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TUNNELING MACHINE RESEARCH 

Interaction Between Disk-Cutter Grooves in Rocks 

by 

Parviz F. Rad 1 and Richard C. Olson 2 

ABSTRACT 

The Bureau of Mines conducted groove cutting experiments in marble, lime­
stone, granite, and quartzite with a 7-inch disk cutter under a normal thrust 
of 7,000 lb. The values of muck weight per unit length, specific energy, 
cutting coefficient, and groove depth for each of these rocks were determined 
for groove spacings ranging from 0.1 to 4 inches, and from these results the 
values of optimum and critical spacing were computed. The results indicate 
that compressive strength may be used to predict some of the cutting character­
istics of the independent grooves. Considering all the cutting characteristics, 
particularly those for the interacting grooves, Shore hardness, coefficient of 
rock strength, and torsional velocity correlate with cutting characteristics 
better than do other physical properties. Some of the field applications of 
the principles established in this report are identified. 

INTRODUCTION 

The number and size of projects that involve underground excavations are 
increasing steadily owing to rapid growth of the urbanization patterns and the 
increasing demand for excavation of mineral deposits. It has been assessed 
that a total of 628,800 km of tunnels will be excavated worldwide during the 
1970's (9)3 with an excavation volume of 6,031 million cubic meters. The 
total le~gth of tunnels excavated in the 1970's will be 46 pct greater than 
those excavated in the 1960's. The excavation volume will increase by 54 pct 
in the 1970's. It is therefore technologically and economically advantageous 
to develop more efficient and more economical excavation systems. 

The use of tunnel boring machines in the underground excavation opera­
tions results in minimum damage to the surrounding rock. Consequently the 
probabilities of roof collapse are lower in tunnels excavated with boring 
machines in than those excavated by explosives. The vibrations caused by 

lCivil engineer (now Assistant Professor, Department of Civil Engineering, 
Clemson University, Clemson, S.C. 29631). 

aMechanical engineer. 
3Underlined numbers in parentheses refer to items in the list of references at 

the end of this report. 
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boring machines are so negligible to surface structures that these machines 
can be conveniently operated in densely populated urban areas where explosive 
techniques would be objectionable. The uniform size of the muck produced by 
boring machines and the continuity of the operations suggest the possibility 
of using a continuous muck removal operation that could be more economical and 
more convenient than the truck or rail methods, which are cyclic in nature. 
Further, the size of the crew is smaller than that of the drill and blast sys­
tem, thus decreasing the possibility of accidents. 

The long assembly and disassembly time and high capital investment 
required for boring machines limit their use to long tunnels or to a project 
involving several tunnels. Further, owing to the scarcity of operational 
experience with tunnel boring machines, the unexpected geological complica­
tions occurring during the boring operations cannot, in many cases, be handled 
efficiently and systematically. The successful use of tunnel boring machines 
until recently generally has been limited to excavation in soft to medium-hard 
rocks such as shale, sandstone, and limestone. 

In circumstances where boring machines do not perform satisfactorily, 
such machines are modified and developed in the field after the initial unsat­
isfactory performance. This procedure is costly, and in some cases, the opti­
mum performance may not be obtained even after several field modifications. A 
more efficient design of boring machines will be possible if the cutting char­
acteristics of rocks are known in relation to different cutters. The experi­
ments described in this report are designed to provide some guidelines for an 
improved boring machine design procedure. 

Since the mid-1960's, the Bureau's Twin Cities Mining Research Center has 
conducted various research projects dealing with boring machine design and 
performance. The experiments have been performed on the laboratory scale to 
develop the desirable concepts, and will be extended to the field scale to 
determine important operational parameters. This report describes experiments 
designed to determine the effects of groove spacing on cutting characteristics 
of marble, limestone, granite, and quartzite. 

Cutting experiments in rocks can be performed either in the constant­
penetration mode or the constant-normal-force mode. The constant-normal-force 
mode of laboratory cutting experiments simulates the field conditions more 
realistically because the boring machine is advanced under a constant forward 
force. With proper design of the hydraulic system supplying the normal force, 
the resultant grooves have very uniform depths of penetration. The variation 
of groove depths are normally less than ±6 pct about the mean depth. Further, 
constant-normal-force mode has several operational advantages, such as ease of 
selecting the length of travel, no damage to the corners of the test block, 
low probability of overloading the normal force system, and less stringent 
requirements for the surface of the test block. 

Barker (1), Hustrulid (~), and Peterson (11) used constant-penetration 
mode for experiments with drag bits, disk cutters, and toothed cutters, 
respectively. To a limit defined by the difference in experimental procedures, 
there is agreement between the results obtained by these investigators and 
those obtained from the work performed by the Bureau. 
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Barker (1) investigated the relative efficiency of the deep-cut principle 
and found that for each penetration depth there exists an optimum spacing at 
which material is removed with highest efficiency. The material obtained at 
this spacing was coarser than that obtained at other spacings. Barker also 
found that at constant penetration the means of normal and cutting forces 
increased with increasing depth or with increasing groove spacing. 

Teale (13); Morrell, Bruce, and Larson (2); and Rad and McGarry (12) used 
constant-force mode for experiments with rolling cutters. Very close agree­
ment is obtained between these earlier results and those given in this report. 

Teale (13) investigated the cutting characteristics of rocks using 
toothed cutters under various normal forces and found that increasing the nor­
mal force increases the depth of penetration, volume of muck, and coarseness 
of muck. 

Morrell, Bruce, and Larson (2) investigated the relation between thrust, 
muck, and specific energy and developed prediction equations for some of the 
cutting characteristics. Rad and McGarry (12) investigated the effects of 
disk diameter, groove spacing, thrust, and speed on specific energy and muck. 

EXPERIMENTAL PROCEDURES AND EQUIPMENT 

The experiments described in this report were performed to determine the 
values of optimum and critical spacings, as well as other cutting characteris­
tics for four different rock types. The results were correlated with physical 
and mechanical properties and then guidelines for better design and usage of 
tunnel boring machines were developed. The experiments were performed with a 
7-inch disk cutter and with a normal force of 7,000 lb. The relative rock­
cutter speed for all the cutting experiments was 3 inches per second (ips). 
The length of the groove was approximately 18 inches for all tests. 

Specimen Materials 

The rocks used in this study were marble, limestone, granite, and quartz­
ite. Table 1 shows the physical properties of these rocks as determined by 
Property Determination Research Support and Fabric Analysis Research Labora­
tories of the Bureau's Twin Cities Mining Research Center (~). The specimens 
were approximately 24 by 24 by 8 inches and the surfaces were smooth to the 
touch, although they were not polished. 

Cutting Machine 

The rolling disk cutter used in these experiments was 1 inch thick and 
7 inches in diameter. It was made of hardened steel with 36 wedge-shaped 
pieces of tungsten carbide having a 90° included angle inserted at the edge of 
the cutter as shown in figure 1. Thus, for all practical purposes, it would 
be assumed that the cutting was done w{th a tungsten carbide cutter having a 
90° included angle. 
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FIGUR E 1, - Disk cutter with tungsten carbide cutting 
edge, 

5 

During the design pro­
cess of these experiments, a 
technique was developed for 
measuring the wear of cutters 
with particular application 
to those that have tungsten 
carbide inserts. This tech­
nique uses the value of the 
circumference and an index 
for damage severity as bases 
of comparison for various 
stages of cutter wear. The 
cutter used in these experi­
ments was examined before 
initiation of the testing 
phase and after the tests 
were completed. The results 
show that the circumference 
stayed essentially the same 
and the damage severity was 
very slight. 

The disk cutter was 
mounted on a specially 
designed cutting machine 
called a linear cutting 
apparatus (LeA). The normal 
force and cutting force of 
the cutter were provided by 
the pistons of two hydraulic 
cylinders. Details of the 
structure and capabilities 
of this apparatus are given 
in RI 7410 (D. 

Randomization of Tests 

The order by which 
these rocks were tested was 

determined by a statistically random process. To minimize the effects of 
cutter wear on the results, the rocks were tested again, in the reverse order. 
The order of spacing arrangements for the series was also reversed for the 
same reason. 

Experiments were performed on all rocks for nominal spacings of 1/4, 3/8, 
1/2, 5/8, 3/4, 7/8, 1, 1-1/8, 1-1/4, 1-1/2, 1-3/4, 2, and 4 inches. The order 
by which these spacings were used was randomized for the first half of all 
experiments. The reverse of this order was used in the second half of the 
experiments. The actual spacing between two neighboring grooves was deter­
mined later using a precision caliper. 
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Data Collection and Reduction 

The cutting force and normal force were measured by two strain gage 
bridges properly a1ined and calibrated for this purpose. The bridges were 
activated by a dc power supply and their output was monitored and recorded by 
a mu1tichan~e1 strip chart recorder. The recorder was equipped with two inte­
grators to facilitate calculation of averages for the forces as well as the 
total work required for cutting of each groove. The averages for normal force 
and cutting force were conveniently obtained from the integrators of the strip 
chart recorders. The cutting force recorded by the strip chart recorder is 
the force measured at the cutter shaft (fig. 2). In order to obtain the force 
applied at the cutter-rock interface, these values were corrected by the ratio 
of the cutter shaft lever arm and interface lever arm: 12/15.4. The cor­
rected horizontal force was used to calculate cutting coefficient and specific 
energy given in this report. 

For each groove, the value of cutting coefficient was obtained by divid­
ing the cutting forGe by the normal force. Generally, the variation of the 
normal force was approximately ±5 pct about the mean value, although the vari­
ation of cutting force had no established pattern. 

After cutting the groove, the length of the cutter travel was measured, 
to the nearest 1/8 inch, and the muck was collected with a hand-held vacuum 
cleaner. The muck was then weighed to the nearest 0.01 gram on a precision 
balance. The depth of the grooves was measured with a micrometer depth gage 
at every inch of travel and then averaged over the entire length of the groove. 
The center-to-center spacing between two neighboring grooves was measured at 

Norma I force 

J Fn 

Correction lever Norma I force (Fn) ~ 
y~------------~ 

gages Recorders 
arms 

Disk cutter Cutti ng force Fe) 
~--l.-4.--~--". r - - - - - - - -' " 

'-...::o.p£_-.-_"":::='--l I U neo r r e e ted ) 
~Cut~in-g -f~;e~~l/ 

...L. ____ -:-\ __ /-:-\---/-\--/~,--/-:-:"----:/-:-\---:-/ ,::!_=-/-:-:,----:/--:,---:-( :-\_-/7:"\-=/~"" 
,-1\-/ \-/ \-1'-/ \-/ \-/\-1'-1\-1'-/ 
\-/ \-/ ,-I \-/,-/\-1\-1\.-/\-/\-1 Co r reeted 

Rock 

Fc 

FIGURE 2. - Instrumentation schematic for linear cutter apparatus, 
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every inch of travel with a dial gage caliper and was averaged over the entire 
length. The weight of muck from each groove was divided by the travel length 
of the cutter to get a uniform value for comparison purposes. The total work 
done by the cutting force was divided by the volume of the total muck to 
obtain the value of specific energy for each groove. The work done by the 
normal force was not entered into these calculations, because it was generally 
about 5 pct of the work done by the cutting force. Further, percentile contri­
bution of the normal force to specific energy is a function of groove length 
and becomes less than 1 pct for grooves longer than 50 inches. In field oper­
ations, the groove length is varied and relatively long. The groove lengths 
of the disk cutters on a 20-ft-diameter boring machine are from 62 inches to 
754 inches for each revolution of the cutter head. 

Data Refinement 

Previous studies (1, 12) have indicated the existence of critical spacing 
and optimum spacing between two neighboring parallel grooves cut in rocks. 
Critical spacing is equal to the largest distance between two neighboring 
parallel grooves at which there is interaction between grooves (fig. 3). At 
spacings greater than the critical spacing, the grooves become independent and 
at closer spacings there is chipping between adjacent grooves. The chips, 
formed by breakout between the interacting grooves, are considerably larger 
than those produced by independent grooves. In the interacting region, the 
amount of muck is greater than independent grooves and the value of specific 
energy is smaller than independent specific energy. By definition, the 
values of specific energy and muck weight at critical spacing are the same 
as those for all independent grooves with greater spacings. 

Independent 
grooves 

Ma:t.imum spacing at 
which there is interaction 
between neighboring 
grooves 

Ma:dmum chip size. 
Minimum energy required 
per unit volume of 
material removed 

FIGURE 3, - Optimum and critical cutter spacings, 

For each set of cutting 
conditions, there also 
exists an optimum spacing at 
which the highest amount of 
muck with the lowest value 
of specific energy is 
obtained. Any decrease or 
increase in groove spacing 
from the optimum spacing 
will result in reduction in 
efficiency of cutting as 
measured by muck weight and 
specific energy. 

During the course of 
the work at the Bureau of 
Mines, a computer routine 
was developed to estimate 
the values of optimum and 
critical spacings for func­
tions that have optimum and 
critical points in their var­
iation. This routine uses a 
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multiple-regression technique and a simple iterative optimization technique to 
define a three-line combination that best fits the data. The three lines sig­
nify the variation of data in the independent region where the neighboring 
grooves do not interact, and the variation of data in interaction regions, 
called pre-optimum and post-optimum, where neighboring grooves do interact as 
shown in figure 4. It was found that many of the cutting characteristics of 
the rocks used in this study can be defined by the three-line combination 
described above. Thus, using this computer routine, estimation of optimum and 
critical spacing can be made based on the values of cutting characteristics 
very systematically. This program will be made available to interested parties 
on request from the Bureau of Mines, Twin Cities Mining Research Center, 
P.O. Box 1660, Twin Cities, Minn. 55111. 

Increasing the normal force or decreasing the cutter diameter will result 
(12) in values for optimum and critical spacing different from those obtained 
under conditions of present experiments. Under the same cutting conditions, 
however, similar results are expected. 

RESULTS AND DISCUSSION 

For each of the four rock types, the variation of four parameters was 
determined with varying groove spacing. The parameters were specific energy, 
muck weight, groove depth, and cutting coefficient. Values of optimum and 
critical spacings were calculated for each parameter using the computer rou­
tine. These values were then correlated to the physical and mechanical prop­
erties of the rocks in order to determine the properties of rocks that 
correlate with their cutting characteristics. Cutting characteristics are 
defined as the output variables of the cutting experiments. The input vari­
ables are the rock properties and the cutting conditions. 
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FIGURE 4. - Groove spacing classification. 
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Specific Energy 

Figure 5 shows the variation of specific energy with groove spacing for 
marble, limestone, granite, and quartzite. The value of independent specific 
energy of marble was the lowest of all four rock types used in these experi­
ments. The value of critical spacing for grooves in limestone was, however, 
the largest. The value of compressive strength for all rock types was found 
to have reasonable correlation with specific energy of independent grooves, 
although such correlation was not found to exist with specific energy at opti­
mum spacing. This observation indicates that although the value of compressive 
strength may be a good tool for estimation of specific energy of independent 
grooves, it does not provide any useful information regarding many other cut­
ting characteristics. 

The value of specific energy is reduced from that of independent grooves 
when the groove spacing is reduced from the critical spacing. The lowest 
value of specific energy is obtained at the optimum spacing--this represents 
an improvement of 25 to 60 pct from the independent value. Table 2 shows the 
ratio of optimum to critical specific energies as defined in figure 3. The 
best improvement is obtained for limestone grooves and the worst for marble 
grooves. This observation leads to the conclusion that since substantial 
improvements are made in limestone grooves by setting the distance to optimum, 
in field practice care should be taken to achieve the optimum condition very 
accurately. Setting the optimum distance for neighboring grooves of marble is 
less critical because deviations from the optimum value will result in smaller 
penalties in values of muck and specific energy (table 2). 

TABLE 2. - Ratio of optimum to independent values of cutting characteristics 

Cutting characteristic Rock type 
Marble Limestone Granite Quartzite 

Muck weight ••.•••••••••.•••••• 1.7 3.0 2.3 2.5 
Cutting coefficient ••••••••••• 1.5 1.5 1.3 1.5 
Specific energy ............... .75 .40 .60 .50 

When the spacing is further reduced below the optimum spacing, the value 
of specific energy increases. Such increase in the value of specific energy 
in the pre-optimum region, viewed together with an increase in the fineness of 
the muck, confirms that an inverse relation exists between the fineness and 
the specific energy. 

The ratio of optimum to critical spacing (fig. 3) as obtained by specific 
energy, varied between 0.43 - 0.78 (table 4) without any apparent trend. 

Muck Weight 

Figure 6 shows the variation of muck weight with groove spacing for 
marble, limestone, granite, and quartzite. The grooves whose distance from 
their neighboring groove is larger than the critical spacing can be considered 
to be behaving independently. The size distribution of muck from independent 
grooves was essentially the same for each rock. Comparing the four rocks of 
this study, independent grooves in quartzite produced the finest muck and inde­
pendent grooves in marble produced the coarsest muck. 
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Grooves with spacings smaller than the critical spacing interact and thus 
produce larger chips. In the post-optimum spacing region, the highest inter­
action is developed and the largest muck weight is produced when the groove 
spacing is reduced to the optimum spacing. Table 2 shows the improvement in 
the muck weight when the spacing is reduced from critical to optimum. The 
highest improvement is shown in limestone grooves and the lowest in marble 
grooves. Since the improvement in muck weight is very substantial in lime­
stone, accurate determination of the optimum conditions are extremely impor­
tant for operations in limestone. By comparison, determining the optimum 
conditions for marble is not as important because the reduction in muck weight 
due to a near optimum spacing may be negligible. Table 3 shows the largest 
chip dimension for independent and optimum grooves. Limestone grooves produce 
the largest chip obtained at the optimum spacing and therefore, based on muck 
weight, limestone is the most cuttable rock type of these four. 

TABLE 3. - Largest chip dimension, inches 

Region Rock type 
Marble Limestone Granite Quartzite 

Independent 0.9 0.8 0.5 0.4 
Optimum •••• 1.7 2.0 1.0 .9 

If the spacing is further reduced below the optimum spacing, the amount 
of muck is reduced and the size distribution is shifted toward finer muck 
particles. In the pre-optimum spacing region, the muck weight and largest 
chip dimension are reduced as the groove spacing is reduced. The value of 
muck weight for groove spacings in the pre-optimum region is similar to the 
muck weight for grooves in the post-optimum region. For practical purposes, 
however, it is desirable to keep the spacing larger than the optimum. For the 
spacings in the post-optimum region, the cutter is subjected to less severe 
lateral forces while producing larger chips than in the pre-optimum region. 
If the cutting apparatus is not properly constructed, these lateral forces 
result in waviness of the groove that should be straight. The ratio of opti­
mum to critical spacing as obtained by muck weight varied between 0.4 to 0.73 
without indications of any apparent trend (table 4). The value of compressive 
strength of these rocks was found to have a reasonable correlation, with inde­
pendent muck weight, and with the largest chip dimension obtained from the 
independent grooves. 

TABLE 4. - Ratio of optimum spacing to critical spacing 

Cutting Rock type 
characteristic ·Marole 

.. 
Limestone'GranitelQuartzite 

Muck weight •••••••• 0.60 0.40 0.62 0.73 
Specific energy •••• .49 .43 .78 .61 
Cutting coefficient .74 .58 .39 .26 
Averag.e ........•... .61 .47 .57 .52 

Groove Depth 

Figure 7 shows the variation of groove depth with groove spacing for 
marble, limestone, granite, and quartzite. Although the variation of groove 
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depth with spacing did yield critical spacing for all four rock types, it did 
not indicate any optimum spacing for any of them. The values of critical spac­
ing obtained from groove depth for all four rocks, however, agree with those 
obtained from muck weight and specific energy. The groove depth increases as 
the spacing is decreased below the critical spacing. Independent grooves of 
limestone were the deepest grooves and the independent grooves in quartzite 
were the shallowest of all independent grooves. The rate by which the groove 
depth increases with decreasing spacing below the critical spacing is essen­
tially the same for limestone, granite, and quartzite and slightly higher for 
marble. Although the independent groove depth for marble is lower than that 
of limestone, the depth increases so rapidly in the interacting region of the 
groove spacing that at O.4-inch spacing, the same depth is obtained in both 
rocks. 

Cutting Coefficient 

Figure 8 shows the variation of cutting coefficient with groove spacing 
for marble, limestone, granite, and quartzite. The highest value of indepen­
dent cutting coefficients is obtained for limestone, and the lowest independent 
cutting coefficient for quartzite. The critical and optimum spacings obtained 
from cutting coefficient values agree with those obtained from other param­
eters. The percentile improvement obtained in the value of cutting coefficient 
is essentially the same for all rocks (table 2). Therefore, in comparison 
with the other three rocks, at optimum spacing and independent spacing, 
grooves in limestone require the highest cutting coefficient. Although at 
optimum spacing limestone is highly cuttable, based on values of muck weight 
and specific energy, at the independent spacing it is much less cuttable than 
marble. This observation leads to the conclusion that the value of cutting 
coefficient alone may not be taken as a measure of cuttability. The ratio of 
optimum spacing to critical spacing as obtained from the cutting coefficient 
is shown in table 4. Although general agreement is obtained between ratios of 
optimum to critical spacing obtained for each rock, cutting coefficient seems 
to result in high ratios for marble and limestone and low ratios for granite 
and quartzite. This is primarily due to variations in the critical spacing 
for the cutting coefficient values. 

Correlation of Cutting Characteristics With Mechanical Properties 

The materials removal process involved in disk cutting of rocks includes 
the penetration of the disk tip into the rock surface, thus creating micro­
fractures, macrofractures, and crushed material under the cutter tip (3, 9, 
~). Some of the cracks that are initiated extend to the rock surface: thus 
creating chips. The entire crushing, fracture initiation, and fracture propa­
gation processes are developed as a result of the stress fields developed in 
the rock by the disk cutter. These stresses are combinations of tensile, com­
pressive, and shear stresses. 

The behavior of rock under three simple stresses--tension, compression, 
and shear--can easily be determined (~). The behavior of rock under a com­
bined stress state can be determined from the behavior of rock under the 
single stresses and from factors defining any interaction between these 
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stresses that might be oper­
ating at the complex stress 
level (~). Other proper­
ties of rocks, such as drill­
ability and cuttability, can 
be inferred from tests that 
determine more complex 
indices, such as Shore hard­
ness and coefficient of rock 
strength (~-~). It there­
fore seems reasonable to 
assume that some combination 
of the rock strength indices 
will describe the various 
cutting characteristics of 
rocks. 

Traditionally, compres­
sion test has been used to 
determ~ne strength, deforma­
tion, and fracture character-
istics of rocks. For many 

applications, including excavation, rocks can be classified fairly satisfac­
torily according to their compressive strength. 

Figure 9 shows the relation between the compressive strength and groove 
width for constant normal force and constant penetration modes of laboratory 
cutting experiments. 

Although there is an appreciable amount of scatter in the data, there is 
a general correlation between the groove width and the value of compressive 
strength. Therefore, the width of independent grooves for a given disk cutter 
can be inferred from the normal force and from the value of compressive 
strength. Values of muck weight and specific energy for independent grooves 
obtained during the course of this work also correlate closely with the com­
pressive strength. 

Table 5 shows the values of cutting characteristics determined for these 
four rock types from the results of this study. Since the number of rocks 
used in this study was four and thus did not lend themselves to a detailed 
statistical search of the desired correlations, only visual observations were 
used to determine which properties correlated closer than other physical prop­
erties with each cutting characteristic. 

By plotting the cutting characteristics against the physical properties 
of these rocks and by noting the best correlation in the plotted data, three 
physical properties were chosen for each cutting characteristic. This does 
not imply that the other properties are believed to have no effect on that 
property. It does indicate that based on the results of this study, the most 
important properties are the four chosen by this process. Table 6 shows the 
physical properties chosen with this technique for each cutting characteristic. 
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It becomes apparent that the value of compressive strength can be used to 
predict the values of muck and specific energy of independent grooves. The 
cutting characteristics of independent grooves may also be predicted from 
values of Shore hardness, coefficient of rock strength, and torsional velocity. 
The optimum values of the cutting characteristics correlate with Shore hard­
ness, coefficient of rock strength, and torsional velocity. 

The results of this study show that the estimation of values of optimum 
and critical spacing can best be done with Shore hardness, coe~ficient of rock 
strength, and torsional velocity. 

Field Applications 

The concepts developed and observations made during the course of this 
study may be of practical use toward the optimum design and usage of tunnel 
boring machines, even though the numerical data may not be presently directly 
applicable to the field operations of boring machines. 

The results of this study show that under constant normal force, optimal 
muck removal is achieved when the spacing between the cutters is set to the 
optimum value. Previous rock cutting studies have shown that increasing the 
normal force affects the cutting conditions with the same trend as does 
decreasing the groove spacing (11). Thus for constant spacing the optimum 
conditions can be achieved by setting the normal force to the optimum value. 
Since the forward force is controllable in almost all boring machines, it may 
be possible to obtain optimum cutting conditions using the data developed 
through the Bureau's work and previous related works. 

It is expected that the variation of advance rate will resemble the curve 
shown in figure 10. 

For a constant arrangement of the cutters, 
not high enough, the grooves will behave almost 

i 
IJJ 
~ 
<{ 
a:: 
IJJ 
u 
Z 
<{ 

> o 
<{ 

I 

'

-Pre-optimum 
_ Po~t- __ 
I opt,mum I~ __ ---I 
I 
I 

Independent-l 

Critical thrust 

I 
I 
I 
I 
I 

FORWARD THRUST--+ 

Optimum 
thrust 

FIGURE 10, - Anticipated variation of advance rate with 
forward thrust, 

if the applied normal force is 
independently and very little 

or no interaction will be 
developed, resulting in very 
small or no advance rate. 
As the normal force is 
increased above the critical 
value in the post-optimum 
region (fig. 3), the inter­
action between grooves 
increases, causing higher 
advance rates. At optimum 
thrust, a near..;-maximum 
amount of muck is removed 
from between two neighboring 
grooves. Therefore, very 
little improvement in 
advance rate is obtained by 
increasing the normal force 
beyond the optimum value and 
into the pre-optimum region. 
The reason the advance rate 



>. 
0'> 

~Pre-oPt i mum 
I-- P~st- --.,./ 
I opt, mum 

, I 
I I 
I , 
I I 

Critical 

I I 
I I 

I Optimum 
thrust 

FORWARD THRUST--?> 

FIGURE 1 L - Anticipated variation of cutting coefficient 
with forward thrust, 

19 

is·not expected to decrease 
in the pre-optimum region is 
that it is affected by the 
groove depth, which 
increases (fig. 7), and muck, 
which decreases (fig. 5), in 
this region. 

~ r------------------------------------------------, 

If the value of torque/ 
forward thrust is plotted, 
it is expected to vary as 
shown in figure 11. The 
main difference between 
figures 9 and 10 is in the 
pre-optimum region, where 
the slopes are expected to 
be positive and negative, 
respectively. Although the 
advance rate is expected to 
increase slightly in the 
pre-optimum region (fig. 9), 
the relative benefit of 
increased thrust in this 
region is expected to 
decrease (fig. 11). 
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To optimize the forward 
thrust, first the boring 
machine is driven forward 
with a variety of forward 
thrust settings, including 
the value believed to be the 
optimum. For each of these 
cases either the advance 
rate or the average torque 
of the machine is determined. o 

I- FORWARD THRUST---7 

FIGURE 12, - Anticipated variation of specific energy 
with forward thrust, 

The results of this 
study indicate that, for a 
given boring machine operat-
iug in marble anti l-imestone 

formations, the optimum thrust will be lower in limestone than in marble. A 
boring machine operating in granite and quartzite should preferably have 
smaller spacing between the cutters, otherwise extremely high normal forces 
will be required to attain optimum conditions. The results of this study show 
that although the optimum thrust levels for quartzite and granite will be simi­
lar, the optimum thrust for quartzite will be slightly higher than that for 
granite. 

The forward thrust corresponding to the optimum advance rate and torque 
should be used to obtain optimum performance of the machine. If possible, the 
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thrust should be set such that cutters operate at the optimum spacing. Other­
wise, they should operate in the post-optimum region. The observations made 
during the course of this study have shown that operation in pre-optimum 
region will subject the cutter assemblies to unusually high lateral forces. 

If the machine operates in very hard rock or with large spacing between 
cutters, the advance rate might continue to increase with increasing forward 
force and yet never reach the optimum force depicted in figure 10. For such a 
condition, the most desirable results will obviously be obtained by setting 
the forward force to maximum thrust based on maximum allowable load per cutter. 

The ratio of torque to advance rate is believed to be. proportional to the 
value of specific energy (fig. 6), because torque corresponds to the cutting 
force and advance rate corresponds to muck weight and groove depth. Therefore, 
if values of torque and advance rate are available, the variation of their 
ratio with forward thrust will follow the pattern shown in figure 12, from 
which the values of optimum and critical thrust can be determined. 

Monitoring the torque and advance rate can also be used as an aid for 
detecting changes in rock strength and changes in cutter tip conditions. The 
results of this study have shown that for the same normal force, the cutting 
coefficient is higher for more cuttable rocks. Since cutting coefficient is 
represented by the torque on the boring machine, an abrupt change in torque 
will indicate a change in rock type, rock strength, or a mechanical failure 
such as a bearing failure. A gradual decrease in the value of torque or 
advance rate, while the rock type and rock strength is the same, will indicate 
a degradation in the cutting capability of the cutters and an inspection of 
the cutterhead may be in order. 

CONCLUSIONS 

Laboratory groove cutting experiments in marble, limestone, granite, and 
quartzite have demonstrated that all these rock types possess optimum and crit­
ical values for the spacing of neighboring grooves. The values of optimum and 
critical spacing can be obtained from determination of variation of muck 
weight, specific energy, groove depth, and cutting coefficient with groove 
spacing. The value of unconfined compressive strength can be used to predict 
some of the cutting characteristics of independent grooves. To predict cut­
ting characteristics of rocks in their interacting regions of groove spacing, 
however, a set of physical properties will be required. The value of Shore 
hardness, coefficient of rock strength, and torsional velocity correlate 
more closely with cutting characteristics than other physical properties 
tested. Extensive experimerrt-ation is required to define- the va-rious cutting 
characteristics of rocks accurately as a function of their strength indices 
and cutting conditions. 

The results obtained and observations made during the course of this 
study were used to construct guidelines for the optimal usage of tunnel boring 
machines. Implementation of these guidelines is expected to encourage design 
of cutterheads of boring machines that will operate in the post-optimum thrust 
region with near-optimum spacing for that machine's specific operating 
conditions. 
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