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ABSTRACT

A thorough literature survey and a theoretical and
experimental analysis of tunnel boreability are presented.
Laboratory cutting tests were performed both on a small and
a large cutting machine using three rock types.

The test results for the small and large machines
strongly suggested the existence of scaling factors between
these two machines.

The disc cutter was found to be more efficient, i.e.,
requires lower specific energy, than the other types of
roller cutters. The strawberry button cutter was foundfto
be very inefficient, i.e., requires high specific energy,
due to close spacing of buttons on the cutter and high degree
of crushing. It is suggested that for improved efficiency,
the buttons on this cutter be placed in rows with an optimum
spacing between the rows.

The theoretical solution of the relationship between
cutter edge angle and cutter forces .agreed well with the
experimental results obtained for granite by using different
angled disc cutters. For marble, however, no correlation
could be found between theoretical and expefimental results.
This was believed to be due to the physical properties of
marble which are different from granite.

The foliation was found to have a significant effect
on cutting results with respect to its orientation. Lower

cutter forces were required when the foliation was parallel
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to the cutting surface.

The cutting velocity was found to have no recognizable
effect on cutter forces in the normal range of velocities
experienced by boring machine cutters.

Preliminary studies showed the significant effect of
cutter wear on cutter forces for disc type éutters. However,
no simplé relationships could be derived between the wear
and cutter forces from the work performed for this thesis.

Good correlation was achieved between field and
Paboratory boring results forlNast tunnel samples. These
results strongly suggested the possibility of reproducing
- field boring results in the laboratory by using full size
field cutters and simulating actual field cutter loads for

certain rocks.
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1. INTRODUCTION

The world market for underground excavation is growing
rapidly. The projections indicate that in the United States
alone, more than $7 billion will be spent on excavation for
underground facilities during the next decade.

Conventional drilling and blasting methods have been the
major means of underground excavation over many years. However,
in recent years many questions have risen about the compati-
bility of these conventional methods with the present day
teéhnology and demand for rapid underground excavation.
Drilling and blasting methods are by no means a continuous
way of underground excavation and the rate of excavation by
using these methods is somewhat limited.

The search for new means of rapid, continuous underground
excavation has 1led to the development of tupnel boring
machines in recent years. Tunnel boring has many advantages
over the conventional excavation methods and some of these
advantages are listed below.

"A. It is a continuous means of underground excavation.

B. It can be easily used in residential éreas with
minimum disturbance to residential buildings and
residents.

C. The disturbance to the surrounding rock is minimized.
This, in turn, results in reduced tunnel support
requirements.

D. The overall system can be automated and the excava-

tion cost can be substantially lowered by reductions

in the amount of labor required.
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E. Finally, tunnel boring is a much safer means

of underground excavation than the conventional
drilling and blasting.

Despite these advantages, tunnel boring still is not
considered applicable to hard rock excavation due to high
cutter costs, low advance rates and other factors which
all result in high excavation costs. Poor boreability
predictions have also added up to the problems encountered
in hard rock boring.
| The work presented in this thesis was undertaken to
ﬂelp improve the design of boring machines through labora-
tory studies. The main objectives of this study are, (1) the
prediction of field boring performance from laboratory tests,
(2) understanding of the rock breakage under various mechanical
cutters, (3) determining the effect of various rock physical
properties on boring performance, (4) studying the effect of
geometry on cutting efficiency for disc type cutters, and

(5) examining the effect of cutting velocity on cutter per-.

formance.
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2. LITERATURE REVIEW

2.1 Thrust

Cook (1) suggested a cyclic failure theory as the
cutter penetrates the rock. As shown in an idealized
force-penetration curve in Fig. 1, there is no chipping
in the rock until a certain value of force is reached.
Thereafter, a cyclic failure,namely crushing and chipping
takes place in the rock. Cook defined the force-penetration
relationship by

Fp = kPn+FO

where
F_ = thrust during formation of nth chip
k = a constant depending on the rock and

bit geometry |

th

P_ = penetration at the formation of n chip

F0 = Fl - kPl where Fl ahd Pl are the force
and penetration to produce the first
chip.

Cook also suggested that the force-penetration re-
lationship for any rock-bit combination was.dependent'only
on the rock properties and the geometry of the bit.

Bruce and Morrell (2) examined the force-penetration
relationships in different rock types for single independent
cuts using a 90 degree diéc cutter. Théy found essentially a
linear relationship between thrust and penetration for all

rock types tested. However, these lines had different

slopes which was due to the different rock properties,
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Penetration

Figure 1 - Idealized force-penetration curve for
a brittle material. After Cook (1).

'Using a plain bevel wheel,. the effect of thrust on the
yield of fragments was studied by Teale (3) in two rock types.
As shown in Fig. 2, there was essentially a linear relation-
ship between thrust and yield in both rocks. However, the
yield in harder Penant Sandstone was higher in the first run
than the softer Darley Dale Sandstone. Teale suggested that
this effect was due to the greater tendency £y lateral chip-
ping in the harder rock. For the third run, the yield was
approximately the same in both rocks. It should be noted
that these results were from independent cuts.

A similar force-penetration relationship was also
observed by Gaye (4) for full-scale field boring. He found
a linear relationship between thrust and‘penetration for the

field cutters.
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The effect of indexing on thrust was studied by Miller
(5). He found a rather curvilinear increase in thrust with
increased spacing of cuts. This increase in thrust can be
clearly understood since cuts tend to become more confined
and more material needs to be broken as spaéing‘is increased.
Miller found more of a linear relationship between thrust
and spacing at shallower penetrations. However, the overall
results showed the existence of a rather curvilinear rela-
;tionship between thrust and indexing.

Using pointed picks and chisel picks, Barker (6) showed
the dramatic increase in thrust with increasing spacing of
cuts. The thrust also increased with depth of cut but at a

lower rate.

2.2 Torque

Tests by Teale (3) in Pennant Sandstone and Darley Dale
concrete using the M3 and W7R tri-cone bits, showed essen-
tially a linear relationship between torque and penetration.
Fish and Barker (7) also found a linear relationship between
torque and penetration for a small two-winged bit.

Similar to thrust, torque is also affected by the
spacing of cuts. Using pointed picks and chisel type picks,
Barker (6) showed a rapid increase in cutting‘fbrce with
spacing. The increase of cutting force with penetration,

however, was only gradual.



T 1755

2.3 Specific Energy

Specific energy is defined as the amount of energy
required to remove a unit volume of material in a rock
breaking system. It has been used by many authors as a
measure of the efficiency of a rock cutting system. These
rock cutting systems were judged inversely with their
specific energy values and a system having the lowest
specific energy was named to be the most efficient. The
validity of this procedure could be questioned since the
ipower consumption in tunnel boring is only about 2 percent
fof the total cost. Therefore} it would seem as if the
advance rate of the machine and also the wear on the
cutters would be a better measure of the efficiency of the
overall system. However, for a given boring maéhine with
fixed power input, a reduction in specific energy which may
be accomplished by various means, would définitely mean
increased muck removal or higher advance rate.

For a given rock-cutting system, the specific energy
was shown to be very dependent on the indexing of cuts by
a number of authors. For any cutting systeﬁ, the specific
energy was found to be a function of the rqggwgggpggfig§JMM
type of cutting tool, penetration and also the indexing
distances.

The effect of indexing on specific energy for various
cutter and rock types is dramatic. No matter what the
cutter and rock types involved are, the specific energy is

always reduced with increasing indexing of the cuts. This

oo e

(N
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reduction, however, -is only true until a certain spacing

of cuts is reached. Beyond this spacing, which is often
referred to as the optimum spacing, an increase in specific
energy is observed. Penetration also effects the specific
energy but to a smaller degree. Tests done. by several
authors have shown a reduction in specific energy with
increased penetration. Spacing and penetration can be
combined in a ratio called the S-P ratio. It seems to

be more meaningful to plot this ratio versus the specific
Ienergy.

Using chisel type picks and pointed picks, Barker (6)
showed the effect of penetration and spacing on specific
energy as shown in Figure 3. Miller (5) found similar
results to those of Barker's by'testing a 6 in. diameter
disc cutter in granite at two different penetrations. The
specific energy curves for various S-P ratios at two differ-
ent penetrations followed approximatelybthe same trend. It
was noted that the optimum S-P ratio seemed to be unaffected

by the penetration.

2.4 Cutting Coefficient

Cutting coefficient is defined by Cook (1) as the
ratio of horizontal to vertical force.
o= F /T
where

y = cutting coefficient

1
Il

tangential cutting force

H
I

applied thrust



T 1755 9

~ 2000 , _ o Chisel-type pick
;'9‘ | e——e Pointed d . 1b
N pick 1(£ft-1b)/1b = 0.96 2222
'Q | .
4 1600 in.3
4J
) s
1\
s 1200 b
i o b— \
3 \
z =
& 800 x_ v \
S | e
O 400
8 >~
8‘ and
L L 11 i 1 1 ]
@ 0T o3 1 534
1 | ] 1
Depth 1/2 1 1 1/2 2 in.

Figure 3. Variation of specific energy with depth and spacing
of cut (after Barker (6)).

Cook suggested that for shallow cuts, the cutting coef-
ficient would approach unity as the tangentigl and thrust
forces became approximately equal. He, however, obtained
values near 0.086 for shallow cuts of 0.05 to 0.10 inches
deep. On the other hand, using pointed and chisel picks
Barker (6) obtained cutting coefficients of 0.6 to 1l.74 at.

penetrations of 1/2 to 2 inches.
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In a thebretical analyses, Miller (5) suggested that

the cutting coefficient for a given cutter radius is only

depgndent on the penetration. He stated that the cutting
coefficient should increase with increasing penetration in
a curvilinear manner. This theoretical analyses agrees
well with Barker's results where the cutting coefficient
increased from a value of 0.6 to 1.74 as the penetration
went up from 1/2 to 2 inches. Miller also stated that

the cutting coefficient should increase with decreasing
cutter diameter for a given penetration. However, no

experimental data was available to prove this relationship.

2.5 Cutter Size

Due to the smaller area of contact, a small size
cutter transmits a higher stress to the rock than a large
size cutter under the same thrust force. Therefore, both
theoretically and experimentally, a small size cutter was
proven to be more efficient than a large one. Despite
this fact, the largest possible cutters are used on boring

machines because of higher bearing capacity and lower wear.

U
s

Using a disc cutter, Rad and McGarry (8) found an approxi-
mate linear relationship between cutter size and muck re-
moval. As the cutter size increased, a drastic reduction

in muck volume was observed.

10
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2.6 Surface Area and Coarseness Index

Rittinger's law of comminution states that energy in-
put is directly proportional to the surface area produced.
Using this law, several investigators have obtained good
correlations between specific energy and surface area
produced. Since surface area is a function of size distrib-
ution, the surface area will obviously decrease with in-
creasing coarseness of the muck. The surface area can
simply be derived from the particle size and density, since
éit is independent of particle shape.
| Barker (6) using drag bits showed that the coarser
materials were produced from deeper grooves and the specific
energy decreased as the cuttings became coarser. Using
toothed roller cutters, Teale found that higher hormal
forces correspond to coarser muck.

Rad and Olson (9) showed that grooveé at optimum
spacing will produce the coarsest materials.:- The grooves
spaced closer or further apart than the optimum will pro-
duce finer muck. Furthermore, independent grooves
produce the finest material.

The coarseness index which is defined as a dimension-
less number obtained by summing the cumulative weight
percentages, was also used by some authors as a measure
of cutting efficiency. Miller (5) obtained good correlation
between the specific energy and coarseness index. As would

be expected the coarseness index increased with increasing
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spacings of grooves and consequently the specific energy

decreased with increasing coarseness index.

2.7 Cutting Radius

By virtue of design, the individual cutters on a
boring machine travel in circular paths of different radia.
Linear cutting machines have been used for the majority of
the boreability research up to date and the effect of cutting
radius has been generally neglected. It is obvious that a
cutter going on a tight circular path will have different
rock breakage action than the one traveling on a more or
less linear path. In other words, the magnitudesof sideway
forces for these two cases are expected to be quite differ-
ent.

Roxborough and Rispin (10) examined the effect of
cutting radius on forces both in dry and wet chalk for a

"disc cutter. They found that when cutting along a tight
circular path, the rock breakage tended to be more concen-
trated on the innef side of the cutter. The muck volume,
however, was not affected. This suégested that the sideway
forces were acting outwards from the center of the circular
cutter path. Unfortunately, they found no recognizable
effect of cutting radius on the sideway forces. However,
they obtained a good correlation between the sideway forces
and penetration as the sideway forces increased with in-

creasing penetration.
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2.8 Cﬁtting Velocity

The traverse velocity of cutters on a boring machine
varies with the distance from the center of the cutterhead.
Therefore, it is of importance to understand the effect of
velocity on individual cutter performances.

Much work has been performed on the effect of loading
rate on ultimate rock strengths for various rock specimen.
An example of this effect is shown in Fig. 4 by Stowe (11).
There is a definite increase in the ultimate compressive
strength of the rock specimen with increasing rate of load-
ing. As would be expected, not enough time is allowed for
crack propagation through the-sample at high loading rates
and this in turn results in high ultimate strengths.

Using a 4 in. cutter, McGarry et al (12) studied the
effect of velocity on specific energy. A definite increase
‘'was observed in the specific energy with increasing cutting rate.
Although the cutting velocities used~by McGarry did not |
entirely represent the wider range of cutter velocities
encountered on a boring machine, thése results were signif-
icant. Haimson and Fairhurst (13) examined the loading
rate effects by striking a 90° wedge bit into Tennessee
Marble at velocities ranging from 0 to 250 feet per second.
They have shown that energy per unit volume of muck con-
siderably increased until a cutting velocity of 10 feet per
second was reached. Beyond this velocity, no significant

effect of cutting velocity existed on the specific energy
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(Fig. 5). The average slope of force-penetration curves
versus the impact velocity also followed the same trend with
no observed effect of impact velocity on the slopes in the
dynamic loading region (Fig. 6).

The effect of cutting velocity on cutter wear was
examined by Sasahi et al (14) for drag bit type cutters. For
the same length of cut, the increased cutting velocity re-
sulted in increased cutter wear. However, insufficient
ranges of velocities were tested to observe if the cutter

wear was constant after a certain value of cutting velocity.

2.9 Effects of Rock Properties

Much work has been performed in trying to relate the
Boring performance to various rock properties. Generally
cpmpressive strength of the rock was taken as a measure

~of boreability, however, the wide scatter in data suggested
the involvement of many other rock properties. Here, only
the most significant rock properties will be discussed iﬁ
regard to boreability.

2.9.1 Compressive Strength

For all practical purposes, in tunnel borings the com-
pressive strength of the rock is considered for making a

decision as to the type of cutters to be used (Fig. 7).
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.Figure 7 - Cutter type - rock compressive strength
relationship. After Seiler (21).

'Rock is classified as soft, médium hard, hard, and extremely .

hard. Hustrulid (15) examined this relationship between the
rock strength and energy per unit volume for a boring mach-
ine. The results showed some correlation between these two
variables; however, the scatter of data was rather extensive.
Similar attempts for such a correlation were also made by
Muirhead and Glossop (16). They obtained rather good rela-
tionship between the rock compressive strength and the
specific energy.

Rad and Olson (9) plotted the groove width versus rock
compressive strength for their laboratory cutting results.
They found close correlation among specific energy, muck

weight and compressive strength.
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2.9.2 Anisotropic Rock Properties

Benjume; and Sikarkie (17) examined the effect of
bedding plane orientation on specific energy by penetrating
a tungsten carbide wedge into Indiana Limestone with beddihg
planes parallel and perpendicular to the cutting surface.
They observed almost a 100 percent increase in specific
energy for the case of perpendicular bedding planes (Fig. 8).
Despite the assumptions made in the theoretical analysis of
the situation, a good qualitative agreement was reached
between theory and experimental results. The differences
in the specific energies between these two cases were found
to be dependent on the angle of internal friction and degree

of anisotropy.

2.9.3 Other Rock Properties

Bruce and Morrell (2) found that under closely controlled
-laboratory conditions the depth of penetration of a disc
cutter can be accurately determined by using vertical force,'
shore scleroscope hardness and rock density in a prediction
equation. They also suggested that a similar prediction
equation could be derived for the actual operating conditions.

Schmidt Hammer surveys have also been suggested as a
measure of boreability. A Schmidt Hammer survey of the
River Mountain's Tunnel was conducted by Ross (18) and an
‘approximate relationship between the inverse of boring rate

and Schmidt Hammer values was obtained.
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Figure 8 - Relationship between bedding plane orientation
and specific energy. After Benjumea and
Sikarskie (17).

Another rock property which is believed to affect the
boreability is the moisture content of the rock mass. Mois-
ture is known to affect the rock compressive strength rather
significantly. Roxborough and Rispin (10) found some inter-
esting results in dealing with the cuttability of wet and
dry chalk. Although the normal forces were generally lower
in wet chalk than in dry chalk using drag bits, the specific
energy was an average 50 percent higher for wet chalk. How-
ever, for their disc cutter experiments'the moisture content

was found to have little or no effect on specific energy.
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Still much work needs to be done in understanding the

moisture effects on boreability.

2.10 Effect of Joints on Boring Performance

One of the major difficulties in prediction of field
boring performance is the presence of rock joints and frac-
tures. Several attempts have been made to understand the
effect of joints on boring parameters. These attempts were
successful up to a limited point due to the high complexity
of joints and fractures encountered in most tunneling opera-
tions. This ambiguity has been the most significant dif-
ficulty in correlating laboratory and field boring results.
The rock joint effect has to be considered if a good labora-
tory and field correlation is to be made. Otherwise, sig-
nifiéant differences in results are expected.

A rather extensive study of joint effects was conducted
.by Miller (5) in the laboratory on Yule marble samples.
Artificial weakness planes were introduced by sawing the
sample. The effect of joint orientation and joint frequency
was examined. Significant effect of joint orientation on
cutting forces and consequently on specific energy was
observed. Lowest cutting forces were obtained when the
weakness planes were parallel to the cutting surface. For
the case of joint planes vertical to cutting surface, high-
est cutting efficiency was obtained when the strike of the

joint planes was parallel to the cutting direction. This
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~conclusion, however, cannot be directly applied to field con-
ditions since the circular path of cutters will result in
different orientations of joint planes with the respect to .
cutting direction. The joint frequency was also found to
affect the cutting performance below certain spacing of
joints. In other words, joint spacing greater than a cer-
tain spacing should not affect the overall boring performance.
Still much work needs to be done on the effect of
joints on boring. In the author's opinion, the best way to
approach this problem will be to analyze the geologic data
from already bored tunnels and relate the geology to machine
performance through various sections of the tunnel. In spite
of all this work, however, predicting the effect of geologic
features on boring performance still seems to be a rather

complicated problem to solve.

2.11 Rock Breakage Under Different Type Cutters

Button insert and disc type cutters were used for the
large machine testing phase of this thesis. For a better
understanding of rock breakage action of these two cutter
types a thorough literature survey was conducted and the
major findings of several investigators are.presented in

the following sections.
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2.11.1. Button Type Disc and Cone Cutters

Tungsten-carbide button insert disc and cone type
cutters have been utilized on boring machines to cut the
hard to very hard rocks. The primary cutting action of
these type cutters is crushing along with chipping. Be-
cause of the extensive crushing of the rock, button type
cutters are known to be very inefficient when compared
with other types of rock cutting tools, however, they are
the only cutters which will have minimum wear in cutting
hard rock. .

Miller and Sikarskie (19) carried out indentation
tests with three dimensional cone and spherical indentors.
Tests were conducted in Barre granite and Indiana Lime-
stone. A typical picture of rock failure is shown in
F;g. 9. ‘'The general nature of force-penetration curves
~was found to be approximately the same for both the
spherical and conical indentors. The thrust on the indentor"
is increased until the chip formation and then the partial
unloading of theée indentor takes place. This operation con-
tinues in more or less a cyclic manner. Miller and Sikarskie
also noted that the specific fracture energy was higher for
a spherical indentor than for a conical indentor; This
result agrees well with the theory that the specific energy
increases with increasing bluntness or the roundness of the
surface of the indentor since it would require more force to

penetrate a round-edged indentor than it would a sharp one.
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Figure 9 - Indentation of rock-1like materia} by three
dimensional penetrator. After Miller and
Sikarski (19).

As a conclusion, Miller and Sikarskie have stated that,
in terms of rock breaking efficiency, conical indentors were
more efficient than the spherical ones, but they also empha-
sized that no wear was taken into account when talking about
the efficiency'of the indentor.

2.11.2 Disc Roller Cutter

Since disc roller type cutters are wideiy used on
tunnel boring machines for cutting various types of rocks,
a rather extensive literature survey was conducted on this
subject. Therefore, for a complete understanding of a disc

cutter performance in rock cutting, this section consists
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of analyses of several phases of this subject.

1) General Considerations

For analyzing the disc cutter-rock interaction, a two-
dimensional penetration of a wedge into the rock has been
used as a model by several authors. Paul and Sikarskie (20)
illustrated the penetration action of a wedge info the rock
as shown in Fig. 10. Crushing of rock occurs right beneath
the tip or edge of the wedge and this crushing is later
followed by chipping of the rock along the fractures extend-
%ng from the crushed zone to the rock surface. This is, of

éourse, the case of independent cuts. For indexed cuts,

depending on the indexing distance, the fractures will not

F

|

Rupture surface

Zone of crushed rock

)
1

Angle of rupture ‘

Figure 10- Model of a wedge penetrating a brittle
material. After Paul and Sikarskie (20).
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reach the surface but they will interact with the fractures
caused by the adjacent grooves. If the indexing is too large,
then these individual cuts will act independent of each
other; in other words, there will be no interaction of frac-
ture surfaces between adjacent cuts.

2) Effect of Cutter Edge Angle on Disc-Cutter
Performance

Bruce and Morrell (21) performed tests with 60 and
90 degree-included angle disc cutters in various rock types.
They showed that a linear relationship~existed between the
hhrust on the cutter and the resulting depth of crater for
both cutters. Because of decreasing stress concentration
‘'with increasing cutter angle, the 90 degree cutter required
more force to penetrate the same depth of rock as for the
60 degree cutter. The relationship between the vertical and .
horizontal forces for two cutters was curvilinear. As shown
in Fig. 11 the horizontal force for both cutters was found
to be increasing at a faster rate than the vertical force.
Another important result to be noted from this graph was
that at the same vertical force, the horizontal force for
the 60 degree cutter was higher than that of the 90 degree
cutter.

Similar studies to those of Bruce and Morrell were
also conducted by Takaora et al (22) using disc cutters hav-
ing 60, 70, 80, and 90 degree included edge_anglesQ They
again showed that at the same thrust level the smallest

cutter angle achieved the greatest penetration for all rock
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types tested. The horizontal forces were also found to be
increasing with decreasing cutter angle at the same thrust
level. This is an important result to note since it sug-
gests the dependence of cutting coefficient on the cutter
edge angle.

Using a 60 and a 90 degree angled disc cutter, Roxborough
and Rispin (10) carried out several tests in dry chalk.
Thei; method of approach to this problem was somewhat
different from the previous author's mentioned as they
searched for the effect of increased penetration on the

|

cutter forces. Their results are listed in the following

‘table:
Cutter Angle Thrust (kN/mm) Rolling (kN/mm)
. 60 degrees 0.68 0.34
90 degrees 1.00 0.33

It can be seen from the above table .that the increase
of rolling (horizontal) forces with respect to penetration
were almost the same for both cutters. bThis interesting
point will be greatly emphasized by the author of this
thesis since similar results were obtained in his work for
Yule Marble which has similar rock properties to those of
dry chalk.

In summary, the findings of different authors by
using different edge angled cutters agree rather well,
especially for force-penetration characteristics of the

cutters.
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2.12 Summary

A linear relationship exists between thrust and pene-
tration for all different cutting tools. The slope of force
penetration curve depends on rock properties and cutter
geometry. Indexing affects the thrust to a greater degree
than the penetration. Similar effects of penetration and
spacing were also noted on torque.

Specific energy can be considered as a measure of rock
cutting efficiency. Specific energy decreases both with
increasing penetration and cutter spacing until an optimum is
&eached. The optimum cutter spacing to penetration ratic for
a given rock type seems to be dependent on the type of cutter

used.

The efficiency of a rollerhcutter'increases with de-
creasing cutter diameter due to higher stress concentrations
beneath the cutter. However, larger size cutters are
generally preferred by manufacturers because of lower wear
and higher bearing capacity. The cutting speed increases
the cutter forces until the dynamic loading region is
reached. This is important to note since oﬁ a boring machine
the majority of the cutters fall into the dynamic region.

The boreability may be related to sevefal rock physical
properties but still much work needs to be done in this area.
Anisotrophy is shown to affect the boreability significant-
ly. Therefore, the affect of bedding and foliation should

'be considered for field boring prediction.
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Finally, joints can have substantial effect on fiéld
boring performance. If not taken into account, joints may
contribute to significant errors in correlating field and
laboratory cutting performances.

The literature survey presented in this section was
used as a guide toward establishing the course of study for
this thesis. The basic findings of the previous investi-
gators in the tunnel boreability field were thoroughly analyzed
as a means of searching for further improving these findings.
Continuing research in the following areas were felt neces-
;ary:

1) Conducting further work as to the effect of edge
‘angle on disc cutter performance. Also searching for pos-
éible‘mathematical relationship between the cutter edge
angle and the observed cutter forces.

2) Further analyzing the effect of wear on the
performance of a particular cutting tool.

3) Attempting to develop a boreability index between
the boring performance and rock physical properties. De-
termining the effect of anisotropy and joints on rock cutting
performance.

4) Analyzing more field data for deriving relationships
among several boring parameters.

5) Studying the effect of cutting velocities on cutter
performance by using full size field cutters and field cutter
traverse velocities.

6) Comparing the rock cutting effectiveness of dif-

ferent cutting tools.
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3. LABORATORY TESTING

Small Cutting Machine

3.1.1 Description of the Machine

An overall view of the small cutting machine is shown
in Figure 12. The design force limitations are 7,000 lbs.
vertical and 3,000 1lbs. horizontal. The maximum horizontal

force is limited by the available power of the milling

machine unit. The maximum vertical force, on the other hand,

is limited by the non-rigidity of the cutter frame at high
loads. However, operational loads of three-fourths of the
available vertical force and one-fifth the horizontal force
were the highest forces recorded during entire testing.

The design of the cutter head allows the use of dif-
ferent size and shape cutters. All the cutters used during

testing are made out of Ketos steel (type AISI 0l). After

machining, the cutters were hardened to 58-62 Rockwell

hardness and the edges were ground to several different
angles. All the cutters were 6 inches in diameter and 1/2
inch thick. 1Initially, they all had.1/64 inch flat surface
on the cutting edge, but after a series of testing, the
edges were ground to a 1/16 inch flat surface in order to
study the effect of bluntness for different>angle disc
cutters. No noticeable wear was encountered during the
entire course of testing for both the sharp and blunt
cutting wheels.

Despite the availability of variable table speed, the

cutting speed for all tests was held constant at 20 inches
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per minute. The penetration and indexing of the cutting
wheel could be set with an accuracy of * .002 inches.

3.1.2 Electrical Instrumentation

The cutting wheels were held by four arms - two in
vertical and two in horizontal direction. Two sets of
strain gages placed on opposite sides of each arm were
used to monitor the forces both in horizontal and vertical
directions (Figure 13). These strain gages (120 ohm, G.F. =
2.04, type SR-4) were connected in series to make Wheatstone
‘bridge circuits. Bridge voltage was supplied by a Harrison
laboratory power supply and a constant voltage of lq volts
was maintained across the bridge.

The steel holding arms used during previous testing
pfograms were later replaced with high strength aluminum
arms. Higher bridge outputs were obtained using these new
aluminum load transducers.

A Houston Instruments Model 4050 XYY' recorder was
used to record these forces. The horizontal displacement
of the recorder was achieved by a 5 k ohm 10 turn potentio-
meter connected to the balancing diaplacement circuit. A
constant voltage of 0.5 volts was maintained across this
balancing circuit. The output from this balancing circuit
was then connected to the X axis of the recorder. The
recording speed and the different amplifications of the
forces could be set separately.

Due to the length of time spent in élanimetering the

force-displacement graphs obtained from the recorder, a
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' the data, the integrator was set back to zero and the system
was ready for the next cut. A memory was also interfaced with
the data acquisition system to record the forces for each

cut. This storage from the memory in turn could be played

back either to the XYY' recorder, thus making a hard copy
of the forces recorded, or to a magnetic tape. The data
stéred on the magnetic tape could then be dumped into the
school's computer for various analysis of the data. However,
a Tektronix Model 31 calculator has been used for analyzing
the data, as the readings taken from the integrator are fed
into this calculator manually} A complete description and
the specifications of the data acquisition system will be
given later in this thesis.

| A very close agreement was reached between the theore-
tical and experimental sensitivities of the bridge arms.
Experimental force calibrations for the strain gages on the
vertical and horizontal arms were obtained by loading the
cutter by a hydraulic ram and recording the bridge output
with a digital volt meter.

The horizontal arms were designed to be more sensitive

than the vertical ones, since the horizontal force on the

cutting wheel is much lower than the vertical force.

3.1.3 Sample Preparation

The samples cut in the form of blocks with average
dimensions of 10 x 7 x 3" were used for the small machine
testing. The samples were made as long as possible in order

to obtain more data points from a single cut. The samples
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}were also made as thick as possible, since splitting was
foccasionally encountered in thinner sample blocks.

These blocks of samples were poured in hydrostone in
steel channel molds and allowed to set for approximately one
day.% Hydrostone was used because of its high compressive
streﬁgth and fast setting time. After the hydrostone had
set, the samples were surface ground to a smoothness of
+.003 inches using a surface grinder. The smooth surface
was necessary to eliminate irregular breakage of the sample
in the first pass. However, a three-legged adjustable
sample pouring table was built later, and by leveling the
sample exactly parallel with the already leveled table,
tﬁe time consuming grinding was eliminated. The channel
mold with sample in it was placed in a specially built form
attached to the cutting table and was held tight in place
by a set of bolts. Careful attention was given to the
possibility of the rocking of the sample, since rocking
will disturb the constant penetratioh mode of testing.

The samples tested for this thesis consisted of:

l. Red granite from Lyons, Colorado

2. Yule Marble

3. Granite from the Nast Tunnel

4. Gneissic schist from the Washington, D.C. subway tunnel.

3.1.4 Testing Procedure

Constant penetration mode was used throughout all
testing. A certain penetration was set when the cutter was
not engaged in the sample and cutting forces were recorded

holding this penetration constant. Prior to testing, two
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ffparallel lines perpendicular to the direction of cutting
were marked on the sample. These lines were within 1 to
2 inches of the ends of the sample to eliminate the end
effects. The horizontal displacement of the recorder was
adjusted so that the same distance between the end lines
was also travelled by the recorder and these boints were
mafked on the graph paper. Depending on the expected magni-
tudes of vertical and horizontal forces, the amplications were
set separately for the two forces to cover the full width
of the recording paper. After recording all these calibra-
tions in a data book, the teéting was started.

A set penetration of .050 inch was used for all testing.
This value was chosen as the maximum penetration, due to the
nén—rigidity of the system at higher penetrations. The
penetration was held constant during one pass and then
increased for the next pass. A pass is defined as the
removal of one layer of rock resulting from several indexed
cuts taken at the same penetration. The firét two passes
for all samples were not recorded, since starting from a
perfectly smooth surface does not represent an actual
boring face. Generally, no chipping was observed between
the indexed cuts for first pass and high cutting forces
were encountered. This, of course, resulted in very high
specific energy values for the first pass. The second pass
was somewhat closer to the average values obtained from the
next passes, but it still was not included in the data.

Figures 14 and 15 show the force graph for the first and

P e
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fourth passes. No variation in the force graph for the ‘
first pass clearly indicates the absence of chipping for
this pass.

The two outer cuts were dropped after each pass to
eliminate the end effects. Testing was continued until a
pass consisted of a minimum of three cuts. The cuttings
were collected and weighed after each pass. However, a
different system of volume measurement had to be used for
the brittle rocks since the brittle fracturing resulted in
the loss of cuttings during testing. Therefore, graded
@ttowa Sand (-65/+150 mesh) was used to measure the volume
and was found to be the most convenient and satisfactory.
‘Tﬁe volume of dry sand required to fill the crater was
measured after each pass and the difference of volumes
betweén successive passes were taken as the volume of cut-
tings for that particular pass. A graduated cylinder was
used for this volume measurement.

As many passes as possible were taken oﬂ individual
samples to obtain more data. For large spacings, rather
large fluctuations were observed between the first few
passes because of the small number of cuts per pass. This
problem was eliminated by taking more passes. This was not
the case for small spacings, however, because of the large
number of cuts and the minimum overbreak from pass to pass.
A calculated penetration exactly the same as the set pene-
tration was not unusual for close spaced testings.

As mentioned earlier,‘the'force-displacement curves

recorded by the XYY' recorder were planimetered to determine
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the amount of energy input into the rock cutting. This
time consuming process was later eliminated with the use of the
data acquisition system.

3.1.5 Data Acquisition System

The data acquisition system which was used to monitor
the cutting forces through the later part of this work,
consists of an Adacus (Sun Systems - II-S-8/ADS-1), a memory
unit (Sun Systems - IM-4096/18), and a two channel integrator
(Sun Systems - ADJ-2). The system includes the following
data recording features:

i 1. Adacus data monitoring for two independent inputs.

2. Peak sensing capability on channel 2 input in

addition to the basic Adacus mode of operation.

3. Slawing operation between the two inputs allows

recording one input as a function of the second.

4. A 4096 word memory divided into two sectibns which

stores the data from each channel.

5. Playback from memory to either an XY plotter or to

an ASC-II input format service.

6. A two channel digital integrator.

Because of high sensitivity of this unit, some noise
problems were encountered during the early phases of its
use. Noise levels up to 15 percent of the full-scale were
recorded. This problem was later completely soived with the
addition of a Newport Model 80A self-balancing isolated
power supply.

The memory unit of the data acquisition system has not

been used during the course of this work. The memory will
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be used later in this project in conjunction with the school's
computer to analyze the frequency of chipping during rock
cutting. An ovérall view of the data acquisition system is
shown in Figure 16.

Large Linear Cutting Machine

3.2.1 Description of the Machine

In order to fully simulate the field boring conditions
and to use the actual field cutters, a large linear cutting
machine was built at the Colorado School of Mines. This
machine has been in full operation for almost two years and
was designed to fulfill the following specifications:

1. Capability of installing various sizes and types

of actual field cutters.

2. Can handle manufacturer suggested allowable cutter

| loads.

3. Maximum of 0.01 in deflection at a vertical load

of 25,000 1lbs.

4. Capable of much higher loads safely with a correspon-

ding increase in deflection,

5. Capable of being used both in constant penetration

or constant thrust mode.

6. Maximum horizontal force of 55,000 lbs. at stall

and 30,000 1lbs. at 40 in. per second.

7. Capable of operating at variable speeds from 0 to

40 in. per second.
8. Maximum horizontal travel of 3 feet.
9. Can be set to cut any desired depth easily with_use

of different size spacers.
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10. Can handle samples of sizes up to 3 fe3.
11. Lateral confining pressures can be applied to the
specimen.
An overall view of the cutting machine is seen in
Figure 17. The complete design specifications can be found
in Miller's doctorial thesis (5).

3.2.2 Electrical Instrumentation

Stress bolts were used to measure the cutting forces

both in vertical and horizontal directions (Figure 18 ).

42

Four stress bolts in vertical and two in horizontal direction

were used for this purpose. Each bolt contained two sets of
strain gages with each gage having axial and tangential
components and these gages were placed on opposite sides of
the stress bolts in order to compénsate for any bending
effects. These gages were connected to form a complete
‘bridge circuit.

The strain gages used were type SR-4 with a resistance
of 120 ohm per gage and a gage factor of 2.0. Twenty milli-
volts for the vertical gages and ten millivolts for the
horizontal ones were used as bridge inputs. The reason for
choosing twice the millivolts for the vertical gages as for
the horizontal gages was the double number of
bolts in vertical direction. An XYY recorder was used to
record the bridge output in the early phases of this work,
but later was replaced with the data acquisition system as
mentioned earlier. A switching system was designed to turn

on and off the force integrating system along the end lines
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‘marked on the sample. As it was for the small machine,
instant force readings were obtained, recorded, and analyzed

after each test.

3.2.3 Sample Preparation

Sample blocks with a magimum size of 3 ft3 were used
for the large machine testing. The preparation of these
samples were more tedious and difficult than the samples for
the small machine due to the large size of sample required.
Only one surface of the rock sample was required to be flat
and this surface was chosen to be the cutting surface. These
blocks were placed into the rock box holder and leveled in
place by using an overhead chain hoist. Careful attention
was given to the leveling of the sample in order to minimize
the time consuming surface conditioning operation with the
cutter before start of testing. After the sample is placed
"in the holding box, concrete mixed with fast setting addi-
tives, was poured around the sample. The concrete was
allowed to set for about two to three days and then the
bolts on the cutter box were secureiy tightened so that the
sample with concrete around it, was held tightly in place.
The main objective of confining the sample was to prevent
splitting which was occasionally encountered in Yule marble
samples.

The samples tested on the large machine were red gran-
ite from Lyons, Colorado, Yule marble, and granite from the

Nast Tunnel.
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3.2.4 Testing Procedure

The testing procedure for the large cutting machine
was exactly the same as that of the small machine (section
3.1.4). The only difference was the increased magnitude of
set cutter penetration and consequently much higher cutting
Iforces. Also, the cutters used were all actual field bor-
ing cutters.

Prior to testing, the rock surface was conditioned by
taking several passes with the cutter and this was continued
until the rock surface was similar to that of an actual
bored tunnel face. A penetration of 0.10 inches was used
for most of the testing. The desired penetration of the
cutter was accomplished by lowering the cutter holding frame
and inserting metal spacers between this frame and the main
supportiﬁg frame of the machine. After each cut the sampile
-box was translated sideways by two hydraulic rams and the
desired indexing of cuts was set, thus preparing the system
for another cut.

The horizontal translation of the rock specimen under
the cutter was controlled by a function generator and a
controller. A constant displacement function was used to
achieve a constant speed for the horizontal ram. By chang-.
ing the frequency of the function generator, the speed of
the horizontal ram could be varied from 0 to 40 inches per

second.
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The cuttings were collected and weighed after each pass.
The loss of cuttings during chipping in granite was not a
problem for large samples. Therefore, measuring the volume
of the crater with fine ground sand was not necessary.

Although the penetration was different, the same
spacing penetration ratios were used for the large machine
as for the small machine. Spacings up to three inches with
resulting thrust forces over 30,000 lbs were easily tested

without any structural damage to the equipment.
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4. FIELD TESTING

4.1 Boring Machine Description

The Nast Tunnel, which is located two miles west of the
Continental Divide and thirty-nine miles east of the town of
Basalt in Pitkin County, Colorado, was chosen as the field
testing site. The tunnel is a three mile long, ten feet
diameter gravity flow water conveyance structure and a part
of the west slope water collection for the Bureau of Recla-
mation, Fryingpan Arkansas Project.

A Wirth Model TB II-300H mole was selected by the
Peter Kiewit Son's Company to bore the Nast Tunnel. The
initial cutterhead was equipped with 29 strawberry-button
cutters. The tunnel face was cut flat and normal to the
tunnel bearing for the inner 3-ft diameter circle, and the
-rest was sloped 19° coniqally backwards from the center
circle. This cutterhead, however, was replaced with a
Hughes Tool cutterhead later in the excavation. This new

cutterhead also had 29 cutters, but éut a flat face.

The operational specifications of the mole were as

follows:
Maximum thrust 900,000 1lbs.
Maximum torgque 215,990 ft. 1lbs.
Maximum anchor force 1,750,000 1lbs.
Cutterhead stroke 31 in.

Cutterhead rotation 4 to 11 rpm.
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Disc cutters were tried briefly but they were abandoned
because of the failure of snap rings holding the discs to
the hub. However, disc cutting rates of six feet per hour
were recorded for short periods of time. A view of the
Nast Tunnel and the mole used is shown in Figures 19 and 20.

Geologic Data

The Bureau of Reclamation carried out the complete
geblogic mapping of the Nast Tunnel during the excavation.
The entire tunnel was mapped over 100 foot sections on a
scale of one inch equals ten feet with the descriptions of
the right wall, left wall and roof plan view. Rock types,
major joints and fractures, strike and dips of faults,
vérious intrusions and other geologic features were mapped
fqr each section (Figure 21). The daily boring log has
also been obtained from the contractor. The continuous
operating specifications of the mole and the geologic
information have been thoroughly analyzed for use of comparing
laboratory and field boring performances. These results
will be presented later in this thesis. -

The main rock types encountered in Nast Tunnel weré
gneissoid granites and gneisses with scattered felsitic
dikes and pegmatite veins. The rock was generally lightly
jointed with the exception of blocky ground which was
encountered after two months of excavation. This section
of the tunnel had to be mined conventionélly because of

damage to the mole.
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/ . The Nast Tunnel rock had an average compressive strength
of 20,000 psi with a Poisson's ratio of around .35 and a“

Young's modulus of about 9.5 x lO6

psi. The prebid com-
preésive strengths tests taken from the vicinity of the

tunqel ranged from 18,000 psi to 24,430 psi.
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5. LABORATORY TESTING RESULTS

5.1 Data Refinement and Calculations

In the early phases of this work, the force-displacement
curves obtained from an XYY' recorder were planimetered and
the area under the curves was determined. These areas, which
represented the energy input during an individual cut, were
then fed into the school's computer to make the necessary

calculations. Also included in the data input was the volume

of cuttings, the length of cuts, bridge sensitivities and
the amplications of forces set on the recorder. The results
consisted of forces for individual cuts, the specific energy
and average force values for a pass, and finally the average
vélues of all passes in terms of above quantities. The final
average values were then recorded as the results of that
particular testing. To determine how good the data was, the
standard errors of the means were also calculated. The use
of the school's computer for data refinement was later dis-
continued and instead a programmable calculator was used
(Figure 22). A typical calculator output is shown in
Appendix A.

With the data acquisition system that was available for
the later part of this work, the force readings were
instantly obtained from a two-channel integrator after each
cut. Prior to testing, the desired full-scale readings were

set on the adacus, thus the force readings obtained were
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simply percentages of the full scale. These readings, along
with the other input data mentioned above, were manually

fed into anothef program written for the data acquisition
system. The output of this program was exactly the same as

the one written earlier for the XYY' recorder.

5.2 Small Machine Cutting Results

5.2.1 Effect of Edge Angle on Disc-Cutter Performance

Tests were conducted both in Colorado red granite and
Yule marble with disc cutters having different edge angles.
The angles tested ranged from 45 degrees to 105 degrees at
15 degree intervals. The 45 degree cutter was chosen as the
16wer limit for testing different angles, since a cutter
having an edge angle less than 45 degrees tends to chip and
does not have a good wear record. Also, the information
obtained from different manufacturers showed that the lowest
'angle disc cutter which has been used in boring to date is
45°. An upper limit of 105° was chosen because of the pos-
sibility of exceeding the testing machine's loading capacity
at higher angles.

All the cutters tested were 0.5 in. thick and 6 in. in
diameter. They were made rather sharp with a flat cutting
edge surface of only 1/64 in. This sharpness permitted the
full observation of the effect of the edge angle on disc
cutter performahce without the interference of a flat sur-
face which was put on other disc cutters as a wear surface.

Despite the edge sharpness, no wear was observed on these
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cutters during the entire testing program. All testing was

carried out at a constant penetration of 0.050 inches. This
was the maximum penetration which could be used on the small
machine for testing all cutters without exceeding the force

limitations of the machine. By holding the penetration con-
stant, the spacing of the cut was varied so that spacing-

penetration ratios of 5, 10, and 15 were tested.

The results of different angle cutter tests in Colorado
red granite are listed in Table 1. The 45 degree cutter was
not used in granite. The main reason for this was the possi-
bility of extensive wear on the cutter, not for the laboratory
cutting tests, but for an actual field boring in hard rock.

On the other hand, 105 degree cutter was not tested in

gfanite because of non-rigidity of the small testing machine
at high cutter loads. As mentioned previously, constant
penetration mode has been used throughout this laboratory
testing and the stiffness of the testing machine for achieving
a constant penetration mode is rather important.

The relationship between the cutter forces and S/P
ratios for different angle cutters is shown in Figure 23,

As expected, the cutter forces increased, both with increasing
S/P ratio and increasing cutter angle. Incfeased cutter
forces with increasiné cutter angle is expected, since it
would require higher force to penetrate a large angle cutter
into a rock to a certain penetration than it would a small

angle one.
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Figure 23 - S/P ratio - cutter forces relationship for different angle
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angle cutters in small red granite samples.
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The effect of cutter edge angle on cutter forces were
examined by several investigators and some of these results
were presented in the literature review section. Essentially,
they all observed an increase in cutter forces with increasing
edge angle. However, no equations for defining a possible
relationship between the cutter edge angle and cutter forces
was found in the literature. In this thesis, an attempt was
made to derive a relationship between the cutter edge angle
and the cutter forces.

In a theoretical analysis, Miller (5) stated that the
thrust for penetrating a disc cutter into a rock is a func-
tion of the penetration and a force-penetration.constant.
This constant is a function of rock properties, cutter
geometry and cutting parameters, such as cutting speed and
spacing of cuts. Since the entire testing of different
‘angle cutters for this thesis was carried out under identical
conditions, the only variable to affect the force-penetration
constant was the cutter geometry. The cutter geometry in
this case refers to the diameter and.the edge angle of the
disc cutter.

All the disc cutters tested here were the same diameter;
thus, the different magnitudes of forces encountered on these
cutters were due to the different edge angles or different
projected areas of contact with the rock. The projected
area of contact of a disc cutter with the rock depends on its

diameter, the width of contact with the rock and the amount
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of penetration into the rock. Since all the cutters had
identical diameters and penetrations, the projected area of
contact was only a function of the width of contact, which
is shown in Figure 40 as the length 2W. Hence, the thrust
for different angle cutters should be a function of the

width of contact 2W. Thus,

22 (1)
F¥2 = 7, ™
where Fy, = thrust on a cutter having a width of
contact of 2W,; with the rock.
Fy, = thrust on a cutter having a width of

contact of 2Wl with the rock.

Equation 1 can be reduced to the following:

Fy, = Wy Fy, (2)

As can be seen in Figure 24, the width of contact is
related to half of the cutter edge angle as follows:

w = p tan 6

where p cutter penetration

e half the cutter edge angle.

Substituting this value of w into equation 2 gives,

pztane2
Fyz = pltanel Fyl

Since P, = P; for this case, then

tane2

EYZ = tanel Fyl

(3)

where 6 is half the cutter edge angle.
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The boundary conditions for equation 3 are as follows.
As the cutter angle becomes very small, tangent of © goes
to zero or vertical force goes to zero. This would be true,
since it would take little or no force to penetrate an
‘infinitely thin plate into the rock (Figure 25a). On the
other hand, as cutter angle goes to 180 degrees, then the
tangent of half of this angle (90 degrees) will go to infinity

or vertical force would go to infinity.

This would be true, since it would require infinite force

Lo penetrate an infinitely wide plate into the rock as

shown in Figure 25b. Hence, the tangent function satisfies
the boundary conditions.

' Equation 3 can also be rewritten as follows;

Fy, Fy,

tane2 tanel

= constant

Hence, for a given S/P ratio, the ratio .of the thrust
to the half of the cutter edge angle is constant.

It should be emphasized that equation 3 only states
the relationship of vertical force to the tangent of half
the cutter angle for different angle cutters. In other
words, if testing is carried out under identical conditions
in a certain rock with different angle disc cutters of the
same diameter, then the vertical forces of different angle
cutters are related to each other by the tangent of half

their respective cutter edge angles for a given S/P ratio.
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In his theoretical solution, Miller (5) also stated
that the cutting co-efficient is not a function of cutter
edge angle. If so, then the horizontal force for different
angle cutters should also be a function of the tangent of
half the cutter edge angle in order to keep ‘the cutting

coefficient constant. Thus,

tane

_ 2
Fx, = tan6; Fxy (4)

Where Fx is the horizontal force on the cutter.
{

Theoretical values for cutter forces are listed in
Table 2. The forces for the 60 degree cutter were taken
as the base loads and by using equations 3 and 4, the

theoretical vertical forces were calculated for the 75 and

90 degree cutters.

Table 2 Theoretical Values of Vertical and Horizontal Forces
for 75° and 90° Edge Angled Cutters - calculated from the

experimental values for the 60° cutter.

Cutter Angle Vertical Force (1lbs.) Horizontal Force (lbs.)

SP=5 SP=10 SP=15 SpP=5 SP=10 SP=15

75 1949 2210 2512 159 187 202
90 2541 2880 3273 207 244 263
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The graphical comparison of the experimental and
theoretical force values are shown in Figures 26 and 27.
As can be seen in Figure 26, the theoretical and experimental
vertical force values agreed rather well at large S/P ratios.
For low S/P ratios, the experimental values of vertical forces.
were lower than the theoretical ones and this is believed to
be due to the extensive interaction of cuts at small spacings.
For the horizontal forces, the experimental and theoretical
values agreed well at an S/P ratio of 15. However, for lower
S/P ratios, the experimental values were lower than the
theoretical ones. This is again believed to be due to the

small spacings of cuts and also to the non-rigidity of the

cuttihg machine. It will be of interest to test these
different angle disc cutters on the large stiff cutting
'machine and eliminate the non-rigidity effects of the system.
Theoretical and experimental results for cutter forces
appear to be agreeing well at large S/P ratios or at large
spacing of cuts as the cuts tend to become independent.
Especially, the results for S/P ratio of 15 seems to be
supporting Miller's theoretical analysis where he found the
cutting coefficient to be independent of cutter edge angle.
Finally, Figure 28 shows the specific energy - S/P ratio
relationship for different angle cutters. As would be
expected, in terms of specific energy, the lowest angle

cutter was the most efficient. It should be emphasized,
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however, that no wear was included in the comparison of
efficiencies. It is expected that the cutter wear will
increase with decreasing edge angle and a compromise should
be reached between the rock cutting efficiency and wear for
selecting the most efficient disc cutter in a certain rock
type.

A series of tests with different angled disc cutters
were also conducted in Yule marble in order to determine the
effect of rock properties on cutter performances. Marble
was chosen because it differs from granite in terms of mode
of fracturing. While a brittle fracturing dominates granite,
an elasto-plastic deformation and consequent plastic flow
tékes‘place in marble. In other words, marble generally
lacks the tendency of brittle fracturing. Therefore, it was

decided to carry out similar tests in marble and observe if

the performance of different angle disc cutters were depen-
dent on the rock properties. In conclusion, some rather
unexpected results were obtained in ﬁarble.

The same testing procedure as that of granite was used
in marble. Therefore, the comparison of results for
different angle cutter performances in these two rock types
were done under exactly the same cutting conditions.

The test results for marble are listed in Table 3.

The vertical force-S/P ratio relationship for different
angle cutters is shown in Figure 29. Similar to granite,

the vertical forces increased curvilinearly with increasing
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S/P ratio. They also increased with increasing cutter angle
as would be expected. The horizontal force-cutter edge
angle relationship was quite surprising as can be seen in
Figure 30. The horizontal forces increased with higher S/P
ratio, but essentially, there was no effect Qf cutter edge
angle on the horizontal forces. Since vertical forces were
found to increase with increasing cutter angle, the horizon-
tal forces were expected to follow the same trend. The
:epeatability of the same results after several testings
ﬁroved this trend in horizontal force to be definitely true.

Since the vertical forces increased with the cutter
angle but the horizontal forces stayed thé same, then the
cutting coefficient decreased with increasing cutter angle.
The variation of the cutting coeffiéient.with the cutter
angle, of course, does not agree with the resulté obtained
in granite and also Miller's (5) theoretical analysis. fhe
cutting coefficient would be expected to vary with cutter
edge angle if constant force mode was used. This wguld be
true, since at constant force, the penetration of a disc
cutter will depend on the cutter edge angle and the cutting
coefficient has been shown to be a function of penetration
both theoretically and experimentally.

Because of constant penetration mode, the independence
of the horizontal force on the cutter angle and consequent

variation of the cutting coefficient with the cutter edge
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angle is not clearly understood. These results may reflect
the physical properties of marbie, which tends to flow
plastically rather than fail by brittle fracturing. As
desc#ibed earlier, the theoretical solutions of cutter-rock
interaction models were mainly derived for the brittle rocks
and may not necessarily apply to rocks lacking brittle
fracturing. These results in marble agree with Roxborough
and Rispin's (10) work which was conducted in dry chalk,
using 60 and 90 degree disc cutters. They observed essen-
tially no variation in horizontal force with the cutter
angle. Bruce and Morrell (2) observed a variation in cutting
coefficient which was expected, since they used the constant
fbrcevmode.

As was done with the granite, the theoretical force
values were also calculated for marble using the equations
derived previously. The graphical comparison of the experi-
mental and theoretical results for the vertical force is
shown in Figure 31. There is essentially no correlation
between experimental and theoretical values éf vertical force.
This may again be explained as being due to the different
physical properties of marble.

Since the specific energy is a function of the hori-
zontal force and the horizontal force did not change with
cutter edge angle, the specific energy was also fQund to be

independent of the cutter edge angle as shown in Figure 32.
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In other words, all the different angle cutters were the
same in terms of rock cutting efficiency.

Tests with different angle cutters will also be con-
ducted on the large rigid cutting machine later in this
project. These results are expected to be more meaningful
than the ones obtained from the small testing machine, since
the non-rigidity of the cutting system will not be a factor
in cutting results for the constant penetration mode.

5.2.2 The Effect of Bluntness on Disc Cutter Performance

i One of the major unsolved problems in tunnel boring is
when to replace the worn out cutters with the new ones.
Since penetration of a cutter substantially depends on its
sharpness, it is of great importance to understarid how the
wear of the cutter affeqts its pérformance.

Tests were conducted on the small testing.macﬂine with
artificially blunted disc cutters to determiqe the effect
of bluntness on cutter performance. Two different angled
small disc cutters which were earlier used for cutter angle
effect study were chosen and the edges of these cutters

were ground flat to a width of 1/16 inch. These artificial

wear surfaces were more flat than round. 1In this aspect,

they differ somewhat from actual field cutter wéar, which is

77
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more often in the form of round edge than a flat one.
However, these tests should give some indication as to the
effect of wear on cutter performance.

Different testing procedures were used for marble and
granite in these series of tests for cutter wear study. In
marble, 90 and 105 degree sharp and blunt cutters were
tested and the effect of cutter wear on cutter performance
was studied for two different edge angles. For granite, how-
ever, only 90 degree sharp and dull cutters were used.

The results of tests for marble are given in Table 4.
As can be seen from this table, for the 90 degree cutter,
both the horizontal and vertical forces increased for the
case of bluntness. The increase of forces going from a
sharp to a dull cutter was about 15 percent while the
ho?izontal forces increased by 10 percent. Since the hori-
zontal force increased at a lower rate than the vertical
force, the cutting coefficient was lower for the blunt
cutter. Also to be noted is the increase in specific
energy as the cutter became dull.

The 105 degree sharp and dull cutters were also tested
at the same penetration and spacing as the 9b degree ones.
For this case, the increase of forces for the blunt cutter
over the sharp cutter were nearly doubled. An increase of
46 percent in vertical forces and 20 percent in horizontal

forces Qe%e observed. As was for the 90 degree cutter, the
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/cutting coefficient was also lower for the blunt cutter.
JThis can be attributed to the different rates of increase
in vertical and horizontal forces as the cutter becomes dull.

The significant conclusion to be drawn is the higher
forcé increases for the 105 degree cutter going from a sharp
condition to a dull one. The amount of increase of cutter
forces as the cutter wears out appears to be dependent on
the cutter edge angle. If this is true, then the effect of
wear on forces for a small edge—angled cutter, e.g. a 45
degree one, would be very low in marble.

The test results for granite are given in Table 5. As
mentioned previously, slightly different testing procedure
was used for granite than for marble. For granite, the
effect of cutter wear on cutter performance for different
S/P ratios was studied for the 90 degree cutter.

As expected, for all S/P ratios tested, the forces for
the dull cutter were higher than those of sharp one. Also
interesting to note was the higher force increases for the
dull cutter over the sharp one at large S/P ratios (Figure
33). This was expected since at small spacing of cuts, the
difference of forces between the sharp and dull cutters would
be low due to extensive interaction of adjacent cuts. How-
ever, as the spacing increases and cuts tend to become
independent, the effect of wear surface on cutter forces is
expected to be higher.

Although tests conducted here give some idea as to the

effect of wear on cutter performance, still more tests need
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to be done to fully understand the effect of cutter wear on
cutter performance. In the author's opinion, working with
worn out field cutters will be a better approach to this prob-

lem than the artificially blunted laboratory cutters.

5.2.3 Effect of Foliation

Similar to joints, foliation is also a major geologic
feature of various rock masses. The term "foliation" refers
to mutual parallelism or alignment of flaky minerals, such
as biotite, chlorite, muscovite, talc, etc. in metamorphic
rocks. Since foliation results in anisotropy in rocks, it
is of importance to observe how the rock cutting efficiency
dépends on the anisotropic properties of rock. Therefore,

a series of tests was conducted on a highly foliated rock
type.; The rock was biotite schist and it was obtained from
a’ section of the Washington, D.C. subway tunnel. These
‘rocks were sawed into small rectangular blocks and tested
on the small cutting machine in three different directions
with respect to foliation. Some interesting results were
obtained and the significant effect.of foliation on cutting
results was observed.

Figure 34 shows the foliation orientation with respect
to cutting surface. For case 1, the foliation was parallel
to the cutting surface. Case 2 had vertical foliation planes
with their strike being parallel to cutting direction.
Finally, for the third case, again the foliation planes were

vertical with respect to cutting surface, but their strike
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was perpendicular to the direction of cutting.

The results are tabulated in Table 6. In this table,
there is a significant difference in results for the three
different orientations of foliation. Figure 35 presents the
results in a graphical form where the forces are plotted
against the direction of foliation. The curvilinear increase
of cutter forces going from case 1 to case 3 is clearly seen
in this figure. Although an S/P ratio of 5 could not be
tested for case 3 due to lack of samples, it is important to
note higher rate of inérease of forces at S/P ratio of 10.
The increase of forces with increasing S/P ratio appears to
be highest for case 3 and lowest for case 1. Also, note that
the cutter forces for the case 2 were double those for case
i, while the increase was almost three times for case 3.

The increase in specific energy was approximately in

. the same order as forces. As can be seen in Table 6, the
specific energy tripled as the foliation orientation varied
with respect to cutting surface. On the other hand, the
cutting coefficient seemed not to be affected by the direc-
tion of foliation.

The visual inspection of cutting action during testing
revealed different breakage characteristics for different
foliation orientations. When the foliation was parallel
to cutting surface, the chipping occurred along the
foliation planes as expected. The chipping action was

rather quiet and the rock surface was generally smooth
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v;after each cut. Also, the small deviations in forces for
successive paéses indicated the minimum overbreakage from
pass to pass. After each pass, a shiny surface was observed
due to chipping along foliation planes mainly composed of
biotite. The breakage action for the other two foliation
orientations was quite different with generally large force
fluctuations between successive passes. This, of course,
resulted in higher degree of staﬁdard errors of means for
these samples as can be seen in Table 6. Also to be noted,
was the size of cuttings for different foliation directions.
Although no sieve analysis could be run on the cuttings
because of small size of sample, the difference in muck
size and shape, was apparent from simple visual inspection.
For case 1 where the foliation was parallel to the cutting
surfaée, the cuttings were generally uniform in size and hav-
ing a width the same as the spacing of cut and a thickness
of close to cutter penetration. For the second and
third cases, where the foliation was vertical with a strike
either parallel or perpendicular to cutting direction, the
muck shape varied from long, thin pieces to small, generally
in pulverized form. Subsequently, the average particle size
for these samples was much finer than £he first case. This
smaller particle size, thus finer degree of crushing, was
also an indication of higher energy inputs into the rock.
The results obtained from these tests suggest the
importance of foliation orientation in boring through
highly foliated metamorphic rocks. If the foliation planes
ARTHUR LAYLS LIBRRARY

COLCRADO S Cii0CL of MINES
GOLDEN, COLORADO 8040)
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make an angle of 90 degrees with the tunnel face, then the
lines of intersections of these planes with the tunnel face
will either be parallel or perpendicular to cutters at
different times, since the cutters on a boring machine
travel a circular path. Therefore, in such a case, the effect
of foliation on boring performance will be a combination of
results obtained from second and third cases in this testing.
On the other hand, if the foliation is parallel to the tunnel
face, then the results of the first case obtained in this
testing can be directly applied to the field, since the
;ircular path of cutters willlnot make any difference.

One of the major objectives of a boreability research
i§ to search for possible relationships between the boring
performance and the rock physical properties. For serving
such a purpose, cores taken from highly foliated Washington
D. C. subway samples were tested in uniaxial compression.

The test results are given in the following table.

Foliation Compressive Young's Poisson's
Orientation Strength (psi) Modulus (psi) Ratio
Perpendicular to 12,400 8. 4x10° 0.34

loading surface
Parallel to 11,550 7.9x106 0.36
loading surface

As can be seen from the table, the foliation orientation
had no significant effect on rock physical properties. Thus,
the difference in boring properties was a result of the

foliation and not the physical properties.
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The results presented here agree well with the results
of Benjuma and Sikarskie which they obtained by penetrating
a wedge into rocks having different bedding plane orienta-
tions. As discussed previously in the literature review
section, they obtained the lowest specific energy when the
bedding planes were parallel to the cutting surface. The
same result was also obtained in this testing for the case
of fpliation.

Finally, it should be emphasized that tests presented
;in this section were conducted by using a disc roller cutter.
{In the author's opinion, the other most widely used cutters,
namely the button type cutters, will not see the effect of
foliation to the same degree as the disc cutter did, due to:
éhe different rock breakage mechanism.

Pictures of the samples cﬁt on the small testing mach-

ine and showing three different foliation orientations are

shown in Figure 36.

5.2.4 Results from Small Nast Tunnel Granite Samples

One of the main goals of a tunnel boreability research

is the correlation of field and laboratory data. Such a
correlation was attempted by several investigators by using
small scale cutting machines. These attempts mostly were

not too successful due to scaling difficulties from a small
laboratory cutting machine to a full size field boring
machine. However, if a large cutting machine which will
allow the testing of actual field cutters can be used in

the laboratory, then the correlation of laboratory and field
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data is expected to be good since no size effects are
involved. Then the only problem left to be solved is the
correlation of small cutting machine results with the large
one. This correlation is necessary because it is rather
difficult to obtain large size samples from the field for
the large machine. On the other hand, the cores taken from
a proposed tunnel alignment can easily be tested on the small
machine. If the small cutting machine results can bé scaled
to fﬁe ones from the large machine, then the difficult prob-
lem of correlating laboratory and field boring results may
%e solved.

For accomplishing this purpose, the rock samples from
the Nast Tunnel were tested both on the small and the 1arge~
cutting machines with disc roller cutters. Small machiné
testing was carried out with a 6 inch aiameter 75 degree
included-angle disc cutter.

The results of these small scale tests are given in
Table 7. The relationship of cutter forces to S/P ratio is
plotted in Figure 37. The vertical force was found to be
increasing in a rather curvilinear manner with S/P ratios.
On the other hand, the relationship between horizontal force
and S/P ratio was approximately linear. The specific energy
decreased with increasing S/P ratio as would be expected
(Figure 38). Note the "leveling off" in specific energy
curve around an S/P ratio of 15. Larger S/P ratios could
not be tested due to small size of sample; however, pre-

vious work indicates that the specific energy is
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expected to increase beyond an S/P ratio of 15. Therefdre,
an S/P ratio of 15 may be considered as being the optimum.
Finally, the cutting coefficient appeared to be constant
with increasing S/P ratios.

Large Machine Cutting Results

As stated earlier, the construction of the large scale
laboratory cutting machine allowed the use of actual field
cutters and also the simulation of field cutter loads.
Testing of full size cutters at the same penetrations as on
the boring machines eliminated the size effects for the
purpose of correlating laboratory and field boring perfor-
mances.

Three actual field cutters were used on the large linear
cutting machine. These were a 15 1/2 in. diameter, 75

degree included angle disc cutter, a 15 in. diameter disc

button cutter and an 8 in. wide strawberry button cutter.

The disc cutter was provided by Robbins Company and is the
same kind presently being used in Washington Metro Rock
Creek project. The disc-button cutter was obtained from the
Lawrence Manufacturing Company and was built for boring
medium to hard rock. The strawberry button cutter was
provided by the Hughes Tool Company and it was the same type
used for boring Nast Tunnel. The rock types used for test—.
ing these cutters were Colorado red granite and Nast Tunnel
granite.

The test results will be discussed in two separate

sections, first for red granite and secondly for Nast
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granite. After presenting the cutting results for each
cutter in both rock types, the comparison of the individual
cutter performances will be made based on their rock cutting

efficiency.

5.3.1 Results of Different Cutter Performances in Nast

Tunnel Granite

1. Strawberry Button Cutter

A picture of the strawberry button cutter and the typ-
ical rock surface after a pass is shown in Figure 39. Test
results are tabulafed in Table 8. Due to fixed spacing of
buttons, the testing procedure used for this cutter was
different than it was for the two disc cutters, since the
only parameter to be varied was the penetration. Hence,
unlike the case of disc cutters, where the spacing of cuts
could be varied, test results cannot be presented in terms
of spacing to penetration ratios with the strawberry button
cutter. Consequently, the results obtained were a function
of penetration as can be seen in Table 8.

Penetrations tested were 0.025, 0.050, and 0.075 in.

A penetration of 0.10 in. desirable for the purpose of
comparing rock breakage efficiencies of different cutters
could not be tested due to possibility of exceeding design
force limitations of the load transducers.

The effect of penetration on cutter forces and specific
energy are presented in graphical form in Figures 40 through
42, Both the vertical and horizontal forces‘showed approxi-

mately a linear increase with increasing penetration. The
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Table 8 Results of Linear Cutting Tests for Large Nast

Tunnel Samples cut with Strawberry Button Cutter
(Numbers in parentheses are standard errors of the Mean.)

!

Set .Cutting Vertical Horizontal Specific Energy
en. (in) Coeff. Force (1bs) Force (1bs) (1n-1bs/in3)
0.025 i .0870 51413(1432) Ly73(462) 22776(967)
0.050 .0901 70322(2361) 6329(602) 17789(1565)

0.075 .0963 90270(5740) 8666(1054) 15270(1365)
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relationship between the specific energy and the penetrétion
was curvilineér with increased penetration resulting in lower
specific energy.

The cutting coefficient also seemed to be affected by
penétration. As can be seen from Table 8, the cutting
coefficient increased slightly with increasing penetration.

Also observed was the extensive crushing of rock during
cutting process. Crushing was quite noisy, due to engagement
of more than one button into the rock at a time.

The main rock breakage mechanism of the strawberry
button cutter was crushing which was usually followed by
chipping between the button indentations. A highly pulver-
~ized zone was observed where the buttons penetrated the rock.
The average chip size was approximately 1/2 inch by 1/2 inch
which was close to the spacing of buttons on the cutter.

The high degree of crushing and small chip size was defin-
itely an indication of extensive energy input into the rock
which resulted in over-crushing.

It should be noted that, although being cone-shaped
for cutting a circular path in field boring, the strawberry
button cutter was used to cut a linear path for the labora-
tory testing. Consequently, relative drag was encountered
between two extreme edges of the cutter. This drag was cal-
culated to be in the order of 0.5 in. and was considered

negligible for introducing any significant errors in the

results.
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'2. Disc Button Cutter

A view of the disc button cutter and the typical rock
surface after a pass is shown in Figure 43. The buttons are
tungsten-carbide inserts which are spaced one inch apart
on the periphery of the disc. Test results are listed in
Table 9. Penetration was held constant at 0.1 inch and
spacing of cuts was varied from 0.5 inches to 2.0 inches.
The relationship between the cutter forces and S/P ratios

is shown in Figures 44 and 45. As seen in these figures,

both the horizontal and vertical forces increased with
increasing S/P ratio in approximately a curvilinear manner.
The specific energy versus S/P ratio is plotted in Figure 46.
The optimum S/P ratio seems to be somewhere around 15. On
the other hand, the cutting coefficient appeared to be
unaffected by the increasing S/P ratio.

The performance of the disc button cutter was rather
surprising. Even though severe crushing occurred beneath
the buttons, unlike the strawberry button cutter, large chips
developed at large S/P ratios. For example, at 2 in. spac-
ing, the chips having widths of up to 2 inches were formed
between the button indentations. The length of these chips
were close to the spacing of buttons on the disc button
cutter. According to the law of comminution, the larger
muck size for the disc button cutter can be given as one of
the reasons why the specific energy vaiues for the disc
button cutter at large spacings were much lower than the ones

for the strawberry button cutter despite both cutters using
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:fbuttons to fracture the rock.

Also interesting to note was the force-displacement
curves for the disc button cutter. The forces increased as
a button started penetrating the rock, reached a maximum at
its ﬁighest penetration and then dropped. This process is
repeated for the penetration of the next button as the
cutter rotates. Therefore, the number of peaks in a force-
displacement curve represented the equai,number of buttons
which penetrated the rock during that particular cut. The

height of the force peaks was found to be a function of cutting

velocity. As the cutting velocity was increased, the heights
of peaks decreased. This would be true, since at high cutting
velocity, before the forces have a chance to drop after a
butten completed its penetration, the next button will enter
the rock, thus increase the forces again.

In summéry, the cutting performance of the disc button

cutter was found to be very good.

3. Disc Cutter

Large samples of the Naet tunnel granite were also cut
with a 15 1/2 in. diameter, 75 degree included angle disc
cutter. The same testing procedure as for the disc button
cutter was used for the disc cutter in order to allow the
direct comparison of rock cutting efficiencies of these two
cutters.

A view of the disc cutter and the -typical rock surface

after a pass is shown in Figure 47. Test results are
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presented in Table 10. Although there is some discrepancy
in the data, again both the vertical and horizontal forces
increased with increasing S/P ratio (Figure 48). The
specific energy again decreased with increasing S/P ratio
and reached a minimum somewhere around S/P ratio of 20.
(Figure 49). The cutting coefficient, however, showed
rather large variations with different S/P ratios.

for this cutter, the three inch spacing was also tested
to see if the chipping would occur between two adjacent cuts
Jt such a large spacing. The chipping between the cuts did

occur and large pieces were formed but not for every pass.

The chipping was more of a cyclic process which occurred
after two or three successive passes of the cuttér over the
same cut. The results for this spacing were not presented
because not enough passes could be taken in order to minimize

force variations between successive passes.

5.3.2 Results of Different Cutter Performances in Colorado

Red Granite

Since both Nast Tunnel granite and Colorado red granite
have similar rock properties, the same rock breakage pattern
was observed in red granite as observed for the Nast granite
with different cutters. Therefore, in this section, oniy
the test results will be presented. The rock breakage

pattern of each cutter will not be discussed in detail.
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1. Strawberry Button Cutter

Test results are given in Table 11,

Table 11. Results of Linear Cutting Tests for Large Granite

Samples Cut With Strawberry Button Cutter

Set Cutting Vertical Horizontal Specific Eneragy
Pen.(in.) Coeff. Force(lbs.) Force (lbs.) (in-1bs/in3)

.025 .092 45043 (1104) 4144 (351) 26998 (642)
.050 .093 76817 (1748) 7144 (540) 22843 (1560)

Unfortunately, 0.050 inches was the highest penetration
which was tested. The graphical results are shown in
Figure 50. Although there was not enough data to observe
the actual trend of cutter forces with increasing penetration,
they are expected to increase linearly as observed for the
Nast granite. Again, the specific energy is expected to

reach a minimum somewhere around a penetration of 0.10 inches.

2. Disc Button Cutter

The effect of S/P ratio in cutter forces and the
specific energy for disc button cutter results in red
granite were quite similar to those of Nast granite results

with the same cutter.
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Test results are listed in Table 12 and plotted in
Figures 51 through 53, Again, a curvilinear increase in
cutter forces was observed with increasing S/P ratio. The
specific energy again decreased with increasing S/P ratio
and reached a minimum around a S/P ratio of 15.

3. Disc Cutter

The testing of disc cutter in the red granite was
carried out earlier in this research program by Miller (5).

The complete test results can be found in his doctorial

thesis. His results will be used later in this thesis when

comparing the cutting efficiency of different cutters.

118

5.3.3 Comparison of Different Cutter Performances in Colorado

Red Granite and in Nast Tunnel Granite

The test results of three different cutter types on

both red granite and Nast granite were presented in the

previous section. After observing individual cutter perfor-

mances in each rock type, it is of particular interest to
compare the rock cutting efficiencies of these cutters and
find the most efficient cutter for a given rock type. It
should be emphasized that the wear is not included in the
comparison of efficiencies. Wear undoubtably emerges as a

major factor in field cutter selection.
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The comparison of rock cutting efficiencies is made.
for three typeé of cutters, the strawberry button, disc
button and disc roller cutters. A direct comparison of the
cutting performances of these cutters will be meaningless
sincé a strawberry button cutter cuts a wider path than the
other two cutters. Hence, the comparison is made on the
basis of the same width of rock cut; in other words, the
forces determined for the two disc cutters should be multi-
plied by the number of disc cutters which will cover the
same width of rock as the strawberry button cutter. For
example, at an S/P ratio of 5, the spacing of discs is 0.5
inches. Since the strawberry button cutter cuts an 8 in.
wide path, it will take 16 disc cutters to cover the
same width of path. Likewise, for S/P ratios of 10 or 1
inch spacing of discs, it will require 8 discs and so forth.
By using the procedure described, the disc cutter forces
at each S/P ratio were multiplied by the number of discs
required to cut the same width of rock and the graphical
comparison of these results are presented in Figures 54
through 57 both for red granite and Nast Tunnel granite.
The dashed line in these graphs represent the forces on the
strawberry button cutter at 0.10 inch penetration. As
stated earlier, the 0.10 inch penetration could not be
tested with the strawberry button cutter in either two rocks
because of possible exceeding of force limitations on the

large cutting machine. Instead, maximum penetrations of

0.050 inches for the red granite and 0.075 inches for the
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Nast granite were tested. The cutter forces for Nast
granite at 0.10 inch penetration were predicted from the
force-penetration graphs. For red granite, the forces at
0.10 inch penetration could not be derived from the force-
penetration relationship since there was only two data
points. However, since Nast and red granite have similar
rock properties, the forces in both rocks with the straw-
berry cutter and also with the disc button cutter were
approximately the same. Based on this observation, the same
force values for 0.10 inch penetration were also taken for
the red granite as observed for the Nast granite.

The graphs presented in Figures 54 through 57 are of
particular interest. What these graphs show is that, at
sﬁall‘spacing of discs, the erces required for the disc
type cutters to cut the same width of rock are the same or
higher than the strawberry button cutter. As the disc
cutters are spaced more widely, however, lower forces are
required by using disc cutters for cutting the same width
of rock than it would by using a strawberry button cutter.
Also note that the normalized forces for the two disc
cutters are lowest at cutter spacings of around 1.5 inches.
As described in the previous sections, this spacing of the
discs or an S/P ratio of 15 was found to be the optimum in
terms of lowest specific energy.

Although no specific arrangement of buttons could be
determined by the author, the spacing of-the buttons on the

strawberry button cutter vary from 0.5 to 1.0 inches. Then
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ﬁ;one would expect the total forces for the disc button cﬁtters
at cutter spaéings of 0.5 to 1.0 inches to be the same as

the forces for the strawberfy button cutter for cutting the
same width of rock. The vertical force graphs definitely
show:this expectation to be true. For the horizontal forces
however, the force curve for the disc button cutter intersects
the one for the strawberry button cutter at a lower spacing
of disc button cutters. In the author's opinion, this trend
in the horizontal forces may be due to the different magni-
‘tude of bearing frictions for individual cutters.

Alsd interesting to note is that the force curves for
the disc type cutters intersect the strawberry button cutter
curve at another point which is at large spacing of discs.

In otber words, beyond a certain spacing of discs, the total
force required for the disc cutters to cut the same width of
rock as the strawberry button cutter, is higher than the
forces exerted on the strawberry cutter. This was expected
since beyond a certain spacing of discs, the disc cutter
forces increase at a much faster rate with additional
increase in spacing.

Several conclusions can be drawn from the data presented
here. First of all, the disc roller cutter was found to be
more efficient than the button type cutters. Again, remember
that no wear was included in this comparison of efficiencies.
Secondly, the disc button cutter was more efficient than the
strawberry button cutter, even though both cutters have the

same rock breakage mechanism. Thirdly, the rock cutting
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efficiency of the strawberry button cutter can be signifi-
cantly improved by placing the buttons in individual rows
and optimum spacing of these rows.

Although the disc cutter was found to be most efficient
among the cutters tested, it definitely suffers a higher
degree of wear than the othersin hard rock.. However, with
the recent metallurgical advances, the development of disc
cutters with a much better wear record than the present ones,

looks very promising.

5.3.4 The Effect of Traverse Velocity on Cutter Performance
|

Because of geometry, the individual cutters on a bor-
ing machine have different traverse velocities depending on
their location. It is important to understand the effect of
éutting velocity on the charactgristic behaviors/of the
cutters for the purpose of field and laboratory boring corre-
lation.

As mentioned earlier in the literature review section,
the rate of loading and velocity tests performed by several
authors essentially showed no effect of traverse velocity on
the cutter performance beyond a certain veldcity. However,
there was a slight effect of cutting velocity on the cutter
forces at low velocities in which case the forces increased with
increasing velocity. Most of these tests were small scale
laboratory tests. Also the traverse velocities examined were
not representative of velocities experienced by boring mach-

ine cutters. Therefore, to actually observe the effect of
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traverse velocity on the performance of full-scale field
cutters, tests were conducted on the large cutting machine
using two types of cutters and rocks. By holding the pene-
tration and spacing constant, the traverse velocity was
varied from 0 to 30 in./sec and the resulting cutter forces
were recorded. These speeds cover the normal range of boring
machine cutter velocities. Hence, the results obtained from
these tests can be useful for understanding the characteris-
tic behavior of field cutters at various traverse velocities.
| Test results are tabulated in Tables 13 through 15 and
Ehe graphical results are presented in Figures 58 through 67.
As can be seen from these graphs, the cutter forces are not
significantly affected with increasing traverse velocity
éfter a certain value of the velpcity is reached; What
happens to cutter forces at low traverse velocities, however,
cannot really be decided from data presented here. Unfor-
tunately, not enough low range velocities were tested to
observe the cutter forces-traverse velocity relationship in
the low range of velocities. Figures 62 and 63 show a gen-
eral increasing trend in cutter forces in which case

enough low range velocities were tested. The significant
conclusion, however, is the cutter force-traverse velocity
relationship at high velocities where the cutter forces
appear to be not affected with traverse velocity. This rela-
tionship for high velocities is important because the majority
"of the boring machine cutters are operating in this range of

traverse velocities.
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Prediction of Large Scale Test Results from Small Scale

Testing

As stated previously, correlation of small scale lab-
oratory testing with field boring results involves several
problems because of scale differences. The large machine
results are expected to correlate with field results since
full size field cutters with actual field cutter loads can
be tested. The only problem left to be solved is the cor-
relation between the small and large machine cutting results.
This is necessary because it is quite difficult to obtain
iarge size samples from the field for the large cutting
machine. The samples for the small machine, however, can

easily be obtained from drilling cores.

Prediction of large scale testing results from small
scale testing was attempted by Miller (5). He obtained good
correlation between these two machines, especially in
granite. The correlation was not as good as expected at
shallower penetrations and this was believed to be due to
the wear surface on the small disc cutter. Therefore, to
eliminate the wear effects on cutting resulté, a sharp'disc
cutter was used on the small samples for this work. Also,

the small disc cutter had the same edge angle as the large
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one. Thus, the only difference between the large and small
scale testing was the cutter size. The magnitude of penetra-
tion and spacing was also different, but since results were
expressed in terms of spacing to penetration ratios, these
differences were eliminated.

By taking the ratios of forces of the large scale testing
to the small scale testing at each S/P ratio and averaging
these ratios, and then multiplying the’'small machine results
?ith this average factor (Table 16), the so called "predictor
curve" was drawn for the large machine results.

Table 16. Scaling Factors for Prediction of Large
Machine Cutting Results From Small Scale Testing

Vertical Force Horizontal Force
S/P=5 S/P=10 S/P=15 S/P=5 S/P=10 S/P=15

Large .
Machine 8607 10516 16027 575 959 889

Small
Machine 1550 1895 2978 118 151 218

Ratio of
Forces 5.55 5.54 5.38 4.87  6.35 4.07

Average

Ratio 5.49 5.09
(scaling

factors)

Scaled

Small
Machine 8509 10403 16349 600 768 1109

Results
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Figures 68 and 69 show the comparison of actual and
predicted values for the large scale forces. The agreement
between the predicted and actual values for vertical forces
was excellent as can be seen in Figure 68. For the hori-
zontal forces, this agreement was also reasonably good.

The results presented here, along with Miller's work on

147

the same subject, definitely suggest the existence of scaling

factors between the small and large scale testing. It will
be of particular interest to conduct similar tests in dif-
ferent rock types and to observe if the scaling factors

depend on the rock prcperties. Although not presented here,

Miller's results in red granite and in marble, and the results

presented here for the Nast Tunnel granite, do suggest the
independence of these scaling relationships from the rock
properties. However, it is too early to state a definite
conclusion regarding the independence of scaling factors

‘from rock properties. More rocks with different physical
properties must be tested in order to draw such a conclu-

sion.

The Results of Laboratory Sieve Analysis of Cuttings

The results of sieve analysis of large machine cuttings

are shown in Tables 17 through 19. Similar size analysis

could not be performed for the small machine cuttings due to

small size of sample.

As can be seen in these tables, the coarseness index
increased with increasing spacing of cuts. On the other
hand, the calculated surface area decreased with increasing

spacing of cuts.
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Rittinger's comminution equation states that the energy
input is directly related to the surface area produced. The
results presented here agree with this theory until the optimum

S/P ratio is reached. Beyond the optimum S/P ratio, the speci-

fic énergy increases as the surface area decreases. Likewise,
increasing coarseness index results in decreasing specific
energy until the optimum S/P ratio is reached and then the
specific energy increases with increasing coarseness index.

These results indicate that the pfediction of optimum
S/P ratio for obtaining the lowest specific energy would not
be possible by examining the coarseness index or the surface
area. However, size analysis of cuttings can give a good
indication of the efficiency of the cutting system.

The computer program used for the sieve analysis can be

found in Miller's doctorial thesis (5).
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6. FIELD BORING RESULTS

The field boring and geologic data for Nast Tunnel has
been analyzed to find the boring performance and effects of
geologic factors on boring (24). (The equations used for
analyzing the data are given in Appendix B). The results
are listéd in Table 20. Also, a rather moderately jointed
-section of the tunnel was chosen and the relationship among
several boring parameters was plotted.L
; The effect of penetratipn on specific energy is shown
in Figure 70. As seen in this graph, there is a definite

~decrease in specific energy with increasing penetration.

Although the cutting forces increase with penetration, the

increase in volume of rock broken.is higher, thus lowering the
specific energy. This relationship has also been shown to
be true in the laboratory. Therefore, itrcan be said that
the specific energy of a boring machine withéfixed cutter
arrangements will be decreased with increased penetration

or increased thrust since the penetration is linearly related
to thrust. It was also found from the laboratory studies
that the further increases in penetration do not necessarily
reduce the specific energy after an optimum penetration is
reached. Unfortunately, this trend could not be seen in
Nast Tunnel data due to the small range of penetrations

achieved.
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Table 20 THE NAST TUNNEL BORING RESULTS

Station Penetration Cutting Thrust ~Tangential Machine
No. per Coeff. per Force per Specific
‘ Revolution Cutter Cutter Energy
(in.) (1bs.) (1bs.) (1bs., ins.)
39.51 0.06380 0.080 20965 1679 17426
39.66 0.06716 0.094 17820 1679 16549
39.88 0.06674 0.084 19917 1679 16659
40.08 0.05080 0.076 19917 1511 19687
0. 25 0.05095 0.066 20441 1343 17457
0. 41 0.05560 0.074 20441 1511 17993
10.61 0.05320 0.073 19917 1455 18107
10.78 0.06189 0.076 22013. 1679 17964
10.93 0.06067 0.070 24110 1679 18332
11.02 0.04700 0.074 22013 1623 22851
11.06 0.05720 0.085 20965 1791 20722
t1.26 0.05400 0.076 22013 1679 20581
1.46 0.05660 0.080 20965 1679 19636
11.63 0.06560 0.075 23062 1735 17519
1.83 0.06000 0.078 21489 1679 18528
2.01 0.06040 0.066 20441 1343 14734
2.20 0.06460 0.082 18344 1511 15489
2.41 0.0500 0.094 17820 1679 22211
2.46 0.04167 0.081 17296 1399 22209
2.48 0.05800 0.100 16772 1679 19151
2.71 0.06055 0.107 15724 1679 18345
2.83 0.04433 0.088 17820 1567 23377
3.00 0.05073 0.100 16772 1679 21890
3.17 0.04745 0.093 16772 1567 21840
3.29 0.04883 0.083 16772 1399 18956
3.41 0.03785 0.114 14675 1679 129319
3.55 0.04046 0.114 14675 1679 27426
3.60 0.06055 0.078 . 19393 1511 16525
3.63 0.04212 0.093 15724 1455 22845
3.74 0.05075 0.093 15724 1455 18966
3.86 0.04635 0.068 15724 1063 15184
3.98 0.05412 0.094 17820 1679 20525
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Figure 71 shows the effect of field joint orientations
on the machine penetration. Although there is some scatter
in the data, a rather good trend was thained. The penetra-
tion of the machine increased as the apparent dip of joints
measured from the tunnel face decreased. These results agree
rather well with Miller's work relating the effect of joints
to boreability. As mentioned earlier, he found that smaller
the angle between the joints and the cutting face, the more
efficient the boring. Since penetration would also be
iaffected by the frequency of joints, this effect was elim-
ﬁnated in Figure 71 by only plotting those 10-ft sections of
the tunnel which have the same joint frequency, which was
two joints per 10-ft of tunnel length in this case. The
gcatter of data in this figure may be related to‘several
other boring parameters. One of these parameters is the
condition of the cutters on the mole which would have the
largest effect on this scatter. No matter whether joints
are present or not, the advance rate of the mole with new
cutters on it would definitely be higher than with worn out,
dull cutters.

The effect of apparent dip of joints on the boring
specific energy is shown in Figure 72. As seen in this fig-
ure, the specific energy is reduced with decreasing apparent
dip of joints measured from the tunnel face. This result
can also be derived from two previous results. For example,

the penetration is increased with decreasing apparent dip of
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Figure 70. Specific energy vs. penetration for labora-
' tory and field cutting of Nast Tunnel granite.
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joints and specific energy is reduced with increasing pene-
tration. Therefore, the specific energy would be expected
to decrease with decreasing apparent dip of joints. This
trend is clearly shown in this figure. Again, there is some
scatter of the data and this may again be related to the
same factor mentioned above for penetration.

Although the previous figures representing relation-
ships among three boring parameters showed rather good
trends, no clear relationships could be derived from the
next few graphs plotted to further analyze the Nast Tunnel
boring data. First one of these graphs, joint strike versus
the specific energy, is shown in Figure 73. The strikes
oﬁ joints in this case were recorded with the respect to
tunnel bearing. If all the joints considered here had 90
degree dip angles, i.e., éll vertical joint planes, then the
specific energy would definitely be reduced with increasing
strike angle measured from the tunnel bearing. This would
be true since higher strike angles would mean iower angular
deviation of these joints with respeét to tunnel face, and
it was shown earlier that the boring specific energy was
reduced with decreasing apparent dip of joints measured from
the tunnel face. However, the joint planes definitely were
not all vertical in this case and with all joints having
almost different dips, the above assumption was not valid and

a very complicated situation was faced.
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" The effect of joint frequency on the penetration and
on the specific energy is shown in Figures 74 and 75 respec-
tively. No definite effect of joint frequency was found on
the penetration and, consequently, on the specific energy,
even though one would expect the increasing joint frequency
to increase the machine penetration or reduce the specific
energy. From laboratory tests, Miller (5) found that the
joint frequency did not affect the cutting performance above
a certain value of the joint spacing to cutter penetration
ratio. Assuming that this laboratory result applies to the
field, then the frequency of joints are expected to havé
little or no significant effect on boring performance if the
joint spacing is above a certain value. It should be remem-
bered, however, that the laboratory tests for joint frequency
analysis were conducted by holding the strike and dip of
joints constant. Since joint dips and strikes are not con-
stant in the field, the field joint frequency analysis becomes
a very complex problem.

The last of these parameters which were referred to
earlier as showing no clear relationships, is presented in
Figure 76 between the two important boring parameters, the
thrust and specific energy. It has been demonstrated in
laboratory tests that increasing thrust reduces the specific
energy since the thrust and penetration are directly related
and the penetration and specific energy are inversely

related. This laboratory finding leads to the conclusion
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that the increased machine penetration for the Nast Tunnel
was not achieved by increasing the thrust but rather by
frequency and orientation of joints. The significant effect
of joint orientation on penetration was presented earlier.

If the different levels of machine penetrations reported were
mainly a function of field joints, then naturally no rela-
tionship between machine thrust and penetration would be
expected. Consequently, the Nast Tunnel data suggests that
the increased penetration was not caused by increased thrust

but rather by increased joint frequency.

"Several other graphs could be drawn for the analyzed
Nast Tunnel data, for example, the effect of cutting coeffi-
cient on various other boring parameters. However, not to
further complicate the boring results, only the graphs repre-
senting the relationships among the most iﬁportant boring

‘parameters, from a standpoint of correlating the laboratory

and field results, were presented.
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7. COMPARISON OF FIELD AND LABORATORY CUTTING RESULTS

FOR NAST TUNNEL

As stated earlier, the large rock samples were obtained
from the Nast Tunnel and these samples were cut on the
largé cutting machine using the same type cutter as was used

on the Nast Tunnel mole. The laboratory and field results

“were presented in previous sections. The comparison of

these results is shown in Figure 77. As can be seen in

this figure, the agreement between laboratory and field
results was excellent at high penetrations. For low penetra-
tions, the field specific energy results were higher than

the ones for the laboratory testing. The higher field

energy values are believed to be due to the wear of the buttons
oh'the cutters of the boring machine while the laboratory
cutter essentially had no wear.

The results presented here strongly suggest that the
field boring performances can be reproduced in the laboratory
if the testing is carried out with actual field cutters and
also with actual field cutter loads. Since joints and
anisotropic rock properties were found to have significant
effects on boring performance, these factors should also be
taken into account if a good laboratory and field correla-

tion is to be made..
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8. CONCLUSIONS

From the literature reviewed, theoretical development,
laboratory cutting results and‘field data obtained, the prin-
cipal findings may be summarized as follows.

11. An essentially linear relationship exists between
thrust and penetration for the case of a wedge penetrating
a rock. This relationship for any given rock-bit combination
is suggested to be dependent only on the rock properties and
the geometry of bit.

2. Spacing of cuts has significant effect on thrust and
torque réquired for a given penetration. For disc type cut-
ters, the thrust increases curvilinearly with increasing
spacing of cuts, whereas torque increases linearly with
épacing distance.

3. Cutting coefficient appears to be dependent only on
the type of cutting tool and the depth of penetraéion.

4. Specific energy can be accepted as a measure of rock
cutting efficiency for any given rock-bit combination and a
minimum specific energy exists for that rock-bit combination.

5. The rock cutting efficiency increases as cutting tool
size decreases. However, large size cutters are preferred
by the manufacturers due to lower wear and higher bearing
capacity.

6. The rock compressive strength does not appear to be a
good measure of boreability.

7. Joints are shown to have substantial effect on boring

performances. Therefore, field joint effects should be
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f‘taken into consideration if a good laboratory and field‘bor-
ing correlatién is to be made.

8. The efficiency of a disc roller cutter increases with
decreasing cutter edge angle. The amount of wear also
increases with decreasing edge angle and a compromise should
be reached between the cutter efficiency and wear for select-
ing the edge angle of a disc cutter in a particular rock
formation.

9. The disc cutter was found to be the most efficient,
i.e. requires the least specific energy, of roller type
cutters.

10. Tests with artificially blunted cutters indicated
that cutter wear can be a major factor in tunnel boring per-
formance.

11l. Anisotropy can have a significant effect on boring
performance.

12. Button type cutters are less efficient, i.e. require
higher specific energy, than the disc roller type cutters
because of high degree of crushing.

13. The correlation of large and small scale 1§boratory
testing results appears to be possible. Still more rock
types need to be tested for determining the scaling factors
between the small and large cutting machines.

14. The cutting velocity appears to have no significant
effect on cutter forces for the velocity ranges of boring

machine cutters.
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'15. The work performed for this thesis indicates that,
the field boring results can be reproduced in the laboratory
by using full size field cutters and actual field cutter

loads.
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9. RECOMMENDATIONS FOR FUTURE STUDIES

Based on the work presented in this thesis, the following

recommendations for future boreability studies are made by

the author:

1.

More testing needs to be performed for a complete under-

standing of the relationship between the cutter forces and

cutter edge angles for disc roller type cutters. If a constant

penetration mode is to be used, these tests should be con-

ducted on a stiff cutting machine. The following procedure

may be followed for such a testing program:

2.

a. By holding the penetration constant, determine

the effect of cutter edge angle on cutting forces for
aifferent spacing distances.

b. By holding the spacing constant, vary the penetra-
tion and observe the resulting changes in cutter forces
for different angle cutters.

c. Combine the results obtained from tests in part a.
and b. and try to develop force prediction equations

as a function of cutter edge angle, penetration and
spacing distances.

The horizontal force and cutter edge angle relationship

for marble is not clearly understood. Similar studies should

be conducted in different rocks having similar physical
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properties to marble and the validity of this relationship
should be checked.

3. Still more work needs to be done as to the effect of
wear on cutting parameters. This work can either be done

in the field for an actually operating machine or it can be
done in the laboratory by using artificially blunted cutters.
4. Although the work presented in this thesis strongly
suggests the existence of a scaling factor between the small
and large cutting machines, still more rock types should be
tested.

5. Conduct velocity tests with other types of cutters and

rocks.

6. Study the effect of cutting radius on cutter forces )425

%

2

—

and wear.

7. Analyze more field data and obtain relationships among
séveral boring parameters.

8. Study the effect of joint frequency and orientation on
boring performance by analyzing the field boring data.

9. Conduct tests with multiple kerf cutters and observe
if there is any decrease in cutter efficiency compared to a
single disc cutter.

10. Since cutter wear is an important factor in tunnel
boring, determine the major factors which affect the cutter
wear through analyzing field data and apply these findings

to machine design.
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An example of the calculétor output for laboratory cutting tests

ENERGY 250C7T
SG 51 920

SET PENETRATION
.05
CUTTER SPACING

V_FORCE CALB

333.
' H_FORCE CALB
f 102.
DIST ON ROCK
5.
TIME PER CUT
15.
VERT F.S.
15.
HORZ F.S.
10.
PASS
l.
CUTTINGS WEIGHT -
28.5
c .
9.57
3.35
c T
8.08
’ 2.34
c
7.01
1.85
c
8.03
2.99
c
8.38
3.15
c

0.

VERT FORCES

3186.
2690.
2334,
2673.
2790.
HORIZ FORCES
227.
1s¢e.
125.
203.
214,
CUTTING COEFF
7.124921532E-02
5.910780669E-02
5.3556126325-02
.075944631°
7.6702508962-C2
AVG V_FORCES
2734.
AVG H_FORCES
185.
AVG CUT COEFF
6.787093652E-02
VOL OF RCCK
. .676
CALC AVG PEN
.05408
SET. I/P RATIO
10.
CALC I/P RATIO
9.245
MECH S_ENERGY
6863.

PASS
2.
CUTTINGS WEIGHT
26.9
c
7.95
1.91
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c
9.21
3.39
3
8.15
2.51
c
' 9.64
2.95
c
11.02
3 L ] 5
c
0.
T VERT TORCES
2647.
3066.
[ 2713.
| -3210.
| 3659.
HORIZ FOSTES
129.
. 230.
170.
200.
237.

CUTTING COFFF
€.873442€222-0z2
7.50163273595E-02
.35266326C5H
©.230529595E-92
6.459525756E-C2

. AVYG V rCPrES

~ 3061.
 AVG H_FORCES
193.
AVE CUT COZFT
6.311652855E=02
VCL OF ROCK
.638
CALC AVC PZY
.C5104
. SET I/P RATIO
10.
CALC I/P RATIO
9.796

MECH S_LCUEZRGY
7570.

PASS

3.
CUTTINGE WEIGHT
" 1l4.8

10.62
3.11

cv,

c
. -8.75
3.28
c
.§.47
2.75
c
h " O.
VERT FORCES
3536.
-2913.
© - 2820.
HORIZ FORCES
211,
223,
. 186.
CUTTING CCEZIT
0596713457
~7.6553381.35E-02
6.595744581E-02
AVG V_FORCES
.- T3089.

AVG H FORCES

T . 206.
AVG CUT COZFF
6.688963211E-0%
VOL OF ROCK
.351
CALC AVSZ PEN
: .0468
SET I/P RATIOC
10.
CALC I/P RATIO
10.683
MECH S_ENERGY
- .78831.

180
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Fodedr!

-
iy
~4d

vi

1
-

4.
=X
-
10.42
2.78

0

7.98
2.75

6.07
2.11

@]

GO

e PORCES
3463,
2657.
2021,

ORCES

£

By
0
¢
2]
1

CUTTING COTFFT
5.44582559323-02
7.0003752645-02
7.075705096E-02

AVG V FOECES

T 2715,

AVG H_FORCES

i72.
E7G CUIT COETY
6.3521655518-02

VGL CF ROCK

MECH S_ZiERGY
7057.

PASS

AVG V_FORCE

— 2865,
AVG E_FCRCZS
189.
AVG CUT COTFF
6.535473345E-02
CALC AVG PN
.05
SET I/P RATIO
10.
CALC I/P RATIO
" 9,957
AVG MECH S_ENERGY
75%0.

STANDARD ERROX
OF THE MEAN

VERT FORCES
S l22.
HORZ FORCES
9.
MECH ENERSG
442,
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APPENDIX B

1) FIELD DATA CALCULATIONS

Given:
T = machine thrust (1lbs)
t = cutterhead torque (ft-1lbs)
B, = boring rate (ft/min)
n = cutterhead revolutions per minute (RPM)
Calculate:
Tc = thrust per cutter (1lbs)
tc = cutting force per cutter (1lbs)
p = penetration per revolution (in/rev)
¢ = cutting coefficient
SE = boring specific energy

a) Assuming the cutterhead is rigid, then the thrust

force is same for all cutters.

= I
Tc " N
where N = number of cutters.

b) The cutterhead torque is given by
N
t = t, 2 ri
i=1

where r; = radius of the circular path followed by
an individual cutter.

Average radius of the cutter-paths is given by:
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§: ri
i=1

ravg. =T

Then the cutting force per cutter can be expressed as:

t

te = Wxr
avg.

c N

¢) penetration per revolution (in/rev) is given by

BI’
p=-a— x 12

'd) Cutting coefficient is simply the ratio of cutting
force to thrust force which is same for all cutters in

this case under the assumptions made above for the thrust

and tangential force per cutter.

ct

- C
¢C =7

c

e) Boring specific energy is defined as the total
.energy required to break a unit volume of rock. In this
case, it is expressed in terms of in-1lbs per cubic inches.

Then the specific energy becomes:

TxBr + tx2mxn

SE = ExB_x107

2) THE COMPUTER PROGRAM USED TO ANALYZE THE NAST TUNNEL
BORING DATA IS LISTED BELOW

183
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19
29

Ly

184

NAST TUNNEL PROGRAM

FORMAT (8F)
DIMENSION RADAVE(8),VOL(8),ENERGY(8),SPNRGY(8),VEL(8),DIS

READ(2¢,1),SHIFT,ENDSTA,ADVAN,OPTIME ,RATE, PROPEL , RPM, TORQ

IF (SHIFT.EQ.Z) GO TO 1@¢

IF(ENDSTA.EQ.8) GO TO 58

IF (ENDSTA.EQ.1) GO TO 78

IF (ENDSTA.EQ.2) GO TO 8¢

IF (TORQUE.EQ.#) GO TO 99

IF (TORQUE.EQ.1) TO TO 95

THRUST=PROPEL ¥3gL /29

TANFOR=TORQUE/3.88/29

PENTRN=RATE/ (RPM¥60. ) ¥12.
TOTVOL=PENTRN¥3.1L4¥9, 5%%2 /4*14)

TOTEN= ( THRUST*29*PENTRN )+ (TANFOR¥209#%2%3, 14%3, g8%12.)
TOTSPN=TOTEN/TOTVOL

COEF=TANFOR/THRUST

I=1 ,

WRITE(6,49) ,SHIFT ,ENDSTA,TOTSPN, COEF, THRUST, TANFOR , PENTRN
FORMAT(1X,'SHIFT = ',F14.2/1X,'END STATION ="',

1 F6.2/1X,'CUTTER HEAD SPECIFIC ENERGY =',Fl1g.1/
11X, 'CUTTING COEF =',Fh.3/1X,'THRUST PER CUTTER =',
1F1¢.1/1X, 'TANGENTIAL FORCE =',F1§.5/1X,'PENETRATION
1 PER REV =',F14.5///)

58
64

GO TO 19
WRITE(6,60) ,SHIFT
FORMAT(1X, 'SHIFT =',F1#.1/1X,'NO BORING DONE

1 THIS SHIFT'///)

79
71

8g
81

98
91

95
96

189

GO TO 19

WRITE (6,71),SHIFT

FORMAT (1X, 'NO BORING DONE BETWEEN SHIFT',F1g.1/)

GO TO 19

WRITE (6,81),SHIFT

FORMAT (18X, 'AND SHIFT',F18.1///)

GO TO 14

WRITE(6,91),SHIFT

FORMAT (1X, 'NOT ENOUGH INFO GIVEN BETWEEN SHIFT',Fl1g.1/)
GO TO 18

WRITE(6,96) ,SHIFT

FORMAT(1X, 'AND SHIFT',F1£.1,1X,'TO DO CALCULATIONS'///)
GO TO 1¢

STOP



