance to the free surface of the sample. If
the distance is to far just conical erosion (angle approximately 75°) can be detected (no
fracturing will spread to the free surface). In the study of Oh et al this critical distance was
150 mm away from the center point of the water jet (water pressure 250 MPa, flow rate 9.6
[/min).

4.1.2.2 Pure water jet compared to abrasive water jet cutting

Five independent parameters influence the efficiency of pure water jet cutting operations.
Those were:

o water jet pressure (MPa)
¢ nozzle diameter (mm)

e standoff distance (mm)

e traverse speed (mm/min)
e angle of impact (°)
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The equation below represents the relationship of the penetration depth.

h=A-= p1.5 % dO % e—2.5 (1.62%L) vp—0.38 * COS (31)
A... constant p... pressure do... nozzle diameter
L... standoff distance Vp... traverse speed a... angle of impact

Gryc et al. characterized the water yet in their paper (2014) by eight parameters:

o water jet pressure (MPa)

e nozzle diameter (mm)

e size of input abrasive particles (mm)
o diameter of focusing tube (mm)

e length of focusing tube (mm)

¢ standoff distance (mm)

e ftraverse speed (mm/min)

e angle of impact (°)

The equation below represents the relations of the penetration depth h:

h=Bxp?xdy"? x 725" (1157 L) 4 715 4 cos o (32)

B... constant p...pressure da...focusing tube diameter

Table 9 presents the comparison of this two different techniques.
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Table 9: Abrasive and pure water jet results (Gryc et al. 2014)

Rock name Depth of cut for  Depth of cot for  C—The coefficient for
AW [mam ) pure W] [ transformation of

results from W] o AW
and vice versa

Azul MNoche 453+ 054 528+019 L85 +01

Belfast 624+ 064 252+062 2144025

Rosa Beta 1200+ 226 577 +0567 208+015

Mew [mperial 854+ 088 470+ 067 150 +0.09

Shiwakashi 1553 + 1.33 703 +113 221+0a7

Juparana Gold 1486+ 1.03 746+ 053 201 +01m

Bilina 2475+ 322 1215 +1.77 204 +0.03

Godula 1707 + 1.55 8.42+144 203+0a7

Horice 8345+ 764 3647 +423 229+0.06

Javarka 48.57 + 448 2042 +424 238+029

Reka 2152+ 245 1113 +1.41 193 +0.02

The coefficient C is the multiplier (average factor 2) to compare pure water jet and abrasive
water jet cutting depths to each other.

The interpretation of this results will be a priority use of abrasive water jets to pure water
jets. The 2-times higher power will lead to a higher cutting performance.

Performance prediction for road heading applications page 47



4.2 Laser mining

4.2.1 Introduction

The targets of Laser Mining are (after Graves and O’Brien, 1998):

e Change rock parameters
e increase drilling progress
e Decrease rig time

o Automatized drilling

e Borehole stability

o cost efficiency

One of the biggest advantages of fiber lasers are the wall plug efficiency (ratio electric power
to optical power) of 20%. Another advantage will be that 50.000 hours of operation time are
possible without any service. The footprint of a 5.34 kW Ytterbium fiber laser is just about
0.5 m2

A typical Nd:YAG laser will need 200 kW electric power to send out 4 kW of optical power,
the fiber laser will just need 25 kW of electric input-power.

The efficiency of a laser beam is further influenced by the power source (radiation force),
beam width, pulse frequency, water contend of rock and residence time (pulsed or unpulsed
operation mode).
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4.2.2 Design of laser

There are several kinds of lasers which can be used in laser mining (after Graves and
O’Brien 1998):

o fiber laser

e hydrogen fluoride (HF) and feuterium fluoride (DF) lasers A = 2.6 t0 4.2 ym

e chemical oxygen iodine laser (COIL) A = 1,315 ym

e COzlaser A=10.6 pm

e COlaserA=5t06 um

o free electron laser (FEL) (any wavelength possible). For Graves and O’Brien this
laser is the best high-power laser for the future.

o Neodymium/Yttrium Aluminum/Garnet Laser (Nd/YAG) A = 1.06 ym

4.2.3 Process during cutting/drilling

To increase the drilling progress, it is necessary to use the right power and the correct
wavelength for each kind of rock, also the correct time of penetration will be an important
factor.

Those combined-settings create some mechanical stress (change in the void space)

(Graves et al., 2002).

The rock parameters: Young’s modulus, shear modulus, bulk modulus were reduced. The
parameters permeability and porosity were enhanced.

In case of a high water contend, the laser induces temperature dehydrate the void space.
Therefore the vapor creates (Figure 36) more cracks inside the rock (for example shale

mineral).
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Figure 36: Dehydration of clay minerals (Graves et al,, 2002)

4.2.4 Application in rock cutting

Ahmadi et al. described in their paper in the year 2011 the specific energy of an Nd:YAG
laser with the equations below.

SE =3t (33)
E =t+W (34)
ROP =2 (35)

Ei...input Energy (J) V....removed volume of rock (cm?) t... duration of laser beam (sec)
W...average laser power (watt) D...Depth (mm) ROP...rate of penetration (mm/s)

After several experiments with different time intervals and dry or saturated samples they
invented a equation for the average required power (watt). This equation can be seen
below:

Pyye = 0.262 % SE * ROP * D2 (36)

D...diameter of hole (mm)  SE...specific energy (kJ/cm?) ROP...rate of
penetration (mm/s)
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Figure 37: Specific energy (Ahmadi et al. ,2011)

Out of their investigations on limestone the equation below can be made:

“Duration: 25 sec

Typ:TLD-5 (Dry)

Depth of hole: 11.58 mm
Specific energy: 117.76kJ/cm?®’

__117.76 kj/cm?

. 30sec
laser 100mm/50mm 11.58 mm

* depthioomm * e (37)

50mm

Out of figure Figure 37, the SE for limestone after 30 sec of irradiation (using a laser density

of 30.3 kW/cm?) of about 1220 (kJ/cm?) for 10 cm penetration and 610 for 5 cm can be
calculated.
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4.3 Microwave fragmentation

4.3.1 Introduction

Each wave is defined by their wavelength and amplitude. The microwaves are classified as
electromagnetic waves with a frequency between 300 MHz and 300 GHz. Related to the
equation below the result of the wavelength varies between 1 m and 1 mm (10 m) (after
Toifl 2016). Other characteristic waves can be seen in Figure 38.

c=fxA (38

C... propagation speed (in vacuum 300.000 m/s) f... frequency of wave (Hz)

Ao... wavelength (m)

Visible Light

700nm 600nm 500nm 400nm

Radio waves Ultraviolet X-rays Gamma

€«——LONGER WAVELENGTH (meters) SHORTER————>

N D D D D D D D B D D D D D
102 1* 1 10" 102 10° 10* 10° 10° 107 10° 10° 10%° 10" 10 10

Figure 38: Wavelengths of different wave kinds (Toifl 2016)

4.3.2 Physical heating with microwaves

Each wave which interacts with a medium (in our case the rock) obeying to the following
mechanisms:

e reflection
e transition

e absorption
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To heat up a medium a high grade of absorption of the electromagnetic energy has to be
reached. The other mechanism heat the medium slower than the absorption effect.

To successful emit microwaves three hardware-components are necessary. Figure 39
below is presenting this in a very rough way:

Waveguide

Source Applicator

Figure 39: Equipment of microwave production (Toifl 2016)

The sources can be:

e Magnetons

e Kilytrons

o traveling wave thermionic devices
o Gyrotrons

e Magnicons

e Ubitrons

e Peniotrons
For the applicator two different technics are suitable:

¢ Multimode cavities (use in the household oven)

e Single mode cavities (may use in rock heating applications)
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5 Alternative RMR / RMR and cutting

NCR ’ SPC

RMR

Figure 40: Goal of preconditioning (Restner and Gehring 2000)

Roadheaders are widely used in mining and tunneling for quick and flexible excavations.
Their performance is limited by several parameters (see chapter 3). Alternative
fragmentation methods try to reduce those parameters by introducing artificial cracks in
order to increase the performance of these machines.

The goal of this thesis is to review existing performance prediction models (see chapter 3)
in this context. Several theoretical scenarios have been developed in this chapter of how
the best “pre damage/conditioning” model has to look like in order to assist the conventional
method. As can be seen in Figure 40 the influence of RMR (spacing, ...) on the NCR/ICR
is contrary.

As efficient those preconditioning (loss of internal rock mass strength) of the face will be,
the higher the hybrid cutting performance will be.

The influence of abs. RMR on hybrid ICR is shown in the upper part of Figure 41. The
influence of rel. RMR to rel. ICR and the consequential microwave antenna spacing is
shown in the lower part of Figure 41 (was made for limestone with a start abs. RMR of 81).

This results shows the same trend stone predicted by Restner and Gehring.
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Figure 41: Influence of rel. RMR to rel. ICR and antenna spacing

For the following theoretical forecast, a time slot of 10 seconds of residence time was
chosen. During this time the alternative fragmentation methods have to damage the rock at
their best behavior. After 10 seconds the pick will excavate the weakened rock mass to a
total depth of 100 mm. The chosen rock type in this forecast is limestone, its geotechnical
properties are shown in Table 10. Limestone was chosen, because of its well-known
parameters and the assessable cutting performances.
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Table 10: Rock properties of limestone used in the study

lower upper chosen

range range value
Ultrasonic velocity (Vp) m/s 3500 6000 4750
Porosity (n) % 15 15
UCsS MPA 75 250 150
BTS MPA 14 35.7 24.85
CAl 0.5 1 0.75
Rn 30 37 33.5
Density (dry) g/cm? 2.3 2.7 25

The cutting depths for UCS in the range between 75 - 150 MPa is set to 10 cm.
For UCS in the range between 150 - 250 MPa the cutting depth is set to 5 cm.
The installed cutting power of the roadheader is 300 kW.

In a second stage the forecast models (chapter 3.3) will be set into relation of different rRMR
values.

5.1 Influence of RMR on ICR

A lower rock mass classification means an easier/lighter access of the pick into the rock
mass. If this idea will think forward the tunnel face can be excavated with a higher speed,
than without preconditioning. Best situation of preconditioning will mean the same depth as
the typical cutting depth (normally half of roadheader-drum size).

For the theoretical forecast a linear regression between the original ICR and the hybrid
cutting ICR has been supposed. If the spacing will get closer the hybrid ICR, because of its
contrary relation, will get higher. The equation below shows these relation:

ICRori ina
ICRyypria = —(mfR) l (39)
100

ICRoriginal- .. Value out of mechanical model (chapter 3)
rRMR... Rock mass rating after preconditioning

As a general statement can be recorded, that all models were made for site specific forecast
situations. A short discussion of the advantages and disadvantages of them can be found
at the next page.
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5.1.1 Ocak & Bilgin model

The first model (axial) correlates, with just the variable (UCS, RQD, P), in the upper ranges
of UCS good to the performances of in situ excavations. But it is not the best correlation in
this paper. The original ICR ranges from 16 m3h to 0.4 m®h.

The second model (transversal) fits not accurate enough to the in situ performances.

5.1.2 Comakli model

For the theoretical forecast of the ICR the model of Comakli shows, with its multiple
regression of all necessary parameters, the best correlation to in situ excavation
performances. The original ICR ranges from 9.5 m3h to 3.4 m3h.

For the thesis this model was chosen. All the others can be found in the annex.

5.1.3 Tiryaki model |

The high influence of the Cerchar abrasiveness and the low influence of the UCS creates a
much to high SE and ICR. The original ICR ranges from 43 m3h to 32 m3h.

5.1.4 Bilgin model 2004

The potential influence of UCS to the specific energy and the thus influenced cutting
performance ranges (for the chosen limestone) in an abnormal high range (highest of all
investigated models). The original ICR ranges from 288 m3h to 25 m%h.
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5.2 Used technologies for preconditioning

5.2.1 Water jet and pick

Liu S. et al. described the hybrid cutting process with three steps:
e Hydraulic erosion
e Hydraulic fracturing in micro cracks

e Expansion in reaction of high pore water pressure

The authors investigated four different situations.

In Figure 42 below those techniques were presented:

Cutting direction

Cutting direction

Pick

L

Nozzle

Rock i

(a) JFP

Cutting direction
-

Cutter

Flow channel

(c)JCP (dy ISP

Figure 42: Water jet and pick cutting situations (Liu. et al. 2015)

Liu et al run several experiments to investigate the decreasing of the pick cutting force.

The result of their measurements are shown in chapter 6.1.
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5.2.2 Laser and pick

Assumed parameter is that the laser beam creates only a vertical hole and no further cracks
were induced into the rock mass.

The figure below (Figure 43) should demonstrate two possible designs for preconditioning
the rock mass within the 10 seconds of residence time. A line cutting (crosscutting) with
laser will not be possible within the time window of 10 seconds.

Option A were parallel drilled holes in a regular pattern. A very rough surface after extraction
with the pick could be expected, because the pick will shear the rock off along those lines.
If the holes are in one line to each other the next off-center pick will have a higher resistance
than the center pick.

Option B should prevent such a rough surface with an irregular and inclining (45°) laser
pattern. The influence of spacing to depth ration (s/d) can be seen in Figure 28.

Table 11 shows the RMR rating of the original limestone face and the rating after
preconditioning (estimations). The small table left and right show the detail of “condition of
discontinuities” for the two different cutting depths.

The power for each laser beam 7.7 kW for a cutting depth of 10 cm and 1.9kW for 5 cm is
calculated.

As result, for the preconditioned area (0.5 m x 1 m) 78 holes are necessary to reach the
desired rRMRs. The total laser power reaches 600 kW for 10 cm and 150 kW for 5 cm
cutting depth.

(A)

&) [} )
o ©
o ©

(B)

Figure 43: Laser induced damage
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Table 11: RMR for laser preconditioning

Bieniawski RMR 10 cm cutting depth 5 cm cutting depth
original after preconditioning after preconditioning
(rRMR) (rRMR)
Factor lower upper % % %
Strength of 12 12 12 12
rock
RQD 13 17 13 11
Spacing 10 10 8 8
ondton o | 39 30 20 17+
iscontinuities
Groundwater 0 0 0 0
sum 65 69 100 55 82.09 48 73.64
average 67

*Detail of: Condition of
discontinuities

10 cm cutting depth

discontinuity length 6
separation 0
roughness 4

infilling 6
weathering 6
Sum 22

**Detail of: Condition .
of discontinuities Sem cutting depth

discontinuity length 4
separation 0
roughness 1
infilling 6
weathering 6
Sum 17

Performance prediction for road heading applications

page 60



5.2.3 Microwave and pick

The assumed parameter of microwaves is that the preconditioning voided cracks with vertical
extension (no horizontal cracks).

The cracks will change the excavation process into an easier rip situation for the rock pick.

As a result, the hybrid ICR of microwave preconditioned rock will be higher than the hybrid
cutting ICR of laser preconditioned applications. Another advantage could be, that the face will
not get as hot as laser treated rock (prevent thermal pick wear).

In Table 12 the influence of various microwave irradiation problems on the RMR is presented.

Figure 44 below shows a possible layout of the microwave antennas and the associated
damage pattern.

Figure 44: Sequence of microwave antennas
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Table 12: RMR for microwave preconditioning

Bieniawski RMR 10 cm cutting depth 5 cm cutting depth
original after preconditioning (rRMR) after preconditioning (rRMR)
factor lower | upper | % % %
Strength of 12 12 12 12
rock
RQD 13 17 13 10.5
Spacing 10 10 8 8
discontinaies| %0 | % 22 20"
Groundwater 0 0 0 0
sum 65 69 |100 55 80.60 50.5 75.37
average 67
Do oruer | 40 cm cuting depn
discontinuty length 5 discontinuty length 4
seperation 0 seperation 0
roughness 4 roughness 2
infilling 6 infilling 6
weathering 6 weathering 8
sum 22 sum 20
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6 Theoretical influence of preconditioning technologies

6.1 Influence of water jet cutting

The results of water jet adjust cutting are presented in Figure 45 below.
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Figure 45: Pick force reduction by water jet (Liu S. et al. 2015)

As a special result for JSP an optimum distance between the nozzle and the pick tip of 2 — 5
mm was noticed. For the distance larger than 5 mm the water jet creates its own damage zone
beside the zone of the pick. This situation is presented in Figure 46.
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Figure 46: Non optimum distance for JSP (Liu S. et al, 2015)

As result for this thesis, the version JSP will not guide to the best improvement in hybrid cutting
with water jet and pic. The first choice would be version JCP.
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6.2 Influence of laser cutting

6.2.1 Comakli model

The model of Comakli shows the most realistic cutting performance of all the prediction
models. The model specific equation (20) was used to calculate the SE out of the input
parameters. Equation 15 was used to calculate the original ICR out of the specific energy. And
equation 39 was used to calculate the hybrid cutting ICR out of the original ICR.

Table 13: Laser hybrid cutting model Comakli

Original hybrid cuttin
ucs SE IgR / ICR °
75 12.58 9.53 11.60
100 19.18 7.55 9.20
125 25.78 6.25 7.61
150 32.38 5.33 6.50
175 38.98 4.65 6.49
200 45.58 412 5.76
225 52.18 3.70 5.17
250 58.78 3.36 4.69

Depending on a different cutting depth and preconditioning situation a difference between
21.8 % and 39.5 % of the ICR could be achieved.

Camakli model with laser & pick

13,00
12,00
11,00
10,00
9,00
8,00
7,00
6,00
5,00
4,00
3,00

ICR (m%h)

75 100 125 150 175 200 225 250

—e—Original ICR  —@=hybrid cutting ICR > (MP2)

Figure 47: Hybrid cutting Comakli model (laser)
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The remaining models of Tiryaki (I+Il) and Yilmaz produce not realistic results (with use of
standard limestone specific parameters) and were not shown in this thesis.

6.2.2 Laser rRMR Comakli model

Table 14 below shows how a different rock mass rating influence the hybrid cutting

performance:
Table 14: rRMR Comakli model (laser,
abs RMR rel. RMR | original SE | original ICR | hybrid cutting ICR
82 100 38.69 6.20 6.20
80 98 38.69 6.20 6.33
79 96 38.69 6.20 6.46
77 94 38.69 6.20 6.60
76 92 38.69 6.20 6.74
74 90 38.69 6.20 6.89
72 88 38.69 6.20 7.05
71 86 38.69 6.20 7.21
69 84 38.69 6.20 7.38
67 82 38.69 6.20 7.56
66 80 38.69 6.20 7.75
64 78 38.69 6.20 7.95
62 76 38.69 6.20 8.16
61 74 38.69 6.20 8.38
59 72 38.69 6.20 8.62

For an easier understanding, the diagram below (see Figure 48) shows the relation of
preconditioned face represented by rRMR to the hybrid cutting ICR. Equation 39 was used to
calculate the hybrid cutting ICR out of the original ICR.

The difference between Table 13 and Table 14 is that Table 13 calculates with a static RMR
in comparison to the dynamic RMR change in Table 14.

The rRMR could create a higher cutting performance of up to 2.42 m3h
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Comakli hybrid cutting model (laser)
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Figure 48: Hybrid cutting laser model Comakli: Influence of abs. RMR t hybrid ICR
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6.3 Influence of microwave preconditioning

6.3.1 Comakli Model

The model specific equation (20) was used to calculate the SE out of the input parameters.
Equation 15 was used to calculate the original ICR out of the specific energy. And equation 39
was used to calculate the hybrid cutting ICR out of the original ICR.

Table 15: Microwave hybrid cutting Comakli

Original hyprid cuttin
ucs SE IgR P ICR °
75 | 25.20 9.53 11.82
100 | 31.80 7.55 9.37
125 | 38.40 6.25 7.76
150 | 45.00 5.33 6.62
175 | 51.60 4.65 6.36
200 | 58.20 412 5.64
250 | 71.40 3.36 4.60

Depending on a different cutting depth and preconditioning situation a difference between 21.4
% and 36.7 % of the ICR could be achieved.
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Camakli Model with microwave & pick
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Figure 49: Hybrid cutting Comakli model (microwave)
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6.3.2 Microwave rRMR Comakli

Table 16Table 14 below shows how a different rock mass rating influence the hybrid cutting

performance:
Table 16: rRMR Comakli (microwave)
absoluter | rel. RMR | original SE | original ICR | hybrid cutting ICR
RMR
81 100 38.69 6.203 6.20
79 98 38.69 6.203 6.33
77 96 38.69 6.203 6.46
76 94 38.69 6.203 6.60
74 92 38.69 6.203 6.74
73 90 38.69 6.203 6.89
71 88 38.69 6.203 7.05
69 86 38.69 6.203 7.21
68 84 38.69 6.203 7.38
66 82 38.69 6.203 7.56
64 80 38.69 6.203 7.75
63 78 38.69 6.203 7.95
61 76 38.69 6.203 8.16
60 74 38.69 6.203 8.38
58 72 38.69 6.203 8.62
56 70 38.69 6.203 8.86
55 68 38.69 6.203 9.12

For a better understanding. the diagram below (Figure 50) shows the relation of preconditioned
face represented by rRMR to the hybrid cutting ICR. Equation 39 was used again to calculate
the hybrid cutting ICR out of the original ICR.

The rRMR could create a higher cutting performance of up to 2.42 m%h.
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Comakli hybrid cutting model (microwave)
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Figure 50: Hybrid cutting microwave model Comakli: Influence of abs. RMR to hybrid ICR
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6.3.3 Distance between microwave antennas

As last topic in this thesis the relation between RMR and the distance between the microwave
antennas is investigated.

First step was to set the absolute range of the RMR into small steps down (start see Table 12)
to an arbitrary end. The relative RMR presents the percentage ration of the absolute RMR to
the absolute RMR of the initial value.

Second step was to calculate the factor spacing in consideration to the relative RMR (start
value see Table 12 factor 3).

Each factor spacing can be transferred into an absolute joint spacing value (here between the
values 200 mm and 50 mm) (see Table 5).

Equation 40 uses the relation of arc length to radius to calculate the absolute spacing.

SPrmr*360
2xTT*

SPym = (40)

SPmr... spacing out of RMR Rating a... angle between cracks (72°)

The overlap of each antenna radius is supposed to be 25% and results in the distance between
the antennas. Equation 41 shows this relation:

SPantennas = 2 * SBpm * 0.75 (41)

Figure 51 demonstrate the relation of absolute RMR to SPantennas in @ graphic way.

From Table 17 it is seen, that on increase of ICR by 19% can be achieved by reducing the joint
spacing from 200 mm to 125 mm. This translates to a necessary antenna spacing of 149 mm.
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Table 17: Distance between antennas (microwave)

spacing | spacing dE e original hyb.rid
absolute | rel. factpr Sp Sp between ICR cutting | rel ICR
RMR | RMR |spacing m ™" |antennas - %
(mm) (mm) i) (m3/h) ICR
82 100 8.0 200 159 239 6,20 100
80 98 7.8 191 152 228 6,33 102
79 96 7.7 181 144 216 6,46 104
77 94 7.5 172 137 205 6,60 106
76 92 7.4 163 129 194 6,74 109
74 90 7.2 153 122 183 6,89 111
72 88 7.0 144 114 172 7,05 114
71 86 6.9 134 107 160 7,21 116
69 84 6.7 125 99 149 6,20 7,38 119
67 82 6.6 116 92 138 7,56 122
66 80 6.4 106 85 127 7,75 125
64 78 6.2 97 77 116 7,95 128
62 76 6.1 88 70 104 8,16 132
61 74 5.9 78 62 93 8,38 135
59 72 5.8 69 55 82 8,62 139
57 70 5.6 59 47 71 8,86 143
56 68 5.4 50 40 60 9,12 147

270

220

170

120

70

distance between mircorwave antennas
(mm)

20

distance between antennas

8 80 79 77 76 74 72 71 69 67 66 64 62 61 59 57 56
abs. RMR

Figure 51: Influence distance between microwave antennas on abs. RMR
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7 Outlook

The effect of preconditioning influences the hybrid cutting performance in the excepted way.
The technics of the different preconditioning technics have to be investigated in several new
applications.

Those technologies can create a relative rock mass rating (short rRMR). The rRMR in the
tables ranges from 100 % down to 72 % of the original RMR value.

Environmental influences like dust, vibrations, heat development, moisture, water (pore water
and surface water) and as well the surrounding rock pressure will increase or decrease
efficiency of the performance. Those effects have to be investigated in future projects.

A possible solution could be a combination of those preconditioning technologies and
roadheader with undercutting discs. Figure 52 shows such a undercutting application.

XY

S 4 Y -

\ Disc cutter
\\ o '\

Figure 52: Disc cutter (confluence.csiro.au)

The influence of the rock mass rating also influences the planning of excavating operations. A
different attack angle to the rock face could be carried out by a different position of the
tunnel/drift portals. The Rating after Bieniawski will be the best application, because it unites
all important parameters to one useable factor.

Out of all compared hybrid cutting models the model of Comakli shows the best fitting. The
input parameters can be easy reviewed in the laboratory. After some tests the model will have
to adjusted to the in situ situations. It cannot be applied in a general way in all operations. The
experience of the operator will influence the performance as well.

The efficiency of microwave antennas has to be optimized to reduce the scale. A smaller scale
will increase the antenna density and thereby the induced cracks will decrease the cutting
forces.
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12 Annex

12.1 Ocak and Bilgin (laser cutting)

Most of the prediction models show a to high cutting performances, but to show the influence
of hybrid cutting to them, some of those are presented in this part of the thesis.

Equation 39 was used to calculate the hybrid cutting ICR out of the original ICR.

First will be the Ocak and Bilgin hybrid cutting application for axial roadheader:

Table 18: Laser hybrid cutting axial Ocak and Bilgin

Original | hybrid cuttin
uUcs | RMCI IgR y Y 9
75 61.91 16.44 20.02
100 82.54 9.54 11.62
125 103.18 5.54 6.75
150 123.82 3.21 3.92
175 144 .45 1.86 2.60
200 165.09 1.08 1.51
225 185.73 0.63 0.87
250 206.37 0.36 0.51

Depending on a different cutting depth and preconditioning situation a difference between 21.8
% and 39.5 % of the ICR could be achieved.

Ocak & Bilgin with laser & pick (axial)
25,000

20,000

15,000

ICR (m%¥h)

10,000
5,000

0,000
75 100 125 150 175 200 225 250
=@=0riginal ICR ==@==hybrid cutting ICR UCS (MPa)

Figure 53: Hybrid cutting axial Ocak and Bilgin model (laser)
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Second will be the Ocak and Bilgin application for transversal roadheader:

Equation 39 was used to calculate the hybrid cutting ICR out of the original ICR.

Table 19: Laser h

ybrid cutting model transversal Ocak and Bilgin

Original hybrid cuttin
UCS | RPI |ch y R 9
75 296.00 53.6 65.2
100 222.00 45.2 55.0
125 177.60 40.8 49.7
150 148.00 38.1 46.4
175 126.86 36.3 50.7
200 111.00 35.0 48.8
225 98.67 34.0 47.5
250 88.80 33.3 46.4

Depending on a different cutting depth and preconditioning situation a difference between 21.8
% and 39.5 % of the ICR could be achieved.

Ocak & Bilgin with laser & pick (axial)

70,0
65,0
60,0
55,0

ICR (m%h)

50,0
45,0
40,0
35,0

30,0
75 100

(transveral)

125

150 175
UCS (MPa)

—@-(Original ICR  ==@==hybrid cutting ICR

200

225 250

Figure 54: Hybrid cutting Ocak and Bilgin model (laser)
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12.20cak and Bilgin (microwave)

First in this chapter will be the situation for axial cutting roadheaders.

Equation 39 was used to calculate the hybrid cutting ICR out of the original ICR.

Table 20: Microwave hybrid cutting axial Ocak and Bilgin

Original | hyprid cuttin
UCS | RMCI IgR yp e 9
75 61.91 16.44 20.40
100 | 82.55 9.55 11.84
125 | 103.19 | 5.54 6.88
150 | 123.82 | 3.22 3.99
175 | 144.46 | 1.87 2.56
200 | 165.10 | 1.08 1.48
225 | 185.73 | 0.63 0.86
250 | 206.37 | 0.37 0.50

Depending on a different cutting depth and preconditioning situation a difference between 24.1
% and 36.7 % of the ICR could be achieved.

Ocak & Bilgin with microwave & pick (axial)
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Figure 55: Hybrid cutting axial Ocak and Bilgin model (microwave)
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Second will be the situation for transversal cutting roadheaders:

Equation 39 was used to calculate the hybrid cutting ICR out of the original ICR.

Table 21: Microwave hybrid cutting transversal Ocak and Bilgin

Original | hyprid cuttin
UCS | RPI IgR SRl
75 | 296.00 53.6 65.2
100 | 222.00 45.2 55.0
125 | 177.60 40.8 49.7
150 | 148.00 38.1 46.4
175 | 126.86 36.3 49.6
200 | 111.00 35.0 47.9
225 | 98.67 34.0 46.5
250 | 88.80 33.3 45.5

Depending on a different cutting depth and preconditioning situation a difference between 21.4
% and 36.7 % of the ICR could be achieved.

Ocak & Bilgin with microwave & pick (transversal)
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Figure 56: Hybrid cutting transversal Ocak and Bilgin model (microwave)
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