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Abstract

This report presents both the testing methods used and the testing results obtained for
cutter forces and cutter temperature during field boring in Aspd Hard Rock Laboratory.

In order to estimate the strains induced by cutter forces in the cutter shaft and choose
proper transducers, first a numerical simulation was performed. The simulation results
indicated that the cutter forces should be measurable by ordinary strain gauges. Further-
more, an independent three-direction loading system for laboratory calibration was set
up to solve force-coupling problems appearing in field measurements. By means of the
established measuring system, which was proved successful in the laboratory, the nor-
mal forces, tangential forces, and side forces of two button cutters in the boring machine
were measured in the field. In addition, the temperature in the shaft of the front cutter
was measured. After the measurements of the cutter forces and cutter temperature, rock
core samples were taken from the bottom and the wall of the testing borehole. Then the
samples were cut, polished, and examined by means of the Scanning Electron Micro-
scope (SEM). After that, the lengths of major cracks induced by the cutters in the rock
samples were measured, and an approximate relationship between the length of the
medium cracks and the relevant cutter forces was obtained. This relationship was com-
pared with the theoretical relationship established before. Finally, according to the
measured results, the cracked zones around the borehole were described. The results
show that: (1) there are two kinds of cracked zones: one in the borehole wall and the
other in the bottom of the borehole. The depth of the cracked zone in the borehole
bottom is much larger than that in the borehole wall because the maximum normal force
of the front cutter is always much larger than that of the gauge cutter. (2) Each cracked
zone includes a densely cracked zone and all the longest medium cracks caused by
mechanical boring. (3) According to the measurements for four rock core samples, the
maximum depth of the cracked zone in the borehole bottom is 27.1 mm, and the maxi-
mum depth of the densely cracked zoneis 2.5-3 mm.



Sammanfattning

| dennarapport presenteras bade testmetoder och resultat fran métning av verktygs-
krafter och temperatur under fullborrning av schakt i Aspolaboratoriet.

For att bedoma deformationer som inducerasi axlarna pa verktygen (cutters) och for rétt
val av kraftgivare genomfordes numeriska berdkningar. Dessa visade att vanliga tradtcj-
ningsgivare kunde anvandas. Ett system med oberoende belastning i tre riktningar for
kalibrering i laboratorium av kraftgivare monterades for att 10sa problemet med kopp-
ling mellan givare under faltmatningen. Med hjélp av det darpa utvecklade méatsystemet,
som testades i |aboratorium, méttes normalkraft, tangentiell kraft och sidokraft patva
verktyg i falt. Dessutom mattes temperaturen i axeln pa ett av verktygen i fronten pa
borrhuvudet. Efter métning av verktygskrafter och temperatur, uttogs borrkarnor fran
botten och véaggar pa det schakt som borrats. Proverna sdgades, polerades och undersok-
tesi svepel ektronmikroskop. Langden pa sprickor som uppstatt under verktygen méttes
och ett approximativt samband mellan |angden p& mediansprickor och relevanta verk-
tygskrafter kunde skapas. Detta samband jamfordes med teoretiska samband som
etablerats tidigare. Slutligen kunde, utgéende fran de erhallna resultaten, den spruckna
zonen omkring schaktet beskrivas. Resultaten visar att: (1) tva olika sprickzoner kan
utskiljas: en i vaggarna och en i botten pa schaktet. Djupet pa den uppspruckna zonen i
botten & mycket storre an i vaggarna pa schaktet beroende pa att den maximala normal-
kraften pa verktyg riktat framat (front cutter) alltid & mycket hdgre én pa verktyget mot
vaggen (gauge cutter). (2) Varje sprickzon inkluderar dels en kraftigt uppsprucken zon
dels glest liggande, langa mediansprickor. (3) Fran matningen av fyra bergprover har
maximala djupet pa mediansprickor i schaktbotten uppmatts till 27,1 mm och maximala
djupet paden kraftigt uppspruckna zonen till 2,5-3,0 mm.
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1 Introduction

The formation of subsurface fracturesin the tunnel or borehole wall after mechanical
boring is of great concern in the design of nuclear waste storage. Therefore, it is
important to measure the real forces of the cutters of a TBM machine directly in the
field while it is excavating rock. The aims of measuring the real forces can be
summarised as follows:

to verify and modify the theoretical models for mechanical rock penetration
established at the Division of Mining Engineering, Lulea University of Technology
on the basis of laboratory tests,

to investigate the possible effects of the machine parameters on rock excavation,
particularly on crack formation,

to provide a feasible method of choosing an optimum excavation method or relevant
mechanical excavation parameters for forthcoming tunnel excavation and borehole
drilling in nuclear waste storage engineering,

to propose some comments on the design of the TBM machine according to field
measurements.

Force measurement on a disc cutter or cutter head during rock fragmentation in the
laboratory has been widely reported by many authors, such as Takaoka et al. /1973/,
Morrell and Larson /1974/, Wang et a. /1974/, Lindgvist et a. /1979, 1994/, Snowdon
et al. /1982/, Roxborough /1985/, and Ozdemir and Dollinger /1987/. The laboratory
tests have usually been performed on a small scale and by using a single cutter. The
cutter has been installed on modified common machines for linear cutting, in which the
cutter has mostly been fixed in position and the rock sample has been displaced. The
vertical and lateral forces and the displacement of the cutter have been sensed by strain
gauges and a displacement transducer attached to the loading machine or the support of
the rock sample. These simplified test designs are much easier and economical for the
investigation of many factors which are very helpful in the study of rock fragmentation
and which benefit boring machine manufacturers. On the basis of the experimental
results, some formulas and theoretical models have been established. Therefore,
laboratory rock fragmentation testing is an important method.

Field rock fragmentation has long been a common practice. Global boring parameters
such as penetration rate, thrust, and rotation speed can now be obtained as routine
records. Concerning information relevant to the machine head or cutters, the situation is
different. A special test design is required to take into account the underground working
conditions, the rotating cutter head, continuous rock cutting by a group of cutters, etc.

Field tests of the cutter forces on a boring machine such as the tunnel boring machine
(TBM) have not been so extensive, mainly due to the inconvenience of instrumentation
and the complexity of field working conditions. The cutter force is one important
parameter in cutter design and in understanding the rock fragmentation process in the
field. Anincreasing interest in field tests is arising to take into account factors which are
ignored in laboratory tests, and to verify and calibrate the established models. Field



tests, although few, have been attempted /Hopkins and Foden, 1979; Samuel and Seow,
1984/.

The field conditions of rock excavation are very complicated, since the machine head
and cutters not only progress forward, but also rotate in the excavation face. The control
of both the machine and the rock fragmentation is performed by the operator on the
machine platform or surface, far from the machine head. In addition, the environment of
rock fragmentation is very tough, with substantial vibration of the equipment, high
humidity, and a great deal of dust or floating cuttings, which can deteriorate the
instruments and the data logging. Therefore high demands are made on the installation
of transducers and transmitters, and special care is required during the measurement.

Hopkins and Foden /1979/ used a series of strain gauges welded at different locations
on a cutter shaft to measure the normal force and tangential force of araise-boring
machine during field excavation. A telemetry system, consisting of atransmitter, a
receiver and a power supply, was used to transmit the information from the rotating
cutter head to the receiver near the raise-boring machine /Hopkins and Foden, 1979/.
Nickel cadmium batteries were used to drive the electronic units on the cutter head. The
telemetry system was proved to be able to transmit the data from holes over 100 metres

deep.

In the TBM case, arotary joint in the centre of the cutting head has been used to
transmit four-channel signals of the force components and moment /Samuel and Seow,
1984/. In this dlip ring method, the power and signals are coupled directly between the
strain gauges and the ground instruments by a connector, which is composed of one
stationary part and one rotating part. Depending on the number of signal channels, a
multiple channel connector is needed. The connector has to be specially designed to fit
the borer pipe and has to be installed close to the machine to facilitate the connection of
signals.

In the direct connecting method all the signals and the power supply are connected by a
multi-channel cable from the cutter head to the surface. Since the cable is winded, the
length should suffice to match the rotation speed (10 rpm) and the required recording
time (5-10 min). For adrill pipe of adiameter of 150 to 300 mm, the cable length is
about 50 to 100 m. This method is economical, but the signal must be strong for the
long conducting path. Some mechanical damage might easily be caused to the cable and
connected devices.

Of the three methods of signal transmission, the telemetry system is the most reliable
and easy to install. It causes least disturbance to the boring machine. In the dlip ring
method, the contact resistance is more sensitive to vibration, which may distort the
signals and result in large error in the logging data. Hence it is not appropriate to use it
in boring conditions.

On the basis of the above background, we chose strain gauges and the telemetry method
to measure the cutter forces in boring.



2 Experimental system

2.1 Requirements of field tests

The main parameters to be measured are the forces on the cutters, which can be
decomposed into the normal force, tangentia force and side force (or lateral force), of
which the normal force is most important. See Figure 2-1 for their definitions (the
tangential force is perpendicular to the paper surface in Figure 2-1).

The global boring parameters needed are Total Thrust, Torque, Penetration Rate, and
Rotation Speed.

Core-drilled rock samples from the borehole bottom are to be examined for an investi-
gation of cracking.

| Shaft

Side force )
Tangential force

Normal force

Figure 2-1. Diagram of three forces on a cutter.



2.2 Testdesign and instrumentation
2.2.1 Boring equipment

According to the design concept for nuclear waste storage at Aspd, the waste repository
will be situated in a series of vertical holes with a diameter of 1.75 m and alength of 8
m. Such holes are to be bored by a new machine named the Boretec DS 1.6 TBM. This
machine is shown in Figure 2-2.

In the Boretec machine, there are atotal of 20 cutters distributed on its cutter head. Our
field tests were performed only in borehole 2, as numbered by Asp6 Laboratory. While
borehole 2 was bored, atotal of 16 button cutters and 4 disc cutters were installed in the
cutter head. Each button cutter had 30 carbide buttons (two rows, each of which had 15
buttons) situated on the roller of the cutter. The vacuum method was used to move the
cuttings out of the 1.75 m-diameter and 8.0 m-length hole. In instantaneous rock break-
age, each cutter had one to three buttons in contact with the bottom of the borehole. The
spacing between the neighbouring buttons or cutting trajectories was about 3 cm. The
nine side cutters were installed slantingly with the axis of the borehole. The total
designed maximum thrust was 2470 kN. The rotation speed was 0 to 20 rpm.

Of all the cutters on the cutter head, from two button cutters we measured the cutter
forces. One cutter was in the outmost circumference of the cutter head, so it was called
the gauge cutter, and the other was in a front position and was therefore called the front
cutter. From these two cutters we could obtain the cutter force information in typical
loading situations.

2.2.2 Instruments
The instrumentation system consists of the following components:

1. Gauges. The popular bonded metal-foil gauges (resistance 350 W) were chosen,
which are suitable for attachment onto metal and follow well the deformation of the
measured component. For the measurement of the three forces on the cutter, strain
gauges of the type named the WK-06-125BT-350 were employed. Their matrix
sizesare 9.4" 4.1 mm and their grid sizes 5.46" 1.57 mm. In normal working
environments, the strain gauges can work at temperatures of —269° to +290°C. For
the temperature measurement, gauges of the type named the ETG-50A/Option E
with the LST Matching Network LST-10C-350D were used; and they can work at
temperatures of —150° to +260°C. All the gauges are manufactured by Measure-
ments Group, Micro-Measurements Division in the USA.

Because the strain and temperature gauges were to work in a tough field environ-
ment, the glue M-Bond 610 was used to bond the gauges on the shaft. This glueis
apt for dynamic stress analysis and can work at temperatures of —269° to +370°C.
After the gauges were bonded on the surfaces of the shaft, a protection material
(silicone rubber), 3145-RTV, was put on the gauges. This protection material can
stand temperatures of —75° to +315°C. The most appropriate position for placing the
gauges is the shaft of the cutter. The shaft diameter is 70 mm. The saddle span is
about 182 mm. To obtain the three orthogonal force components, three groups of
strain gauges were placed onto the cutter shaft. The strain gauges were distributed at
locations where the largest strain corresponding to the component force would take
place, see Figure 2-3. Here we consider the two ends of the shaft as fixed supports
according to the true structure of the cutter body. Therefore, E and F should have
the maximum (or near maximum) tensile stress and the maximum (or near maxi-
mum) compressive stress corresponding to the side force, respectively.
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Boring machine

Cutter head

Figure 2-2. Boring machine Boretec DS 1.6 and its cutter head.
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Figure 2-3. Arrangement of strain gauges on the cutter shaft and bridge circuits.

2. Bridge circuit. Two strain gauges were needed for measuring one force component,
and they were connected in a bridge circuit. Besides this we put two other tempera-
ture gauges to measure the temperature variation on the front cutter. To obtain the
strain signals of the three force components, the strain gauges were connected in the
bridge circuit at the positions A to F as shown in Figure 2-3. The circuit package
was protected in abox and located in a proper place behind the cutter head.

3. Power and signal transmission. The telemetry method was employed and the system
consisted of atransmitter, areceiver and a power supply, see Figure 2-4. For our
purpose, the telemetry system was able to measure seven-channel signals (six for
force and one for temperature). The transmitter is portable and can stand vibration,
high temperature (up to +85°C) and high acceleration. It was installed at the back of
the cutter head. The receiver antenna was positioned on the upper part of the boring
machine and the receiver instrument at the control cabin for safety and easy coup-
ling with the data acquisition system. The power supply to the strain and tempera-
ture gauges was a battery (operating time about 4 hours) which was compact and
easy to handle. The DT 11 (6 channels) and DT 12 (1 channel) transmitters were
used to transmit force and temperature signals, respectively. Both kinds of trans-
mitters can work at temperatures of —10° to +85°C. A six-channel receiver for the
force measurement and a one-channel receiver for the temperature measurement
were used to pick up and amplify all the signals from the transmitters. The fre-
guency of both the transmitters and the receivers can reach 300 kHz.

12
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Figure 2-4. Telemetry system.

4. Dataacquisition system. The system consisted of a computer and two receivers. The
facilities were designed specifically for field use and to be able to stand field dust
and humidity. They were housed in the control cabin of the boring machine. The
software named Ochestrator was used for data acquisition.

2.3 Procedures for cutter force measurement
To fulfil the task of field measurement, the following preparation work was done first:

Strain gauge attachment. Three cutter shafts were brought to the laboratory at LTU.
In the surface of each shaft, four slots through the axis of the shaft were cut to glue
8 strain gauges and to house the cable as well as relevant protection materials.
Measures were taken to insulate the gauges from oil, moisture, and dust by using
special glue that could work at high temperature. The protection and fixing of the
conducting cables and the connection with the transmitter were designed according
to the structure of the boring machine.

Load calibration. The cutter force signals from the attached strain gauges must be
calibrated in the laboratory. However, first we have to know if the strains induced
by the cutter forces are large enough to measure. Secondly we need to know if there
exist some coupling phenomena in the measurement of the three forces before the
laboratory calibration. I1f no coupling phenomena occur, the calibration will be
simple and easy. In other words, we only need to establish the relationship between
each cutter force and its respective strain independently. Otherwise, if coupling
phenomena appear, we have to use three-direction loading simultaneoudly in the
calibration. According to stress analysis by means of materials mechanics theory, if
the shaft was long enough to be taken as along beam, points A to F on the shaft
only have one directional non-zero force or strain, and the other two directional
forces are zero. As aresult, there should be no coupling phenomena. However, it
should be pointed out that the shaft of the cutter in the boring machine is quite
short. The ratio between the length of the shaft and its diameter is not large enough

13



to satisfy the requirements for a long beam. Therefore, it is necessary to use the
finite element method to perform the stress analysis of the cutter body, so asto
estimate the amplitude of the strains to be measured and try to check the possible
coupling phenomena.

2.4  Numerical analysis of stresses in the cutter body

In order to predict the maximum strains or stresses (on the shaft) and try to check the
possible coupling phenomena induced by the normal force, tangential force and side
force, we used aFEM (finite element method) code, ABAQUS, to calculate the stresses
and strainsin the cutter body. The code ABAQUS has a great potential for modelling
the problems connected with complicated structures. In such cases, a conventional
materials mechanics analysis method is usually difficult to apply.

2.4.1 Numerical model of cutter body

In this study, a numerical model of the whole cutter body was employed to calculate the
stresses and strains in the body. However, some simplifications were made so that
reasonabl e results could be obtained in the limited time and at a limited cost.

The cutter body is composed of three parts: the shaft, cutter, and saddle. During rock
boring, the cutter rotates around the shaft, while the shaft is fixed on the saddle at its
two ends. The bottom of the saddle is welded on the cutter head of the boring machine.
The real geometrical structure of the cutter body is quite complicated. We have to
simplify the real structure so that we will obtain arelatively satisfactory result at a
limited cost. The simplified cutter body is shown in Figure 2-5. In this numerical model,
the shaft and saddle are completely fixed together. Thisis dightly different from their
original contact condition, but we think that the difference can be ignored. Similarly, the
shaft and cutter are also completely fixed to each other. Thisis quite different from the
real conditions, i.e. in original situations the cutter rotates around the shaft, while the
cutter is cutting rock. Naturally, there exists some friction between the cutter and shaft
during rock cutting. However, a numerical analysis considering the friction would be
complicated and highly costly. Therefore, amodel that did not consider the friction was
used to calculate the stresses and strains in the cutter body.

During rock boring, there is a resultant force acting on one or afew buttonsin the
button cutter. The resultant force is composed of three directional forces: the normal
force F,, the tangential force F; and the side force F,. Because the loading areais far
from the shaft, the three forces can be simplified into three linearly distributed loads.
This simplification will more or less result in some differences between the real stresses
or strains and the calculated stresses or strains of the cutter, but we think that such
differences should be small and can be neglected.

14
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Figure2-5. Smplified cutter body.

2.4.2 Results of numerical calculation

The loading and deformation of the cutter body in field excavation should be in an
elastic state. Therefore, the elastic analysis method of the ABAQUS program was
applied to the numerical model of the cutter body shown in Figure 2-5. In addition, the
whole process of analysing the stresses or strains of the cutter body was divided into
three independent stages:

Normal force F,=100kN. Figure 2-6 shows the distribution of the normal stresses
along the axial direction of the shaft as the normal force F =100 kN acts on the
cutter. The figure indicates that on the top and at the bottom of the whole shaft, the
normal stresses are compressive and tensile, respectively. However, two critical
cross-sections are located at two positions between the shaft and the saddle, instead
of in the middle section of the shaft. The maximum compressive stress and maxi-
mum tensile stress are equal to 44.6 MPa and 35.7 M Pa, respectively. And the
respective maximum compressive strain and maximum tensile strain are 192 ne

(blue) and 156 e (red), respectively.

Tangentia force F;=45 kN. When atangential force is applied on the cutter, the
relevant compressive stress and tensile stress are located on the two sides of the
shaft, and the maximum compressive stress and maximum tensile stress are 18.7
MPa and19.2 MPa, respectively. Although the maximum compressive and tensile

15
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Figure2-7. Normal stressinduced by F; along the axis of the shaft.
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Figure 2-8. Normal stressinduced by F, along the axis of the shaft.

stresses are located near the two ends of the shaft, on the two sides of the middle
section of the shaft, the normal stresses are quite large. From Figure 2-7 we can see
the blue part in the middle section. The relevant maximum compressive strain and
maximum tensile strain are equal to 82.8 e and 84.9 ne, respectively.

Side force F =45 kN. The distribution of the normal stressesinduced by F, is shown
in Figure 2-8. The maximum compressive stress is 29.4 MPa. The maximum tensile
stressis 22.9 MPa.

2.4.3 Concluding remarks

The above calculated results show that when the normal force F =100 kN, the
maximum compressive strain is located on the top of the shaft and is equal to 192
ne, and the maximum tensile strain is on the bottom of the shaft and is equal to 156
me. According to the experience of strain measurements, such maximum strains are
large enough to be measured. However, the positions of the maximum strains are in
two cross-sections between the shaft and the saddle, rather than in the middle sec-
tion of the shaft. Thisis mainly caused by the fact that in numerical calculation the
shaft and the cutter are completely fixed to each other, i.e. the cutter cannot rotate
around the shaft. Thisis quite different from the real support condition.

When the tangential force F;=45 kN, the numerical calculation shows that the
maximum strains on the shaft are located on the two lateral surfaces and the
maximum compressive and tensile strains are 82.8 me and 84.9 ne, respectively.
Similarly to the above, such strains should be measurable in the field in general
conditions.

17



When the side force F, =45 kN, the maximum tensile stress and maximum compres-
sive stress along the shaft top are located on the left and right, respectively. This
result is consistent with the analysis using the materials mechanics method.

We are not sure if there is aforce-coupling phenomenon in the loading process of the
cutter body according to the above numerical analysis, mainly because the numerical
analysisis based on asimple model that does not consider the friction between the
cutter and the shaft. Consequently, the results are not adequate for answering such a
guestion. To achieve success in cutter-force measurements, we have to consider the
possibility of force coupling and employ alaboratory calibration system that can realise
three-direction loading simultaneously, so that the possible force-coupling problem may
be solved by means of this calibration.

18



3 Laboratory calibration

The aim of the laboratory calibration is to establish the relationships between the cutter
forces and strains (or voltages) recorded by means of the strain gauges on the cutter
shaft. To achieve thisaim, we first have to know if the force-coupling phenomenon
mentioned above exists. The force-coupling phenomenon means that a strain value from
one of the three groups of strain gauges on the shaft is actually related to all the three
directiona forces rather than only one of them. If no such force-coupling phenomenon
were to exist, the laboratory calibration would be very easy. In other words, we would
only need to apply the three cutter forces independently in laboratory calibration, and
then establish the relationship between each cutter force and its respective strain or
voltage. Otherwise, if the force-coupling phenomenon is considerable or cannot be
neglected, we must consider the force-coupling phenomenon and solve this problem
through laboratory calibration.

As described in Chapter 2, we cannot exclude the possibility that a force-coupling
phenomenon may occur in field tests. Therefore, in order to obtain correct measurement
resultsin field tests, we have to consider the force-coupling problem.

3.1 Calibration equation

Assuming that the influence of the force-coupling phenomenon is linear, then we have

Vey =a,Fy "'a-zFT+a3FL.[r.I

|
Vo =a,Fy tagF; +aeFL)? (31
Vo =a,Fy +agk,; +a9FLb

Here Vo, Vi and V, are the voltages measured from the strain gauges A/B (for normal
force), C/D (for tangentia force) and E/F (for side force), respectively. F, Fr and F, are
the normal force, tangential force and side force, respectively. In the laboratory calibra-
tion, Fy, Fr and F, are applied by atesting machine named Instron and two hydro-
cylinders, respectively, see Figure 3-1. The hydro-cylinder for F, is at the back of the
cutter in Figure 3-1. The am of the laboratory calibration is actually to determine a,,
a,...a,. Thenwe can use equation (3-1) to calculate F, F; and F, by means of the V,
V+ and V4 measured in the field.

AsF; =F_ =0, according to (3-1) we have

a, =V /FN_[_J

|
a,=Vg /FNy (3-2
a; =Vg /FNI:)
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Figure 3-1. Three cutter forces applied in laboratory calibration.

AsF; =F, =0, according to (3-1) we have

a, =V /F U
as =Ve /FL_)I_'/ (3-3)
Ag :VFL/FLb

Because we cannot only apply F; to the shaft (in the cutter body) without the normal
force in the laboratory, we have to choose Fy= constant * 0 and F =0. Thus from (3-1)
we obtain

a,= (VFN - alFN)/FT.P
as :(VI—_l' - a4FN)/FTy (3-4)
ag = (VFL - a7FN)/ FTb

According to the description above, for one cutter body we can perform three kinds of
laboratory calibrations as listed above. Then we can determinea,, a,...a,.

20



3.2 Determination of the coefficientsa,, a,—a, for the front
cutter (cutter 3)
The determination of the coefficientsa,—a,for cutter 3 isin detail described in

Appendix A. Here the result for the values of the coefficientsis only shown in the
following.

a, = 00197 i
a, =00127!
a; =-0.01761
a, = - 0.0004;
a, =-0.1011y (35
a, = -0.0007.:.
a, =0.0054]
a, = - 0.0131;
a, = - 0.0263,

3.3 Determination of equations for calculating cutter forces
According to equation (3-1), we have

a, a, 8a;

a 7 a8 a 9
(3-6a)
FN 2 3
Fu=(D) Ve a; ay (3-6b)

F,=(Da, Vi ag (3-6¢)

F=(WDla, ag Vg (3-6d)
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For cutter 3, applying the values of the coefficients a,—a,in equation (3-5) to (3-6), we
can obtain

D=3.916" 10°
1/D=2.5536" 10*

Fy = 67.66V, - 45.66V +1442 (i

|
F, =-03W, +053V, - 108V, vy (3-7)

F_ =140V, - 5073/, +83V,, |,

3.4  Modification of equations for front cutter

The three forces calculated by equation (3-7) would have some errors compared with
their respective real forces, particularly because of the determination of the coefficient
ag. Such errors can be seen in Figure B-1 and B-2 in Appendix B. Therefore, equation
(3-7) needs to be modified according to the laboratory calibration tests. Two laboratory
tests numbered CUT3N14 and CUT3N18 were used for the modification. The modified
result is shown in equation (3-8), and the detailed modification is described in Appendix
B.

F
F

T

F

" =5534V,, - 1658/ + 24NV U
T =102V, - 456V, - 11.35/, 1y (3-8)

' =109V, - 40.76V,, - 1354V, Ib

N

L

Here the modified cutter forcesF , F, , and F,” arein fact the calculated forces shown
in Figure 3-2. The comparison between the forces calculated by equation (3-8) and the
real forcesis shown in Figure 3-2. Equation (3-8) will be used to determine the true
cutter forcesin field tests according to the data for Vi, V4 and V. measured in the
field. In order to confirm the feasibility of the above modification, equation (3-8) is
applied to other calibration tests listed in Table A-2 in Appendix A. The results indicate
that the differences between the calculated normal and tangential forces and the real
normal and tangential forces are usually within 16% for repeat loading and 18% for
one-time loading, while the calculated side force is sometimes much larger than the real
side force by 100% under both one-time loading and repeat |oading, particularly as al
the three directional cutter forces reach their maximum values.
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Figure 3-2. Final calculated forces and real forces.

3.5 Final equation for gauge cutter (cutter 2)

Similarly, we can obtain all the values of a ,—a,for the gauge cutter (cutter 2). The data
for all the calibration tests are listed in Table C-1 and C-2 in Appendix C.

The values of a,—afor cutter 2 isin the following.
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a, =0.018 {

a, =00115;
a,=-0.0141
|
a, =- 0.0007;
_ 3
a; =-0.0916y @9
a, =- 0.0036:.
a, =0.0056 |
a, =-0.0112;
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Figure 3-3. Calculated forces and real forces for CUT2N23.
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Using similar methods to those used in the treatment of the front cutter (cutter 3), we
obtain the following final equation for the gauge cuitter.

F, =5902V, - 17.7N, +4.17V_ U
* 1.
F, =07V, - 16V, - 1199V, vy (3-10)

F' =18.83/,, - 4993V - 0.5V, Ib

The curves determined by equation (3-10) for CUT2N23 are shown in Figure 3-3.

Similarly, equation (3-10) is applied to the other calibration tests listed in Table C-2.
The result issimilar to that for cutter 3, i.e. the differences between the calcul ated
normal and tangential forces and the real normal and tangential forces are usually within
15% for repeat loading and 23% for one-time loading. However, the calculated side
force and the real side force sometimes have a big difference. Particularly as the tangen-
tial force reaches its maximum peak value, the calculated side force is sometimes larger
than the real side force by 100%.

All in all, the modification treatment described above is proved apt for al the laboratory
tests performed in this study. Therefore, the calibration results should be valid and reli-
able for all the field measurements of both cutters. However, it must be pointed out that
the side force measured in the field is probably quite larger than the real side force, and
thisis particularly true of the maximum peak side forces.
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4 Field testing results for cutter forces

4.1 Testing system

The whole testing system in the field is shown in Figure 4-1. After finishing the labora-
tory calibration, we installed the two cutters on the boring machine. The two cutters
were put at the front and outermost positions of the cutter head, respectively. We also
call them the front cutter and the gauge cutter respectively. Then we put a transmitter on
the cutter head. The transmitter and the strain gauges were connected with cables
numbered 3 in the figure. In addition, the antenna of the receiver shown in the figure
was installed on the stationary part of the machine. A cable from the antenna was
connected to the receiver, and then the receiver was connected to a computer in a cabin
near the borehole in the field. In this testing method the signal transmission is carried
out by the telemetry system, consisting of the transmitter and the receiver.

The field tests started from field function tests at the Asp6 underground site. The
function tests were successful. All the field tests were performed in only one borehole,
numbered “2”. Another borehole numbered “1”, neighbouring on borehole 2, had first
been finished by the same machine. The cutter head of the boring machine had a total of
20 cutters. Borehole 1 was bored by using all the disc cutters, but borehole 2 had been
bored by using 16 button cutters and 4 disc cutters.

Borehole
o |
= , _ Cable
3 .
5 g
g B
S | @
e —
() ' o
S | © Computer
‘c c
[J]
% I E /
Q | < 0000000
- .
© F=="==F Receiver
c
§e) |
5|
@ Cuter head
F I 1--Gauge cutter;
U U 2--Front cutter;
\ / 3--Cable from strain gauges to transmitter;
Strain gauges 4--Transmitter.

Figure4-1. Field testing system.
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Borehole 2

Casing 1: Thrust=1372 kN

Casing 2: Thrust=1568 kN

Casing 3: Thrust=1568-1764 kN

Casing 4: Thrust=1372 kN

8.0m

Casing 5: Thrust=1764 kN

Casing 6: Thrust=1764 kN

Borehole depth

Casing 7: Thrust=1764 kN

Casing 8: Thrust=1960 kN

Casing 9: Thrust=1823 kN

Casing 10: Thrust=1568 kN

Figure4-2. Borehole 2 and its casings.

Borehole 2 was divided into 10 casings along its depth, see Figure 4-2. The depth of
each casing is equal to 0.8 m. The rotation speed of the machine was 15 rpm in casing 2,
and 10 rpm in the other 9 casings. The thrust of the machine was changed in the differ-
ent casings.

According to previous experience, the main energy components corresponding to the
cutter forces lie in the range of signal frequency 0-10 Hz /Samuel and Seow, 1984/.
Therefore, we chose 100 Hz as the sampling frequency in the field tests. In order to
correlate the recorded force signals with the rock damage in the rock samples core-
drilled from the walls of the borehole, the positions of the measured cutter at each
specific time were co-ordinated.

4.2 Results of cutter force measurements

When boring the first three casings of borehole 2, the force signals from the front cutter
were not stable, probably because the relevant gauges contact with the shaft was not
good. In addition, the temperature signals from the same cutter suddenly became
abnormal during the boring of the first casing. The reason was possibly the same as the
reason for the abnormal force signals just mentioned above. While the boring of the
third casing was performed, a motor of the boring machine had a breakdown. Conse-
guently, we did not obtain good results from the first three casings.

From casing 4 to casing 10, all the signals for every individual force or temperature
were very good. Here we only show some measured results from casing 10. Figure
4-3a indicates the measured forces of both the front cutter (in the machine this cutter
is numbered “10”) and the gauge cutter (numbered “18A”) within the first 7 minutes
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Figure 4-3a—f. Measured cutter forces.
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of excavation in casing 10. From Figure 4-3 the following two conclusions can be
drawn. (1) The maximum cutter forces, i.e. the normal force, tangential force and side
force, of the front cutter are much larger than the maximum cutter forces of the gauge
cutter. The chief reason for these results is that the gauge cutter during most of boring
time goes into the position where another gauge cutter located on its nearest periphery
on the cutter head has produced rock breakage earlier. One further explanation may be
that the distance between the two gauge cutters in the diameter direction of the cutter
head is only 16 mm. Obvioudly, rock boring is quite different from meta cutting. It is
possible for the sizes of rock chips caused by a cutter to reach 16 mm. Concerning rock
breakage, the gauge cutter whose forces we measured does not play a significant role.
(2) The maximum normal, tangential and side forces of the front cutter appear once
every 5-7 seconds. On the one hand, this result shows that the force-coupling pheno-
menon is strong. On the other hand, the result indicates that the maximum normal force,
tangential force and side force are quite larger than the average normal force, tangential
force and side force. Such a big difference between the maximum force and the average
one is unreasonable from the viewpoint of rock boring. In other words, avery high
cutter force is unnecessary to rock boring. (3) Each peak of the normal forces, except
for the negative ones, means a whole penetration process of one button. Here we assume
that only one button contacts rock when the peak of the normal force is reached. In the
process, the button is loaded from a low level to the maximum level, i.e. the peak value.
When the peak normal force is reached, the rock beneath the button is broken and the
button as well as the cutter in question is unloaded. At the same time, the normal force
decreases. According to Figure 4-3a, the smallest normal force peak is about 60 kN.
This indicates that only when the normal force is equal to or greater than 60 kN, can the
rock be broken by the button.

However, Figure 4-3 only shows the cutter forces measured during 8 seconds of the
boring of the machine. Thisis not long enough to find the basic characteristics of the
force signals. Therefore, it is necessary to perform spectral analysis of the force signals
by means of fast Fourier transforms.

4.3  Spectral analysis for cutter forces

The MATLAB program was employed to perform the spectral analysis. Figure 4-4
shows the results of the spectral analysis for both the front cutter and the gauge cutter
during the first 7 minutes of boring in casing 10. From Figure 4-4 we can find the
maximum, minimum and mean normal force (or tangential force or side force) of both
the front cutter and the gauge cutter during the first 7 minutes of boring. The results
indicate that the maximum, minimum and mean normal forces of the front cutter are
684, -43 and 120 kN, respectively. However, the maximum, minimum and mean normal
forces of the gauge cutter in the same period are 104, -69 and —1.2 kN, respectively. It is
clear that the maximum normal force of the front cutter is much larger than that of the
gauge cutter. The tangential force and side force of both cutters show similar results.
The chief reason for these results has been analysed above.
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From Figure 4-4 we can make the following conclusions

For the front cutter, the main energy components lie in the range 0-5 Hz.

For the gauge cutter, the main energy components lie in the range 0-10 Hz, because
ahigh level of power appears at the frequency f » 9 Hz. In addition, corresponding
tof » 9 Hz, arelatively high level of power occurs in the power spectra plot for the
side force of the front cutter, see Figure 4-4b.

According to Figure 4-4a-c, asf » 0.15 Hz, the second highest levels of power
relevant to Fy, Fr, and F_ occur. The Fy, Fr, and F_ corresponding to f » 0.15 Hz
should be the two peak values in Figure 4-3a, 4-3b, and 4-3c, respectively. Thisis

because the peak forces appear in the period T = 57 seconds. Under such peak
cutter forces, the rock beneath the cutter should definitely be broken.

Figure 4-5a indicates that most of the normal force is concentrated in the region of
F,=0-100 kN. As described above, when F 3 60 kN, the rock beneath the cutter can be
broken, so that we can conclude that the distribution of the normal force in the figureis
not so good for rock boring. In other words, there would be a good distribution of the
normal force if most of the normal force were larger than 60 kN, which can be con-
sidered as a critical force for rock breakage by the cutter in the condition of this study.
In the case of Figure 4-5a, the distribution curve should be moved from |eft to right.

For the boring machine, as well asits cutters, the side force had better be zero. The
reason can be explained as follows. A large horizontal force is possibly formed by the
side forces from each cutter and then applied to the machine. This horizontal force
makes the machine shake or move in the horizontal direction that is perpendicular to the
axis of the borehole. Furthermore, such a horizontal force givesrise to an increase in the
roughness of the wall of the borehole and even creates some grooves in the walls.
Therefore, the side force should be reduced into as small avalue as possible. Particu-
larly, alarge side force should be avoided. For example, the distribution curve for the
side force in Figure 4-5b should be concentrated in the area around F, =0 kN.

Similarly to the case of normal force in Figure 4-5a, the distribution of the tangential
forceis also unreasonable. A good result would involve the current distribution being
moved into the right side of Figure 4-5c.

As described above, the cutter forces of gauge cutter 18A are much smaller than those
of the front cutter. In other words, the gauge cutter does not play itsrolein rock frag-
mentation effectively. Similarly to the front cutter, the gauge cutter has an unreasonable
distribution of the cutter forces too. A better distribution would involve the present
distribution curves being moved to the right.

In conclusion, from Figure 4-4 we can find that the design of the cutters should be
improved, because a large side force is caused during boring. Such a side force will
probably give riseto alarge horizontal force for the boring machine. Thisis not only
harmful for the stability of the machine, but also bad for the smoothness of the walls of
the borehole. In addition, from Figure 4-3 we note that the maximum cutter forces (or
the forces close to the maximum values) periodically appear once every 5-7 seconds.
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sample time recorded = the number of times during sampling when an equal Fy occurs/ the total
sampling times (here the total sampling times = 40858).
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Thisisreflected in the part of the frequency < 0.2 Hz in Figure 4-4. It seems that rock
boring does not mainly rely on the maximum forces, because cutter forces smaller than
the maximum ones should be enough to break the rock beneath the cutter. For example,
as 60 kN <F,<400 kN, the cutter should be able to break the rock. If so, we should
avoid such maximum cutter forces appearing in rock boring, because excessively high
cutter forces are not good for the machine.

4.4  Analysis of boring machine parameters

In the field measurements, we recorded the thrust and torque of the machine and the
rotation speed of the cutter head, and wrote down the average penetration rate of the
machine during every 6 minutes of boring. The total thrust of the machine is supplied
by four hydro-cylinders. Table 4-1 shows the recordings of the thrust and the penetra-
tion rates from 6 casings. The rotation speed, corresponding to the datain Table 4-1, of
the cutter head is approximately 10 rpm. The relationship between the thrust and the
penetration rate is drawn in Figure 4-6.

Table 4-1. Thrust and penetration rates of the machine.

Total thrust (kN) 1372 1568 1764 1960
Penetration rate (cm/hour) 36 45 60.5 69
Casing No. 4 10 5-7 8

Figure 4-6 indicates that the penetration rate of the machine increases with an increasing
thrust of the machine in the case of a constant rotation speed of the cutter head. This
implies that the cracks in rock produced by a cutter with a high normal force should be
longer than those produced by a cutter with alow normal force. Therefore, in order to
increase the rock excavation speed, we should increase the thrust of the boring machine.
However, from the viewpoint of nuclear waste management, the thrust of the machine
should not be too high, so as not to produce longer cracks in the bottom and wall of a
borehole.
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) Measurements of cutter temperature

For along time engineers have been concerned about the real temperature in the cutters
of TBM machines or in the bits of percussive/rotary drilling machines during boring or
drilling. High temperature will worsen the material properties of the cutters or bits, and
in turn speed up their surface wear in the process of excavation or drilling. However, up
to date we have not found any report that has presented in-situ temperature measure-
ments of cutters or bits, or provided information on the real temperature of cutters or
bits during boring or drilling. Therefore, it isinteresting to measure the cutter tempera-
ture of the boring machine during field tests.

5.1 Method of temperature measurement

5.1.1 Transducer

We employed a special temperature gauge named ETG-50A/Option E, for measuring
the temperature in one cutter of the boring machine. Two such gauges with the LST
Matching Network LST-10C-350D were used.

The temperature gauges can work at temperatures of —150° to +260°C. Because the
gauges usually work in tough field environments, the glue M-Bond 610 is used to bond
them on the shaft. This glueis apt for dynamic stress analysis and can work at tempera-
tures of —269° to +370°C. After the gauges were bonded on the surfaces of the shaft, a
protection material (silicone rubber), 3145-RTV, was put on the gauges. This material
can stand temperatures of —75° to +315°C. The gauges were placed at a position on the
lowest surface of the cutter shaft, see Figure 5-1.

5.1.2 Bridge circuit

The temperature gauges were connected in the bridge shown in Figure 5-1. The circuit
package was protected in abox and located in a proper place behind the cutter head.

5.1.3 Signal transmission

The telemetry method was employed and the system consisted of a transmitter, a
receiver, and a power supply. For our purpose, the telemetry system is able to measure
seven-channel signals (six for the cutter forces and one for the temperature). The
transmitter is portable and can stand vibration, high temperature (up to +85°C) and high
acceleration. It wasinstalled at the back of the cutter head. The receiver antennawas
positioned on the upper part of the boring machine and the receiver instrument was
located at the control cabin for safety and easy coupling with the data acquisition
system, see Figure 4-1.
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Figure 5-1. Arrangement of temperature gauges T1 and T2 on the cutter shaft and bridge circuits.

The data acquisition for the temperature measurements was carried out by the same data
acquisition system as that used for the cutter force measurements described previoudly.

5.2 Laboratory calibration

Cdlibration was performed in the laboratory. The cutter body, together with a cable, was
put into an oven, see Figure 5-2. The cable connected the cutter to the transmitter
outside the oven. The telemetry system, consisting of the transmitter and the receiver, is
connected to a computer. As the temperature in the cutter varies, the computer can
record the data of both the voltages from the temperature gauges and the real
temperature from the oven itself. Considering the safety of the cable, which can
normally work at 90°C, 55°C was chosen to be the highest temperature in the laboratory
calibration. The results of the calibration for the front cutter are shown in Figure 5-3.

From Figure 5-3 we can find that the average heating rate of the oven is approximately
2.8°C per hour. At such alow heating rate we assume that the temperature on the cutter
surfaces, including the two ends of the shaft, is the same as that in the whole shaft.
Therefore, the temperature in the oven should be equal to that in the shaft. Furthermore,
the temperature measured in the field should actually be that of the shaft. To express
this more precisely, the temperature measured should be that of the shaft surfaces where
the two strain gauges were bonded.
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Figure 5-2. Calibration system for temperature.

As described above, the highest temperature in the laboratory calibration was only 55°C
due to the safety of the cable. However, the actual temperature in the shaft in field exca-
vation is probably higher than 55°C. Thus the calibration in the range of 0-55°C is not
adeguate to meet our requirements for temperature measurements. In order to solve this
problem, we can extend the calibration equation in Figure 5-3. Because the temperature
and voltages shown in Figure 5-3 have quite agood linear relationship, we can prolong
the fitted straight line directly forward. In other words, we suppose that the calibration
equation in Figure 5-3 can be used to determine the real temperature in the shaft.
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Figure 5-3. Calibration results for temperature. (a) Recordings of temperature in oven and voltages from
temperature gauges. (b) Calibration curve.
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5.3 Results of temperature measurements

The above calibration results were obtained without considering the effects of cutter
forces on the temperature measurements. So it is necessary to check if such effects exist.
In the laboratory force calibration, the temperature in the shaft of a cutter was equal to
room temperature. During one-time calibration, which usually lasted 10-15 minutes,
there was amost no change in the room temperature. Thus, any variation of the voltage
from temperature gauges during the force calibration should only be caused by changes
in the cutter forces. The calibration results proved good in that they showed that the
cutter forces did not influence the temperature measurements. Figure 5-4 is the result of
one laboratory calibration. From this figure we can see that, as the three forces change
greatly, the voltage from the temperature gauges does not vary. Naturally, we can
directly apply the results shown in Figure 5-3 to determine the real temperature in the
shaft during field boring, and do not need to consider the effects of the cutter forces on
the temperature measurements.

The calibration resultsin Figure 5-3 can be expressed as the following equation:
T=20.85-78.13V (5-1)

Using equation (5-1), we can obtain the measurement results for the cutter temperature

during the field excavation. Figure 5-5 shows the measurement results for casing 8-10.

The different dot symbolsin the figure are the measurement results. Each dot stands for
the average temperature during 3.3 seconds of excavation. The solid lines are the fitted

results. From the results shown in Figure 5-5 we can draw the following conclusions:

» Thetemperature in the shaft is mainly caused by the heat conducted from the cutter
surface, rather than by the heat produced by the friction between the shaft surface
and the inner surface of the cutter due to the cutter rotation. Otherwise, the first
straight line in Figure 5-5 would have the same slope as the second line.

» Thetemperature on either the cutter surface or the shaft surface is mainly dependent
on the boring time, if the rotation speed is kept as a constant. The thrust of the
boring machine almost does not influence the temperature. This can be seen from
Figure 5-5a. In this figure the thrust in casing 8 is markedly larger than that in
casing 10. However, the slopes of their second lines and third lines are the same.
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Figure 5-4. Effect of cutter forces on temperature measurements.
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» Therelationship between the temperature and the boring time for each casing can
be expressed by using three-part straight lines. The first line shows the variation of
the cutter temperature in the initial period of each casing. This period lasts about
7-14 minutes. On the one hand, the temperature in the shaft decreases continuously
in this period due to the temporary interruption of boring after the completion of the
previous casing. On the other hand, the increasing heat from the cutter surface due
to the resumption of boring is transferred into the shaft, and the temperature in the
shaft startsto rise. Thus, the temperature on the shaft surface increases slowly
compared with the subsequent two periods.

» The second straight line describes the cutter temperature under 75°C or so. During
this period the difference between the cutter temperature and the air temperature
surrounding the cutter is not so large, so the heat loss in the process of heat con-
duction from the cutter surface to the shaft is small or can be neglected. In other
words, it can be assumed that the second line approximately expresses the variation
of the temperature on the cutter surface.

*  When the difference between the cutter temperature and the air temperature sur-
rounding the cutter increases to a certain degree, the heat loss through radiation in
the process of heat conduction from the cutter surface to the shaft augments greatly.
Therefore, the third straight line in Figure 5-5 can only stand for the temperature on
the shaft surface, rather than that on the cutter surface. Naturally, the temperature on
the cutter surface should be higher than that on the shaft surface.

» The cooling time (or the duration of the temporary interruption of boring) between
two neighbouring casings influences the slopes of the straight linesin Figure 5-5.
For example, the cooling times between casing 7 and casing 8, casing 8 and casing
9, and casing 9 and casing 10 are 190 minutes, 910 minutes, and 253 minutes,
respectively. Because the difference between 190 minutes and 253 minutes is not
large, the second and third straight lines for casing 8 have the same slopes as the
corresponding lines for casing 10 in Figure 5-5a. However, because 910 minutesis
much longer than 190 minutes or 253 minutes, the slopes of the second and third
linesfor casing 9 in Figure 5-5b are greater than the corresponding slopes for casing
8 and casing 10. Moreover, it can be found that the influence of the cooling time on
the slopes of the straight lines decreases with increasing boring time. For example,
the influence of the cooling time on the slope of the third line is smaller than the
corresponding influence on the slopes of the first and second lines. Therefore, for
practical applications, the influence of the cooling time can be neglected, since our
attention should be focused on boring for long periods rather than on boring for
short periods.

On the basis of the above description, equation (5-2) and (5-3) below may be used to
predict the shaft temperature of the cutter.

T=At+B, t <45 minutes (5-2)
T=A,t+B, t > 45 minutes (5-3)

where A, B,, A,, and B, are the parameters determined by the measured data from
casings 8-10. Their valuesare A, = 1.12, B, = 24.2, A, = 0.42, and B, = 54.2. They are
determined according to the fitted results for al three casings. Equation (2) and (3) are
also shown in Figure 5-5c.
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It is necessary to point out that the above equations, including the parameters, are
obtained while the rotation speed of the boring machine is kept at 10 rpm. Because the
cutter temperature mainly increases due to the friction between the cutter surface and
the rock, as analysed above, the rotation speed of the machine greatly influences the
cutter temperature. A laboratory study of rock cutting using a diamond cutter shows
that, if the cutter rotation speed is increased from 40 to 100 rpm, the cutter temperature
rises from 7°C to 17°C /Cooper et a., 1994/. This amost means that, if the rotation
speed isincreased by 100%, the cutter temperature rises by 100% too. Assuming that
the boring in the laboratory study is comparable to the field rock boring at Aspo, the
real cutter temperature calculated by equation (5-2) and (5-3) should be doubled if the
rotation speed isincreased from 10 rpm to 20 rpm. For example, if the continuous
boring lasts 1.5 hours, the shaft temperature will rise to 92°C according to equation
(5-3). However, if the rotation speed of the boring machine isincreased from 10 rpm to
20 rpm, the shaft temperature will rise to 184°C on the basis of the above analysis.

On the other hand, as discussed in conclusion 4 above, it is assumed that equation (5-2)
may be used approximately to predict the cutter surface temperature. Then the cutter
surface temperature will rise to 250°C if the boring lasts 1.5 hours and the rotation
speed of the boring machine is kept at 20 rpm. In this case, the highest instantaneous
temperature on the surface of the rock beneath the cutters probably risesto 250°C, but
such atemperature does not last along time for a certain piece of rock dueto the
continuous rotation of cutters. Therefore, if the continuous boring time is controlled
within 1.5 hours or so, it can be considered that the high temperature due to rock boring
does not markedly influence the mechanical properties of the rock beneath cutters.
When the boring time islonger than 1.5 hours, however, afurther study based on new
measurements of the cutter temperature is needed. Finally, it is necessary to point out
that in this study the air cooling method is used for the boring machine. If other cooling
methods, such as water-cooling, were employed, the equations for the temperature
would be different to a certain degree.



6 Investigation of cracks caused by
mechanical boring

6.1 Determination of rock sampling positions

6.1.1 Boring period related to sampling positions

The aim of rock sampling from the borehole has mainly been to examine the cracks
induced by mechanical boring, and to try to establish the relationship between the
boring forces and the induced crack lengths.

According to the field photography shown in Figure 6-1, it can be determined that
during the last rotation in boring the borehole, most buttons in the button cutter
produced a small crater on the bottom of the borehole. This shows that most of the small
craters, particularly the larger of the small craters, on the surfaces of the core samples
were probably produced during the last rotation of boring. Furthermore, this does not
exclude the possibility that some of the small craters were produced in previous
rotations. However, the small craters produced in previous rotations should be smaller
than those produced in the last rotation of boring.

On the basis of the above description, it is considered that the large craters on the
surfaces of the core samples should mainly be connected to the cutter forcesin the last
rotation of boring.

Figure 6-1. Photograph of the borehole bottom.
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6.1.2 Selecting optimum sampling positions based on cutter forces

According to the rotation speed of the boring machine, we can estimate the time during
which the machine covers one rotation. Therefore, we are able to obtain the normal
forces of both the front cutter and the gauge cutter during the last rotation of boring,
which is shown in Figure 6-2.

In order to examine the cracks induced by mechanical boring, the optimum sampling
positions should be the places corresponding to the maximum normal forces in the last
rotation of boring. However, these places were difficult to reach due to the limitation of
in-situ core drilling. For example, two cases were sometimes encountered at the origi-
nally planned sampling positions during the core drilling: (1) there were clear joints,
and (2) core drilling failed to take out a sample that was long enough to be used to
examine the cracks. Thus, in the core drilling we were only able to approach the posi-
tions with the maximum normal forces as closely as possible.

First, we chose several maximum normal forces as the optimum sampling positions
according to Figure 6-2. Then we determined the co-ordinates of the sampling positions
relevant to the maximum normal forces. This process is described in the following.

Four maximum normal forces for the front cutter were selected as the optimum
sampling positions and named M1, M2, M3, and M4, as shown in Figure 6-2a.
Similarly, two maximum normal forces for the gauge cutter were selected as the
optimum sampling positions and named SA and SB, as shown in Figure 6-2b.

The co-ordinates were determined for the sampling positions relevant to the maxi-
mum normal forces. The position of cutter 18A corresponding to afixed point on
the wall of the bored hole can be recorded at any time during boring. This fixed
point is named “F1” in the drawing for the bottom of the borehole. We referenced
the drawing as Figure 6-3. Therefore, the position of cutter 10 at any timein the
borehole can also be decided as long as the angle between the two cutters (cutter 10
and 18A) in the cutter head is known. We know that this angle is 60 degrees from
the drawings for the machine design.

We use a to stand for the instant position of cutter 10 in the Aspd co-ordinate system,
shown by “Aspd 0°”in Figure 6-3. However, the field tests only give us the instant posi-
tion angle a g of cutter 18A in the “0” co-ordinate system, shown by “0°” in Figure 6-3.
The broken lines in Figure 6-2 stand for a g, and they imply that the in-situ measure-
ment of the instant angle a is quite approximate. In order to choose sampling positions
easily, we connect each upper point of one of the broken lines to express the angle ac.
Thus the instant position of cutter 10 in the “0” co-ordinate system is expressed by ar,
and we can obtain the following relationships according to Figure 6-3.
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Figure 6-2. Measured cutter forces during last rotation of boring. (a) Cutter forces of the front cutter
corresponding to the sampling positions in the bottom of the borehole; (b) Cutter forces of the gauge

cutter corresponding to the sampling positionsin the bottom of the borehole.
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ar=60° +ag

a=ag+216°=276° +ag (6-1a)
or
ag =a-276° (6-1b)

Equation (6-1b) is used for the front cutter. Here a g is actually the readings for the
gauge cutter from the field-sampling data. Similarly, we can aso obtain the following
relationships for the gauge cutter:

b=ag+216° (6-23)
or
a, =b -216° (6-2b)

Whereb istheinstant position of gauge cutter 18A in the Aspo co-ordinate system, and
a theinstant position of cutter 18A in the “0” co-ordinate system.

According to the above process, the angle a corresponding to each maximum normal
force can be determined. Considering the actual limitation of in-situ core drilling, some
final sampling positions are more or less different from the originally planned ones. The
rock core samples taken from the fina positions are named BM1, BM2, BM3, BM4,
BSA and BSB. The relevant data for the samples corresponding to cutter 10 and cutter
18A are shown in Table 6-1 and 6-2. And their respective normal forces can be seenin
Figure 6-2.

Table 6-1. Sampling positions on the bottom for cutter 10.

Reference No. of Co-ordinate Angle a (from afrom sampling Inclination
No. sample Z (m) Aspo 0 point) data degrees)
KD0086G05 BM1 -425.5 331 55 -90
KD0086G06 BM2 -425.5 9.5 -266.5/93.5 -90
KD0086G07 BM3 -425.5 158 -118/242 -90
KD0086G08 BM4 -425.5 254.4 -21.6/338.4 -90

Table 6-2. Sampling positions on the bottom for cutter 18A.

Reference No. of Co-ordinate Angle b (from a s from sampling Inclination
No. sample Z (m) Aspd 0 point) data degrees)
KD0086G09 BSA -425.3 198.4 -17.6/342.4 -20
KD0086G10 BSB -425.3 36.3 -179.7/180.3 -20
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Three positions on the bottom for the disc cutter were chosen so that we might investi-
gate the cracking induced by disc cutters. The data are listed in Table 6-3.

Table 6-3. Sampling positions on the bottom for disc cutter.

Reference No. of Co-ordinate Angle (from Inclination
No. sample Z (m) Aspd 0 point) degrees)
KD0086G11 D1 -425.4 70.6 -90
KD0086G12 D2 -425.4 182.5 -90
KD0086G13 D3 -425.4 289.7 -90

Four other positions on the wall of the borehole were selected for examining the
cracking in different casings and different geological conditions. L1 and L2 were
chosenin casing 10, and L3 and L4 in casing 9 and in another rock type. The dataare
listed in Table 6-4.

Table 6-4. Sampling positions on the wall for cutter 18A.

Reference No. of Co-ordinate Angle a (from Inclination
No. sample Z (m) Aspo 0 point) degrees)
KD0086G14 L1 -424.8 304.9 0
KD0086G15 L2 -424.8 104.8 0
KD0086G16 L3 -424.2 207.3 0
KD0086G17 L4 -424.2 384 0

*The height from the bottom (middle part) of the borehole to the top of cutter 18A is equal to 200 mm according to the
drawing for the machine design.

The positions of all the cuttersin the cutter head are shown in Figure 6-3. Each cutter
produces a circular track on the bottom of the borehole. The outermost circle close to
the circle of cutter 18A is assumed to be the wall of the borehole. In fact, the distance
between the outermost circle and that of cutter 18A is quite small, or it can be ignored.
For most cutters, except for cutter 5 and 7, the angle between two neighbouring cutters
in the periphery direction is 30 degrees. The final sampling positions on the bottom of
the borehole for BM1-BM4, BSA and BSB are shown in Figure 6-4.

Two other samples were taken from the wall of the first test borehole that was com-
pletely drilled by disc cutters. Their relevant data are listed in Table 6-5. The geological
conditions in the sampling positions are basically the same as most of the rock in the
two boreholes.

Table 6-5. Sampling positions on the wall of borehole 1.

Reference No. of Co-ordinate Angle (from Inclination
No. sample Z (m) Asp6 0 point) degrees)
KD0092G05 1 -424.7 118.8 0
KD0092G06 2 -424.4 273.8 0
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Figure 6-4. Sampling positionsin the bottom of the test borehole. The figures corresponding to each
sampling number are based on the Asp6 co-ordinate system.

Furthermore, the rock samples taken from the borehole show that there are usually
multi-craters on the surfaces of the samples. Figure 6-5 indicates the co-ordinates of the
craters on the surface of each sample. The sizes of all the craters are basically divided
into two kinds: large or small. It is evident that the large craters on the surface of one
sample were produced during the last rotation of boring, because the distances between
them are usually the same as the distances between the neighbouring buttons in the
cutters. For example, the shortest distance between two neighbouring cratersis 46 mm.
Thisis exactly equal to the distance between two neighbouring buttons located on two
different rows of the cutters. Thus, the co-ordinates of al the craters can be determined.
They are listed in Table 6-6.
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cracks. The thicker linesin the shadows indicate the polished surfaces on which the crack examinations
wer e performed.

52



Table 6-6. Sampling positions on the bottom for cutter 10.

Reference No. of Co-ordinate Angle a (from agfrom
No. sample Z (m) Aspo 0 point) sampling
or crater data
KD0086G05 BM1 -425.5 331 55
BM1®W -425.5 332.2 56.2
BM1® -425.5 328.2 52.2
KD0086G06 BM2 -425.5 9.5 -266.5/93.5
BM2®W -425.5 12.2 -263.8/96.2
BM2® -425.5 10.1 -265.9/94.1
KD0086G07 BM3 -425.5 158 -118/242
BM3®W -425.5 157 -119/241
KD0086G08 BM4 -425.5 254.4 -21.6/338.4
BM4© -425.5 256 -20/340
BM4® -425.5 251.4 -24.6/335.4

Table 6-7. Sampling positions on the bottom for cutter 18A.

Reference No. of Co-ordinate Angle b (from agfrom
No. sample Z (m) Aspo 0 point) sampling
or crater data

KD0086G09 BSA -425.3 198.4 -17.6/342.4

BSA®W -425.3 196 -20/340

BSA® -425.3 198.4 -17.6/342.4
KD0086G10 BSB -425.3 36.3 -179.7/180.3

BSB®W -425.3 38.9 -177.1/182.9
In Table 6-6 and 6-7, the symbol “ - ” in last column can be replaced by a positive value

after “ /. For example, -216.5 and 143.5 have the same position in the bottom of the
borehole. Their relation is—216.5 + 360 = 143.5. Thus, on the basis of the values of ag
we can find the cutter forces corresponding to the sampling positionsin Table 6-6 and
6-7.

According to the resultsin Table 6-6 and 6-7, the normal forces relevant to each crater
are shown in Figure 6-6 and listed in Table 6-8.

Table 6-8. Normal forces corresponding to each crater on the samples during last
rotation.

Crater No. Normal Crater No. Normal Crater No. Normal

force(kN) force(kN) force(kN)
BM1® 60 BM3® 240 BSA®W 3
BM1® 80 BSA® -20
BM2®W 185 BM4®W 175 BSB®W 15
BM2® 120 BM4© 210
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Figure 6-6. Cutter forces and sampling positions. (a) Cutter forces of the front cutter corresponding to
the sampling positionsin the bottom of the borehole; (b) Cutter forces of the gauge cutter corresponding
to the sampling positionsin the bottom of the borehole.
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From Figure 6-6 we can find that the craters BM1* and BM1® are not related to any
peaks of normal forces, and the normal forces corresponding to BSA® and BSB® are
either negative or very small. Such normal forces are not large enough to produce the
craters in the rock surface. A similar result was also found when the normal forces
corresponding to the previous rotations were analysed. As discussed above, thisis
probably caused by the approximate values of the instant angles of cutter 18A measured
in-situ. A reasonable but approximate method is to use the shadow areas in Figure 6-7
to substitute the upper straight lines. Thus, it is possible that a number of normal force
peaks within the overlapped area of a horizontal dash line and the slanting shadow area
are the normal force that in fact produces the relevant crater in a core sample. On the
basis of the above description, we take a range of normal forces from minimum to
maximum in the overlapped area as the normal force to be determined. However, in
determining the minimum and maximum normal forces, the following three factors
were considered. (1) The time between two neighbouring craters (such as BM1* and
BM1®) in each core sample should be as equal as possible to each other. (2) The time
between any two rock samples in Figure 6-7 should be as constant as possible. (3) Only
as F,® 60 kN, can the crater be produced by a button. In other words, the selected
normal force peak should be equal to or greater than 60 kN. Considering these factors,
the minimum normal forces (with the symbol of a small circle) and the maximum
normal forces (with the symbol of a small square) were determined, and they are shown
in Figure 6-7.

In addition, according to the above description, the crater BM4© was probably
produced in the rotation previous to the last rotation of boring. This can also be
confirmed by the fact that there is no other peak force near the crater BM4®. Thus the
force relevant to BM4 should be determined by the results measured for the second
rotation of boring counted from the last rotation. Thisis shown in Figure 6-7b. For the
craters BSA® and BSA®, from Figure 6-7c for the last rotation of boring, the possible
maximum forceis only 42 kN. It is considered that such a normal force cannot produce
acrater in rock as analysed above. Therefore, we should find their respective normal
forcesin the second rotation of boring shown in Figure 6-7d. Following this procedure,
we can obtain the results indicated in Figure 6-7 and Table 6-9.

Table 6-9. Normal forces corresponding to each crater.

Crater No. Normal Crater No. Normal Crater No. Normal

force(kN) force(kN) force(kN)
BM1®W 150-375 BM3W 130-253 BSA®W 70-106
BM1® 150-525 BSA® 60-78
BM2®W 150-281 BM4W 160-532 BSB®W 62-103
BM2® 134-330 BM4© 150-240
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Figure 6-7a—d. Normal forces relevant to each produced crater.
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6.2 In-situ rock sampling

According to previous experience of Aspé in-situ rock sampling Svemar, 1995; Kou
and Tan, 1995; Tan and Kou, 1995/, two kinds of rock samples were taken from each
sampling position. The first kind was for crack examination and the second for strength
testing. The diameter of the first kind of samplesis D=105 mm, and the length L=300
mm. The diameter of the second kind of sample is D*= 40 mm, and the length L*=600
mm. Except for the sampling positions D1 and D2, from which only the first kind of
sample was taken, all the other positions (BM1, BM2, BM3, BM4, BSA, BSB, L1, L2,
L3 and L4) were used to take out both kinds of core-rock samples. The sampling sizes
of the core samples are shown in Figure 6-8. The core samples from BSA and BSB
were taken out at an angle of 20 degrees with the horizontal direction of the bottom.

BM1 to BM4 are located on the circle periphery made by cutter 10. There are many
small craters on this circle periphery, see Figure 6-9. Such small craters are caused by
the buttons on cutter 10 during boring. Every two craters are usually joined together
since their respective buttons on the cutter are very close to each other. It can be easily
found that the circle periphery for cutter 10 is situated on the 9" circle from the outside
edge, see Figure 6-9. The 6", 7" and 8" circles are formed due to three disc cutters. The
tracks for these three circles are very different from those for button cutters. Thus we
can easily find the 9" circle.

Using a similar method to the one above, we can find the first circle periphery on which
BSA and BSB are located. On the bottom of the borehole, the track for the first circle
periphery is not so clear as the other ones, e.g. the 2" and 6". However, we can till find
it by means of observation of the bottom. In fact, below the ends of the almost vertical
straight grooves produced by the buttons on the surface of the fixed outside part of the
boring machine, there is a circle periphery consisting of many small craters.
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Figure 6-8. Positions and sizes of core rock samples.
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Vertical grooves produced by buttons on the fixed part of the machine

Small craters

By cutter 10

Figure 6-9. Tracks produced by different cutters on bottom.

For the sampling positions made by button cutters, the core samples should include at
least two joined small craters made by buttons on the cutter, see Figure 6-10a. For the
sampling positions made by disc cutters, the core samples should include at least one
track made by the disc cutter, see Figure 6-10b. For the sampling positions on the wall
of the borehole, the core samples should include at least one vertical track on the wall,
see Figure 6-10c.

Small craters produced by buttons on the cutter

l \ @:’ — ~ _ Track made by button cutter
e S A—-A

Vemcyrooves produced by fixed part in machine

il
M.

|

Figure 6-10. Positions for coredrilling in borehole.
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Figure6-11. Direction marking for core samples.

The cutter-made surfaces (i.e. the part of the bottom or the wall of the borehole) of the
core samples with a diameter of 105 mm were protected for crack examinations later on.
After core drilling, all of the core samples, particularly their surfaces, were wrapped
with soft materials.

For each core sample, three directions were also marked on its surface. For the core
samples from the bottom of the borehole, the direction for the cutter-head rotation and
the direction from the core location to the centre of the borehole were indicated. For the
core samples from the wall of the borehole, the direction for the cutter-head rotation and
that for the top and bottom of the borehole were marked. In addition, for al the core
samples, the direction from the bottom or from the wall of the borehole to deep posi-
tions was indicated on the samples. All three directions are shown in Figure 6-11.

6.3 Mechanical properties of rock

The rock within and around the borehole can be basically divided into two kinds: Aspd
diorite and granite. The geological data provided by Aspd Hard Rock Laboratory show
in detail the rock types of each core sample. According to the data, rock specimens of
each type were selected for strength testing. The uniaxial compressive strength, uniaxial
tensile strength (by the Brazilian test), Y oung’'s modulus, and Poisson ratio of the two
rocks were measured. The results are shown in Table 6-10. In Table 6-10 the specimen
numbers including G represent granite, and those including D diorite.



Table 6-10a. Uniaxial compressive strength of the rocks.

No. D H S, E n
(mm) (mm) (Mpa) (Gpa)
D1 40.2 84.2 90.22 60.13 0.175
D2 40.2 84.0 101.32 53.36 0.215
D3 40.2 84.0 60.69 32.65 0.306
D4 40.2 83.5 63.12 23.04
D5 40.2 83.5 72.88 55.20 0.387
D6 40.2 84.2 73.15 55.52 0.141
D7 40.2 84.0 140.88 55.15 0.221
Average 0 83.9 86.04 47.86 0.24
Standard deviation 0 0.3 28.2 14.1 0.1
Gl 40.2 84.0 83.71 27.09 0.322
G2 40.2 84.0 73.42 29.79 0.346
G3 40.2 84.3 167.97 61.53 0.281
G4 40.2 83.4 91.3 61.00 0.211
G5 40.2 83.0 170.14 62.66 0.203
G6 40.2 84.5 59.87 39.23 0.229
G7 40.0 84.3 77.21 55.86 0.178
G8 40.2 84.4 52.29 58.87 0.159
Average 40.2 84 96.99 495 0.24
Standard deviation 0.1 0.5 46.2 14.5 0.1

Table 6-10b. Uniaxial tensile strength of the rocks.

No. D H S, No. D H S,
(mm) (mm) (MPa) (mm) (mm) (Mpa)
D11 40.2 29.2 6.25 G111 40.2 275 11.29
D12 40.2 28.2 11.28 G12 40.0 28.0 14.07
D13 40.2 30.2 6.18 G13 40.2 25.9 10.04
D14 40.2 27.7 9.11 G14 40.2 30.7 7.84
D15 40.2 29.1 9.33 G15 40.2 28.3 12.89
D16 40.2 27.1 7.73 G16 40.2 28.5 11.03
D17 40.2 26.6 11.96 G17 40.0 28.5 7.80
G18 40.2 29.2 6.25
Average 40.2 28.3 8.83 Average 40.2 28.3 10.15
Standard 0 13 2.3 Standard 0.1 14 2.7
deviation deviation

6.4 Measured crack lengths

In order to examine the cracks induced by mechanical boring, we cut each rock sample
as shown in Figure 6-5. The sections marked with thicker lines in the figure were used
for examining the cracks produced by mechanical boring. Usually on each of the sec-
tions there are one or two craters which were produced by the buttons of the button
cutters. Surrounding the craters, many cracks with different sizes can be clearly seen by
means of the Scanning Electron Microscope (SEM). However, it is not easy to see such
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cracks clearly by the naked eye. Thisindicates that the amplification chosen in the SEM
experiments is related to the results for the crack examination. A proper amplification
should be one that is large enough to see the main cracks very clearly, but not so large
asto prevent a sufficient number of photographs being taken in the SEM experiments.
On the basis of initial tests, we chose 20 as afixed amplification for the SEM experi-
ments. Figure 6-12a—h shows the results of the SEM photography. The crack system of
each crater was continuously photographed. On the basis of the photographs, we are
able to measure the length of each major crack induced by mechanical boring. The
measurement results are compiled in Table 6-11. L, L, and d in the table represent the
medium crack length, the side crack length and the diameter of the hemispherical
buttons in the button cutters, respectively. The symbol “*” in Table 6-11 means that no
clear medium crack or side crack was found in the section of the crater in question. This
is probably due to the fact that the section does not go through the position where a
medium or side crack is located. So the L., and L with symbol “*” were approximately
determined according to the sizes of the craters produced by their relevant buttons.
Naturaly, such an L, or L, would be smaller than area one.

Table 6-11. Length of medium and side cracks induced by mechanical boring.

No. L., L, Fu d Rock type
(mm) (mm) (kN) (mm)

BM1® 8.57* 15 150-375 24 Asp6 diorite
BM1® 13.93* 18.57* 150-525 24 Aspo diorite
BM2®¥ 17.86 21.43* 150-281 24 Aspo diorite
BM2® 134-330 24 Aspo diorite
BM3® 16.57 17.14* 130-253 24 Granite
BM4® 27.14 17.86 160-532 24 Aspé diorite
BM4© 16.43 17.14* 150-240 24 Granite
BSA® 7.86* 14.29 70-106 24 Granite
BSA® 5.71* 18.57* 60-78 24 Granite
BSB® 7.86* 10.71* 62-103 24 Granite

6.5 Theoretically predicted length of medium cracks

According to Kou /1995/, the relationship between the indentation force of a
hemispherical indenter and the length of the medium crack induced in rock is

Lm3’2(£'°2)”2/FN: 2.8 10%+ 3.09" 10( P =) (6-3)
1-n s .d
where
L.= length of medium crack,
= Y oung’s modulus,
Gic- energy release rate,
n= Poisson rétio,
S.= uniaxial compressive strength,
d= diameter of the hemispherical indenter (or button).
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(a). The crater with a densely cracked zone corresponding to BM1®¥, The densely cracked zone s |ocated
around the crater (the black area in the left side) and it consists of many short cracks. No medium crack
was found, probably because this section did not go through the position where the medium crack is

|ocated.
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(b). The crater with a densely cracked zone and medium cracks corresponding to BM2®, The densely
cracked zoneislocated around the crater (the black area in the left side) and it consists of many short
cracks. The medium cracks arein theright side of the picture.
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e N
(c). The crater with a densely cracked zone, lateral cracks and medium cracks corresponding to BM3®,

The densely cracked zoneislocated around the crater (the black area in the left side) and it consists of
many short cracks. The medium cracks arein theright side of the picture.
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(d). The crater with a densely cracked zone and a long medium crack corresponding to BM4®. The
densely cracked zoneislocated around the crater (the black area in the upper part) and it consists of
many short cracks. The medium crack isin the lower part of the picture.
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(€). The crater with a densely cracked zone and a medium crack corresponding to BM4© . The densely
cracked zoneislocated around the crater (the black area in the left side) and it consists of many short
cracks. The mediumcrack isin theright side of the picture.
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(f). The crater with a densely cracked zone and lateral cracks corresponding to BSA®. The densely
cracked zoneislocated around the crater (the black area in the left side) and it consists of many short

cracks. Lateral cracks arein the upper and lower part of the picture. No medium cracks are found
probably because this section does not go through the position where the medium cracks are located.
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(9)- The crater with a lateral crack and a medium crack corresponding to D2 (related to a disc cutter).
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(h). The section of a sample taken from the borehole wall made by disc cutters. Thereare along lateral
crack and a densely cracked zone near the surface of the borehole wall.

Figure 6-12a—h. SEM photographs of the cracksinduced by mechanical boring. All of original SEM
photographs have a same magnification 20, but the magnification we can see fromthefigureshereis

approximately 8.
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Equation (6-3) was based on the experimental results from rock mechanics laboratory.
The theoretical derivation was based on the assumptions: rigid hemispherical indenter,
semi-infinite rock mass, static load, isothermal process as well as homogeneous and
isotropic rock material, etc. The field condition is different from these assumptionsto a
certain extent. However, it is still valid to make a comparison between them. According
to linear elastic fracture theory for plain strain problems, the energy release rate G,_ and
the fracture toughness have the following relationship:

G.=(1V) K, /E (6-4)

where K _ isthe mode-1 fracture toughness of rock. When K _is not measured directly, it
can be approximately calculated by the following equation obtained from experimental
results/Zhang et al., 1998/

0,=8.88K, °° (6-5)
where g, isthe tensile strength of rock. Thus we have

K,.=0.79 MPam"” and

G,.=12.28x10° MPam for Aspt diorite,

and

K,.=1.25 MPam"”and

G,.= 29.75x10° MPam for Granite.

Finally we can obtain the relationship between the normal force F,, and the length of the
medium crack:

L, =(0.036F, +0.78 F*)** for Aspo diorite (6-6a)
L =(0.022F, +0.44 F )" for Granite (6-6b)

where F isin“MN” and L _in“m”. Theresults from equation (6-6) are presented by
two solid linesin Figure 6-13a. The measured crack |engths with their respective
normal forces are shown by horizontal solid and dashed lines with two different dot
symbolsin the figure. From Figure 6-13a we can see that the theoretical length of a
medium crack is always larger than the actual length by afew times under a certain
normal force. The big difference between the theoretical and the actua lengthsis
probably caused by the following three major factors. (1) The theoretical results are
based on a smooth rock surface into which an indenter or button is pressed, while the
practical rock surface in the field is often very rough. (2) The theoretical rock surfaceis
always clean, i.e. it has no previously crushed or broken pieces of rock. However, the
actual rock surface often contains some of the previously produced pieces of rock. Such
pieces of rock, we believe, greatly reduce the crack length in thefield. (3) Thereisa
difference between the confinement of field rock and that of the laboratory rock from
which the theoretical result is based on due to the existence of tectonic pressure in the
field. The tectonic pressureis an additional confinement to the plane strain condition. It
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increases the compressive strength and energy release rate in equation (6-3) and would
reduce the crack length further.

Assuming that an average value of the measured minimum and maximum normal forces
corresponding to a crater is the actual normal force producing the crater, we can then
find that the measured lengths of the medium cracks basically increase with increasing
normal forces. Thistrend is similar to the theoretical results. Moreover, the theoretical
results can be approximately modified by multiplying equation 6-6 by a modification
factor. Thus, the modified equation can be used to predict the crack length or cracked
zones induced by mechanical boring in practice. The modified results corresponding to
equation 6-6 are shown in equation (6-7).

L, =C,(0.036 F,+0.78 F*)* for Aspo diorite (6-7a)
L, = C,(0.022F, +0.44 F*)* for Granite (6-7b)

where C, and C, are modification factors which should be less than or equal to 1. In
addition to the medium cracks, we measured the lengths of the side cracks. The results
are shown in Table 6-11 and Figure 6-13b. We can also see that the length of the side
cracks has aweak increasing tendency with increasing normal forces.

In addition to the samples for the button cutter, three samples for the disc cutter were
also taken from the bottom of the test borehole. Unfortunately, we did not measure the
cutter forces of the disc cuttersin the field due to the limitation of the testing system.
Therefore, we cannot quantitatively compare the crack sizes induced by the button
cutter and those induced by the disc cutter. In addition, it was found that no large
medium cracks could be seen in the samples taken from the side walls of both borehole
1 and borehole 2. And we did not find clear differences between the crack sizes made
by the disc cuttersin the side wall of borehole 1 and those made by the button cuttersin
the side wall of borehole 2.

6.6 Cracked zones around borehole

According to the measurements of the crack length in the rock samples taken from the
bottom and wall of the borehole, the cracked zones around the borehole can be approxi-
mately determined, which is shown in Figure 6-14 and 6-15. Here a cracked zoneis
defined as the region that can cover al the cracks induced by cutter forces. The maxi-
mum depth of the cracked zoneis equal to the length of the longest medium crack.
Within the cracked zone, a densely cracked zone can be found near the surface of the
bottom or wall of the borehole. In the densely cracked zone there are many short cracks.

The maximum depth of the densely cracked zone is about 2.5-3 mm according to the
approximate measurements of the rock samples listed in Table 6-11. Correspondingly,
the maximum depth of the cracked zone is 27.1 mm according to Table 6-11. Such a
maximum depth is produced by a possible maximum normal force of 531 kN. However,
we know that the maximum normal force of the front cutter in the first 7 minutes of
boring in casing 10 is 684 kKN. Therefore, it is possible that in the last rotation of boring
of casing 10 the maximum normal force of other front button cutters can reach 684 kN.
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73



Surface of borehole bottom or wall Crater Depth of densely cracked zone

Medium crack

Depth of cracked zone

__,'—Fﬂ—ﬂ
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Figure 6-15. Cracked zones around borehole.
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If so, the depth of the cracked zone in the bottom of the borehole should be larger than
27.1 mm. Assuming that C, = 0.1 in equation 6-7a, then the maximum depth of the
cracked zone near the bottom of the borehole might be estimated by using equation 6-7a
asF, = 684 kN. Thuswe can obtain L _ = 53 mm. In addition, assume that 106 kN is or
is close to the maximum normal force in the last rotation of boring of the gauge cutters,
then we know that the relevant medium crack length is 7.86 mm from Table 6-11.
Therefore, the possible maximum cracked zones around the borehole can be shown in
Figure 6-15: on the bottom, the maximum depth of the cracked zone would be 53 mm,
while in the side wall the maximum depth of the cracked zone would be approximately
7.86 mm. Here the angle between the medium cracks produced by gauge cutters such as
cutter 18A and the surface of the borehole wall is approximately considered to be 90°.
And it is considered that the medium cracks in the wall of the borehole are produced by
the outermost gauge cutters.
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7 Discussion

7.1 Relationship between cutter forces and length of cracks

As described in Chapter 6, the theoretical length of a medium crack produced by a
hemispherical button is always larger than the actual measured length by afew times
when the normal (or indentation) forces of the theoretical case and the field case are
equal. The big difference is mainly caused by three factors, which is discussed in
Chapter 6. Therefore, a further fundamental study on the relationship between a normal
or indentation force and the length of a medium crack (or other cracks) is necessary.
Because the present theoretical result is based on laboratory indentation tests that
seldom consider rock confinement, the roughness of the rock surfaces indented, and the
rock debris on the surfaces, the further fundamental and laboratory studies should
consider such factors. In addition, a series of field tests, including cutter force measure-
ments and crack examinations, are also necessary so as to verify or modify relevant
theoretical results. If such tests were to be conducted, a better theoretical result would
be obtained which could be used for predicting cracked zones induced by mechanical
boring in practice.

7.2  Estimation of loading rates in field mechanical
excavation

K. isthe fracture toughness of the rock at Asp('j, T, the critical time (the time from zero
force to the peak of the normal force), and k the loading rate. Here we assume that the
crack starts to be unstable at the peak value of the normal force. According to the
measured results for the normal force in casing 10 shown in Figure 7-1, as F > 60 kN,
the T, in every normal force wave is approximately between 0.019 seconds and 0.2
seconds, i.e. T, = 0.019-0.2 s. According to dynamic fracture mechanics, the loading
rate can be expressed by:

k= ch /Tc (7_1)

According to the measured results /Zhang et a., 1999/, the fracture toughness of gabbro
K,. = 3-60 MPam”. Here the maximum fracture toughness of gabbro was obtained in
high-speed impact loading. Assuming that the fracture toughness of the two rocks at the
Asp6 underground laboratory is within K. = 3-60 MPa m”, then the actual maximum
loading rate of the boring machine should be

k » 10'—10° MPam®s®
(7-2)
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Figure 7-1. Estimate of actual loading rate of boring machine.
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This belongs to typical quasi-static loading. Under such quasi-static loading, according
to astudy on Fangshan gabbro and Fangshan marble, the fracture toughness of the rocks
is almost constant (as the loading rate k £ 10° MPam™s™") and it is much smaller than
their dynamic toughness /Zhang et al., 1999/. In addition, the energy utilisation is much
higher in quasi-static loading than in dynamic loading /Zhang et a., 2000/. This shows
that the loading rate of the boring machine is proper from the viewpoints of both rock
fracture and energy utilisation. However, a big potential for increasing the boring speed
of the machine still exists, because the loading rate of the machine could be increased to
10* MPam”s* by increasing its rotation speed, etc., while the fracture toughness and
energy utilisation are still kept small and high respectively.

7.3 Boring machine design and borehole quality

The mechanical boring at Aspo shows that the boring machine design is related to the
quality of the borehole. For example, when the boring machine was installed with all
the disc cutters, the borehole wall was smooth. However, when the machine was
installed with 16 button cutters and 4 disc cutters, the wall of borehole 2 was very rough
and many grooves were produced. The mgjor reason for the difference in the wall’s
quality between the two cases is that the button cutters cause alarge side force that is
applied to the boring machine, see Figure 7-2. This makes the machine movein the

Thrust

Saddle

Side force _

1
[}
|
, Normal force

Figure 7-2. Diagram of loading process of the button cutters.

79



horizontal direction and against the wall of the borehole. In this situation one of the
outermost gauge cutters is driven into the side wall of the borehole due to the large side
force of the machine. The buttons on the gauge cutter are simultaneously pressed into
the side wall and they produce rock breakage. Thus, the grooves on the wall of the
borehole are produced. This explanation can be confirmed by means of the photograph
of the borehole in Figure 6-1. This photograph was taken just after boring breaking of
the borehole in the field. The white spots in the photograph are the craters produced by
the buttons on the button cutters. From the photograph it can be found that the distance
between any two neighbouring grooves on the side wall is equal to the distance between
two neighbouring buttons (on one row of buttons) on the gauge cutter. In addition, the
field investigation showed that all grooves on the side wall ended on the circle that is
just the track of two outermost gauge cutters. Therefore, the grooves on the side wall of
the borehole can only be made by the buttons on the outermost gauge cutters.

The above description does not mean that any kind of button cutter definitely causes a
large side force on a boring machine. However, this depends on the kind of button cutter
used, and particularly on the button distribution. The button cutter shown in Figure 7-2
definitely causes alarge side force, because the distribution of the two rows of buttons
is not symmetric. Therefore, such a distribution of the buttons should be avoided in the
design of the boring machine, so that the side force induced may be reduced to as small
avalue as possible.
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Conclusions

The method of measuring cutter forces in this study is feasible for the boring
machine used at Aspd, and it should be valid for other TBM machines.

The force-coupling phenomenon is not negligible in the measurements of the cutter
forces according to this study. Particularly in the case of the button cuttersin this
study, the coupling phenomenon must be considered.

The cutter force of the front cutter is much larger than the cutter force of the gauge
cutter. Therefore, the medium cracks produced in the bottom are usually longer than
those in the wall. With regard to nuclear waste repositories, short medium cracks in
the wall should be better than long ones.

The loading rate of the boring machine is within quasi-static loading. Such a
loading rate is proper for rock fracture and fragmentation. However, this loading
rate could be greatly increased to a high value such as 10* MPam’s?. If so, the
boring speed of the machine would be highly improved, whereas the cracking zone
would not be increased.

The original theoretical relationship between the normal force and the medium
crack length could be modified by using a modification factor (£ 1). However, a
further study based on both laboratory and field tests is hecessary to develop and
modify the present theoretical result.

It is recommended that the high temperature in the cutters of the boring machine
during boring should be considered in the design and manufacture of boring
machines, particularly when the continuous boring time is long and the rotation
speed of the machine is high.

The design of the button cutters of the boring machine in this study is unreasonable;
I.e. the asymmetrical distribution of the buttons in the button cutter easily causes a
side force. Such a side force from each button cutter gives rise to alarge side force
that is applied to the boring machine. This is harmful to both the boring machine
and the quality of the borehole.

The results from both the theoretical investigation and the in-situ measurements
show that the length of a medium crack produced by button cutters in the rock
increases with an increasing normal force. In order to avoid long medium cracks in
the bottom or wall of a borehole, the thrust of a boring machine should be kept to as

small avalue as possible. In other words, too high a thrust should be avoided if we
want to reduce the crack length or the cracked zone surrounding the borehole.
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Appendix A: Determination of the coefficients a,
a,...aq for the front cutter (cutter 3)

The coefficientsa,, a,, a,, a;, a, and a,can be easily determined according to
equations (3-2) and (3-3). The typical curves showing the calibrated results for the
coefficients are shown in Figure A-1.

From Figure A-1 we can see that the result of the curvefit is quite good. The calibration
results for the six coefficients are listed in Table A-1. We take the average value of each
coefficient as the final coefficient.

Unlike the 6 coefficients above, the other three coefficients, a,,as and a are difficult to
determine, because the curves corresponding to these coefficients are not linear, see the
curvesin Figure A-2. From the figure we can conclude the following. (1) The curves
relevant to a, and a,are complicated rather than linear. This will cause the determina-
tion of a, and ato be very difficult, and further will give rise to some errorsin the
calibration. (2) The curve corresponding to a5 can be approximately taken as linear.

(3) One-time loading and repeat loading give rise to different shapes of the curves
relevanttoa, and a .

According to the observation made during the calibration in the laboratory, a one-time
loading, except for an independent lateral |oading, always produces one or afew
shallow holes with clear plastic deformation in the steel plate beneath the cutter. We
think that this situation is different from that in field excavation, because it isimpossible
to produce such big plastic-deformation holes with the cutter in rock. Therefore, we
think that repeat loading (the buttons in the cutter entered in the same holes produced
previoudly) is more similar to the real situation in field rock excavation. In addition, we
find that the values of a, and a, determined using all the data and the corresponding
values determined using part of the data (F;>0) vary greatly. Considering that in field
rock excavation three forces usually appear at the same time, we choose the values
determined from the data with F>0. Thus we obtain the final valuesof a,, a;anda,: a,
=0.0127,a;=-0.1011, anda, = -0.0131.

As described above, the values of a,and agare not so stable as that of the other coeffi-
cients. In other words, they have a poor repeatability in calibration. Particularly, their
values usually change too much. One of the main reasons is possibly that the cutter is
loaded asymmetrically, due to the fact that no two buttons in any row in the cutter arein
asingle line paralld to the axis of the cutter. The above facts influence the calibration
result. Therefore, if necessary, the calibration should be modified.
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CUT3NB Fy=200 kN, F, =F=0 kN

Three-time loading at the same position

Equation:
Ve = 0.0196 Fy + 1.3608
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Fn (kN)
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4 Three-time loading at the same position

VET(V)

Equation:
Vgr =-0.0004 R +-0.0312
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Equation:
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Figure A-1. Calibration curvesrelevant to the coefficientsa,, a;, a,,a4 a;and ag
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CUT3N4 F =0 kN
One-time loading

Equation (only F t>0):
Y =0.0107 * X + 0.8404

Equation (all data):
Y =0.0396 * X + 0.5273

Vien 8 Fn(v)

CUT3N4 (for a8) F, =0 kN

One-time loading

Equation (Ft >0):
Y =-0.0318 * X + 0.1564
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Equation (all data):

Y =-0.0164 * X + -0.0707
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Equation (all data):
Y =0.0256 * X + 0.3277

Equation (only F; >0):
Y =0.0096 * X + 0.5342
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Equation (only F; >0):
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Equation (all data):
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Figure A-2. Calibration curvesrelevant to the coefficientsa,, asand ag
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Table A-1. Calibration results for cutter 3.

Cal. No. a, a, a, a, a, ag
Ve IFy Ve IFy Ve, IF, Ve IF, V| F, Ve | F,
R R R R R R
2 0.0194 0.0048 -.0002
3 -.0175 -.0274 -.0015
7 0.0201 0.0053 -.0007
8 0.0196 0.0060 -.0004
9 -.0176 -.0252 0.0007
Average values  0.0197 0.0054 -.0004 -.0176 -.0263 -.0007
Table A-2. Calibration results for cutter 3.
@
a2
Cal. No. (Vey-a, Fy) I Fy
O-loading R-loading
a,” a* a,’ a,’
4 0.0396 0.0107
10 0.0478 0.0169
11 0.0485 0.0147
15 0.0302 0.0157
6 0.0256 0.0096
12 0.0554 0.0133
16 0.0275 0.0152
Average 0.0415 0.0145 0.0361 0.0127
Final 0.0127
(b)
ag
Cal. No. (Ven-a, R /IF;
O-loading R-loading
ag ag’ ag ag’
4 -0.0164 -0.0318
10 -0.0312 -0.0689
11 -0.0307 -0.0307
15 0.0079 0.0403
6 -0.0475 -0.0519
12 -0.07 -0.0468
16 0.0253 0.0593
Average -0.0176 -0.0228 -0.0307 -0.0131
Final -0.0131
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aS
Cal. No. (Ven-a, Ry /Fq
O-loading R-loading

a;? ac a;? a.’
4 -0.0834 -0.1128
10 -0.0859 -0.1008
11 -0.097 -0.097
15 -0.1210 -0.1210
6 -0.0875 -0.0875
12 -0.0928 -0.0928
16 -0.123 -0.123
Average -0.0968 -0.1079 -0.1011 -0.1011
Final -0.1011

In Table A-2 the symbol “*” means that the coefficient was determined by all the data,
and “#” does that the coefficient was determined by part of the data or the data with
F>0. “R” and “O” represent repeat |loading and one-time loading, respectively.

Finally, we obtain all the values of a,—a,for cutter 3.

a, = 0.0197 i
a, =0.0127;
a, =-0.0176i
a,=- o.ooo4i
a; =-0.101ly (A-1)
ag=- 0.0007.:.
a, = 0.0054i
a, =-0.013%
a, =- 0.0263,
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Appendix B: Modification of equations for front
cutter

Two laboratory tests numbered CUT3N14 and CUT3N18 are used to make the modifi-
cation. In both tests repeat |oading was used and all the three directional loads were
applied. The forces calculated by equation (3-7) and their respective real forces are
shown in Figure B-1.

B.1 Characteristics of the differences between the calculated forces
and the real forces

From Figure B-1 we can see that there exists a big difference between the real F, and
the calculated F, around the second peak F;. Because the peak values of the three forces
are very important, we should make some modifications to equation (3-7), so that we
may obtain a new equation to give a correct calculation result. After analysing al the
calibration tests, we find that a positive value of the coefficient a, aways gives a better
result around the second peak of F;. In addition, considering that the repeat loading
condition is close to the field excavation situation, we choose a; = 0.0593 from the test
numbered CUT3N16, which was performed with arepeat loading. This can be seenin
Figure B-2.

When a; = 0.0593 and the other coefficients are not varied, equation (3-7) is changed
into:

D=4.3826" 10°

1/D=2.28" 10"

Fy =616V, - 40.79V; - 16.19V (i
F, =-033V,, +048V, - 9.65V, (B-1)
F, =119V, - 4531V, - 25.08V |,

B.2 Modification

From Figure B-2 we can easily find that the differences between the real three forces
and the forces calculated by equation (B-1) are basically proportional to the real cutter
forces. Furthermore, we can draw the following conclusions.

From Figure B-2awe can see that, when F_ isincreased from O to 15 kN (the real
Fn was kept constant and the real Fr was 0 kN), the Fy calculated by equation (B-
1) isincreased from (Fn)a to (Fn)s. Obvioudly, the difference between (Fy)a and
(Fn)s isinduced only by F . In other words, an increase in the real F_ causesthe
calculated Fy to increase by a certain value.
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Figure B-1. Comparison between the real forces and the forces calculated by equation (3-7).

From Figure B-2a we can also find that the calculated Fy is increased from (Fy)s to
(Fn)c only due to the increase in Fr. A similar phenomenon is found at point E in
the figure. However, the ratio between the increment of the Fy calculated at point C
and therea F_ at C isdifferent from that between the increment of the Fy calculated
a point E and thereal F_ at E. One main reason is that the determination of the
coefficient a g does not follow both peak values of Fr.

From Figure B-2b we can see that from point A to B the calculated F has a great
increment due to an increase in the real Fr. A similar phenomenon can be found at
point C in the figure. Similarly to the situation in Figure B-2a, the changes in the F_
calculated at points B and C are different from each other.

From Figure B-2c we can find that from point A to B the calculated Fr is decreased
only because thereal F_ isincreased from O to about 15 kN.
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Figure B-2. Comparison between the real forces and the forces calculated by equation (3-7) withag =
0.0593 instead of ag = -0.0131.

All the above phenomena are also found in the test for CUT3N14. The datarelated to
the above phenomena are listed in Table B-1.

In Table B-1 F,"isthereal F, applied in the laboratory tests. DF° is the increment of the
calculated F, induced by the real F,. The other parameters have similar meanings.

From the datain Table B-1 we can obtain some modification factors. They are listed in
Table B-2.
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Table B-1. Data for the increments of the calculated forces for CUT3N18 and CUT3N14.

Test F.' DF,° DF,° F;'(kN) DF,°(kN) DF,°(kN)

No. (kN) (kN) (kN) Peakl Peak2 Peakl Peak2 Peakl Peak2
N18 15 5.9 -1.61

N14 30 16.3 -3.7

N18 55 10.6 20 135 21 12

N14 10 21 34.8 18.5 45 18.8

Table B-2. Modification factors from CUT3N18 and CUT3N14.

Test DF,° IF' DF.° IF,' DF,° IF, DF° IF,

No. Peakl Peak?2 Peak1l Peak?2

N18 0.39 -0.11 3.63 1.27 3.82 1.13

N14 0.54 -0.12 3.48 0.88 45 0.9

Average 0.47 -0.12 3.56 1.08 4.16 1.02
2.32 2.59

Assuming that the modified forces F*, F * and F* are equal to the respective red
forcesF,, F."and F;'in Table B-2, we can obtain the following results:

F, =F - 2.59F. v
. . |
F =F +012F y (B-2)

F, =F, - 047F, - 2.32FT*'L
The solution of equation (B-2) is

F, =0.76F, - 1.98F, U
F. =0.76F; +0.09F, !, (B-3)
F, =F, - 057F - 0.83F, i)

Using equation (B-1) we can obtain the three forces F, F, and F+, and in turn we obtain
new results from equation (B-3):

F, =550%/, - 1536V, +6.12V_ U
F," =0.82/, - 3.7 - 959V, |y (B-4)

F' =9.7MV,, - 3539V, +0.05/, i)
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By means of equation (B-4), we can obtain the three forces according to the measured
voltages from the strain gauges on the shaft of the cutter. The curves of the comparison
between the real forces in the laboratory calibration and the forces calculated by

equation (B-4) are shown in Figure B-3.
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Figure B-3. Calculated forces and thereal forces.
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From Figure B-3 we can see that the results are much better than those in Figure B-2,
but the differences between the real forces and the calculated forces around the second
peak values of F; are still clear. This can be further improved by changing the factors
DR /F; and DF,° /F;". It is found that the smaller the two factors, the better is the fit
around the second peak values of F;. However, as the two factors become small, the
differences between therea F, and the calculated F, around the first peak values of F;

increase. In order to obtain a better result, we choose DF,¢ /F; =1.91 and DF, © /F,'=2.07,
and DF,° /F;" =1.08 and DF, © /F;'=1.02, respectively. After comparison, it is found that
the latter choice is better. So we sdlect DF,¢ /F; =1.08 and DF© /F;'=1.02. Thus
equation (B-2) to (B-4) can be changed into the following:

F =F_- 1L02F, v
. . .|.
Fr =F +0.12F, y (B-5)

F, =F, - 047F, " - 1L08F, Ib
The solution of equation (B-5) is
F_ =0.89F, - 0.91F, u
F; =0.89F; +0.11F, {, (B-6)
F,' =F, - 054F, - 0.53F, Ib

Using equation (B-1) we can obtain the three forces F, F, and F+, and in turn we obtain
the final results from equation (B-6):

F, =55.34V., - 16.58V,, +2.47V, U

F, =102V, - 456V, - 11.35V,, {, (B-7)

F =10.9v,, - 40.76V,_- 13.54V,, Ib

Here the modified cutter forcesF,’, F; , and F," arein fact the calculated forces shown
in Figure B-4. The comparison between the forces calculated by equation (B-7) and the
real forcesis shown in Figure B-4. Equation (B-7), i.e. equation (3-8) in Chapter 3, will
be used to determine the true cutter forces in field tests according to the datafor Vg,
Vq and V; measured in the field.
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FigureB-4.Final calculated forces and real forces.
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Appendix C:

Table C-1. Calibration results for cutter 2.

Data for calibration of cutter 2

Cal. No. a, a, a, a, a, a,
Ve /Fy Ve [Fy Ve, IRy Ve /FL Ve /F, VI F,
R R R R R R
1 0.0188 0.0058 -.0015
2 -.0141 -.0213 -.0030
7 0.0172 0.0051 -.0005
8 -.0140 -.0189 -.0041
15 0.0177 0.0058 0
16 0.0183 0.0058 -.0006
Average values 0.0180 0.0056 -.0007 -.0141 -.0201 -.0036
Table C-2. Calibration results for cutter 2.
@
az
Cal. No. (Ven-a, Fy) /1 Fo
O-loading R-loading
a,” a a? a,’
4 0.0322 0.0119
6 0.0164 0.0041
9 0.0323 -0.0027
19 0.0196 0.0009
5 0.0124 0.0205
10 0.0128 0.0024
Average 0.0251 0.0053 0.0126 0.0115
Final 0.0115
(b)
a8
Cal. No. (Ve -a,Fy)/F;
O-loading R-loading
ag ag’ ag ag’
4 -0.0075 0.0735
6 -0.0459 -0.0451
9 -0.0178 -0.0517
19 -0.0116 -0.0484
5 0.0118 0.0253
10 -0.0267 -0.0477
Average -0.0218 -0.0179 -0.0043 -0.0112
Final -0.0112
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a5
Cal. No. (Ver-a,Fy) 1 Fy
O-loading R-loading
a;’ a;’ a;? a;’
4 -0.0828 -0.0867
6 -0.0555 -0.0974
9 -0.0963 -0.1078
19 -0.0993 -0.0988
5 -0.0728 -0.0871
10 -0.0988 -0.096
Average -0.0835 -0.0977 -0.0858 -0.0916
Final -0.0916
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