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ABSTRACT
The Yucca Mountain in Nye county, Nevada is the only site 

currently designated for a potential geological repository for 
storing high level nuclear waste. Site characterization 
efforts are presently underway by the Department of Energy to 
determine the suitability of this site for hosting a nuclear 
waste repository.

The current plans for the construction of the required 
underground openings for the Experimental Study Facility (ESF) 
and the potential repository call for extensive use of various 
types of mechanical excavators. In particular, tunnel boring 
machines will be used to construct the main access ramps to the 
proposed repository horizon, as well as the large number of 
drifts required for site characterization.

To develop accurate and reliable performance and cost 
estimates for the proposed TBM use, an extensive laboratory 
test program was carried out to evaluate the mechanical 
cuttability of welded tuff formations to be encountered at 
Yucca Mountain. This included laboratory linear cutting tests 
with disc roller cutters in samples of welded tuff obtained 
from the proposed repository site. In addition, physical 
property measurements were performed to characterize the basic 
properties of the test samples used in cutting tests.

The analysis and evaluation of test results have shown 
that the welded tuff formations present at Yucca Mountain can
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be efficiently excavated with state-of-the-art TBMs at rela
tively high rates of advance with highly favorable economics. 
It was also found that welded tuff requires deep cutter 
penetrations for efficient chipping. Otherwise, an extensive 
crushing of the rock with a resultant degradation of boring 
performance and increased cutter costs is bound to occur.

A theoretical analysis of rock cutting was conducted to 
develop a mathematical model for estimating the performance of 
constant-cross section disc cutters which were used in labora
tory cutting tests. The model was derived based on the as
sumption of tensile rock failure between adjacent cutting 
paths. Overall, a good correlation was obtained between the 
predicted and measured cutter forces.

Based on the laboratory test results and the theoretical 
analysis, optimal cutterhead design guidelines were developed 
for a 7.5 m (25 ft) diameter TBM to be used in the construction 
of the ESF access ramps. This included cutter type and geome
try, cutter layout pattern, cutterhead profile, face shielding 
and bucket positioning. Performance estimates, utilization 
factors and excavation costs were then developed for the 
optimally designed TBM. It was estimated that the 25 ft. TBM 
operating in welded tuff can achieve an instantaneous penetra
tion rate of 12.7 ft/hr at an average cutter cost of $4.23 per 
cubic yard of material excavated

A parametric cost model was also developed to provide an 
estimate of the costs of tunnel boring operation.
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1. INTRODUCTION
Growing concerns of mankind for the protection of the 

nature, have caused an intensive movement toward cleaning and 
safekeeping of the environment. One of the major issues is 
the reduction of the amount of toxic materials introduced into 
the environment. In the past, these substances have been 
disposed off in different ways. Until recently, one of the 
accepted means of disposal was burying the material in 
abandoned underground mines ; but these methods are no longer 
considered acceptable at a time of great public concern over 
the environmental safety. This has mandated a comprehensive 
review of the toxic waste problem in order to explore the best 
possible solution by employing all available technologies. As 
a result of ongoing efforts in evaluating the geo-mechanical, 
thermal, chemical, hydrological, and mechanical properties of 
rock masses, a better understanding of the rock-waste 
interaction has developed to ensure safe, long-term contain
ment of harmful substances. This understanding is leading to 
the development of effective guidelines and techniques to 
accommodate the safe disposal of these wastes.

Disposal of high level nuclear waste is perhaps the most 
difficult task in comparison to some other types of waste. 
This is due to the radiation hazards of these types of 
materials. As a result, these materials not only need to be 
completely isolated from exposure to accessible environment.
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proper shielding is also required to prevent emission of 
hazardous radiation, as well. At present, the high-level 
nuclear wastes, mainly the spent fuel rods from nuclear 
reactors, are being stored in water basin facilities or in dry 
casks at the nuclear reactors or at other sites. Associated 
costs of extensive maintenance and monitoring activities which 
inherently accompany the surface storage are very high. 
Meanwhile, there are potential health, safety, and environmen
tal risks attendant to storing nuclear waste in relatively 
accessible locations.

Extensive studies have been carried out to date to 
develop safe means of disposal for nuclear waste. These 
studies have determined that a mined geological repository is 
the preferred means of disposal. Subseabed disposal, emplace
ment in very deep holes, disposal in melted rock, interment in 
island-based geologic repositories or in ice sheets, injection 
into deep wells, disposal in space, and indefinite surface 
storage, as well as the transmutation waste from treatment are 
examples of some other methods. Mostly, these methods are not 
technically or economically feasible. In addition, there are 
some higher degree of risks, uncertainties, and unknowns 
associated with these methods than a simple mined geological 
repository.

Disposing of nuclear waste in a geologic repository is 
considered to be technically feasible and environmentally
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sound. The principal role of a repository system is to 
isolate the waste from the environment for a long period into 
the future. Therefore, the prime objective for repository 
system is to limit any radionuclide release to the accessible 
environment, within levels determined to be safe. This can be 
achieved by retarding the process of radionuclide transfer 
into the environment. Burying nuclear waste in a mined area 
underground prevents the exposure of these material to the 
biological environment. The main concern is the potential 
transportation of the radionuclides by the groundwater.

A great deal of attention is placed on minimizing the 
potential ground disturbance and damage during the construc
tion of the potential repository. The purpose is to prevent 
or minimize the risk of any leakage of radioactive material 
into the accessible environment. Therefore, the use of 
mechanical excavation is being given serious consideration for 
the construction of the Experimental Study Facility and the 
proposed Yucca Mountain repository.

Various alternative design studies presently underway are 
evaluating a series of mechanized excavation options, 
including the extensive use of Tunnel Boring Machines (TBM's) 
for the construction of ramps, drifts, and haulage ways. 
Raise drills and large diameter shaft borers are being 
considered for sinking of access, service and ventilation 
shafts. Partial-face mobile mining machines, such as
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roadheaders, may also be utilized to construct the necessary 
crosscuts, enlarge existing openings, or perform scaling and 
final shaping tasks. Overall, mechanized construction of the 
repository will likely involve a suite of machinery designed 
specifically to accomplish all required construction works in 
an efficient and timely manner.

Given the unique, long-term performance requirements of 
the waste repository, the potential application of mechanical 
excavators assumes a greater importance from a stand point of 
minimizing ground disturbance to ensure maximum retainment of 
the natural barrier. As opposed to drill and blast, mechani
cal rock excavation results in little or no damage to 
excavation walls, with most construction related fracturing 
being limited to a fraction of an inch into the surrounding 
rock. This means reduced ground support requirements and 
significantly enhanced stability of the openings, an issue of 
major importance during the waste emplacement and caretaker 
periods of the repository operation.

Minimal ground damage and formation disturbance during 
site characterization and construction also means improved 
post-closure sealing performance. With smooth walls and very 
shallow fracture propagation, bored tunnels should increase 
sealing effectiveness dramatically in comparison to drill and 
blast excavation.

Mechanical excavation offers other benefits that are



T-4139 5

particularly suited to meeting the established licensing and 
performance requirements of the repository. First, mechanical 
excavators can be designed to not generate or introduce any 
contaminating gases or fluids into the formation during 
operation. Drill and blast construction will most likely 
cause contamination, which might adversely impact the accuracy 
of geochemical and hydrological investigations during site 
characterization efforts. Second, the necessary geologic 
information to determine site suitability for licensing can be 
gained faster with mechanical excavators because of their 
potential to achieve high rates of advance. Further, the 
welded tuff formations present at the proposed repository 
horizon have properties and geologic features which makes them 
highly conductive to efficient excavation by mechanical means. 
In particular, their brittle behavior should considerably 
enhance the mechanical cutting efficiency, meaning easier 
excavation than the compressive strength of the formation 
would indicate.

To minimize the risk and ensure optimum performance, 
mechanical excavators are custom designed for the particular 
rock and ground conditions to be encountered, while paying 
close attention to the unique requirements of each project. 
This approach dictates careful study and assessment of rock 
properties and geology in order to develop the most appropri
ate design and to generate reliable performance estimates.
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This is an extremely critical aspect of machine boring, as any 
deviation from this approach usually invites serious difficul
ties during the course of the project. Thus, it is essential 
that the necessary exploration, design optimization, and 
performance prediction investigations to be carried out prior 
to implementation of mechanical excavation techniques.

Obviously, due to the highly variable and unpredictable 
nature of the underground environment, it may prove infeasible 
to have pre-knowledge of all potential problems unless 
exorbitant amount of effort and resources are committed to the 
exploration, site characterization, and testing program. Even 
then, actual ground conditions are not fully known until 
excavation commences. The prudent approach is to conduct as 
much preconstruction investigations as possible, and use the 
best engineering judgement to prepare for the worst case 
scenario.

The layout of the underground openings for site charac
terization purposes is to be finalized in accordance with the 
data and information currently collected from the field. 
However, use of Tunnel Boring Machines (TBM) and other types 
of mechanical excavators for construction of these excavations 
is almost accepted. Primary studies of the geology and the 
ground conditions of the potential site have shown that 
mechanical excavation is applicable and the most suited method 
for construction of the proposed underground facilities.
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In order to make an estimate on the performance and 
advance rate of TBM in the potential repository, a series of 
tests and studies were conducted. A full range of tests, 
including physical property and linear cutting tests were 
performed on samples of welded tuff from the Yucca Mountain 
site. These tests are part of a research program which covers 
boreability evaluation, machine design, performance assess
ments, and related recommendations for proposed repository 
construction. Data and information used in this thesis work 
were obtained from these tests.

Since laboratory cuttability testing of all the rock 
types to be encountered during the construction of the 
proposed repository is not practical, a theoretical model of 
the cutting process is required to provide an estimate of the 
cutting behavior and force requirements of different rock 
types and ground conditions. This model will allow the 
project engineers to use the results of rock physical property 
tests, along with cutting parameters to estimate the cutting 
forces. The later information can be used in the design of 
the optimum TBM and to develop predictions for advance rates 
and excavation costs.
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2. OBJECTIVES OF RESEARCH.
In order to take full advantage of the benefits offered 

by mechanical excavators, machine design needs to be matched 
to the rock and ground conditions to be encountered. This 
requires that the machine design, and the mode of operation be 
optimized to achieve high rates of production at the lowest 
possible costs. Providing a reliable and accurate estimate of 
machine performance is one of the first steps in determining 
the technical and economic feasibility of applying any 
mechanical excavator to an underground construction project.

Full-scale laboratory testing of rock is a reliable means 
of determining these operating parameters, at the actual 
cutting geometry, and with the actual cutters to be used in 
the field. One of the most widely used testing apparatus for 
this application is the linear cutting machine. This machine 
allows measuring the cutting forces acting on the cutter 
during excavation of rock in a linear cut. It is capable of 
closely simulating the cutting action of cutters on a TBM. 
Data collected from this test, can be used to produce accurate 
estimates of field TBM performance in terms of production 
rates and costs. The test can also be used to develop machine 
performance guidelines to allow optimal design for achieving 
highest feasible production.

Theoretical models of the cutting process have also been 
developed to provide estimates of TBM performance. In these
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models, the rock's physical and mechanical properties coupled 
with cutting geometry are used to approximate the rock cutting 
forces. Having determined the individual cutter force, the 
expected machine performance can be estimated in a given rock 
type.

Mechanical excavators, particularly TBMs are to be 
applied in the construction of the underground facilities for 
a potential nuclear waste repository at Yucca Mountain. This 
thesis contains a review of the performance assessment for TBM 
application to this project. This includes a testing program, 
theoretical modeling, design optimization, performance 
evaluation, and economic assessment of the TBM operation for 
the construction of underground openings for the ESF and the 
potential repository. The main objectives of this research 
were as follows :

Investigating the interaction between present-day 
cutters and Yucca Mountain welded tuffs in response to changes 
in cutter geometry, spacing, and penetration. Also evaluation 
of the cutting forces and their relationship to the above 
mentioned parameters.

- Determining the best combination of cutting parameters 
to provide optimum results in TBM advance rate using minimum 
specific energy requirement as guidance. This is referred to 
as the most efficient cutting performance which is achieved by 
optimizing the cutting geometry.
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Developing a theoretical model of the cutting process 
to estimate the forces acting on a disc cutter for a given 
cutting geometry and rock type.

Developing guidelines for the optimum design and 
performance of TBMs for the construction of the ESF and the 
potential repository. This includes such design parameter as 
cutter type, spacing, penetration, layout, machine thrust, 
torque, and power requirements, and special machine features.

Performance assessment of the optimally designed 
machine on the basis of information obtained from laboratory 
testing and theoretical modelling.

- Economic evaluation of TBM use in the construction of 
the ramps and main drifts.

These objectives were attained through a comprehensive 
laboratory test program which consisted of a series of 
physical property and linear cutting tests. In addition, a 
theoretical analysis of rock failure with constant cross 
section cutters was performed with the objective of developing 
a mathematical model to relate disc cutting performance to 
cutting geometry and various rock properties.
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3. DESCRIPTION OF THE YUCCA MOUNTAIN PROJECT.
3.1. Introduction and overview.

The U.S. Department of Energy (DOE) has been conducting 
a program for siting the U. S ' first geologic repository for 
radioactive waste. The process and the schedule for this 
program were specified in the Nuclear Waste Policy Act of
1982. Yucca Mountain has been under investigation as a
potential site for about 10 years, and in May 1986 DOE 
recommended this site as one of three candidate sites for a 
detailed study. In December 1987 this site was designated for 
characterization as the single candidate site for a geologic 
repository.

The Yucca Mountain site is in Nye County Nevada, about 
100 miles by road north-west of Las Vegas (Fig.3.1) . The site 
lies in the southern part of the Great Basin, an arid region
with linear mountain ranges and intervening valleys. It is
also an area of very little rainfall, high evaporation, sparse 
vegetation, and sparse population. There is a little percola
tion of water downward through the unsaturated rocks. 
Northern Yucca Mountain is about 5000 ft above sea level, and 
the water table lies about 2500 ft below the land surface.

Yucca mountain, as a candidate, is the subject of a 
comprehensive program of studies to determine the suitability 
of this site for a permanent repository. In order for Yucca 
Mountain to be approved by the Nuclear Regulatory Commission,
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the waste package and repository would perform as required. 
This program, known as the "Site Characterization Program", is 
described in a multi-volume document called "Site Character
ization Plan" (SCP) . If this program determines the eligibil
ity of the site to store the waste, then underground develop
ment will be pursued. Waste packages from nuclear power 
plants or defense application can be shipped to the site and, 
in surface facilities, transferred to proper containers to be 
transported underground. Underground facilities will consist 
of an extensive tunnel network in which waste containers are 
placed in drilled holes and backfilled. Solving the nuclear 
waste problem by disposing of nuclear waste underground may 
result in further development of nuclear power plants and some 
other applications which presently are restricted by environ
mental concerns.

3.2. Site Characterization Plan (SCP).
The purpose of site characterization is to obtain the 

information necessary to determine the suitability of this 
site for high level nuclear waste storage. The information to 
be collected will serve to establish whether a repository can 
be constructed and operated without adversely affecting the 
health and safety of the public and whether the waste emplaced 
in the repository will remain isolated from the environment 
for a sufficiently long term.
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Required information includes geologic, geo-engineering, 
hydrologie, geo-mechanical, climatological , seismological, 
and meteorological conditions at the site. Related data are 
obtained both from the surface and underground. Surface tests 
are performed in trenches and boreholes. Special underground 
facilities are to be constructed at the Yucca Mountain site 
and tests are to be conducted in those openings. The basic 
purpose of SCP as a guideline for this program is summarized 
below:

1. To describe the site, the preliminary designs of the 
repository and waste package, and the waste emplacement 
environment in sufficient detail.

2. To identify the issues to be resolved during site 
characterization, including the issue related to site 
suitability ; to present the strategy, and to identify 
the information needed to resolve the issue.

3. To describe general plans for the work needed to 
obtain the information deemed necessary and to resolve 
outstanding issues.

The site characterization plan, however, is to investi
gate repository site properties and might result in disquali
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fying the site, in which case all activities may end. If, 
after this investigation the site is found suitable, then 
further steps will be taken to start development and construc
tion of underground openings. In fact, before any major 
action, approval of higher rank state and federal officials 
must be obtained and proper licensing must be issued.

3.3. Geology and Geoengineering.
The site lies in the southern part of the Great Basin, an 

arid region with linear mountain ranges and intervening 
valleys, with very little rainfall, sparse vegetation and 
sparse population. The average elevation is 5000 ft. above 
sea level. The water table is very deep, lying as much as 
2500 ft. below the land surface. Rock formations are mostly 
tuffs formed by eruption of volcanoes between 8-16 million 
years ago and about 6500 ft. thick. Under subsequent high 
pressure and temperature a rock known as a welded tuff was 
formed. Vitric tuffs are the ones with glassy shards. Some 
of the tuffs are cooled in a single unit with a densely 
fractured center and contain cavities called "lithophysae". 
Air-fall tuffs commonly occur between the ash-flow tuffs ; the 
resulting rock, known as a bedded tuff, is nonwelded. 
Geological studies are conducted to explore the likelihood of 
disruptive phenomena or processes that will occur during the 
period required for waste isolation. The assessment of
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faulting and volcanic activity will provide a basis for 
determining the potential for disruptive tectonic events both 
before and after the closure of a repository.

The source of information is available data on geologic 
history and conditions in the region surrounding the site from 
the 1900's. Since 1977 information about the region and the 
site has been collected specifically for the repository 
program. Until December 1989, more than 180 holes have been 
drilled and more than 20 trenches have been excavated. These 
operations have been done to investigate the geologic 
condition of Yucca Mountain, within about a 6 miles radius of 
the site.

Yucca Mountain is underlain by a sequence of silicic 
volcanic rocks from more than 3000 to about 10,000 ft. thick 
and dipping 5-10° to the east. These rocks consist of the 
type of tuffs described earlier. Fig.3.2., 3.3. 1 show the
geological cross section and the geological column of the rock 
formations at the site, respectively. The repository would be 
constructed in an ash-flow unit called the " Topopah Springs 
Member" which is part of the "Paintbrush Tuff" (Fig.3.2.). 
Topopah Springs is 300 m (1000 ft.) thick, and is the lower
most, thickest, and most extensive member of the Paintbrush. 
It is moderately to densely welded, a diversified tuff, 
consisting of multiple-flow, compound cooling units. One of

1 (After Schwartz 1990.)
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Fig. 3 
site.
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the important characteristics of the ash flow tuffs at Yucca 
Mountain is that they would allow several types of radionuc
lide retardation, specially those of the nonwelded tuffs lying 
above and below the repository horizon.

In this region the development of geologic struc
tures has been complex (Fig.3.2.). The main structure has 
been attributed, in part, to right-lateral faulting along the 
western edge of North America. Western North America lies 
within a broad belt of right lateral movement caused by 
differences in motion between the North American and the 
Pacific crustal plates. Yucca Mountain is a series of north- 
trending structural blocks that have been tilted eastward 
along west-dipping, high-angle normal faults. The underground 
facilities for the proposed repository would be excavated in 
a rock unit dipping eastward at about 5-106 in a relatively 
unfaulted part of one of those structural blocks. The faults 
in Yucca Mountain includes local faults related to the 
formation of calderas and longer faults of the basin and range 
type. For assessing the stability of the site, the major 
faults around the site have been and should be well monitored.

The behavior of a tuff as an engineering material must be 
understood to design, construct, operate, and close a 
repository. Waste emplaced in the ground adds heat and 
radiation to the rock mass ; the temperature would change, and 
hence the state of stress and possibly the distribution and
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flow of moisture. These are major factors in the construction 
and operation of a repository and may affect both short and 
long term performance. The results of laboratory experiments 
show that saturated and dehydrated rock samples have different 
thermal conductivities. This depends on variation in the 
porosity of the rock and the mineral composition.

Hydrology is one of the critical issues impacting the long 
term performance of the repository. This is because hydrologie 
conditions may affect the behavior of the waste package. Also 
the movement of ground water is the principal mechanism for 
transporting radionuclides to the accessible environment. A 
positive aspect of the Yucca Mountain site is its location in 
the unsaturated zone. An extensive investigation program is 
planned in the ESF to study the hydrologie conditions of this 
zone.

Climate changes in the distant future can be important to 
the long-term performance of the repository as they may affect 
hydrologie conditions. The evidence accumulated to date 
suggests that this region has been arid to semiarid during the 
past 2 million years. The existing climate in the vicinity of 
Yucca Mountain is classified as a midlatitude desert climate, 
known by extreme temperatures approaching 120° F during the 
summer months.

3.4. Proposed underground excavation plan.
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Proposed underground works can be divided into two group: 
those for the Experimental Study Facility (ESF2) , and those 
for the permanent repository.

The first group is designed on the basis of the SCP 
conceptual design for the repository and waste package, with 
emphasis on the components that require site characterization 
data. The propose of ESF is to conduct in-situ tests to 
characterize the site and to determine its suitability for 
hosting a nuclear waste repository. Figure 3.4. shows the 
latest design option for the ESF excavation plan. As can be 
seen in this Figure, proposed underground openings for ESF 
include two inclined ramps, connecting surface to the first 
level in the Topopah Springs formation. One of the ramps 
which is identified as TS North Ramp is about 2,150 m (6,480 
ft.) and connects the north portal to the main test area and 
the optional shaft. A 7.5 m (25 ft.) TBM is being considered 
to accomplish the construction. From this ramp, another 4.8 
m (16 ft.) ramp is planned to allow exploration of lower 
layers. This ramp is called CH-North Ramp and is continued to 
the Calico Hill formation. From there, it branches out toward 
the west to the Ghost Dance fault, and to the east, up to 
Imbricate fault zone. Both of these ramps will join the south

2 The ESF stands for Experimental Study Facility which is the 
most recent name for the activities related to the excavation of 
openings for SCP. It used to be called the Exploratory Shaft 
Facility.
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ramps in their level. TS-South Ramp is a 7.5 m (25 ft.) bore 
that starts from the south portal and is continued to the 
potential repository level in the TS members. At this level, 
two branches are planned to be excavated toward the boundary 
from the east and the west side. CH-South Ramp is a 4.8 m 
diameter opening which is to be separated from TS-South ramp 
just above the repository level. This ramp also continues to 
the Calico Hill formation and joins another CH ramp at the 
lower level. Two drifts are to be driven from this ramp, one 
towards the west to explore the Solitaro Canyon fault and the 
other one to intercept the Ghost Dance fault from the east 
side. This layout of the excavations may include an optional 
shaft on the north side. Overall, this scheme is currently 
favored over all other options and is assumed to fully serve 
the purpose of providing an in-situ testing area, and 
exploring the surrounding faults in more detail. All of the 
main ramps are to be excavated by TBM’s and the rest of the 
headings by other mechanical excavators, including mobile- 
miners and roadheaders, as deemed appropriate. The total 
length of bored opening for the main test level is about 
7,900 m(26,300 ft.) and for the lower level, 7,200 m (24,000 
ft.).

The second group of excavations includes the underground 
emplacement facility of the operating repository, after the 
operating license for the site as a nuclear waste repository
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is granted. The current plan is basically a conceptual design 
and may change as data from site characterization are 
collected and more detailed designs are developed. The 
geologic repository will consists of surface facilities, 
underground facilities, and shafts and ramps connecting them 
together (Fig.3.5.). When the repository is prepared for 
permanent closure, seals will be constructed for the shafts, 
ramps, and exploratory boreholes.

The surface facilities are mainly designed to receive 
the waste packages and shipments. The next step is encapsula
tion in waste containers and sealing and preparing them for 
transportation. These containers then would be emplaced in 
disposal rooms. In the present conceptual design, surface 
facilities would be connected to the underground repository 
through a system of ramps and shafts.

Since the latest ESF plans calls for TBM drives of 7.5 m 
(25 ft.) diameter, this figure is used as a basis for the 
assessment of TBM performance for the Yucca Mountain pro
ject .
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\

Fig.3.5. Overview of the Yucca Mountain site facilities.
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4. BACKGROUND AND LITERATURE REVIEW.
Since its introduction only a few decades ago, mechanical 

excavation technology for underground construction has 
experienced significant growth, fast becoming a preferred 
method over drill and blast, even under adverse ground 
conditions. Continual improvements in machine design coupled 
with a better understanding of the factors influencing the 
mechanical cuttability of rock have contributed to faster 
project completion times and lower construction costs. The 
machines have become more versatile with the capability to 
effectively cope with differing ground and rock conditions. 
Earlier problems related to machines being stuck in bad ground 
have largely been resolved by developing new designs to allow 
uninterrupted machine operation in adverse geologic condi
tions. Machine excavation technology has also gained 
significantly from extensive research performed in nearly all 
aspects of rock fragmentation by mechanical means. Theoreti
cal and experimental studies have been helpful in developing 
a better understanding of machine-rock interaction, and 
subsequently have enabled matching machine design to particu
lar ground conditions to achieve optimal performance. In 
addition, several methodologies were devised to produce 
accurate predictions of expected machine performance. 
Machines have become more powerful, and this, combined with 
enhanced cutter head design and more wear resistant, higher
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load capacity cutters, has resulted in a continual increase in 
the attainable rates of advance at lower excavation costs. 
The technology is still improving as more field experience is 
gained, and advancements continue to be realized in cutter 
metallurgy and machine design together with the introduction 
of new exploration techniques to allow more accurate charac
terization of the ground conditions to be encountered.

Since this thesis is concerned with the application of
TBM's in the construction of the ESF and the potential 
repository at Yucca Mountain, mechanical tunneling will be the
main focus of the literature review presented below.

4.1. Historical review.
Ever since man has dealt with rock, it was realized that 

it is a hard task to dig or penetrate the rock. As the 
knowledge about the nature of materials developed, so did the 
methods of rock fragmentation. The introduction of explosives 
was considered a major breakthrough in efforts to devise 
better means of rock breakage. Over a hundred years of 
practice with different explosives have resulted in much 
improvement in this area. But there still are some limita
tions in this field such as the cyclic nature of this method 
and the related problems like the undesirable ground vibra
tions, ground damage and inherent safety hazards brought about 
by handling explosives.
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Mechanical excavation has formed the main focus of the 
efforts that have been devoted to improving rock excavation 
operations since the industrial revolution. Special machines 
equipped with drag bits have been used in coal and other soft 
rock mining operations since about the same time as dynamite 
was introduced. It has been reported that the first TBM was 
made in Italy in 1846 which used precussive drilling for 
cutting slots in hard rock. In 1851 Charles Wilson invented 
a boring machine with disc type cutters for rocks which were 
too hard for other bits. Another machine was built for boring 
the English channel tunnel between England and France in 1865. 
This machine was tested but it was not very successful. The 
John Flower company built another machine in 1881 when Colonel 
Beaumont drove a short tunnel from the English side of the 
channel. During the years, a combination of methods and tools 
were tested. In 1947 Jim Robbins redesigned one of the coal 
borers made by Mckinley manufacturing company when he was 
working as a consultant to a coal company. In 1957 Robbins 
designed a new full face machine as required by a contractor, 
which was equipped with a combination of drag bits and disc 
cutters. However, the machine failed to successfully excavate 
rocks of about 35 Mpa (>5000 psi) in compressive strength.

The disc cutters were first introduced into rock boring 
in 1957 on a Robbins TBM operating in Montreal, Canada. 
Basically, this machine was dressed with drag bits but a
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change was made to disc cutters later in the project. The 
rate of penetration dropped, but because of the time saved in 
changing the drag bits, the machine achieved a higher average 
advance rate of up to 30 m per day. This proved that the disc 
cutters could effectively excavate hard rock and provide 
comparable rates of advance and cost. The successful
introduction and applications of disc cutters on TBM have 
allowed the excavation of harder materials, resulting in a 
wider use of TBMs in underground construction. In parallel 
with TBM development, some other types of mechanical excava
tors have also been developed to fulfill the need of the 
industry to excavate different type, shape and size openings. 
Raise boring machines have been developed to bore raises of 
various angles in different positions. Roadheaders have been 
developed to drive tunnels of different size and shapes in 
softer rock. Shaft boring and drilling machines have been 
developed to provide an alternative to the time consuming and 
difficult task of conventional shaft sinking. Mobile-miners 
have opened a new way of driving rectangular openings in hard 
rock. Recently, a new generation of TBMs has been introduced 
with the capability of making relatively sharp turns, and cope 
with adverse, mixed ground conditions and effectively cut rock 
formations harder than before. Tunnels as big as 12-14 m (35- 
45 ft.) in diameter can also be excavated in one pass or in 
two stages using a pilot bore.
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Growing application of mechanical excavators during the 
last couple of decades proves the effectiveness of these 
machines. Recent improvements and developments in TBM 
technology have provided even wider areas of application with 
continually improving performance records and lower costs.

4.2. Advantages and limitations of TBMs.
A large number of underground excavation projects already 

completed or presently underway have demonstrated the 
advantages of TBMs. Due to continual advancements in machine 
design and performance, the use of TBMs has grown steadily, 
capturing a great share of the underground construction field. 
TBMs offer many advantages over drill and blast excavation 
including the following:

- Improved safety
- Minimal ground disturbance
- No blast vibrations
- Continuous operation
- Conductivity to remote control or full automation
- Higher production rates
- Improved excavation stability
- Uniform muck size
- Reduced ventilation requirements
- Lower excavation costs under favorable condition
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Obviously, TBMs also have certain disadvantages associat
ed with their use, including:

- The circular shape of opening which may not be suitable
for certain applications.
- Flexibility of operation.
- Lack of mobility.
- High capital costs.

However it is believed that with continual design 
improvements, most of the above disadvantages will be 
eliminated in years to come.

4.3. Basic rock cutting theories.
The main objective of this part is to review some of the 

theoretical and experimental research which has been undertak
en to explain the failure mechanism of rock under mechanical 
tools. These studies have been carried out to provide a 
better understanding of this process in order to improve the 
effectiveness of rock cutting systems. The main focus of this 
literature survey will be on the mathematical theories 
developed to model disc cutting action.

The first effort perhaps goes back to mathematical 
modeling of the stress condition in a homogeneous , isotropic 
media under a point load. This so-called "Bussinsque theory" 
was introduced in 1885, and is the stress field solution for
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a point load on a linear elastic half-space. A representation 
of this field was first introduced by Lawn and Swain (1975). 
It shows the components, type, and configuration of the
principal stresses, the tensile (On), the compressive (0 3 3 ),
and o2 2 which is tensile stress below the indentor and 
compressive near the rock surface. Cone cracks are formed by 
On along the O33 trajectories (Fig.4.1.).

Applying the principles of superposition for linear 
elastic fields assists in the determination of the effects of 
two or multiple point loads on the stress field below the 
surface.

Results of these studies have demonstrated that the 
stress condition depends greatly on the distance between the 
points, and the Poisson's ratio. Higher stresses can be 
developed by lower Poisson's ratios, and perhaps by poor
stress conductivity. Increased Poisson's ratio gives 
shallower cracks. Observed fracture propagation has been
found to be in good agreement with the calculated stress 
fields. This suggests that the simultaneous loading of rock 
surface by multiple indentors provides the possibility of 
controlling subsurface crack development. "Hertzian field" 
refers to a spherical rigid body indented into the rock 
(Fig.4.2.).

Applying the rock fracture mechanics calculation, crack 
length can be estimated as (Ranman and Norin 1981):
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Fig.4.1. Two dimensional representation of stress field 
caused by point load (Bussinsque theory).
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Parameters of the median crack configuration. Broken 
lines represent stress contours, heavy line shows 
crack profile, and shading indicate inelastic deforma
tion zone. After Lawn and Swain.

Fig.4.2. A representation of the "Hertzian field".
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where, c= crack length (mm),
F= load (KN),
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r= surface energy (J/m2)
H = hardness ^P^ (GPa) equal to F/area of indentor 
E = Young's modules (Ma), 
a -  rock constant (dimension-less)
/3= Z0/a, and Ze
Z = depth of indentor and high stress zones, and
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"a" = radius of indentor (mm).
Rock hardness "H" corresponds to the drillability of the 

rock. Also "H/E" can be used to predict rock brittleness 
behavior. With a high "H/E" value, median cracks are more 
likely to form, with conical cracks developing as this ratio 
decreases. Lawn et. al (1980) then proposed relationship of 
c^F1 for crack length.

The formation of a zone of crushed and inelastically 
deformed rock beneath the tool has been observed by many 
investigators. Fairhurst and Lacabanne(1956) observed that a 
large crushed zone is produced by a wide angle penetrating 
wedge. Paone & Tandanand (1966) showed that the plastic 
deformation work during penetration varies directly with the 
volume of crushed zone. Hood (1977) used a brittle shear 
failure criterion to explain the crushed zone.

This zone is recognized by discoloration of the minerals. 
The near surface high stress zone is caused by stress 
concentration due to indentor load. This zone has a complex 
non-linear stress problem, which has not yet been completely 
solved. Models introducing a hydrostatic core exerting a 
uniform hydrostatic pressure on the surrounding material have 
been proposed. This inelastic zone is the source of secondary 
stress field which may be responsible for surface chipping. 
The behavior of the crushed zone is the same as rock under 
pressure, especially with high confining pressure, namely
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plastic deformations. However, in brittle rocks this behavior 
is not as significant as other crack propagation means are. 
The recompaction and reconsolidation of this crushed zone 
forms a crescent shaped material which remains in-place after 
unloading of the indentor. This process consumes as apprecia
ble amount of energy. Friction between the rock, crushed 
material and the tool holds this material in place. If by any 
means, this friction could be reduced to allow this material 
to be squeezed out, deeper tool penetrations could be 
achieved. Fracture mechanic models for surface chipping and 
subsurface crack propagation due to this field have also been 
developed. Crack propagation occurs in a high tensile stress 
field caused by indentor loading, or crushed zone. Crack 
initiation occurs in an acute angle to the load axis. As soon 
as the crack is formed, the stress field changes and allows 
the formation of additional cracks. The wedging effect of the 
sharp edge indentor during penetration propagates these 
initial cracks even farther. The type and shape of cracks is 
also controlled by various rock properties, such as grain 
size, shape, mechanical behavior, and the existing fractures 
and cavities. Natural voids, cracks, cleavage planes, grain 
boundaries, and mineral content with different stiffness also 
have some influence on fracture propagation. These factors, 
in general, cause smooth and straight cracks in fine grained 
rocks and undulating, warped cracks in crystalline rocks. The
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secondary cracks are primarily controlled with the new stress 
field configuration and the interaction between initial 
cracks. Force displacement curves of indentation provide an 
indication of the crack initiation by a force reduction on the 
indentor. Also, rock discontinuities have a major impact on 
the fracture propagation in a very different way. They change 
stress configuration in the rock, and truncate crack continu
ity.

Obviously, rocks do not represent the conditions of a 
perfectly elastic medium. Many other factors contribute to 
governing the indentation and the cutting process. Paul and 
Sikarskie (1965) proposed a theoretical model for wedge 
penetration. They introduced a wedge penetration model 
assuming that the forces are transmitted by friction between 
the flanks of the indenter and the rock. This model was later 
modified by Wijk (1982) to cover single penetration, but it 
was generalized to account for interaction between successive 
penetrations. Benjumea and Sikarskie (1969) developed a model 
to include non-isotropic material, and Lündberg (1974) 
considered conical indenters. Ladani (1975) outlined the 
importance of rock ductility (or brittleness) and porosity. 
This refers to inelastic rock behavior due to high pressure 
conditions. Also, porous rocks may experience an irreversible 
deformation and compaction.

Surface chipping, which is a very important issue in
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cutting, has been the subject of a substantial amount of 
research work. Studies of the stress field showed essentially 
no evidence of side chipping by primary stress field. Murer 
and Rinhart (1960) suggested that surface chipping is caused 
by shear failure following the trace of curved shear stress 
trajectories of the point load. Farmer and Glossop (1980) 
argued that surface chipping is due to tensile stress, meaning 
these chips are formed following the interaction between 
cracks from two adjacent cuts. Cheatham and Pittman (1966)pr
oposed a model for wedge indentation including plastic failure 
criterion. Some finite element analysis (Wang and Lehnhoff 
1976) applied to rock indentation showed that elements which 
fail in compression are squeezed into lateral movements, 
causing the formation of surface chips.

There is still considerable difference of opinion and 
debate about the type of failure responsible for chipping. 
Some shear failure surfaces have been observed on rock 
fragments generated from the rock boring process, which 
support the occurrence of a shear type failure. Also, the 
wedging effect of the cutter enforces this type of failure. 
On the other hand, chip size exceeding the penetration or tool 
contact length, so called "over break" tends to indicate a 
tensile failure mechanism.

For disc cutting, Roxborough et al. (1975), and Ozdemir 
et. al (1977) have proposed a model assuming side chipping
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resulting from shear failure. Korbin (1979), introduced a 
model which mainly describes surface chipping with an 
analytical solution using the pressure bulb effect of crushed 
zone.

All shear failure models are based on the Mohr-Coulomb 
failure criterion. Lindqvist (1982) introduced a model for 
tensile chip formation based on bending of the rock between 
two cuts. Tensile failure planes were assumed to follow 
curved paths to the rock surface.

Indexing effects due to successive penetrations is of 
crucial importance in rock cutting, especially in the side 
chipping between neighboring cuts. This subject will be 
discussed later in regard to tool force requirements and the 
efficiency of cutting with disc cutters.

4.4. Disc cutting parameters.
This section presents a review of the previous models 

proposed for the assessment of disc cutting process. There 
has been a considerable amount of work in the area of rock 
breakage with various disc cutters and other mechanical tools. 
The main objective of these efforts has been to correlate the 
force requirements of the cutting with cutter geometry and 
configuration, along with certain rock properties. The 
cutting forces are influenced by the tool geometry, including 
the disc diameter, tip shape, spacing of cuts, depth of
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penetration etc. They are also affected by rock properties, 
such as the compressive and tensile strength, elastic modulus, 
porosity, brittleness behavior, rock discontinuities, etc.

The effect of indexing or spacing on the disc cutting 
force requirements of neighboring cuts was examined by Miller 
(1974) and Ozdemir (1975). They showed that due to the 
increasing amount of rock broken with increased spacing, the 
thrust required increases in a nearly linear fashion with 
wider spacing. They also observed a gradual cessation 
interaction between adjacent cuts at some spacing for a given 
penetration. Beyond this spacing, the cutting forces were 
found to increase in a curvilinear manner.

Similar to normal force, the rolling force, which relates 
to torque on a boring machine, is also affected by the cut 
spacing and penetration. Rolling force increases linearly 
with penetration (Teale 1969, Fish and Barker 1957 ). Also, 
these investigations showed a nearly linear increase in 
rolling forces with increased spacing. The side forces have 
been found to vary between 5 to 20 percent of normal forces.

The disc diameter was found to have a minor effect on the 
cutting forces. Tip geometry, however, has a significant 
effect on disc forces and wear life. The effect of cutting 
radius, i.e distance from center of the cutter head, has been 
studied by some researchers. It was found to have little 
influence on cutting forces, but a major impact on cutter life
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due to different travel distances depending on cutter location 
on the TBM.

Roxborogh (1975) examined the effects of cutting radius 
and concluded that in a tight circular path, the side force is 
oriented outward from the center. Ozdemir et. al. (197 8) 
conducted tests to evaluate the effects of cutting sequence 
and reported little changes in cutting forces with different 
cutting arrangements. This actually refers to cutter layout 
on the cutter head, namely double spiral, star shape, and 
random distribution, etc.

The cutter traverse velocity has been studied in great 
detail in the laboratory. Individual cutters on a TBM have 
various traverse velocities depending on their location on the 
cutter head. The results of these studies have shown that the 
specific energy increases until a traverse velocity of about 
3 m/sec (10 ft/sec) is reached (Haimson and Fairhurst 1970). 
Ozdemir (1975) has reported an increase in cutting forces up 
to 25 cm/sec (10 in/sec). For greater velocities, the cutting 
forces were found to remain essentially the same, becoming 
more or less independent of cutting velocity.

Effect of rock properties and geology on the cutting 
performance has also been studied in great detail. Hustrulid 
(1970), found some correlation between the rock compressive 
strength and the cutting performance. Murhead and Glossop 
(1967) obtained a rather good correlation between the
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compressive strength and specific energy. Rad and Olson (1974) 
also reported a close relationship between specific energy, 
muck volume, and compressive strength in their laboratory 
studies. But, in general, compressive strength was not found 
to be a good indicator of boreability.

Schmidt Hammer tests were proposed by Ross (1970), but 
found to be a poor indicator of boreability. Bruce and 
Morrell (1968) introduced shore scleroscope hardness and rock 
density into a predictor equation. Benjumea and Sikarskie 
(1965) examined effects of bedding plane orientation on 
specific energy and observed doubling of the energy when 
cutting perpendicular to the bedding. Ozdemir (1975) also 
mentioned a significant effect of anisotropy on specific 
energy.

The effect of joints and discontinuities on boreability 
have been studied, but due to the complexity of the subject, 
little success has been achieved to date. Miller (1974) ran 
an extensive program on joint effects. Lowest cutting forces 
were obtained when theoretically introduced weakness planes 
were parallel to the cutting surface. Ozdemir (1975) analyzed 
data from a tunneling project and found the machine advance 
rate to increase with decreasing dip of joints from the tunnel 
face.

In terms of predicting rock boreability, Tarkoy (1975) 
developed an empirical relationship between rock rebound and
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abrasion properties and the TBM rate of penetration. The 
overall quality of this method was shown to be dependent on 
the care used in sampling. Miller (1974) and Roxborogh (1975) 
used a different approach to field boreability predictions as 
they developed theoretically derived predictor equations 
describing the cutting performance. These equations did not 
include the spacing effects, which is a necessary factor for 
their application to field boreability prediction. Some other 
research groups have tried to predict the cutter force 
requirements by analyzing the penetration of a single cutter, 
which again does not account for indexing effects. Morrel and 
Larson employed statistical analysis to predict the trends 
depicted in their experimental data and developed various 
regression equations, including different variables. However, 
the interaction of the variables were, to some extent, 
ignored. Ozdemir and Miller (1978) using different scale of 
rock cutting devices observed the effect of different 
variables on cutting performance. The results of their 
studies have shown an increasing normal force with increasing 
spacing.

The observed behavior is divided to three zones related 
to distinct increase in forces with increases in spacing 
(Fig.4.3.). First zone represents the localized crushing 
around each cut. This zone lacks any chip formation, as 
primary rock breakage is by crushing, resulting in high
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observed behavior
 —  behavior to be predicted
( Vertical = Normal force) -

Spacing of cuts Optimum spacing range
Fig.4.3. Presentation of normal" force requirements Vs.
spacing.
cutting energy consumptions. In the second zone which 
simulates the TBM operation more closely, chipping begins to 
occur. In this zone, chipping of rock between adjacent cuts 
becomes the principle mechanism of rock failure. Also, the 
force requirements in this zone increase linearly with wider 
spacing. The third zone begins when the behavior of normal 
force departs from linearity and increases at a higher rate 
with a unit increase in spacing. This is because the 
interaction of the neighboring cuts, for each cutter pass, 
reduces and eventually ceases. In this case the removal of 
the interlaying material does not occur for each cutter pass
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and ridges begins to form between cuts. It is obvious that 
the larger the spacing, the more the number of passes required 
to cause failure.

If the penetration is kept constant, the same behavior 
can be noticed for the spacing to penetration ratio (S/P). 
Ozdemir and Miller have reported the transition between zone 
II and III occurs at an S/P ratio of 10 to 20.

Specific energy which is defined as the amount of energy 
required to remove a unit volume of rock, has been widely used 
as a measure of cutting efficiency. The goal in any rock 
cutting system is to minimize the specific energy requirements 
in order to achieve the highest production rate with available 
machine power. Specific energy, regardless of the cutter and 
rock type, decreases with an increase in spacing (at a 
constant penetration) up to a certain distance, beyond which, 
it begins to increase. In other words, the plot of the 
specific energy verses spacing shows a minimum at a certain 
distance between the cuts. This spacing is often referred to 
as "optimum spacing". High values of specific energy at the 
lower spacings correspond to high degree of crushing which 
occurs between the closely indexed cuts. The specific energy 
decrease in first part of the curve is due to increase in the 
volume of rock with a little increase in cutting forces. 
Obviously, the force requirements of cutting increases with 
the increase in spacing, but they are not proportional. This
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regime continues until increase in spacing would cause a more 
rapid increase in cutting forces. This occurs when the 
interaction between adjacent cuts begins to cease for each 
pass of the cutter.

Zone IIIZone IIZone

i
Optimum spacing range

Spacing of cuts  ^
Fig.4.4. Specific Energy Vs. spacing to penetration (S/P) 
ratio.

The specific energy is usually expressed as a function of 
the spacing to penetration ratio (S/P). The most efficient 
cutting occurs around an S/P of about 10-20, which is also 
considered optimum geometry for cutting (Fig.4.4.) . Above 
this ratio, the cutting forces increase more rapidly. This 
range of S/P is most commonly referred to as optimum S/P 
ratio. In general, the high optimum S/P ratios correspond to 
hard, brittle rocks. For softer rocks and in particular,
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those exhibiting plastic behavior, the optimum S/P ratio 
becomes closer to 10.

Several types of mathematical functions have been 
proposed to relate spacing to the force requirements. These 
include the following:

- linear relationship F=f(s) = À * S
- linear with a constant value F = A * S + B
- combination of linear in first part (S < S') as above, 

and nonlinear of the form F = A' * Sm + B'. In these equa
tions; "F" is cutter force, "S" is spacing, "S'" is spacing
related to transition zone between zones II and III, and "A,B" 
are constants.
The last one is more relevant to the specific energy results 
for the S/P ratio (Fig.4.5.).

In general, the relationship between the cutter force and 
cutting parameters is based on the chip formation process 
between the cuts. So far, no definitive description of rock 
failure between cuts has been developed to cover all these 
zones. Some of the authors have proposed a tensile type 
failure while others adopted the occurrence of shear type 
failure.

Ozdemir (1978), assuming a shear failure mode, has 
proposed a set of equations to predict the cutting forces for 
V-profile disc cutters. For a given rock type and cutting 
geometry, the following equations were developed :
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Mode 1

Spacing of cut(s)

Mode 2

Spacing of cut(s

Mode 3

s'
Spacing of cut(s)

Three possible modes in which the vertical is assumed to increase with increasing spacing of cuts.

Fig.4.5. Functions representing force-spacing relationship.
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NF - D 2p 2 [4-C + 2t (—  - 2ran-^) ] Tan-%- 3 P 2 2

and

4 t <|>(s  -  2PTan-j)
RF " tcp2 + p (<i> - s m c o * )  ]

where NF = Normal force (lbs)
RF = Rolling force 11

C = Rock uniaxial compressive strength (psi)
r = Rock unconfined shear strength "
D = Cutter diameter (in)
a = Cutter edge angle (degree)
S = Spacing of the cuts (in)
P = Penetration of the cut "
0 = Arccos (R-P)/R

He also modified the developed predictor equations to 
account for cutter wear effects. This resulted in a set of 
equations for predicting the forces on worn cutters featuring 
a toroidal wear surface. Figure 4.6. represents the forces 
acting on a worn disc cutter. The following equations were 
developed for worn cutters :

NF = d 1/2P1/2 [ — Cd + 2t (s-2d) [ y~S:L.I2yCosy ] ]3 (1 -Cosy)2

and d=(2 rp - p2)°* 5
when penetration is smaller than "r ( 1-Sin a/2)11, and for 
penetration higher than that :
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rock surface

Penetration (p)
R

Tip loss (TL)

Fig.4.6 . Configuration of forces acting on a worn V-shape 
disc cutter.

VF - D 1/2pi/ 2 [-jCd + 2 (s-2d) z] 

and d = (p + TL) Tana/2,

(rCos—  + d) (p - T L S i n - i )  + r2 (y - S i n y C o s y )

^ ^ -----------------------

where y is the angle between center of the cutter and rock- 
cutter interface,

r = radius of the worn tip of cutter.
TL = tip loss.
More details on this model are available in the report by 

Ozdemir et al (1978).
The Norwegian Institute of Technology has also developed
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model for disc cutting. This model has been revised several 
times to account for more variables to produce more accurate 
results. This is an empirical model based on previous 
experiences in hard rock tunneling in Europe. It does not 
directly deal with cutting force requirements; rather uses 
data on rock and machine specifications to provide an estimate 
of machine performance. The model uses the following 
information as input :

a. Rock parameters, including fracturing, drillability 
index, and abrasiveness.

b. Machine parameters, consisting of cutter shape and 
size, cutterhead RPM, cutterhead curvature, number of discs on 
the cutterhead, and the installed thrust and power on the 
machine. With these above input parameters, the model then 
produces an estimate of machine advance rate using empirically 
developed relationships.

As is evident, there is still a great deal of controversy 
on the mechanism by which chip formation occurs in mechanical 
rock cutting. Nevertheless, there are some points agreed upon 
by all researchers. The existence of a crushed zone beneath 
cutter is confirmed by all observers. Also, it has been 
accepted that this zone is the means to transfer cutting 
forces to the rock. Crack growth around the crushed zone 
further confirms the role of this zone in breaking the rock. 
These tensile cracks, however, are believed to play the major 
role in forming chips. The argument is whether or not the
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chips are finally formed by these cracks. Observation of some 
shear type failure especially with V-shaped disc cutters, 
suggests a more complex process which may include a combina
tion of these two failure modes. In the case of the CCS 
cutters, geometry of the cutter favors the tensile failure 
mode, since no wedging effect exists. Obviously, more work 
needs to be performed to develop a better understanding of the 
cutting process, the failure mode, and crack interaction 
between the neighboring cuts.

4.5. Cutters types and TBM specifications.
There are two major types of cutters available for 

mechanical excavators. The first type is the drag bits, 
including the plow type and conical shape. The second group 
is the rolling cutters, which are designed to break rock by 
the rolling and the thrusting. This includes the disc 
cutters, and Carbide-insert, and multidisc cutters (Fig.4.7.). 
TCI roller bits are used principally on raise boring machines. 
TBMs almost exclusively use disc cutters which are capable of 
cutting a wide range of rock types from soft to very hard. 
Disc cutters come in different size and tip shapes. The trend 
has been to use bigger and bigger cutters in order to transfer 
higher load in to the rock to increaser attainable penetration 
rates, especially in very hard rocks. Fig.4.8. shows a 
superimposed drawing of V-shape and Constant Cross Section 
disc cutters. This Figure also gives a brief description of
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s m
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Single disc cu tters  w ith  steel d iscs /ca rb id e  insert rows

M u lti-d is c  cu tters  w ith  steel d iscs /ca rb id e  insert rows

C u tte r disc  

Hub
Bearings

Section through a s ing le  disc  
steel cu tte r

Fig.4.7. Different types of rolling cutters.
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the advantages to be gained by using CCS cutters.
Bearing capacity is one of the important factors in the 

selection of disc cutters. Increasing the cutter size has 
allowed an increase in bearing capacity, which means deeper 
cutter penetrations, and fewer cutters on the cutter head.
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Typical cross section thru 
cutter ring used on TBM’s.

Conventional 
Ring Shape

-I
The constant cross-section ring maintains 

relatively the same ring/rock contact area as 
it wears while the conventional ring starts out 
with a small contact area which very quickly 
increases as the ring wears.

In order to obtain a reasonable life from the 
conventional ring it has to be left on the 
machine after the ring/rock contact area 
becomes very wide, therefore penalizing the 
advance rate.

The constant cross-section ring on the 
other hand, maintains an even advance rate 
which is equal to or better than the average for 
the conventional ring — many times with a 
much better life.

Fig. 4.8 . The drawing and comparison of V-shape and CCS 
cutters.
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5. LABORATORY TESTS.
In this section, the laboratory tests performed to 

provide an assessment of the TBM performance in the proposed 
repository horizon material are described. The testing 
program included a set of physical property tests and linear 
cutting tests on samples of welded tuff obtained from the 
proposed repository site. These tests were designed to 
provide strength and cutter force data to develop the guide
lines necessary for the optimal design and performance 
prediction of TBMs operating in the Yucca Mountain welded 
tuffs.
5.1 Samples acquisition.

Rock samples of three occurrences of welded tuff were 
acquired from the proposed repository site at Yucca Mountain. 
The first group was obtained from the east lower quarry at 
Fran Ridge. A total of 43 large rock samples were obtained 
from the site. The second set of samples were from Busted 
Butte. The last set included five large diameter cores 
retrieved from the G-Tuhnel. These samples represent rock 
lithologies assumed to be similar to those of the repository 
horizon. All rock samples were labeled, their dimensions 
measured, and pictures taken recorded on custody forms. Thin 
section pétrographie analysis of samples from each type was 
performed to provide information on mineralogy and the texture 
of the rock. The result are summarized in table 5.1.
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Table.5.1. Results of pétrographie analysis of Yucca Mountain 
samples.
location 
& No. of 
samples

crystal 
frags.

%
Pumice
lapilli
%

Lithic 
frags. 

%
Shards 
& Ash

%
Porosity
%

Fran Ridge 
9

3 8 5 83 2

Busted Butte 4 
3

7 1 1 83 2

G-Tunnel
6

1 0 23 7 54 5

The Fran Ridge and the Busted Butte samples were similar to 
each other, but different from the G-tunnel samples.

5.2. Physical property tests.
A suite of physical properties tests were performed to 

provide data for evaluation of the rock cuttability and for 
mechanical excavator performance prediction. The properties 
measured included: density, uniaxial compressive strength,
splitting tensile strength (Brazilian test), ultrasonic pulse 
velocity, elastic constants, Cerchar abrasivity index, point 
load strength, and punch penetration index.

5.2.1. Test description and procedures.
A. Density.

To calculate density, each finished core was weighed with 
a precision balance scale and its volume was calculated from
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its diameter and length. All the measurements were in accor
dance with ASTM D4543-85 using SI units. Density was then the 
weight in grams divided by the volume in cm3. Note that 
density in SI units was numerically equivalent to specific 
gravity (the ratio between the density of the tuff and density 
of pure water at 4°C). A pure-water density of 62.4 lb/ft3  

has been used to transfer the tuff densities to English units. 
Porosity of the rock can be estimated by measuring empty 
spaces of the rock if needed. This was accomplished by 
estimating the amount of water adsorbed by rock under a 
saturated condition.

B. Uniaxial compressive strength.
Uniaxial compressive strength tests were performed in 

accordance with ASTM D-2938-86. Core samples were sawn to a 
length to diameter ratio of approximately 2  to 1 , and ends 
were ground to within 0.001 inch of parallel. These cores 
were placed in a compression test machine (maximum load 1 . 1 1  

MN, or 250,000 lbs) where the axial load was measured by dial 
pressure gages in the hydraulic system. A preload of 3-4 KN 
(700-1000 lbs) was applied before the load was ramped up at 
approximately 15.3 KN/sec (3450 lbs/s) until failure. The 
major fragments were collected and stored for the Cerchar 
abrasivity tests. Specimen strength was the failure load 
divided by the cross sectional area of the core. For unbiased
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comparison of results, the specimen strength was corrected to 
the equivalent strength of samples with L/D ratio of exactly 
2.0. This was done using the following standard equation:

0.88 + 0.24< — )

where:C = compressive strength of an equivalent L/D=2 
specimen.
Ca= measured compressive strength of the tested 
specimen.

C. Splitting Tensile Strength (Brazilian test).
Core sample preparation for the splitting tensile 

strength was similar to that for uniaxial tests, except that 
the L/D ratios were approximately 0.5. The procedures 
recommended by ASTM D3967-86 were followed. Loading orienta
tions were chosen along core diameter that exhibited a variety 
of angles to the plane of compaction of the tuff. The failure 
load was converted to splitting tensile strength (also known 
as indirect tensile strength) using the equation:

S--2Z-
X L D

where : S = splitting tensile strength,
P = failure load,
L,D = length and diameter of specimen.
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D . Ultrasonic pulse velocities.
Pulse velocities were measured on uniaxial compressive 

strength core samples prior to testing. The instrument setup 
followed the guidelines set forth in ASTM D2845-83, with a 
pulse generator feeding a signal both to a digital oscillo
scope and to a shear wave transducer cemented to the sample. 
The coupling medium was Phenyl-salicylate. After travelling 
through the sample, the signal was received by a second 
transducer, amplified, and fed into the second channel of the 
oscilloscope. The oscilloscope display showed both signals 
simultaneously. Thus the time that had elapsed between the 
original signal pulse and the arrival of the attenuated pulse 
through the rock was readily visible. The arrivals of both P- 
wave and 2 -wave were noted and used to calculate pulse 
velocities. This was accomplished by dividing the travel time 
by the length of the specimen.

E. Elastic constants.
If less than 6 % anisotropy was evident in the travel time 

of the P-waves measured in samples from the same rock, then 
values of the dynamic elastic properties of the rock, namely 
the Young modulus and the Poisson's ratio were determined as 
follows (ASTM D2845-83):

E _ pVa2(3T#2-4V&=)
{ V p 2 - V s 2 )
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and

v _ (vp2-2ys*)
2<vp2-ys2)

Where E = Young Modulus,
Vs, Vp = S and P wave velocity, 
q = sample density, and 
i) = Poisson ' s ratio.

F . Cerchar Abrasivity Index (CAI).
The major fragments remaining after the uniaxial compres

sion tests were retained and used to determine the Cerchar 
Abrasivity Index (CAI). The CAI was determined from the 
abrasion of five metal pins after they each were dragged 
across a freshly broken rock surface under a weight of 7 Kg 
(15 lbs) for a distance of 1 cm (0.4 in.) in one second 
(Fig.5.1.). The pins have a 90° angle cone shaped head and 
are fabricated of heat treated steel with a tensile strength 
of 200 Kg/mm2  (284 ksi). Where there was noticeable planar 
structure in the rock, as in all the welded tuff samples, two 
of the pins were scratched parallel to the structure and three 
were scratched perpendicular to it. After abrasion, each pin 
was examined under a microscope, and the flat area produced in 
this process was identified, and two perpendicular diameters 
of the abraded area on the tip were measured. The average of 
these ten readings, converted to tenth of millimeters, was the 
CAI for the specimen. This index was then used to estimate
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Fig.5.1. Cerchar abrasivity test device and configuration. 
wear life of cutters on TBM in welded tuff.

Rock abrasivity is estimated in several ways, all 
involving the volumetric minéralogie composition of the tuff. 
The basic premise was that the higher the percentage of hard, 
abrasive minerals contained in the rock (particularly quartz), 
the more wear experienced by cutters.

Moreover, a microscopic study of the rock samples is 
always useful. It can provide information about mineral 
content, grain size, cleavage, cracks and lineations, rock 
matrix, and alteration.

The ratio of compressive to tensile strength gives
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another indication of the toughness of the rock fabric. These 
ratios were also calculated and used in developing TBM 
performance estimates for welded tuff.

5.2.2. Test results and analysis.
Table 5.2. contains the summary of test results and the 

statistical manipulation of the data. Three rock types are 
distinguished in the tuff samples and results summarized for 
each in table 5.2.

Also, an additional series of test were run on some 
samples, including the Mohs hardness, point load test, and 
punch penetration test. These tests were run on the samples 
of G-Tunnel and can be used in performance assessments along 
with the other information.

Of the three types of tuff, the Fran Ridge and Busted 
Butte were the most similar to each other petrologically. 
Busted Butte is the strongest one of the three with highest 
Young modulus and CAI and lowest Poisson1s ratio. Hence they 
are considered to be more brittle and abrasive, harder to cut 
and lower in productivity. G-Tunnel rock samples are the 
weakest, and least brittle and abrasive of the three, with 
better cutting properties.
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Table 5.2. Summary of the physical property tests.
Type of : Fran Ridge
Rock Avg. Std.Dev.

Busted Butte 
Avg. Std.Dev.

Tests :
Density 144.9 4.4 144.0 0.8

10900

537

Uniaxial Compressive strength 
( psi ) 15000 6090 20600
Splitting Tensile strength 
( psi.) 2160 452 2490
Ultrasonic wave Velocity
(ft./sec.) 14700 485 14700 203
Average Dynamic elastic properties.
Young modi.
(106 x psi.) 6.33
Poisson's 
ratio
CAI index

0.14
4.39

0.31

0.07
0.61

6.65

0.07
4.48'

Comp, to Tens, 
strength ratio 7.0

0.17

0.04
0.74

8.3

G-Tunnel 
Avg. Std.Dev.

143.5 1.9

15700 7160

1490 316

13800 380

5.46 0.31

0.17 0.02
4.36 0.43

10.6
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5.3. Linear cutting Tests.

5.3.1. Equipment description.
The linear cutting machine used for laboratory cutting 

tests in welded tuff samples consists of the following 
components : the test frame, the hydraulic components, the
cutter and saddle assembly, the rock sample box, and the 
electronic instrumentation (Fig.5.2. a,b).
The Test frame; consists of a large rigid frame that holds the 
cutter and saddle assembly. Under the frame are two round 
hardened steel rails that support and guide the movable sled 
where the rock sample and its confinement box are placed. The 
frame and rails are connected beneath the floor by a large 
frame imbedded in reinforced concrete. Hydraulic actuating 
and positioning cylinders are attached to the frame and the 
sled to allow precision positioning of the sample in relation 
to the cutter.
Hydraulic components control the machine's vertical and 
lateral movements as well as the cutting stroke. The desired 
cutter penetration is controlled by a hydraulic cylinder that 
lowers the cutter and saddle assembly. Metal spacers are 
inserted between the saddle and the main supporting frame, 
after which the hydraulic cylinder is reversed to hold the 
system firmly together. Spacing is set with hydraulic rams on 
the rock box. After each cut, the rock box is moved sideways.
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Fig.5.2.a. Pictures of Linear Cutting test machine.
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Fig.5.2.b. Schematic drawing of linear cutting test machine.
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with the amount of translation corresponding to the desired 
spacing between cuts.

The rock is cut by moving it under the cutter, which is 
stationary, with a servo-controlled horizontal hydraulic 
actuator capable of 32,000 Ibf ( 142 kN) stall force. The LVDT 
used to control data acquisition also monitors the movement of 
the actuator. The electronic controller maintains constant 
cutting speed by comparing the output of the LVDT to that of 
a ramp function generator.
The cutter and saddle assembly consists of a replaceable disc 
cutter ring, a bearing/hub assembly, and a quick-change 
bearing saddle. To replace a cutter, the ring and bearing/hub 
assembly are removed from the quick-change saddle. The cutter 
ring is removed from the bearing/hub assembly, a new ring is 
pressed on the hub, and ring and hub are bolted back onto the 
quick-change saddle.
The steel rock box with rock sample fits on the movable sled 
in the test frame. The box is capable of holding a rock up to 
100 by 90 by 50 cm (38 by 36 by 20 in.). The rock is held in 
the sample box by casting a concrete jacket between the rock 
and box. The steel sample boxes are constructed with a 
tapered cross-section to ensure maximum confinement throughout 
the testing sequence. The taper increases the confinement as 
the cutter bears down on the rock surface, forcing rock and 
concrete into the taper. The confinement is necessary to
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prevent splitting or cracking of the sample and to limit rock 
movement during cutting. Lateral movement of the rock and box 
is accomplished by the lateral positioning ram between the box 
and the sled.
The electronic instrumentation consists of a load cell, signal 
conditioners, analog-to-digital converters, digital-to-analog 
converters, and a computer system. The load cell, designed 
and fabricated at the Earth Mechanics Institute, is placed 
between the linear cutter frame and the cutter saddle. The 
load cell was machined from a single block of high strength 
aluminum, creating a unit where each of the four posts is 
integral with the top and bottom plates. This cell is more 
accurate than non-integrated designs, which tend to lose 
calibration over time. Each post carries an array of eight 
balanced strain gages in full bridge circuits to measure the 
load at that post. Signal output from the load cell, then, 
consists of four channels, one from each post. The four 
outputs are reduced into normal, rolling and side components 
by the data acquisition/reduction software. Strain gage bridge 
circuit power is supplied by four strain gage condition
ers/amplifiers consisting of self-balancing, isolated power 
units with built-in amplifier circuits (Measurements Group, 
Model 2100). The strain gage conditioners/amplifiers supply 
power to the bridge circuits and amplify the return load 
signal to levels appropriate for the data acquisition system
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(plus or minus approximately two volts). The load cell and 
signal conditioner system provides a full range of bridge 
sensitivities. From the signal conditioner, the load signals 
are passed directly to an analog-to-digital converter (ADC, 
Data Translation Model DT2762). The ADC samples the condi
tioned load signals, and the linear variable distance transdu
cer (LVDT), at a rate of 1000 data points per second. It then 
passes these data to the computer.

Calibration of the machine is performed for the test of 
each new cutter and cutter assembly. The force measuring 
system on the linear cutter is calibrated with a precision 
pressure gage mounted on a hydraulic cylinder. The cylinder 
is oriented on the cutter such that the load cell is loaded at 
an angle representative of actual cutting. This angle is 
measured and recorded so that the three-dimensional applied 
force can be resolved into its three mutually orthogonal 
components, the normal, rolling, and side forces. The load 
cell outputs corresponding to the three mutually perpendicular 
force components are recorded and compared to the applied 
loads. The load cell outputs are linear, allowing least 
squares linear regression of the voltages to cutter force. 
Each calibration consists of seven different total loads from 
zero to 160 kN (36,000 Ibf). After a minimum of three 
calibration tests, the calibration factors are calculated and 
entered into the data acquisition/reduction program. The
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calibration procedure incorporates the entire testing and data 
acquisition/analysis system so further data reduction steps 
are not needed.

5.3.2. Sample preparation.
There are two major steps in rock preparation for linear 

cutting test. The first one is casting the rock in rock boxes 
and the second one is conditioning.

Samples are cast in high strength concrete within steel 
rock boxes and allowed to cure. The rock boxes then are 
positioned on the machine sled and attached to the lateral 
indexing hydraulic cylinders. Prior to data acquisition, the 
rock surface is conditioned to steady-state cutting condition 
by making several passes with the cutter. The conditioning 
passes are at the same spacing and penetration as the test 
passes. The conditioning continues until rock surface 
duplicates that found on a TBM face. Then the data window is 
specified by measuring corresponding voltages of LVDT. These 
voltages correspond to the following points ; start of data 
acquisition, start of the concrete, start of the rock, end of 
the rock, and end of data acquisition. The data window is a 
series of data lines each one starting a few inches away from 
rock-concrete interface (axially), and are between two other 
cuts on the rock (laterally) . The first cut from each side of 
the rock-concrete interface is ignored in order to collect
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data only from the cuts surrounded by neighboring cuts within 
the rock. First/last dataline of the data window in each pass 
is the second cut from the interface.

5.3.3. Data acquisition and analysis.
Cutter loads are resolved into three mutually perpendicu

lar components using a four-post load cell, a set of signal 
conditioners, an analog-to-digital converter, and a computer 
for data acquisition and analysis. The raw force data from 
the load cell are analyzed by first calculating the raw load 
on each post of the four-post load cell. From the individual 
forces on the posts, the computer then calculates the normal, 
rolling, and side forces on the cutter. From these, the 
software calculates the normal, rolling (drag), and side force 
for each cut. The values for each cut are then averaged for 
all the cuts in the test. Finally, several parameters are 
calculated from the various test averages : minimum, maximum, 
standard deviations, cutting coefficient, specific energy, and 
peak-to-mean force ratios. A test report is generated by the 
software. The average forces are the sum of the average force 
for each cut divided by the number of cuts. Similarly, the 
average peak forces are the sum of the peak forces for each 
cut divided by the number of cuts. Minimum, maximum forces 
together with standard deviations are calculated from the 
averages of each cut. The specific energy is simply the
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average rolling (drag) force divided by, the spacing multi
plied by the penetration. The cutting coefficient, indicating 
the torque versus thrust requirements, is the average rolling 
(drag) force divided by the average normal force. The peak- 
to-mean force ratios are the average peak force divided by the 
average mean force for each force component.

5.3.4. Cutter Types.
Two commercially available disc cutters were tested in 

order to obtain data representing standard industry practice. 
Both disc cutters were 43 cm (17 in.) in diameter and featured 
a constant cross section profile. Both were manufactured by 
the Robbins Company. One cutter, the "AM-1724" had a blunt 
edge and the other, the "A3O5BÎ", a sharp edge (Fig.5.3.). 
The two disc cutters selected for LCM testing are among the 
most commonly used cutters designed for hard abrasive rock. 
They feature constant cross section edge profile so that the 
cutter performance is not severely degraded as edge wear 
develops. The A30581 cutter has an edge that is approximately 
1.13 cm (0.45in.) thick while the AM1723 cutter has an edge 
that is approximately 1.4 cm (0.54 in.) thick.

5.3.5 Test matrix.
Nine separate tests at all combinations of three cut spacings 
and three penetrations were performed for each of the two
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cutters.
Spacing 3 4 5
Pentrn. in. in. in.
0 . 2  in. X X X
0.3 in. X X X
0.4 in. X X X

Each test consists of several passes with each pass containing 
a number of cuts taken at a fixed cut spacing and the depth of 
penetration.

5.4. Test results and calculations.
Forces acting on the cutter, namely normal force or 

thrust, rolling , and side force, are calculated by statistic
ally manipulating the raw data. Results of the force calcula
tion for each cut are then used to produce the average forces 
required for cutting the rock with the selected spacing and 
penetration. The cutting coefficient and the specific energy 
of cutting are calculated using the force data and geometry of 
cutting.

Appendix A contains summary sheets of the force calcula
tions for the defined cells of the test matrix. Table.5.3. is 
the final result summary of the LC tests. Also Fig.5.4. to 
Fig.5.13 are visual presentation of the data obtained from LC 
tests. This information will later be used to determine 
machine specifications and be compared to those of the 
prediction model.
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In addition, a series of sieve analysis tests were 
performed on the rock cuttings collected from each test. The 
purpose was to determine the size distribution of cuttings. 
Figure 5.14 is a sample of sieve analysis test results.

Regression analyses of the force data summary for the 
test matrix has been performed. The result is linear regres
sion lines that is best fit to the data. Hence, the force 
needed for cutting of Yucca Mountain tuff can be calculated 
through a set of empirical equations derived from statistical 
analysis. These equations have been used in following 
sections in calculation of cutting forces for machine design 
purposes. Therefore, total machine thrust, torque, and power 
requirement for a specific cutter head geometry can be 
determined by applying these equations.
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WELDED TUFF 
17" CCS DISK CUTTER -  A30581

AVERAGE NORMAL FORCE (lbs) (Thousands)

0.2 0.3 0.4
PENETRATION (inches)

H H  3" Spacing iHH 4" Spacing LZL J 5" Spacing

Fig.5.4. Average normal forces for cutter A30581.

WELDED TUFF 
17' CCS DISK CUTTER -  A30581

AVERAGE ROLLING FORCE (lbs)

6000
5000
4000
3000
2000
1000

0.2 0.3 0.4
PENETRATION (inches)

3" Spacing 4“ Spacing L J 5" Spacing

Fig.5.5. Average Rolling force for cutter A30581.
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WELDED TUFF 
17” CCS DISK CUTTER - A30581

AVERAGE SIDE FORCES (lbs)

3000
2500
2000
1500
1000

0.3 0.4
PENETRATION (inches)

5" Spacing 4" Spacing I  I 3" Spacing

Fig.5.6 . Average side forces for cutter A30581.

WELDED TUFF 
17- CCS DISK CUTTER -  A30581

CUTTING COEFFICIENT

0.2 0.3 0.4
PENETRATION (inches)

H ü  3" Spacing ÜÉÜ 4* Spacing L. I 5" Spacing

Fig.5.7. Average Cutting Coefficient for cutter A30581.
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WELDED TUFF 
17" CCS DISK CUTTER - A30581

SPECIFIC ENERGY (hp-hr/cuyd)

0.3 0.4
PENETRATION (inches)

5" Spacing 4" Spacing I 13” Spacing

Fig.5.8 . Specific energy of cutting with cutter A30581.

WELDED TUFF 
17" CCS DISK CUTTER - AM1724

AVERAGE NORMAL FORCE (lbs) (Thousands)

0.3 0.4
PENETRATION (inches)

3* Spacing 4" Spacing 11. J 5* Spacing

Fig.5.9. Average normal forces for cutter AM1723.
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WELDED TUFF 
17" CCS DISK CUTTER - AM1724

AVERAGE ROLLING FORCE (lbs)

7000
6000
5000
4000
3000
2000
1000

0.3 0.4
PENETRATION (inches)

3" Spacing 4" Spacing C I 5" Spacing

Fig.5.10. Average Rolling forces for cutter AM1723.

WELDED TUFF 
17" CCS DISK CUTTER -  AM1724

AVGERAGE SIDE FORCE (lbs)

0.2

/2000

/1500

1000

0.3 0.4
PENETRATION (inches)

5" Spacing 4" Spacing CZJ 3" Spacing

Fig.5.11. Average Side forces for cutter AM1723.
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WELDED TUFF 
17" CCS DISK CUTTER - AM1724

CUTTING COEFFICIENT

0.2 0.3 0.4
PENETRATION (inches)

HH 3" Spacing I H  4 Spacing [T .] 5" Spacing

Fig.5.12. Average cutting coefficients for cutter AM1723

WELDED TUFF 
17" CCS DISK CUTTER - AM1724

SPECIFIC ENERGY (hp-hr/cuyd)

0.3 0.4
PENETRATION (inches)

5" Spacing 4" Spacing C 13" Spacing

Fig.5.13. Average specific energy for cutter AM1723.
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WELDED TUFF 
17" CCS DISK CUTTER -  A30581

PERCENT RETAINED

25.4 19.1 12.7 9 .4 2 3 2 .3 6 2 0 .5 8 9 0

SIZE FRACTION IN MILLIMETERS

SPACING ■ 5 INCHES 

■  PENET • 0.2 E-J PENET • 0.3 □  PENET ■ 0.4

Fig.5.14. Sample of the result from sieve analysis test.

4.4. Discussion of the test results.
This section presents the results from the linear cutting 

tests. The results are the three dimensional forces measured 
during each cut and averaged out for each test. Two set of 
data have already presented. These data are for the tests 
including different cutter spacing and penetration. Measured 
average normal, rolling, and side force plus their peak forces 
is in summary table. The same table also contains the values 
of cutting coefficient and specific energy.

Overall the test results shows that tested rock samples 
have inconsistent cutting characteristics. As noted previous
ly, the force requirement must increase with the increase of
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spacing and penetration of cuts in a consistent fashion. In 
a contradicdom fashion, the forces measured for cutting tuff 
samples are not monotonie and sometimes even decrease with an 
increase in spacing. In general, normal force increases with 
spacing and penetration for both cutters. They show a much 
better correlation with penetration than with spacing. An 
increase in penetration makes an increase in normal force, but 
increase in spacing does not essentially have the same effect. 
For a sharp cutter (A30581) increase in spacing slightly 
increases normal force whereas for a blunt cutter (AMI723) it 
shows a mixed effect. This could be interpreted as cut spacing 
having a small effect on normal forces for welded tuff.

Rolling forces are more consistent and increase with an 
increase of spacing, although some mixed response have been 
noted. Rolling force tends to show a better correlation with 
penetration. Side forces do not follow a specific pattern but 
in general they decrease with increase in spacing and increase 
with increased penetration. Note that side forces act to 
either side of the cutter depending on which side the chipping 
occurs.

Cutting Coefficient (CC), the ratio of rolling to normal 
forces, is high for both cutters due to typically high rolling 
force recorded for cutting tuff. CC values of up to 0.15 and 
0.16 have been recorded for tuff at the higher penetrations. 
This indicates that the torque requirements for an excavator
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using disc cutters will be relatively high. Consequently, a 
TBM for welded tuff may be torque limited during operation 
rather than thrust limited. Since the power requirement of a 
machine is a direct function of torque, the TBM may be power 
limited before it reaches its full thrust capacity. This 
matter should be considered for machine design so as to avoid 
an underpowered machine.

Specific energy decreases with the increase in the 
spacing and penetration. For this project, the effect of 
spacing is more pronounced than the effect of penetration. 
This value indicates the efficiency of the cutting performance 
and when it reaches its minimum value, optimum cutting 
geometry is obtained. As mentioned before, the lowest 
specific energy occur within spacing to penetration ratios 
(S/P) of 10 to 20. The lowest specific energy value recorded 
for both cutters occurred at a spacing of 12.5 cm (5in.) and 
a penetration of 1 cm ( 0. 4in. ) . This corresponds to S/P value 
of 12.5 which is within above mentioned range. An increase in 
spacing significantly reduces the specific energy while 
penetration has mixed effect. Within the spacing range tested 
no minimum in specific energy occurred. This indicates a 
continual decrease in specific energy at wider spacing. Since 
the tests only extended to 12.5 cm (5 in.) spacing, there is 
the possibility that a further decrease in specific energy may 
be achieved by increasing cut spacing beyond 12.5 cm. A
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decrease of specific energy for increased penetration is not 
entirely clear. At 7.5 cm (3 in.) spacing, specific energy 
increases with increasing penetration, while at higher 
spacings it decreases with increased penetration. Comparing 
the two cutters tested, the blunt cutter has a higher specific 
energy figures reflecting higher energy requirements for 
cutting. Specific energy figures are a good indicator of 
efficient cutting. This value can be used to define the 
optimum cutting geometry. For machine design purposes, 
minimum specific energy is used to select cutting geometry. 
Optimum cutter geometry must be within the practical limita
tions of cutters (such as bearing capacity) and cutter head 
layout.

The results of sieve analysis of samples of the rock 
cutting shows that the amount of dust generated during the 
cutting decreases with the increase in spacing and penetra
tion. Since water spray dust suppression may not be allowed 
during site characterization studies, a rock cutting geometry 
that reduces dust generation is desired. Fine rock materials 
is defined as the fraction passing through sieve openings less 
than 0.589 mm (0.023 in.). Some general trend in size of 
material from sieve analysis is noted. In all tests, the bulk 
of the chips are retained in the plus 2.54 cm (1 in.) sieve. 
For disc cutters, as spacing and penetration increases, the 
chip sizes become larger, but the crushing remains relatively
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constant. Thus, the relative amount of dust is reduced as cut 
spacing and penetration is increased. The lowest fines 
production coincides with low specific energy values as 
expected.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF M IE S  
GOLDEN,CO 80401 -
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6. MATHEMATICAL MODELING.
Mathematical modeling of a physical process can be a very 

useful tool in providing some information about the process 
with the least amount of test data. It essentially provides 
the capability to predict the results of a process without 
actually running a large number of tests. Although modeling 
may not produce the same results as in real case, because of 
assumptions made and the simplifications adopted, it still can 
specify the region where best results may be obtained. It can 
also be used as a guide for the planning and performance of 
real tests. Reducing the number of tests means savings in 
time and money which makes modeling very attractive. The same 
rules equally apply in the case of a rock cutting process. 
The mathematical modeling can significantly reduce the 
requirement for carrying out a large number of tests to 
investigate and evaluate the performance of various cutting 
tools and processes in different rock formations. A great 
deal of effort has so far been placed on developing models to 
predict rock boreability, but a model that can accurately 
predict the cutting characteristics of rock has not been 
developed, as yet.
As discussed earlier in literature review, all the models 
developed to date are intended for V-profile disc cutters 
which were in widespread use until the development of the CCS 
cutters. Since the present day TBMs are almost exclusively
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fitted with CCS cutters, this thesis will attempt to develop 
a predictive model for the CCS cutters.

6.1. Mathematical modelling of constant cross section (CCS) 
disc cutters.

As with any modelling effort, certain assumptions are 
applied regarding the mathematical modelling of CCS cutters. 
The rock is assumed to be homogeneous, isotropic, and linearly 
elastic. The cutter indentation into the rock produces a 
crushed zone, the so-called pressure bulb, which provides the 
means for transfer of load into the rock medium (Fig.6.1.).

DECREASING 
PRESSURE AT 
THE SIDESCRUSHED ZONE

PRESSURE  
CORE ------_

TRANSITION
ZONE TENSILE

CRACKS

MEDIAN (VENT) CRACK
Crushed zone pressure configuration under a CCSFig.6.1.

disc.
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HYDROSTATIC PRESSURE UNDER 
CUTTER LOAD.F  /  F

SMALL 
SIDE CHIPS

RADIAL CRACK!

CHIP FORMING

SHORTEST CRACK BETWEEN 
TWO CUTS THAT CAN FORM 
A CHIP.

Fig.6.2. Simplified crushed zone pressure, assuming hydro
static pressure status.

The configuration of this zone is assumed to be circular for 
the purposes of simplification. Since this crushed zone is 
actually a granular medium, pressure distribution in this zone 
follows the rules of granular media. A higher concentration 
of stress is built within a slope from the cutter tip, which 
could be expressed as a pressure core. Departing from this 
central pressure core, the stress intensity drops until it 
reaches the end of pressure bulb at the sides of the cut. For 
ease of calculations, hydrostatic pressure is assumed to exist 
within the crushed zone (Fig.6.2.). Tensile cracks are caused 
by the induced stress in this zone. These cracks are the 
dominant discontinuity surfaces created around this zone.
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Hence, the tensile fracture initiation and propagation is 
assumed to be the principal means of chip formation, and is 
considered to be the major failure mode in this process.

Interaction between the cracks from two adjacent cuts 
guides the propagation of cracks. When one or more cracks 
from adjacent cuts meet, chipping occurs. The length of the 
cracks is a function of the pressure which develops in the 
crushed zone which in turn, is a function of the cutter normal 
force. The cut interaction depends on the angle and extension 
of cracks between neighboring cuts. Since cracks can propa
gate in any direction, in order to form a chip in any angle, 
various crack lengths are needed.

The fracture mechanics approach is considered to produce 
the best estimate on cutter force requirements to induce a 
fracture with certain length. According to established 
fundamentals of fracture mechanics, a fracture will propagate 
until either;

- the stress intensity diminishes to less than the 
tensile strength of the rock, or
- fracture meets a free surface (that can be another 
crack).
This means that chips can be formed in any angle if the 

second condition is satisfied. This can explain the ridge 
formation and the overbreak of the rock under the cutter with 
different levels of force applied. In the case of ridges,
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RIDGE AREA
SMALL 
SIDE CHIPS

/SHORT CRACKS 
CAN’T MEET TO 
FORM A CHIP

RADIAL CRACK 
(TENSILE)

Fig.6.3. Ridge forming due to short crack length in compare
to high spacing distance.

those cracks that are developed outward from cut, would reach 
free surface and form small chips. This leaves the material 
between the cuts almost untouched, meaning that the cracks 
inside the ridge were not able to meet (Fig.6.3.) . The 
process continues until, with higher forces in subsequent 
passes, two of the cracks join together and form a chip. On 
the other hand, when the applied forces are too high, longer 
cracks with inward direction will meet at an angle. Conse
quently , it will produce a thick chip below grade (Fig.6.4.).

For modeling the force requirements for rock boring with 
disc cutters, a pressure distribution as shown in Fig.6.5. is 
assumed to be active along the periphery of the disc.
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RADIAL CRACKS 
(TENSILE) OVERBREAK AREA

CUTTER LOAD

THICKER CHIPS LONGER CRACKS CAN 
MEET IN AN ANGLE 
TO FORN A CHIP

Fig .6.4. Overbreak of the rock under high load or low 
spacing.

Magnitude of pressure in any point is a function of the angle 
<]), and the maximum pressure P' . The value of pressure P' is 
determined by deriving a solution for the crack length of S/2 
in a rock media with certain physical and mechanical proper
ties. This matter will be discussed later. Pressure distri
bution can be divided into three different stages, according 
to rock's physical properties. The first stage is when the 
cutter begins to induce stresses in the rock by rolling over 
the rock surface. In this stage, if the magnitude of stress 
is less than the rock's uniaxial compressive strength, an 
elastic deformation will occur. Rock resistance to the 
rolling action of the cutter is within the elastic behavior of
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RADIAL (TENSILE) 
CRACKS

SPACING
CHIP

CUTTERF LOAD

FREE STRESS! 
SURFACE

MAIN CRACKS FROM 
TWO ADJACENT CUTS 
THAT FORM CHIP.

HYDROSTATIC 
PRESSURE IN THE 
CRUSHED ZONE P'

S2
CRACK INITIATION 

AND FURTHER 
PROPAGATION

MINIMUM CRACK 
LENGTH S /2

Fig. 6.5. Cross section of the cut with a CCS disc cutter used 
for proposed mathematical modeling.

rock. When the stress exceeds the compressive strength of the 
rock, failure occurs marking the beginning of the second 
stage. This stage is the inelastic, irreversible deformation 
of the rock, where crushing initiates. In the third stage, 
crushed zone begins to form and continues to expand, while the 
pressure beneath the cutter increases. A full study and 
evaluation of this hypothesis is not intended here, and the 
real pressure function is still unknown. For the purposes of 
the current study, the pressure is assumed a linear function 
of angle 9, as follows:

P = f (0) = C (1-8/^), 0 < 6  < <|)
where C = T * Pz ,
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<J) = ArcCos (R - p) /R, 
p = penetration.
R = disc radius = D/ 2,
T = thickness of the cutter tip.

Cutter edge

Radius = R R-p

Rock Surface

P= penetn

P* =Max. PressuredF,
Reaction
force

dF, Force elementsdFVF=F,

Fig.6.6. Acting force and pressure configuration along the
disc cutter pass used for normal and rolling force calcula
tion.

In order to determine the cutter normal and rolling 
(horizontal in Fig.6 .6 .) forces, two approaches can be 
followed. One is the momentum equation, and the other one is 
force integration. Utilizing the second one, according to 
Fig.6 .6 ., the following is derived:

dFx = dF * Sin9 d0 , and dFy = dF * Cos6  d6
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where dFx, and dFy are elements of horizontal and normal forces 
respectively, and dF is a force element as :

dF = P * Rd6
Therefore :

4 ♦
Fx ~ f dFx ~ f p SinQdd

and

Fy = JdFy = J pr  CosQdQ

The horizontal force is the result of the above integration, 
as follows:

♦ 4
Fx -  [CR (1  -  ^  ) S inO dO  = CR[ (l -  ) SinQdd

i *  J0 *

hence :

F = [ -4>Cos6 -  S in6  + dCoseî = - ^  (4> -  Sin4>)
V  o <p

Normal force Fy also can be calculated as follows:

♦ ♦
Fv = fcR Cosddd = CRf (l--f) CosddQ

o * Jo *

and

F = CR (OSind + CosQ)î = (l-C o s *)y  q> o <p

Having determined Fx and Fv, the cutting coefficient or the
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Table. 6.1. Contact angle <j>, reaction force angle p, and 
Cutting coefficient for various penetrations.
PEN. in. R-P/R Phi CC P

0.005 0.999 0.034 0 . 0 1 1 0 . 0 1 1

0 . 0 1 0.999 0.049 0.016 0.016
0 . 0 2 0.998 0.069 0.023 0.023
0.05 0.994 0.109 0.036 0.036

0 . 1 0.988 0.154 0.051 0.051
0 . 2 0.976 0.217 0.073 0.072
0.3 0.965 0.266 0.089 0.089
0.4 0.953 0.308 0.103 0.103
0.5 0.941 0.345 0.115 0.115
0 . 6 0.929 0.378 0.127 0.126
0.7 0.918 0.409 0.137 0.136
0 . 8 0.906 0.437 0.147 0.146
0.9 0.894 0.464 0.156 0.155

1 0.882 0.490 0.165 0.163
1 . 1 0.871 0.514 0.173 0.171
1 . 2 0.859 0.538 0.181 0.179
1.3 0.847 0.560 0.189 0.187
1.4 0.835 0.582 0.196 0.194
1.5 0.824 0.603 0.204 0 . 2 0 1

1 . 6 0.812 0.624 0 . 2 1 1 0.208
1.7 0.800 0.644 0.218 0.214
1 . 8 0.788 0.663 0.224 0 . 2 2 1

1.9 0.776 0.682 0.231 0.227
2 0.765 0.700 0.237 0.233
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ratio of rolling to normal force, can be estimated as follows:

F
C u tt in g  C o e fe c ie n t  = —-  = Tanfi

Fy

or

CC = Tanfi = *  ~
1  - Cos*

Resultant force F can be found by the summation of these two 
vectors :

F = Jf * + Fy

The resultant force can also be obtained from direct integra
tion of the pressure distribution function :

f  = f  (4> -  6) æ  = [*6  -<p v <p 2  o 2

As can be seen the resultant force is a function of the 
maximum pressure P', and the penetration of the cutter. 
Table.6.1. and Fig.6.7. present the cutting coefficient as a 
function of penetration for a 42.5 Cm (17 in) disc cutter for 
a linear pressure distribution on the cutter.

If the measured data on the cutting coefficient for the 
two types of disc cutters (from YMP tests) are plotted in the 
same coordinates (Fig.6.8.), it can easily be seen that the 
measured CC data are higher than predicted. The fact that CC 
and the angle of resultant forces, p are higher, means a shift
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Fig.6.8. Measured verses predicted cutting coefficients 
values, from LC. tests on YMP samples.
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of pressure ahead of the cutter. In other words, the proposed 
pressure function should be modified to reflect another type 
of distribution that can better correlate with the measured 
data. For this purpose, "P = C" which represents a constant 
pressure ( uniform pressure), is used to examine the results. 
In this case, the direction of the resultant force is "|3= <|>/2" 
and the cutting coefficient is "Tan (<|)/2) " . As can be seen in 
Fig.6.8. this type of distribution results in a better 
correlation with the measured data.

Basically the pressure function is not clearly defined by 
previous investigations. As the previous models mostly dealt 
with the V-shaped disc cutters, a linear function may provide 
the best fit or the most reasonable assumption. In the case 
of constant cross section disc cutters, however, the measured 
data and field experience has favored other pressure configu
rations along the cutter circumference, such as constant 
pressure.

To find a global solution for the problem, a power
function is assumed for the pressure, as follows:

P = C(a/*)x,
where P = the pressure along the cuter periphery,

a = a slack variable for easing integration (inde
pendent variable of floating angle as in Fig.6.9.) 
x = a number used for power function
C = a constant as mentioned before (Pzx T) .
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Normal
Coordinate*

Cutter edge

Radius = R R-p

Rock Surface

*= penetn
Reaction
force

Fig.6.9. General configuration of pressure distribution along
the cutter circumference.

A new X-Y coordinate system is proposed to help reduce 
the mathematical complexity. The new axes called Xzand Y' are 
shown in Fig.6.9. The results of this operation will produce 
a resultant force in the new coordinate system. The angle 
corresponding to the direction of this force is called y, and 
can be simply translated to resultant force in normal coordi
nates, P, knowing that: p = <|> - y

Considering "x=l" is the same as linear function and 
"x=0" is the constant pressure, it can be can concluded that 
"x" must be between -0.5 and 1. Negative values of "x" 
correspond to higher pressures ahead of the cutter as opposed 
to beneath it.
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The integration of this "P" function should yield an 
answer for the cutting coefficient, as well as the cutter 
forces. Since the variable "x" is still unknown, the resul
tant CC in combination with measured ones could be used to 
find "x". Although x is a function of the cutter shape, and 
the cutting geometry in general, but it also varies with 
various cutter shapes. The value of "x" for a specific cutter 
can be found by performing a regression analysis on measured 
data. Given the range of "x” and assuming the slack variable 
"t = a/^", the vertical and horizontal force elements can be 
defined as follows:

The current configuration of the differential equation, 
as presented above, is considered unsolvable. The solution of 
this function for "x = whole number" already exists, but does 
not apply here. In order to derive a solution for this 
integral, a numerical solution applying Taylor series is used. 
Tyler series for Sin (t) and Cos(t) is as follows:

dF^ = C R tx Cost d t  , dFyj = C R tx S in t  d t

as a result, the forces are :

o o
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4-2 4- &  4-  2 J 3

COS(T) = l--£r + -±r_. .. + (-!)" C2! 4 ! (2n) !

Applying the developed series and multiplying them by tx 
makes a simple function consisting of the powers of t, which 
is simple to integrate. Therefore, the force function changes 
to :

♦
/ f-3+x v - 2 n + l+ x

A
i  + . 2 i + l + x

and

/• _ f-2n+x
Fyl = CR]t* - t2rx+. . . (-1) ” -(jn)- dt

The resultant forces after integration are as follows

<|)2i+*
(2 i+x) (2 i-l) !

and

4 >2il^x
(2 i-l+x) (2 2 -2 ) !

Variable n is a number selected on the basis of accuracy
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required for the answer. Since <|> is a small figure (below 1) 
in these equations, increasing "n" decreases the nominator and 
increases the denominator, which overall reduces the value of 
the individual elements rapidly. This means that the numeri
cal solution would converge to the analytical solution very 
fast. Depending on the insignificant figure designated for 
this calculation, n can be well below 10. Knowing the values 
of Fx, and Fy, the cutting coefficient can be calculated as:

CC -  Tan {fy-Arctan  ( ) )
iV

A computer code written in Fortran-77 was developed to 
calculate the values of cutting coefficient by using the 
derived numerical equations. The code is given in Appendix B . 
This code calculates the cutting coefficient versus the 
penetration rate for different values of "x". There is a good 
correlation between the computed CC and that of analytical 
solution for "x=0" and "x=l" (Fig.6.10).

The designated insignificant figure is IE-10, which 
reflects the narrow margin of fitness. Within the program, 
there is a subroutine that can read a data file consisting of 
penetration rate and cutting coefficient. It then determines 
the square of difference between the numerically calculated 
and the measured CC for a given value of "x” over a range of 
penetrations. Figure.6.10. shows a group of curves correspond
ing to cutting coefficient as a function of penetration for
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0.4

BMI
P

0 *
0 0.5 21.51

PENETRATION- (in.)
—b— P=Ct o P=C —a- X=1
^_X-0 -h-X-0.3 X=0.7

Fig.6.10. Curves representing CC for different values of x.

different values of "x" . The same figure also includes CC for 
linear and constant pressure distribution. Table 6.2. 
contains the calculated CC for different penetration rates and 
"x” values for a 43 cm (17") disc cutter. Results of the 
linear cutting tests on Yucca Mountain rock samples were 
applied to find the closest "x" value that can represent the 
best fit power function for CC. Data obtained from previous 
reports on linear cutting tests using the same cutters were 
also entered into the program to produce the best overall 
estimate for "x". The data acquired from the test of two 
disc cutters on Yucca Mountain samples yields the following 
results :
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For Cutter R-A30581, x = 0.143
For Cutter R-AM1724, x = -0.250
The calculated value for cutter AM1724 suggests that a 

higher pressure exists in front of the cutter rather than 
under it. Comparing these results with those of V shape disc 
cutters implies that an increase in the tip width decreases 
"x" values which result in higher CC values. This is expected 
since with constant cross section disc cutters, major crushing 
occurs in front of the cutter, consuming a greater portion of 
cutting energy. Plotting the CC values for different projects 
yields some interesting results. As can be seen in Fig.6.11., 
in comparison to the calculated ones, some lower values of CC 
are recorded for higher levels of penetration. This suggests 
that an increase in penetration increases values of "x" for 
the same cutter tip geometry. This means lower CC values 
should be expected for high penetration rates than those of 
low penetration levels for the same cutter. Moreover, for the 
AM1724 cutter, which has a wider tip, the CC values are higher 
even with "x=0". This suggests that for wider cutter tips, 
some higher CC values, hence negative "x" values should be 
expected. Consequently, the x value of -0.25 for cutter 
AM1724 can be valid.

For obtaining a rough estimate of the cutting coeffi
cient, a constant pressure distribution appears to be a 
reasonable assumption.
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Fig.6 .11. Plot of measured CC values of different projects 
verses predicted ones.

Hence, the CC can be determined as:
CC = Tan (0/2), 

where 0= ArcCos(R-p)/R,
R=cutter radius, and
p is penetration. The force requirements can be

further analyzed by estimating the P * in the pressure func
tion. As previously noted, this function should be defined 
by using the fracture analysis method. It is assumed that the 
shortest (and hence the least force requirements) crack length 
is S/2 for the two horizontal cracks from neighboring cuts, to 
form a chip. Obviously, the crack lengths can be different
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(one shorter and the other longer), still resulting in 
formation of chip. Since no exact solution exists for this 
problem, a regression analysis is used to provide an estimate 
of the pressure distribution acting on the cutter. The 
pressure is assumed to be a function of cutting geometry and 
rock properties. Parameters related to the cutting geometry 
include the cutter diameter, tip width, spacing and penetra
tion of the cuts. The parameters representing the rock 
properties in this analysis are uniaxial compressive strength, 
and the tensile splitting strength. Although, it was intended 
to include the rock fracture toughness data into the program, 
this was not done since no fracture toughness data were 
available.

For the regression analysis, the measured force data for 
specific cutting geometries were used. Cutting forces as a 
function of crushed zone pressure and other cutting variables 
were discussed earlier. As explained, the normal and rolling 
forces can easily be calculated by using total force and the 
CC value . The total or resultant force acting on the cutter 
(in any coordinate) is calculated as follows :

♦
dFt -CRt xd6  =» Ft =JCRt xd8

o

hence
Where Ft is the total force, a is the angular variable, and 
"x" power of the a in pressure function. Using the C = P'T in
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( f ) x  1 + X  o 1 + x
ÇR = cr-^L

to the equation yields

P'TRfy
1 +x

Several observations can be made by examining this 
equation. First, the tip width, "T", has a proportional 
relationship with the force. Increasing tip width increases 
force requirements for cutting. It also causes an increase in 
CC values which means higher force, torque, and power are 
needed for cutting. The cutter radius "R”, also increases the 
forces acting on the cutter in a linear fashion but its effect 
is offset by the angle "0 ". The other factor is "0", which is 
a function of penetration "p". Cutting forces will linearly 
increase with increasing 0 , but not as a linear function of 
penetration. Another factor in the formula is "x" which 
represents the type of pressure distribution on the contact 
area between the rock and the cutter ring. An increase in tip 
width can decrease the "x" value which in turn reduces the 
denominator and increases the force requirements. This is a 
double effect caused by tip thickness. The last parameter is 
base pressure P 1 that is assumed to be constant for a specific 
rock type and cutting geometry.

Crushed zone pressure values, P' can be calculated back 
from previous equation as:
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= Ft(l+x) 
j?t 4>

Pressure of the crushed zone under the cutter for 
different cutting geometries in various rock types is calcu
lated by using this equation. The resultant pressures were 
contained in a data file along with other information about 
rock properties, plus cutter and cutting geometry. This data 
file is then used to perform a regression analysis of the 
pressure values and the cutting geometry. It should be noted 
that the data from several different laboratory tests were 
used in developing the data base. Appendix C contains the 
information and the data used for this data file. Data from 
linear cutting tests on Yucca Mountain welded tuffs showed a 
large variation due to inconsistent nature and cuttability 
behavior of rock.

The Minitab statistical program version 7.2 on the 
Vax/Vms system, was used for the regression analysis. Some of 
the results of running this program are submitted in Appendix 
D . The program calculates the best fit equation for the 
dependent variable, pressure, as a function of independent 
variables. This program is able to verify the best fit for 
different combinations of variables. The program yields 
predictor equations by running linear regression on the data 
acquired from all of the previous cutting tests. There is a 
criterion for the selection of equations. Those equations that
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use the lowest number of variables with the highest correla
tion coefficient, "R2", are preferred. Amongst the linear 
equations offered by the program, the pressure best correlates 
with the uniaxial compressive strength of rock.

In order to account for the nonlinear relationship
between the variables, different powers of independent 
variables were examined in the analysis. A trial and error 
method was used to find the best power function for different 
parameters. The power values that produced higher correla
tion coefficients, were assumed to offer a better fit to the 
data set. Using the same method, some combinations of 
variables and their power functions were selected. The square 
and the cube of spacing, the square root and square of
uniaxial compressive strength, and the square root and tenth 
root of tensile strength were found to produce a much better 
correlation with the dependent variable. As a single variable 
equation, the square root function of uniaxial strength of 
rock has produced the best correlation (for more details refer 
to Appendix D).

Following are some of the selected equations to predict 
the base crushed zone pressure, p', from cutting variables.
The reason for mentioning these equations is to provide the
opportunity to examine different combinations as suitable. 
Secondly, there are some cases that the values for all of the 
variables are not obtainable, hence the user can make an
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estimate by using available information. The correlation 
coefficient of each equation is presented along with the 
equation.

1. Predictor equation for pressure with one variable:
R2 =52.5% P 1 = -32628 + 521ac°-5

2. Predictor linear equation for pressure with 6  variables: 
P' = 103415 + 4201S - 7.37cJt + 2.48ac - 12584p - 21033T -

11736R 
R2 = 77.9%

3. Predictor equation for pressure with 5 variables:
P' = -7948 - 6 ac + 3922S2 - 566S3 - 18785R + 2199ctc°-5 

R2 = 84.5%

4. Predictor equation for pressure with 6  variables :
P' = 68707 + 7.42<Jc + 4249S1 - 604S3 - 20349T - 15027R -
0. 00014ac2 
R2 = 85.9%

5. Predictor equation for pressure with 7 variables:
P' = 100515 + 12165S + 7.88ctc - 2883lat°-1 - 192S3 - 0.000147ac2 
- 29450T - 13005R 
R2 = 86.5%
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Notations for the variables in all of the equations are 
as follows:

P,= Base point pressure under the disc cutter (psi).
S = spacing of the cuts (in) .
p = Penetration (in).
T = Cutter tip width (in).
R = Cutter radius (in).
Gc= Uniaxial compressive strength of the rock (psi).
ot= Tensile strength of the rock (psi).

The applied units are English units because available 
data was acquired in this system. These equations can easily 
be converted to standard SI units using the conversion factors 
for each variable.

Figures 6.12. through Fig.6 .16. show plots of measured 
versus predicted pressures calculated from the above described 
equations for different cutting data. Also, all of the 
predicted figures for the Pz are listed in Appendix C for
further reference. In order to extend the application of the
current model to worn disc cutters, a relevant tip width "T'" 
can be introduced. As can be seen in the drawings of each 
cutter, there is an angle of convergence from the base of the 
ring to the tip. This angle "a'" varies between 10 to 15 
degrees in constant cross section disc cutters. As the cutter 
wears out, the tip width will increase with the ratio of
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Tan(a/2). As a result, the new cutter tip for a tip loss of 
"w" is: T' = T + w.Tan(a/2)

Replacing this new cutter tip width into the previous 
equations accounts for cutter wear effects. The same approach 
can be used for calculation of forces for a V-shape disc 
cutter. In this case, a value of "effective tip width" can be 
estimated and applied in the same set of formulae. This 
figure can be calculated from the geometry of the cutter. For 
instance, tip width for sharp cutters is a function of 
penetration rate, since the cutter is surrounded by crushed 
material to a certain extent. This function can be represent
ed as a ratio of Tan(a/2), where a is the cutter tip angle. 
For blunt V-shape cutters, the thickness value of "T' = 2r"



T-4139 118

can be a good estimate, where r is the radius of the cutter 
tip roundness. None of these suggested methods of force 
calculation are validated by comparing with actual measured 
data from tests on blunt cutters.

6.2. Comparison of the predicted and measured forces.
Cutting force requirements from two experimental and 

theoretical sources are available. In this section, these two 
data sets are compared. Using the equations mentioned for the 
total force requirement of cutting, the predicted pressure and 
other information are combined for determination of the total 
force requirements.

Figures 6.17. through 6.21. show the plots of the 
theoretically predicted forces versus measured on the LC 
machine for the full size cutting tests along with the 
regression results. In each figure there is a 1:1 line to 
allow comparison of the results. A best fit line which was 
forced to pass through the origin is also included in these 
plots. This line visually presents the divergence between the 
predicted and the measured data. Three of the proposed 
predictors for the pressure have some negative values for a 
sharp cutter in Yucca Mountain tuff. This may be because of 
low uniaxial compressive values encountered in some test 
samples. Overall it appears that the current model is more 
suited for harder rock formation.
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6.3. Force predicted for Yucca Mountain welded tuff.
Force requirements for cutting welded tuff formation at the 

proposed Yucca Mountain repository site were predicted using the 
developed theoretical model. For this purpose, the average 
measured rock physical property, cutter specifications, and the 
cutting geometry used in test matrix have been applied. The 
predicted forces for sharp cutter were very close to the 
measured ones (Fig.6.22). In the case of blunt cutter, the 
predicted forces are slightly higher, but following the same 
trend (Fig.6.23). In both cases equation set #5 produces the 
closest estimate of cutting forces. It is recommended to modify 
the equation constants to reduce the gap between the predicted 
and measured forces according to measured data if available.
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7. TBM DESIGN OPTIMIZATION.
This section presents the parameters for the design and 

performance optimization of the TBMs for the proposed reposi
tory. The design guidelines are for a 7.5 m (25 ft.) TBM 
which is currently the one being considered for the main ramp 
access to the repository horizon. The design optimization is 
based on the data generated from laboratory cutting tests 
discussed in section 5 of this thesis. A conservative design 
criteria has. been applied to account for encountering rock 
types harder than those tested in the laboratory1.

The machine design issues discussed in this section do 
not correspond to full design of the TBM. It rather includes 
the cutterhead design parameters such as cutter type, layout, 
rotational speed, thrust, torque, and power requirements. 
These parameters govern the achievable rates of penetration 
and system economics. In addition, recommendations are 
presented related to back up system and muck haulage.

The main goal in TBM design is to produce the best 
possible performance with the lowest overall costs and time 
for project completion. This involves a trade-off study among 
the parameters, including machine performance and costs. The 
primary cutterhead design parameters include cutter size arid 
geometry, cutter layout, spacing, head shape, rotation speed,

1 As mentioned in section 5 , Busted Butte samples were 
found to be harder than the samples used for linear cutting tests 
which were obtained from Fran Ridge.
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as well as, torque, thrust, and power requirements. The 
objective is to minimize the specific energy of cutting by 
optimizing cutterhead design to achieve highest production 
rates at the lowest possible costs.

7.1. Cutter selection.
Selection of the appropriate cutter size and geometry is 

a key issue in terms of cutterhead design and machine perfor
mance. There are several types and sizes of cutters available 
for hard rock tunnel boring, including multidisc cutters. 
Tungsten Carbide Insert (TCI) discs, single discs, and full 
face roller cutters. The most common type used on present day 
TBMs is the single disc. Each disc cutter features a ring, an 
outer body, a bearing, a shaft assembly, and a mounting 
saddle. The cutter ring is the part which is in contact with 
the rock and performs the actual cutting. Several different 
ring shapes exist, which, in general, can be grouped in two 
main categories ; V-shaped and Constant Cross Section (CCS) 
cutters. V-shaped cutters were the dominant cutter type until 
about a decade ago when the CCS cutters were introduced into 
the market. As noted earlier, the advantage of the CCS 
cutter is that they maintain more or less the same cutter-rock 
contact area as edge wear develops, meaning their performance 
does not decline as rapidly as the V-shape cutters with 
increasing tip loss on the cutter.
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The maximum load that can be applied to a disc is 
governed by the manufacturer's recommended bearing capacity. 
The bearing capacity is determined by the strength of the 
bearing materials and the size of the cutter. The cost of a 
disc cutter bearing is about 8 - 1 0  times the cost of a cutter 
ring. The bearing capacity of the disc cutters has been 
increased over the years from a few tons to almost 30 tons in 
the latest 48 cm (19 in) cutters. High bearing capacities 
mean higher allowable cutter loads and therefore deeper 
penetrations into the rock. Also, cut spacing can be made 
wider due to greater cutter load. This allows for a lesser 
number of cutters on the machine which result in reduced 
cutter costs and higher production rates.

Cutter sizes from 38.5 to 47.5 cm (151 to 19 in) exist 
that can be selected for different purposes. Bigger cutters 
provide for higher bearing capacity and improved wear perfor
mance, resulting in longer life. But they are also more 
difficult to handle and usually consume more time to replace.

As previously mentioned, the cutters used for the testing 
program on Yucca Mountain rock samples were the 43 cm (17 in) 
CCS disc cutters. This is a very common size cutter on the 
present day TBMs. For this project, 43 cm (17 in) CCS cutters 
manufactured by the Robbins Co. (model No. A30581) were 
selected for use on the TBM designed for the welded tuff. 
Figure 7.1. shows the picture and the cross sectional drawing
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Fig.7.1. The picture and cross section of CCS disc cutter 
A3 0581.
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7.2. Cutter layout.
With the development of bigger disc cutters, the industry 

trend has been towards the use of wider cut spacings. As 
discussed previously, wider spacing decreases the specific 
energy requirements as bigger cuttings are produced. It has 
been pointed out by many researchers that forming the pressure 
bulb under the disc cutter by producing a zone of crushed 
material consumes a great deal of energy during cutting. This 
process takes about 80-90% of the total cutting energy, 
whereas chipping requires less than 10-15%. Reducing the 
amount of crushed material under the cutters, and forming 
bigger chips between the cuts contribute to lower total energy 
consumption of cutting. This can be obtained by increasing 
the cut spacing. For effective chip formation, wider cut 
spacings, in turn,need higher cutter forces which means bigger 
cutters. Tests on the Yucca Mountain samples have shown that 
the highest average forces recorded are about 20 tons (40,000 
lbs) which is below the 25 tons (50,000 lbs) recommended load 
rating of the selected cutter. The maximum cutter spacing used 
was 12.5 cm ( 5" ) which also produced the lowest specific 
energy. A penetration value of 1 cm (0.4") is also considered 
for this case. This results in an S/P ratio of 12 which falls 
within the range of S/P ratios that provide optimal perfor
mance. Cutter spacing in the center and gage portion of the 
cutterhead is different from face cutter spacing. In both
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locations, spacing is reduced to cope with the severeness of 
the operation. Center cutter spacing is less since tunnel 
center is always a difficult area to cut due to cutters 
running in a very tight radius. Actual cutter spacing at 
center is usually 40-50% of the spacing for the face cutters. 
Gage cutter spacing is also set narrower than face cutters, as 
gage cutters travel the most distance and take greater abuse 
as they run through the muck pile at the tunnel invert. 
Further, gage cutters are installed at an angle to the face, 
which can result in high side forces, particularly during 
steering corrections and start of a new stroke. To compensate 
for these adverse effects, spacing is decreased to between 2  

to 5 cm ( 1-2" ) in order to reduce the forces acting on the 
cutters.

Once the average cutter spacing is defined, the total 
number of cutters can be calculated as follows :

N = [ 6.D - 38] /S + 19 
where N ; number of cutters,

D ; TBM diameter (Ft.), and 
S ; spacing (in).

Using the above relationship, the 7.5 m (25 ft.) 
machine needs a total of 42 cutters, 19 of which represent the 
center and the gage cutters.

In general, the cutter spacing starts from low values in 
the center and gradually increases to a maximum selected
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spacing. It continues with that value until the gage area, 
where it is again gradually reduced to its minimum value.

7.3. Cutterhead shape.
Cutterhead shapes of domed, flat, and V-shaped have been 

employed on TBMs over the years. Each one of these shapes is 
claimed to offer certain advantages depending on the rock and 
ground conditions. Domed and V-shaped heads are claimed to be 
effective from an ease of steering viewpoint, but they utilize 
more cutters and consequently require more torque. Pilot hole 
and center cutting is a concept that has been tried to 
eliminate some of the problems encountered with center 
cutters. In this concept, the pilot hole is drilled by a 
tricone roller bit which rotates with the cutterhead and makes 
a hole of about 30 cm (12") in diameter. The rest of the 
cutter head is very similar to a standard TBM cutterhead. Low 
rotation speed of the cutter head is not appropriate for the 
roller bit, hence this idea has not been successfully accepted 
by the industry. Also, the unavoidable cutterhead vibrations 
impose high stresses on the tricone bit, resulting in prema
ture failure of the drill pipe.

Flat shaped head with a round gage is by far the most 
common shape used on present day TBMs. The gage radius 
depends on the machine's diameter. For the TBM cutterhead 
designed for this project, the flat face with a round shaped
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R=3.75 m (12.5 Ft.)
D =3-3.3 m (10-11 Ft.)

Tunnel Face

J / -

Gog# geometry, curvature, and cutter cngl#.'

Face Cutter

Utmost Gage Cutter

Tunnel wall

Fig.7.2. Geometry of the tunnel face and gage cutters.

gage was adopted. The cutter head of 7.5 m (25 Ft.) is formed 
by a flat center (from 0 to 3.25 m (11 Ft.)) and a gage area 
with a radius of 45 cm (1.5 Ft.). Therefore, the cutter 

spacing starts to decrease when it reaches the 3 m (10 Ft.) 
radius. The gage cutters are installed on this round edge, 
each one tilted outward at an angle as shown in Fig.7.2. The 
actual angle of the gage cutters to the tunnel axis is listed 
in front of each cutter in Table 7.1. The maximum angle at 
the outermost gage cutter is 65°. It should be noted that the 
penetration of the gage cutters is different from the rest of 

the cutters. Their actual penetration is a function (cosa) of
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Table 7.1. The summary of worksheet developed for calculation of TBM specifications, and machine design parameters.

Guttexhead Diameter in ft.
" radius 

Outer spacing in inch : 
Assumed penetration in inch: 
No. of cutter (Robbins) 
Maximum cutter linear speed 
Cuttexhead rotatn speed RPM 
Cutter Type Robbins:
Cutter diameter in.
Maximum cutter thrast (lbs)

Total Thrust Requirement in Too 7973
25 Total Torque Requirement in M Ft-lbs 1.75

in inch: 150 Cuttexhead Power Required in HP 2130
5 Chead Power for full cutter thrast HP 2615304

0.4 Total Power Required with % 90 (installed)
42 Efficiency HP , 2400 2900

500 FtAnin Total motor power HP 2400 2900
637 Electric power required in KW with assumed

A30581 90 %efficmcy (KW) 2025 2400
17 (HP) 2700 3200

50000 Center of momentum ft, % of R 6.6

Regression equation postants 
F = A + B(S) + C(P)

A= 11600
Normal force B = 1066

C= 60800

52.8O

A* = -586
Rolling force B* = 165

C =  16900

Cerchar abrasivity
index 4.4
Avg.Chtterlife
inlmearft. 1534091

Avg. cutter life
time hr. 74
Avg. cutter change
time hr. 13

c SnacDistance

l1 Sum Norm Rolling SumRoL Momentum Torque Gen. of Power Power Ditance Cutler Cutter Gutter
0.165No Fan. Gen. And p VSpac Force forces ' Force Force of cutter reqircd Gravity required required oftravc life life life Cutting Cocfident

inch deer m m lbs lbs lbs lbs Ft - lbs— Ft-lbs ft % M tim n ft cod Time RPM time hr. calculated from forces
1 ^  3 0 0.4 13 37500 37500 6400 _6400 _  (1600J <1600 03 2 10200 0 2 22 34900 91

measured2 6 0 0.4 3 39100 76600 6700 13100 3400 5000 0.4 3 31800 10 3 13 39300 103 Cutting coefkiexii
3 3 9 0 0.4 3 39100 115700 6700 19800 5000 10000 03 4 63700 10 5 7 43800 115 Experimentally 0.14
4 3 12 0 0.4 3 39100 154800 6700 26500 6700 16700 0.6 5 106300 20 6 5 51100 134
5 3 15 0 0.4 3 39100 193900 6700 33200 8400 25100 0.8 6 159800 30 8 3 63900 167 CC calculated from
6 3 18 0 0.4 33 39700 233600 6800 40000 10200 35300 0.9 7 224700 40 9 2 85200 223 Formula 0.155
7 4 22 0 0.4 4 40200 273800 6800 46800 12500 47800 1 8 304300 60 12 1.4 91300 239
8 4 26 0 0.4 4. 40200 314000 6800 53600 14700 62500 13 10 397900 80 14 121 90600 237
9 4 30 0 0L4 4 40200 354200 6800 60400 17000 79500 13 10 506100 100 16 1.07 89600 235 Advance rate ft/hr 12.73

10 4 34 0 0.4 43 40700 394900 6900 67300 19600 99100 13 12 630900 120 18 1 , 85200 223
11 5 39 0 0.4 5 41300 436200 7000 74300 22800 121900 1.6 13 776000 150 20 1 76700 201 Production rate
12 5 44 0 0.4 5 41300 477500 7000 81300 25700 147600 1.8 14 939600 180 23 1 66700 175 cubic yd/hr 230
13 5 49 0 0.4 5 41300 518800 7000 88300 28600 176200 2 16 1121700 210 26 1 59000 154
14 5 54 0 0.4 5 41300 560100 7000 95300 31500 207700 22 18 1322300 250 28 1 54800 143 Utilization %
15 5 59 0 0.4 5 41300 601400 7000 102300 34400 242100 2.4 19 1541300 290 31 1 49500 130 easel 35
16 5 64 0 0.4 5 41300 642700 7000 109300 37300 279400 23 21 1778700 340 34 1 45100 118 case2 40
17 5 69 0 0.4 5 41300 684000 7000 116300 40300 319700 2.7 22 2035300 390 36 1 42600 112 case 3 45
18 5 74 0 0.4 5 41300 725300 7000 123300 43200 362900 23 23 2310300 440 39 1 39300 103 case 4 50
19 5 79 0 0l4 5 41300 766600 7000 130300 46100 409000 3.1 25 2603800 500 41 1 37400 98 case 5 55
20 5 84 0 0.4 5 41300 807900 7000 137300 49000 458000 33 26 2915700 560 44 1 34900 91
21 5 89 0 0.4 5 41300 849200 7000 144300 51900 509900 33 28 3246100 620 47 1 32600 85 Predicted advance rate Ft/hr
22 5 94 0 0.4 5 41300 890500 7000 151300 54800 564700 3.7 30 3595000 690 49 1 31300 82 ft/hr ft/day
23 5 99 0 0.4 5 41300 931800 7000 158300 57800 622500 3.9 31 3962900 760 52 1 29500 77 case 1 45 108
24 5 104 0 0.4 5 41300 973100 7000 165300 60700 683200 4.1 33 4349400 830 54 1 28400 74 case 2 5.1 122.4
25 5 109 0 0.4 4.9 41100 1014200 7000 172300 63600 746800 43 34 4754300 910 57 1 26900 70 case 3 5.7 1365
26 4.8 113.8 0 0.4 4.6 40800 1055000 6900 179200 65400 812200 43 36 5170600 990 60 1 25600 67 case 4 6.4 1535
27 4.4 1183 0 0.4 43 40400 1095400 6900 186100 68000 880200 4.7 38 5603500 1070 62 1 24700 65 case 5 7 168
28 4 1183 0 0.4 3.9 40000 1135400 6800 192900 67000 947200 4.9 39 6030000 1150 62 1 24700 65
29 3.7 1223 0 0.4 33 39700 1175100 6800 199700 69200 1016400 5.1 41 6470600 1240 64 1 24000 63 Primary cutter cost estimate
30 33 125.9 5 0.4 33 39200 1214300 6700 206400 70300 1086700 53 42 6918100 1320 66 1 23200 61 :S/Cyd $338
31 3 1293 10 0.4 2.9 38600 1252900 6500 212900 70000 1156700 5.4 43 7363800 1410 68 1 22600 59 Total cutter cost estimate
32 2.7 1323 15 0.4 23 37800 1290700 6400 219300 70500 1227200 5.6 45 7812600 1490 69 1 22200 58 @ 20% contingency $433
33 23 134.9 20 0.4 23 36700 1327400 6100 225400 68600 1295800 5.7 46 8249300 1580 71 1 21600 57
34 2 1373 25 0.4 1.9 35700 1363100 5900 231300 67500 1363300 5.9 47 8679000 1660 72 1 21300 56
35 1.8 1393 30 03 1.7 34500 1397600 5500 236800 63800 1427100 6 48 9085200 1740 73 1 21000 55
36 1.6 141 35 03 13 33100 1430700 5200 242000 61100 1488200 6.1 49 9474200 1810 74 1.1 18800 49
37 1.4 142.6 40 03 13 31600 1462300 4800 246800 57000 1545200 63 50 9837000 1880 75 12 17000 45
38 13 144 45 03 1.1 30000 1492300 4400 251200 52800 1598000 6.4 51 10173200 1950 75 12 17000 45
39 1 1453 50 03 1 28300 1520600 3900 255100 47200 1645200 6.4 51 10473600 2000 76 13 15500 41
40 1 1463 55 03 1 26600 1547200 3400 258500 41400 1686600 63 52 10737200 2050 77 1.4 14200 37
41 0.9 148.9 60 03 0.9 24700 1571900 2900 261400 36000a 6.6 53 10966400 2100 78 13 13100 34
42 oaf) 65 03 22700 1594600 2400,) 263800 29900 c 6.6 53 11156700 2130 78 1.8 10900 29
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their angle to the face (see Table 7.1.).
The cutterhead should be designed to allow the use of 

back loading cutters which specifically improve the safety of 
the cutter change operation particularly in bad ground 
conditions. The layout of the cutters on the cutterhead can 
be star shaped or double spiral. The latter provides for 
better balancing of the cutting forces, resulting reduced 
machine vibrations. Thus, a double spiral arrangement is 
preferred for the cutter layout. Overall, the cutterhead 
balance depends on the number, and location of the individual 
cutters. Cutter location should be selected to produce the 
best possible balance on the head in terms of axial, rotation
al , and sideways stability and balance of the cutterhead. 
This basically is a matter of design by machine manufacturers, 
which includes computer modeling and analysis of the forces 
acting on each cutter and the entire cutter head. Vibration 
analysis is also a useful tool for estimating and optimizing 
the cutter head design. These items are not addressed in this 
thesis since they refer to specific design issues.

7.4. Cutterhead speed.
The cutterhead rotational speed is the multiplier to the 

penetration rate which defines the production rates. There 

has been a general trend towards faster cutterhead rotational
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speeds to increase productivity of a given machine with a 
fixed penetration per cutterhead revolution. From a viewpoint 
of boring efficiency, lower rotational speed coupled with a 
high cutter load produces the best results in terms of machine 
performance and cutter cost.

The cutterhead rotational speed is governed by the 
maximum allowable linear velocity of the gage cutters. The 
current recommended velocity for gage cutters is around 165 
m/sec (550 Ft/sec). Using this as a guide, a gage cutter 
velocity of 150 m (500 ft.) was adopted, resulting in a 
cutterhead speed of 6.34 rpm for 7.5 m (25 ft) machine 
performance estimates in welded tuff.

7.5. Machine thrust, torque, and power requirements.
The total thrust installed on the machine is equal to sum 

of the loads acting on each cutter. For the proposed spacing 
and penetration, the magnitude of individual cutter normal 
force is about 20 tons (40,000 lbs). The bearing capacity of 
the selected cutter is around 25 tons (50,000 lbs), which is 
higher than required. In Table 7.1. the machine design is 
accomplished by using forces calculated form the best fit 
lines to the measured data. A regression analysis on the data 
provides a best fit line for the force as a function of cut 
spacing and penetration. The coefficients for these equations 
are included in Table.7.1. The R2 value for these equations



T-4139 134

are 8 8 % and 93 % for the normal and the rolling forces, 
respectively. The total machine thrust requirements according 
to table 7.1 is about 800 tons (1,760,000 lbs). Using a simple 
calculation for the order of magnitude of total thrust yields :

Total thrust = N x Fn = 42 x 20 = 850 tons (1,970,000 lbs) 
where N = total number of cutters, and

Fn = normal force or thrust applied on each one. 
The maximum allowable thrust on the machine is:

Tm== = N x Fmax = 42 x (25) = 1050 tons
(2,300,000 lbs)

Here, Fmsix is the maximum average normal force placed on 
each cutter which is equal to the bearing capacity. Higher 
thrust capacity is applied in case the rock exhibits more 
difficult boreability characteristics than the one tested. In 
addition, a conservative approach will ensure efficient 
operation in case of unexpected hard formations are encoun
tered .

Torque for each cutter is a function of the rolling force 
and the distance^ from the center of the cutter head. For a

   ^  v./'' < ^

given cutter load and penetration depth, the rolling force can 
be determined by using the cutting coefficient; either 
theoretically calculated or laboratory measured. Assuming 
these machine specifications, a cutting coefficient of 0.13 is
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believed to be an accurate estimate of the ratio of rolling to 
normal force. As a result, a rolling force per cutter of 2.6 
tons (5,200 lbs) or the maximum of 3.25 ton (6,500 lbs) is 
used. It should be mentioned that in the case of gage cutters, 
the real penetration depth is lower than the rest of the 
cutters due to their angle to the face. Thus, a lower rolling 
force is experienced be the gage cutters. The total torque 
requirement of the machine is the sum of the torque required 
for individual cutters. Table 7.1. contains this summation 
for the required torque on the cutterhead.

The cutterhead power requirements are calculated by 
multiplying the total torque by rpm. The installed power on 
the cutter head is higher than that required for cutting to 
account for friction and other losses. An efficiency factor 
of 75% is generally used to account for the mechanical and 
electrical efficiency of the drive system. The number and 
power of the drive motors for the cutterhead can be calculated 
by considering the total power requirements, plus the system 
efficiency. These calculations are performed within a 
worksheet containing all machine specifications. The final 
figures corresponding to machine's power, both in "Horse 
Power" (hp) and in Kilowatt (Kw), are listed in Table 7.1. A 
total required power of 2 1 0 0  hp is believed to be adequate for 
the cutterhead. To account for the system efficiency, another 
300 hp is added to that figure. To provide the required extra
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power for higher advance rates achievable with sharper 
cutters, the recommended installed power becomes 3,200 hp. 
This value is calculated on basis of the maximum available 
bearing capacity of the 43.5 cm (17 in) CCS cutters.

7.6. Bucket design and face shielding.
Effective cleaning of the rock cuttings produced during 

a TBM operation is of crucial importance to boring performance 
and cutter costs. An efficient mucking system should rapidly 
and effectively remove the rock fragments from the face to 
avoid regrinding. Imperfect face cleaning increases cutter 
and bucket wear. The primary problem is the small fragments 
and the fines produced in the crushed zone. In any case, 
material accumulation to a certain extent always occurs in the 
invert because of the gap between the bucket blades and the 
tunnel face. On the other hand, if the bucket blade is 
positioned too close to the face, it may contact the ridges 
formed between the cuts, causing premature wear. Also the 
designer should account for the worn cutters which are smaller 
in diameter and do not produce as high as the new ones. In 
this case, the cutterhead plate and the bucket tips are closer 
to the rock than with new cutters. In order to choose a 
distance between the mucking blades and the rock surface, an
approximate tip loss at the time of cutter change should be
considered. A gap of 1-2 cm (0.5-1") between the rock and the

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MIMES 
GOLDEN, CO 80401
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blades is considered adequate for this purpose. The number of 
buckets is usually a function of the amount of cutting 
produced at the face, and the area available for the bucket 
openings. Adjustments to these variables allow for the 
selection of the shape, size, and finally, the number of 
buckets on the cutter head. This should be performed in such 
a way that the buckets do not interfere with gage cutters and 
the overall cutterhead balance.

Since the TBM considered in this study is of a large 
diameter, ample space exists for mounting the required number 
of buckets. 10-15 buckets can be easily placed between the 
gage cutters with an equal span of 1.5-2 m (5-7 Ft.). Each 
bucket can have an opening to accommodate about 0.05 to 0.10 
m3 (or cyd) of material. This is determined by calculating 
the amount of rock fragments produced for each cutterhead 
revolution. The buckets are discharged by gravity on an 
internal conveyor belt which transfers material to the main 
haulage system.

As the proposed repository level includes ramps that are 
in relatively hard rocks, no shielding is believed to be 
required on the face or on the machine. Meanwhile, since back 
loading cutters are selected for use at the face, it will not 
be totally open and the cutters can provide some forms of 
shielding. This shielding may help in fault zones or blocky 
rock which may be encountered during site investigations.
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Further, all the modern TBMs now have face shielding, which 
does not interfere with TBM production, but it improves 
operation in case adverse ground conditions is encountered.

7.7. Back-up system and transportation.
The back-up system commonly includes transformers, power 

stations, hydraulic pumps, power packs, pump stations, support 
installation equipments, machine supplies and tools, and 
ancillary equipments.

Muck transportation is an important aspect of the back-up 
system, especially during machine operation. Sometimes muck 
removal capacity imposes a limit on the TBM advance rate even 
though the machine is capable of attaining higher rates. 
Since there are no specific muck storage device available at 
the tunnel heading, any interruptions in the transportation 
system can halt the machine operation. Two of the very common 
muck transportation methods are the continuous haulage by 
conveyor belts and the rail haulage. Rubber tire trucks also 
have been used in some cases, but they are not very common and 
their use is generally limited to short tunnels. Conveyors 
provide the capability of continuous haulage for attaining 
high rates of production. The major draw back of conveyors is 
the unit operation of the system, which means, if for any 
reason (maintenance, repair, or break down) one part is off 
the line, the entire operation can be halted. Over the last
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several years, the reliability of the conveyor haulage system 
has improved dramatically and as a result, they are beginning 
to find increasing use in TBM operations. At present, various 
belt conveyor systems with high capacity and easy adaptability 
to various tunnel shape and space are available. These 
systems have proven highly reliable with continually improving 
utilization. They are also able to handle material in grades 
steeper than rail haulage is capable of operating.

The other system, rail haulage, has been the traditional 
means of muck transportation in bored tunnels. This system 
incorporates high versatility and flexibility. Although this 
method is rather labor intensive in comparison to the other 
alternatives, it has a higher utilization factor. The number 
of locomotives and cars is a function of the production rate 
and the haulage distance. To provide uninterrupted boring 
operation, California switches are used to allow empty and 
loaded muck trains to pass each other in the tunnel.

In some tunneling projects rubber tired vehicles have 
been used successfully for muck haulage. They are generally 
suited for large cross sections, with a relative flat inverts. 
This means for TBM application, a flat invert needs to be 
created either by using TBM cuttings or by installing concrete 
floor sections. Further, truck use is restricted to larger 
openings to allow passage of empty and loaded trucks.

The transportation system selected for this project is a
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continuous haulage system using conveyor belt. The rock 
cuttings are discharged into a conveyor from the TBM buckets. 
From this conveyor, the cuttings are transfered to an 
extendable conveyor with a belt storage unit that allows a 
continuous TBM operation for advances of up to 300 m ( 1000 
ft). The extendable conveyor in turn discharges the muck into 
a fixed conveyor for transportation to the tunnel portal. 
After reaching its full length, the extendable conveyor 
storage bin is moved forward while a new section of fixed 
conveyor is added. This process is then repeated throughout 
the whole excavation process. Depending on space and 
maintenance requirements, both the extendable and the fixed 
conveyors can be mounted on the tunnel wall or the crown.

A 90 cm (36 in.) wide belt with a velocity of 2 m/sec 
(400ft/min) can provide adequate transportation capacity for 
this job. Chip size of up to 12 cm (5 in.) with a surcharge 
angle of 15°and a bulk density of 2.3 ton/m3 (138 lbs/ft3) are 
assumed to be the average properties of the TBM muck. These 
conveyors have 2 0 ° angled roller guides under belt which 
produces a loading cross sectional area of 600 cm2  (0.648 Ft2) 
and have a capacity of 466 m 3  (16430 Ft3) per hour. Estimated 
production rate is 230 m 3  of intact rock that will be dis
cussed later. The swell factor applied for the broken rock is 
55% which adds up peak production to 350 m3/hr (11500 Ft3). 
The conveyor capacity is about 35% more than that estimated
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for the machine production rate. More detail about the 
conveyors such as belt tension, power, and drive configuration 
etc. will not be discussed here. Also, arrangement of the 
conveyors and their maintenance etc. is a matter of planning 
that is not an issue here. As a final point, it should be 
noted that even though the muck is to be handled by a conveyor 
belt, at least one set of rail should be installed to 
accommodate transportation of crew and the material. This is 
a standard procedure in practice and is necessary for an 
uninterrupted operation.

7.8. Ground support.
The "Rock Mass Classification" of the Yucca Mountain tuff 

has been developed and presented in previous reports (Langkopf 
and Paul 1986). The two types of classification which were 
evaluated include:

* The Rock Mass Classification of Beiniawski which 
provides RMR index, and known as CSIR.
* The Norwegian Geotechnical Institute classification of 
rock masses, or Q system introduced by Barton, providing 
rock mass quality index of Q.

According to available information, a range of rock masses 
from poor to very good is encountered in both classifications. 
Table.7.2. contains the results of previous investigations and 
classifications. Rock masses are grouped into three catego
ries according to their classification rating. Table.7.3. is
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the summary of the suggested stand up time for each group 
determined by both methods. As can be seen, in the first 
group which includes Topopah Spring units, suggested stand up 
time for the opening (6 . 1  m= 2 0  ft.) is adequate to allow 
support installation behind the face. This value is decreased 
for the opening size of 7.5 m (25 ft), but still is within a 
reasonable range. A relevant roof support for the rock types 
in the repository level and opening paths are suggested. For 
the Topopah Spring units (and group 1) which will be the host 
rock for the repository, support requirement is as follows.

- For the high values of Q or RMR there is no support 
required. There might be some local instabilities that should 
be supported, but no systematic support is believed to be 
needed.

- For the low values of Q or RMR; untensioned, grouted 
rock bolts on a 1 m (3 Ft.) spacing with chain linked mesh and 
shotcrete should be sufficient. A slight possibility of rock 
burst for this category of NGI support system is reported that 
necessitates tensioned rock bolts with enlarged bearing 
plates.

The preliminary support can be installed at the face if 
necessary. Otherwise, they can be installed behind the 
machine. In the later case the support installation can be 
accomplished faster with minimal interruption to machine 
operation. It should be noted that the previous investiga-
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Table 7.2. Summary of rock mass classification for YMP formations.

Group Tuff unit
CSIR system 

Rate/Description
NGI system 

Rate/Description

1

Topopah Srping 48-84 (I to III)/ 
very good to fair

53 - 1.46/ 
very good to poor

Grouse Canyon 43-80 (II to III)/ 
Good to fair rock

34 - 3.1/ 
Good to poor rock

2

Calico Hills 49-71 (II to III)/ 
Good to fair rock

43 - 0.19/ 
Very good- V-poor

Tunnel Bed5 51-69 (II to III)/ 
Good to fair rock

46.5 - 0.24/ 
Very good- V poor

Bullfrog 28-79 (II to IV)/ 
Good to poor rock

6.7 - 0.04/ 
Fair to Extrm.poor

3
Tram 35-79 (II to IV)/ 

Good to poor rock
9.2 - 0.07/ 

Fair to Extrm.poor

Table 7.3. Estimates of unsupported roof-span width and stand-up 
time based on the rock mass classification of the tuff units.
Group Tuff unit

CSIR system 
Stand-up time *

NGI system 
Unsupported roof span

Topopah Srping
1

3 - 930 
(21 - 930 If

2.3 -9.8 
oriented very favorably)

Grouse Canyon 1 - 495 
( 8  - 495)

3.1 - 8.2

Calico Hills
2

Tunnel Bed5

4 - 117 
(26 - 117)
4 - 8 3  

(35 - 83)

1.0 - 0.9 

1.1 - 9.3

Bullfrog
3

Tram

0 - 417 
(0 - 417)
0 - 417

0.6 - 4.3 

0.7 - 4.9
* Days for unsupported roof span of 6.1 m.

After Langkopf and Paul 1986.
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tions (Ehgartner et al. 1988) have shown that in the long term 
repository operation, there should no major problems with the 
roof or the overall rock stability. These analyses are based 
on stability of the openings over long term life of reposito
ry, a period of 50 to 100 years. In these studies, the 
effects of heat radiation on the rock mass have been examined 
and in all of the cases a safety factor well above 1 is 
obtained. Several different methods of analysis including 
finite element, boundary element, analytical solutions and 
related computer codes have been used in these studies.

Table 7.4. is the summary of the machine design parame
ters for this project.

7.9. Special features on the machine.
The general configuration of a hard rock TBM is relative

ly simple in comparison to those for soft ground, mixed face, 
swelling and squeezing ground, or changing ground etc. Since 
the whole project is sensitive to the water and moisture 
content of the underground environment, the excavation 
operations need to be performed with little or no water use. 
This means all required cooling system on the TBM for drive 
motors and hydraulic power packs need to be closed-loop system 
with no discharge into the tunnel. The boring operation 
itself can be performed dry. Since the excavation of welded 
tuff is expected to generate a significant amount of dust and 
no water will be
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allowed for dust suppression, high capacity, effective dust 
scrubbers will be required on the TBM. In any case, some 
water spraying may be required at the conveyor transfer points 
since these are one of the primary source of the airborne dust 
in TBM operations. It is believed that this water will be 
totally absorbed by the muck. Thus, no water should be exposed 
to the tunnel environment.

In order to avoid contamination of the underground 
environment by a foreign substance, a great deal of attention 
should be paid to the lubrication system of the machine. Use 
of automatic lubrication and warning systems is recommended to 
control the oil level in the tanks and oil pressure in 
circulation. The system should be designed to provide 
immediate warning and shutdown in case leaks developed in the 
hydraulic system.

According to the latest ESF underground excavation plan 
described before, there are two major turns at the end of each 
access ramp. The radius of these turns (about 200 m) is 
within the capabilities of current TBM technology. TBM 
designs have also been developed recently to enable turns 
tighter than a 2 0 0  m radius.

Machine design should facilitate easy access to the 
tunnel face and the walls for carrying out the planned 
geological investigations during construction. This may 
require a specially designed cutterhead with a sufficient 
number and size of openings to allow quick access to the face.
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Also, a multipurpose deck behind the face may be required as 
a working platform both for the scientists and for the support 
installation crew. Besides, cutterhead design and configura
tion may need to accommodate the use of drill to allow ground 
probing ahead of excavation.

7.10. Current research and developments, and future trends.
Various research efforts are currently underway to 

develop a better understanding of the disc cutting process in 
order to improve future TBM performance. These include 
theoretical and experimental studies of rock crushing and 
chipping with mechanical tools. The effect of rock mass 
properties, including joints, bedding and microfractures, on 
cutting performance are also being investigated.

Development of improved designs and more wear resistant 
materials for disc cutters has been one of the major research 
and development areas for the enhancement of TBM performance. 
This includes new steel alloys and hard martial insert cutters 
to improve cutter life. More efficient cutterhead designs and 
optimized cutter layout patterns have reduced machine vibra
tions, and resulted in longer machine and cutter life plus 
more efficient performance. New developments in the back-up 
system have enhanced utilization of the machines and advance 
rate. New structure designs have facilitated tighter turns 
and better steering of the machines. Variable speed motors 
are being introduced to allow speed control for maximizing the
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use of available power on the machines. More machine func
tions are being automated to improve boring performance and to 
prevent system damage due to potential high load and vibra
tions. All these efforts have contributed to a significant 
increase in the mechanical availability of the machine over 
the years. Today, it is not uncommon for a TBM to achieve at 
least a 90% mechanical availability. These improvements can 
be applied along with the main design specifications discussed 
before, to continually upgrade the performance of the candi
date machines for the Yucca Mountain excavations. The special 
requirements of the underground openings for the ESF and the 
potential repository site can be fulfilled by using state of 
the art of engineering science coupled with new developments 
and improvements in the TBM technology.
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8 . PERFORMANCE P R E D IC TIO N .

This section presents a general assessment of the machine 
performance for the TBM specified in previous section. The 
performance predictions are based on laboratory cutting test 
results, the theoretical modelling and previous field experi
ence with TBM operations in rock formations similar to welded 
tuff.

8.1. Rate of penetration.
Penetration rate of the machine is the same as that 

defined previously in the design part, which is 1 cm (0.4 in) 
per cutterhead jrevplution. This is referred to as the 
instantaneous rate of penetration and is equal to:

1 cm/rev. x 6.4 rpm = 6.4 cm/min=3.85 m/hr (or 12.7 Ft/hr)

This rate is for a 7.5 m (25 ft) TBM fitted with new constant 
cross section cutters of 43 cm (17 in) diameter. A factor of 
30% decrease in penetration rate should be considered if the 
same thrust is to be applied on the machine with worn cutters.

8.2. Machine utilization.
In order to estimate the overall advance and production 

rate of a machine, the utilization factor needs to be deter
mined. Once the instantaneous rate of penetration is calcu
lated, the advance rate of the machine can be estimated by
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multiplying the instantaneous penetration rate by the utiliza
tion factor. Utilization is defined as follows:

Utilization factor = machine working time/total project time.
Machine utilization is affected by the delays which 

consist of the following items:
- machine regrip time,
- cutter changes,
- scheduled maintenance,
- machine breakdown and unscheduled maintenance,
- roof support, installation, and related delays,
- shift hours, lunch times, transportation of crew, etc.
- back-up system delays,
- operational planning and scheduling, management system

geological and geotechnical investigations, probe 
drilling, and related delays,
- Surveying and mapping, steering corrections and instru
mentation,
- Unforseen delays due to ground problems, water inflow, 
in mucking system breakdown, and other back-up system 
down time, etc.
Making turns or driving the tunnel with a grade other 

than horizontal (+3 to -1%) results in lower utilization 
factor. During turns, the utilization is lower because 
machine stroke is reduced and less thrust is applied to 
account for uneven loading of the cutters. This results in a



T-4139 151

reduction in penetration rates. Also, more time is required 
for the surveying and the reinstallation of the laser guide 
system when the machine is negotiating a turn. On the other 
hand, in driving declines, mucking or water flow problems 
decrease machine utilization. High slope inclines require 
special haulage system as rail haulage is generally not 
applicable for grades exceeding about 3 percent. The most 
favorable situation from a utilization viewpoint is driving 
tunnel slightly upward since any water inflow drains by 
gravity and haulage vehicles travel downhill when loaded.

Rock quality can have a major impact on the TBM utiliza
tion factor as well. The highest rates of TBM advance rate 
are associated with rock quality designation (RQD) values 
between 50% and 75% which is the common range for the welded 
tuffs at the Yucca Mountain site. Very massive formations 
tend to reduce the penetration rate and increase the frequency 
of required cutter changes. On the other hand, RQD below about 
25% indicates poor ground conditions that cause frequent TBM 
stoppages for support installation or other ground control 
measures.

Another aspect of the utilization factor is the level of 
crew training and motivation. This refers to the ability of 
the crew to resolve the problems with the machine and back-up 
system which arise during tunnel excavation. In nearly all 
TBM projects, a start up time is needed to learn the system, 
to resolve the initial bugs with the machine, and to synchro
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nize the various operations associated with TBM operation, 
muck removal, ventilation, and any ground support installa
tion .

At this stage of planning, some of factors affecting 
machine utilization can be estimated from operation schedules. 
These include all regular delays which are usually anticipat
ed. Then, a contingency factor can be added to the total 
scheduled delays to account for unforeseen problems. Some of 
these delays occur on a daily basis, some weekly and so on. 
This is the main reason that the best daily advance is not a 
straight multiple of the instantaneous penetration rate, or 
the weekly rate a multiple of daily rate.

There are some other utilization issues in a TBM project 
that are not addressed here. These include the time for 
moving to the site, site preparation, portal excavation, 
assembling and dismantling of the machine, clean up time, and 
finally leaving the site.

In a well-managed TBM operation, a utilization factor of 
55-65% is usually achieved. In case of poor management and 
planning coupled with worse than expected ground conditions 
and frequent machine breakdowns, the utilization can easily 
drop to even 30% or less. Making turns and driving an 
incline/decline needs more accurate steering and surveying 
which also adds to project delays.

For the current project, a utilization factor of 55% is 
considered for tunnel excavation assuming a standard civil
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construction operation. This utilization does not account for 
any machine downtime which may occur for conducting the in- 
situ investigations as required for site characterization. 
Also, the tunnel path is assumed to be straight with no turns.

8.3. Daily advance rate.
For this project, it is assumed that the working hours 

for each day include two shifts of boring and one shift of 
maintenance within a 24 hour period. This results in a total 
boring time of 16 hours per working day. Using the instanta
neous penetration rate determined earlier together with a 55% 
utilization factor, the daily advance rate for the 7.5 m (25 
ft) TBM is 34 m (112 ft). The third shift can also be used 
for boring, increasing the advance rate to 51 m (168 Ft.) per 
day. It should be noted that these figures are the maximum 
attainable estimated rates. Assuming a 30% reduction in 
penetration rate for dull cutters, the resultant advance rates 
become 23.8 and 35.7 m/day (78.5 and 117.6 Ft.) for a two and 
three shift work day, respectively. These are the most likely 
advance rates to be achieved since most of the times, the 
cutters on the machine are not new or sharp.

As note previously, the final layout of the underground 
facilities for the ESF and the potential repository at Yucca 
Mountain has not finalized, as yet. The latest plan for 
underground excavations comprising the ESF was shown earlier
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in Fig.3.3. TBM performance predictions for various scenarios 
have been developed and are given in previous reports (Ozdemir 
et al. 1991). Table.8.1. contains these predictions corre
sponding to different tunnel slopes and turning redia. As 
expected, TBM utilization drops with increasing slope angle 
and the presence of turns in the tunnel. Highest utilization 
is obtained for a straight tunnel with a slight (about 1  

degree) up-slope. These figures were adjusted according to 
the optimally designed machine described in previous sections.

Table 8.1. Revised advance rates of TBM in potential reposito
ry horizon. Various operating scenarios, two shift per day.

Case# Slope curve penetration Utilization advance 
% _ m/hr % rate m/day

1

(78.2')
+ 1 none 2.71 (8.89') 55 23.85

2

(52.9')
-9 2.24 (7.4') 45 16.3

3
(41.9')

-14 2 . 0 (6.55') 40 1 2 . 8

4
(30.8')

+ 1 R=200 m 1 . 6 8 (5.5') 35 1 0 . 0

8.4. Cutter life and costs.
The cutter life is a function of the rock abrasiveness 

and the cutter location on the machine. As discussed before, 
the Cerchar Abrasivity Index (CAI) was measured during 
physical property tests on welded tuff. The average CAI for 
the welded tuff was measured 4.4 which gives a cutter life of:
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Cutter life (linear Ft.) = 4,500,000 Ft. x 1.5 / 4.4 = 

1,534,000
The above value can be converted to cutter life in terms 

of hours of operation by calculating the distance which a 
particular cutter travels for each revolution of the TBM 
cutterhead. The cutter life distance (in lineal m or ft) is 
then divided by the travel distance per revolution for each 
cutter to yield the cutter life in total number of revolu
tions. This value, together with the TBM rotational speed is 
then used to determine cutter life in hours. Another factor 
is applied to develop cutter life estimates to account for 
cutter positioning on the machine. This is usually referred 
to as the severeness factor. As is well known, center and 
gage cutters on a TBM are subjected to more abuse and wear 
then face cutters. The severeness factor is a function of 
cutter location, and is based on the field experience on the 
cutter life for the cutters at different locations. Table
7.1. lists the severeness factors used for cutter life 
estimates for each cutter on the 7.5 m (25 ft) TBM. Using the 
severeness factors, the cutter life then can be calculated as:

cutter life (hrs)=cutter life (ft) / (120 x R* x n x rpm x Cs) 
where H* is radius for i-the cutter, and

Cs is severeness factor.
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Fig .8.1. Cutter life in hours as a function of their 
position on the cutter head.

Figure 8.1. shows the cutter life curve as a function of 
cutter location. For the 7.5 m (25 ft) TBM operating in 
welded tuff, the average cutter life is estimated at 74.0 
hours. The 42 cutters on the cutter head requires a total 
changing time of 1.8 hrs. This means 7 linear meter (23 Ft.) 
of tunnel per cutter change, or 310 m 3  (420 cyd.) of rock 
bored per cutter.

In terms of cutter costs, the average cutter cost is 
divided by rock excavated by each cutter. The average cutter 
cost includes the cost of cutting rings, bearings, housings, 
and other supplies consumed during cutter replacement. As
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mentioned earlier, in practice, several cutting rings are 
changed before the cutter hub needs rebuilt or total replace
ment. The cost of rings and hubs are generally different by 
an order of magnitude. Also, the cutter costs depend on the 
cutter type and particular manufacturer (The cost figures used 
here are from the Robbins Co.). Assuming an average usage of 
5 ring per hub assembly, plus miscellaneous supplies, gives an 
average cutter cost of $1400/cutter change. With the estimat
ed rate of penetration, the average cutter cost then becomes 
about $4.51 per m 3 ($3.38 per cubic yard) of excavation. 
Using a contingency factor of 25%, to account for unpredicted 
problems or encountering more abrasive rocks, the cutter costs 
increases to $5.64 m 3  ($4.23 per cyd.). Table 8.2. is the 
summary of the performance predictions for TBM in Yucca 
Mountain project.

8.5. Surface damages and cracks induced by boring.
Mechanical excavators are known for producing the 

smoothest opening surfaces with the least damage. As opposed 
to drill and blast excavation, which causes various degrees of 
overbreak on tunnel surface, TBMs cause very little ground 
disturbance. The maximum rock damage caused by a TBM stem 
from the cracks developed by gage cutters on the walls. These 
cracks are propagated under the crushed zone with different 
angles. The major one, referred to as the median or vent
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crack, is caused by Hertzian field in the direction of the 
load. The length of this crack can be estimated using the 
load applied on the cutter. (This subject was covered in 
detail in the third chapter of this thesis) Overall these 
fractures will not exceed 7 to 10 cm (3-4 in.) at the maximum. 
The depth and extent of these fractures is varies depending on 
the applied load. Nevertheless, these cracks are always 
discontinued either by release of the applied forces due to 
chip formation, or by natural joints.
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9 .  ECONOMIC ANALYSIS.

An economic analysis of the TBM use in Yucca Mountain 
welded tuff is presented here. Since the ESF and the reposi
tory design have not been finalized as yet, the economic 
evaluation presented should be considered preliminary and 
subject to change depending on final ESF and repository 
layout.

The current design of ESF calls for two main ramps driven 
by TBMs to provide access to repository horizon, the TSW2 
formation. The ramps are 7.5 m (25 Ft.) in diameter with 
slopes of 9 and 14% driven to a total length of approximately 
7,500 m ( 25,000 ft.). From these two ramps, two smaller (4.8 
m, 16 Ft.) ramps will be driven to gain access to the Calico 
Hills formation, which is the main barrier to the water table. 
As in machine performance prediction, a base scenario of ramps 
with a more or less horizontal grade (with a low grade of +3 
to -1%) is analyzed. This provides a baseline for developing 
cost estimates for other ramp grades. Later in this section, 
an estimate on the costs related to different excavation 
scenarios will be given in a summary table.

9.1. Review of cost estimation.
Cost estimation is an art of combining engineering design 

data with the experience from previous projects in terms of 
expenses incurred for the completion of the project. In other 
words, it is a means of translating engineering data to dollar
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and cents. The estimated cost figure can be used for finan
cial planning and fund raising and for this specific project, 
for budgeting purposes.

Different types of cost estimates are produced by cost 
engineers for different stages of the project. The level of 
accuracy depends on the time and effort spent on the cost 
estimation. This figure is dictated by the stage of develop
ment of the project. It is upon management to provide some 
guidelines with respect to how much time and cost should be 
authorized for cost estimation. With any cost estimation, 
there is a factor of contingency that accounts for unforeseen 
problems and costs that are likely to be incurred but can not 
be defined in advance. The more accurate the cost estimate, 
the less the contingency factor.

9.2. Type and methods for cost estimation.
Many types and classification of cost estimation have 

been proposed by various sources. The American Association of 
Cost Engineers (AACE) has adopted the following designation 
for cost estimates (Stackhouse 1979):

- Order of magnitude, with -30 to +50% accuracy range.
- Budget, with -15 to +30% accuracy.
- Definitive, with -5 to +15% accuracy.

The information required for the estimate varies from the 
primary sketches and capacity rate to detail engineering 
drawings and equipment specifications. There are some other
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classifications adopted by mining industry (Gentry 1979) and 
these include; Order of magnitude. Preliminary, Definitive, 
and Detailed cost estimates. From the first to the last one, 
more information, time, and details of the project are 
required and accuracy margin is increased from 50% to about 
5%. For tunneling and underground space construction, yet 
another classification is proposed (Ross 1990). This in
cludes ;

1. Conceptual cost estimate, in early stages of project.
2. Engineering estimate, related to engineering design 
and used for budgeting.
3. Contractor's estimate for bidding purposes.
4. Change order and claims made by contractor during the 
construction.

Several different methods of cost estimation are available 
that are appropriate for different stages of project and 
estimation types. In spite of some differences, these methods 
can be applied both for capital and operating cost estimates. 
Conference and unit cost methods are used to produce some 
rough estimates on the costs in early stages of projects. 
Exponential capacity or scaling method applies a power 
function over the capacity to provide an estimate. Cost ratio 
and component cost ratio methods assume that total project or 
component cost is proportional to the capital cost of the 
major equipment needed for operation. Definitive and detail 
estimates are based on detail engineering drawings, equipment
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expenses and even subcontractor bids. This is, however, the 
final and the most accurate one. There is a parametric cost 
estimate developed by the U.S. Bureau of Mines (USBM), 
referred to as system approach that covers most of the 
activities in hard rock mining. This includes development and 
plant facility which could be used in this study. In addition 
to all of the above mentioned methods, there is a final factor 
that should be taken into account. That is the "experience" 
from the previous projects which should be used for overall 
adjustments to any type of cost estimate.

9.3. TBM cost estimation.
A preliminary cost estimate was developed for the TBM 

operation at the Yucca Mountain site. TBM cost analysis 
involved a rather detailed parametric estimate, including such 
details of operation as; machine and tunnel specifications, 
scheduling, manning table, and labor rates. The cost figures 
were updated to 1991 costs using the cost indices of the 
Bureau of Labor statistics and the Bureau of Mines. Calcula
tion of TBM operating costs was accomplished within a computer 
worksheet that allowed changing the parameters for different 
purposes. Therefore, any new information, as well as differ
ent scenarios can be included in this estimate and their 
impact examined.

The main drawback of mechanical excavators in any project 
is the high capital investment associated with purchasing the
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machines and related accessories. This front loaded capital 
investment calls for a special financing method that can 
balance the high negative cash flow figures in the early 
stages of a construction project. On the other hand, high 
advance rates produced by these machines offsets the capital 
intensity of the TBM use. Tunneling projects completed during 
the recent years have proved that despite of its high capital 
costs, TBM application can provide for better economics in 
terms of faster completion times and the reduced overall 
project cost.

Two important input parameters in cost estimation of 
tunnel boring projects are the penetration rate and the 
utilization factor. Once these two are defined by project 
engineers, daily advance rate and completion time of project 
can be determined. From this point, project completion time, 
manning table, operation schedule, transportation capacity and 
method, required supplies, and other elements can be speci
fied. Methods for calculation of penetration rate and 
utilization factor were briefly discussed in the previous 
section.

In cost estimation for the construction of the Yucca 
Mountain ramps and main drifts, the information that was 
developed and presented for performance prediction have been 
used. A computer worksheet was developed to calculate related 
costs form the input information. The worksheet is designed 
to work interactively with the user to explore different
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possibilities in tunnel length, rock type, operation scenari
os, and changes in capital or operating costs. The worksheet 
consists of several parts such as, tunnel and machine specifi
cation, operation scheduling, table of labor rates, manning 
table, equipment list, capital investments and depreciations, 
operating costs, cost summary, and total costs. Table 9.1. to 
9.7. contain the summary of costs and calculations. Each 
table is discussed in more detail in the following chapters.

9.4. Capital Costs.
In order to estimate capital costs of the project, a 

complete list of the equipment and necessary supplies is 
needed. This list should include all the main and ancillary 
equipment used either underground or at the surface ( Ta
ble .9.4.). TBM, support installation system, and transporta
tion are the main items in the list of underground machinery. 
There are some other service equipments and machineries that 
support the operation and are all listed in Table.9.4. 
Equipments at the surface consists of back up items for the 
underground operation. Compressors, cranes, and transporta
tion machinery to transfer muck to material piles are directly 
related to the operation. Facilities, such as warehouses, 
workshops, offices, and some of the consumable supplies are 
other items which need to be considered as cost items for 
capital costs.

The related cost and price of all items are also listed
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Table.9.1. Quantity survay & performance predictions,
General Data

1 All costs are based upon march 1991 wages and 
equipemt, material, and prices.

2 Contractor's Profit %
a. Labor and Burden 50
b. Equipment Usage 0
c. Material 0
d. Equipment 0

3 Labor Taxes and Insurance
a. Worksman's Compensation 38
b. MCA 7 15
c. State Unemployment 3.2
d. Federal Unemployment 0.7

Total 49.05

4 Subsistance ($/Man/Day) 0

5 Small Tools, Safety, Rubber $12.00 
Etc. ($/Man/Day)

6 Mobilization Time Allowed for TBM 3 MONTHS

7 Time Allowed for Grading Laydown Area 2 MONTHS

8 Time Allowed for Setting up Shops 2 MONTHS

9 Time Allowed for Moving off the Site 1 MONTHS

TBM Tunnel Data

1 Tunnel Diameters:
a. Outside Diameter of Tunnel f t 25
b. Inside Diameter of Tunnel ft. 25

2 Muck Volumes:
a. Bank (All Material) CYD/LF 18.19
b. Excavated @ Swell% 30
c. Exc. Rcok Type2 Swell% 35
d. Exc. Rcok type3 Swell% 40

Average 35
3 TBM Tunnel Length:

a. Rock Type 1. 0
b. Rock Type 2. 25000
c. Rock type 3. 0

Total Length 25000

4 TBM Data
a. Diameter ft.
b. Circomference ft
c. Cross Sectional Area sqft.
d. TBM RPM
e. penetration rate in/rev

5 Number of Shifts Per Day
6 Number of Hours per Shift

Typel
Type2
Type3

25
78.5
491
6.36 sharp C. Average

0.3 9.54 6.678
0.4 12.72 8.904
0.5 15.9 11.13

(ft/hr)
2
8

7 Total Electrical Power Installed Kw. 2500
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Table.9.2. TBM operation schedule and utilization.
Calculation Of TBM Utilization Rate

Quantty Hours Total

1 TBM Excavation
a. Instantaneous Penetration 8.904
b. Tunnel Length 25000
c. Time Needed 2808

2 TBM Stroke Length ft. 6

3 Time for Regrip @5 min per regrip 347

4 Add Vent. Line and Others 208 
Tunnel Length/30 ft/Addition x 15 min/Addition/60 min/hr

5 AUoance for Unfavorable Ground Condition 250 
10 hrs/1,000 ft. of Tunnel

6 Main Power
a. Tunnnel Length/1,000 Flexible Cable x 4hrs/cable 100
b. Outages: 1 Each 26 Weeks For 8 hrs 9

7 Maintenance and repaires:
a. Routine Maintenance:
(1.5 hrs on Mon - Wed ) + (7.5 hrs Sat) * 305
b. Non-Routine Maintenance: 2 /  Week * 116
x 2 hrs each x No. of Weeks

8 Cutters:
a. Inspection 0.5 hrs / Shift * 162
x 10 Shift/Week x No. of Weeks

b. Misc. Cutter Changes: 2 /Week x * 135
2 hrs/change x No. of Weeks.

9 Time for Special Activities:
a. Lunch TBM through Portal *■
b. Time for Geological Investigation
c. Time for Insitu Tests
d. Pilot Hole Drilling.

10 Start up: 1 Weeks

11 Safety Meeting: 1/2 hr/Week/Shift

12 Delays For Convoyer Maintenance @ 5% above

13 Lunch @30 min/Shift x 16 Shift/Week x 
No. of Weeks (@ Sum above)

Total Hours 
TBM Availability 
TBM Utilization % 
Assumed utilization % 

Calculation of Tunnel Excavation Duration.

Unknown

Assumed Excavation Period 
Calculated Excavation Period

Total Days 
y 319.

V-

/
Total Weeks 

64 66

24

128

108

235

308

5243
86
54
55

Hours Per Week (16 hrs work+8hrs. maintnc.+8hrs on Sat.) 128

167

Average Daily Advance Rate: 76.2
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Table.9.4. Summary of capital_costs and amortization rates for equipments.
EQUIPMENT AND PLANT CAPITAL/OWNERSHIP COSTS "

ACCOUNT DESCRIPTION HP QUANTTTUNTTS
WORKING 

SUBTOTAL LIFE HRS
SAVLAGE SALVAGE 

% VALUE
TOTAL

AMORTIZEI

TUNNEL EQUIPMENT
TBM 3200 1 $10,000,000 $10,000,000 10000 64 $6,400,000 $3,600,000
EMERGENCY/SPARE PART 1 $500,000 $500,000 - 0 $0 $500,000
BACKUP SYSTEM 1 $2,000,000 $2,000,000 10000 64 $1,280,000 $720,000
FLAT CARS 2 $11,000 $22.000 5000 54 $11,880 $10,120
MAN CAR 2 $20.000 $40,000 5000 54 $21,600 $18,400
FAN LINE CAR 1 $22,000 $22,000 5000 66 $14.520 $7.480
FANS 100 HP 100 7 $12,000 $84,000 10000 66 $55,440 $28,560
FAN TRANSFORMERS 7 $10,000 $70,000 10000 66 $46,200 $23,800
ROOFBOLTER 2 BOOM/80 HP 80 1 $148.000 $148,000 10000 81 $119,880 $28,120
BELT CONVOYER 200 5 $531.000 $2,655,000 10000 66 $1.752.300 $902,700
GRAVELCAR 1 $46,000 $46,000 5000 54 $24,840 $21.160
GROUTIG EQUIPMENT 1 $180.000 $180,000 10000 81 $145,800 $34,200
MISC. EQUIPMENT 1 $40,000 $40,000 - 0 $0 $40,000

SUBTOTAL TUNNELING EUIPMENT $15,807,000 $5,934,540

OUT SIDE EQUIPMENT
100 TON CRANE 1 $330,000 $330,000 RENT $20,000
COMPRESSORS (200 HP) 3 $52.000 $156,000 65 $101,400 $54,600
LOADER (5 CYD) 1 $260,000 $260,000 70 $182,000 $78,000
HYDROCRANE 1 $155,000 $155,000 75 $116,250 $38,750
FLATBED TRUCK WITH BOOM 1 $40,000 $40,000 65 $26,000 $14,000
AMBULANCE 1 $25,000 $25,000 65 $16,250 $8,750
MISC. SHOP EQUIPMENT 1 $50,222 $50,222 50 $25,111 $25,111

SUBTOTAL OUTSIDE EQUIPMENT $1,016,222 $239,211

PLANT AND UTILITIES
OFFICE TRAILERS 3 $35.000 $105,000 65 $68,250 $36,750
CHANGE HOUSE TRAILERS 2 $45,000 $90.000 60 $54,000 $36,000
SHOP BUILDING 1 $40,000 $40,000 65 $26.000 $14,000
WAREHOSE 1 $60,000 $60,000 65 $39,000 $21,000
YARD ARA SITE PREPARATION 1 $25.000 $25,000 0 $0 $25,000
TIES# 8000 $8 $60.000 0 $0 $60,000
VENT PIPE (48") LF 16000 $19 $299.200 50 $149.600 $149,600
AIR PIPE LF 16000 $6 $88,000 50 $44,000 $44.000
ELECTRICAL CABLE (FOR TBM) LF 16000 $10 $160,000 50 $80,000 $80,000
ELECTRICAL FACILITY 1 $1,000,000 $1,000,000 65 $650,000 $350,000
FIRST AID FACILITY 1 $15,000 $15.000 50 $7.500 $7,500
CLEAN SITE & MOVE OUT 1 $50.000 $50,000 0 $0 $50,000

SUBTOTAL PLANT AND EQUIPMENT $1,992,200 $873,850

SUMMARY PLANT AND EQUIPEMT

TUNNEL EQUIPMENT $15,807,000 $5,934,540

OUTSIDE EQIPMENT $1,016,222 $239,211

PLANT AND UTHJTIES $1,992,200 $873,850

NET COST TO JOB $7,047,601
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Table.9.7. Summary of Cost Estimaion For Yucca Mountain Project

SUMMARY OF TOTAL DIRECT COSTS

CAPITAL COSTS (1000$) $7,048

OPERATING COSTS (1000 $) $16,069

TOTAL DIRECT PROJECT C05(1000 $) $23,117

COST PER LF. $925

INDIRECT 20 % (1000$) $4,623

TOTAL TUNNELING COST (1000 $) $27,740

TOTAL COST PER FT. $1,110

TOTAL COST PER LINEAR METER $3,628

* For a Nearly Horizental Tunnel, 7,500 m (25,000 ft)Long.

/XT
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in Table.9.4. Depreciation rate for the capital items are 
calculated by using a salvage value for each item. The 
salvage value of the items are assumed to be a percentage of 
the original prices. The difference between the purchase 
price and salvage values are amortized over the project. The 
sum of the amortized value of the items then is considered as 
capital cost of the project. This figure is distributed over 
the tunnel length to produce the capital cost per unit length 
of tunnel.

The percentages used to determine the salvage value of 
the equipment are a function of project time, equipment life, 
and the type of usage. Table 9.2. contains the schedule and 
time requirement for the project. As can be seen, deprecia
tion rate is not a linear function of time requirement. 
Applied figures are combination of the calculated working time 
and some field experiences. For more information see refer
ences (Scapuzzi 1990 and Ross 1990).

9.5. Operating Costs.
Operating cost of the project is calculated on daily 

basis and distributed over the daily footage achieved. 
Table.9.3. contains the labor rate information for the state 
of Nevada. This information is extracted from "Mining Cost 
Service" for mining activities related to this project. 
Table.9.5. is the manning table and associated costs for daily
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operation. Direct operating costs of equipments, costs of 
cutter and supplies, and miscellaneous items are summarized in 
Table.9.6. Subtotal of operating costs is a sum of labor, 
material, and equipment usage and is mentioned in Table.9.6.

9.6. Overhead and G&A costs.
Costs related to General and Administration (G&A) and 

overhead of the operation depends on type of contract, 
contractor's policy, and management style. This matter can 
not be quantitatively defined unless the type of operation is 
specified. These costs are mostly expressed in terms of 
percentage of direct costs of project. Depending on the type 
of contract, this percentage varies from a low margin of 2 0 - 
30% to a high range of about 100%. Since the main purpose of 
the ESF is to conduct site investigations to determine the 
suitability of Yucca Mountain as a potential site for a 
nuclear waste repository, a high degree of interference 
between scientists and operation crew will occur. In this 
situation, higher capital, operating, and overhead costs are 
inevitable.

It is a common practice by contractors to retrieve some 
of the overhead costs from direct labor rates. As in Ta
ble .9.1., a 50% profit is built over labor rate. There is no 
other profit over material and equipment costs of the project. 
For a regular tunneling operation assuming overhead costs, 20% 
of total direct costs is reasonable. This figure is used to
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account for the indirect costs of tunnel boring operation at 
the Yucca Mountain site.

9.7. Total estimated cost of tunnel boring.
Table.9.7. is the summary of the costs calculated in 

previous tables and carried over. These figures reflect the 
costs related to base tunneling operation with two shifts per 
day for a straight horizontal tunnel. Table.9.8. is a 
comparison between different tunneling and operation scenari
os. Increased tunnel length decreases the total tunneling 
costs because the capital costs is distributed over a larger 
number. Reduced penetration rate or utilization essentially 
increases the total tunneling costs.
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Table.9.8. Comparison between the cost of tunnel boring with 
different operation scenarios.
Case 
Length 
m/ ( Ft. )

Grade/
curve

Total
Capital
($1 0 0 0 )

Total
Operating
($1 0 0 0 )

Cost of 
Per 

$/Ft.
tunneling
lineal

$/m

3000/
(1 0 0 0 0 )

+1 to -3% 
None

4,199 6,525 1,287 4,209

4500/
(15000) None

5,223 9,163 1,188 3,884

4500/
(15000)

-9%
None

5,995 10,290 1,303 4,260

4500/
(15000)

-14%
None

6,544 10,882 1,389 4,543

4500/
(15000)

+ 1  to -3% 7,341 
2 0 0 m radius

11,500 1,507 4,929

6000/
(2 0 0 0 0 ) None

6,140 12,690 1,130 3,695

7500/
(25000) None

7,048 16,069 1 , 1 1 0 3,628
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1 0 . CONCLUSIONS.

The following conclusions can be derived based on the 
results and findings of this study.

1) The laboratory cutting tests conducted on the rock 
samples obtained from the proposed Yucca Mountain nuclear 
waste repository site at Yucca Mountain, Nevada have shown 
that the welded tuff formations at the repository horizon can 
be excavated with optimally designed TBMs at relatively high 
rates of penetration with favorable economics. The welded 
tuffs exhibit a brittle behavior that is advantageous from a 
view point of mechanical excavation with disc cutters. The 
results show that the mechanical excavation is not only a 
viable option, but potentially the fastest and the most cost 
effective method of excavating the planned underground 
openings both for the Exploratory Study Facility, and the 
potential repository.

2) A series of physical property tests have been 
performed on samples of welded tuff. The following average 
physical and mechanical properties were determined. The bulk 
density of welded tuff was 2.32 gr/cm3 ( 144 lbs/ft3). The 
average uniaxial compressive strength and the tensile split
ting strength of the samples used for cutting tests were 105 
MPa (15,000 psi) and 15.2 Mpa (2,160 psi), respectively. The 
measured ultrasonic wave velocities were 4,500 m/sec (14,700 
ft/sec.) for P wave and 2,880 m/sec (9,440 ft/sec.) for S
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wave, which results in dynamic elastic modulus of 44.3 Gpa 
(6.3 Mpsi) and Poisson's ratio of 0.14. The results from 
tests performed on the samples of TSW2 obtained from Busted 
Butte shows that rock with higher strength may be encountered 
at the repository horizon than those used in laboratory linear 
cutting tests which samples obtained from Fran Ridge.

3) Cerchar abrasivity tests (CAI) were also performed on 
samples of welded tuff. Based on an average measured CAI 
index of 4.4, the average disc cutter life was calculated at 
460 km (1,5 M linear ft.) of travel.

4) An extensive series of laboratory linear cutting 
tests were performed in samples of welded tuff. Two type of 
constant cross section (CCS) disc cutters were used for these 
tests. Both were 43 cm (17 in.) diameter CCS disc cutters 
commonly used on present-day TBMs. One of the cutters had a 
sharp tip geometry while the other featured a wider and blunt 
tip. As expected, narrow-profile disc cutter provided better 
performance, resulting in lower cutting force requirements and 
more efficient cutting.

5) The CCS disc cutters were tested at various combina
tions of cut spacing and penetration in order to determine the 
optimum spacing to penetration ratio for achieving the lowest 
specific energy of cutting. The most efficient cutting was 
found to occur at a spacing of 12.5 cm (5 in.) and a penetra
tion depth of 1 cm (0.4 in.) which were the highest spacing *
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and penetration values used in the test program. Moreover, 
the specific energy did not reach its minimum value within the 
test matrix, meaning that lower specific energy values may be 
achievable by further increases in cut spacing and penetra
tion.

6 ) The cutting behavior of welded tuff was examined 
using the results of linear cutting tests. Typical of most 
brittle rocks, welded tuff was found to require deep penetra
tions for efficient breakage by disc cutters. Efficient 
chipping did not occur until the cutter penetration was 
sufficient to develop high stresses in the rock. This created 
additional rock crushing directly beneath the cutter tip, 
resulting in a larger than normal crushed zone and, conse
quently, increased rolling friction on the cutter. This 
means higher than normal torque requirements for the TBMs 
designed to excavate the welded tuff formations present at the 
proposed repository horizon at Yucca Mountain.

7) The cuttings gathered during linear cutting tests 
were collected and sieve analysis performed to determine 
particle size distributions. As expected, larger spacing and 
deeper cutter penetrations provided for increased cutting 
size. The amount of dust generated was seen to decrease with 
increasing spacing of the cuts, which correspond to the lower 
specific energy requirements, meaning more efficient cutting.

8 ) A theoretical analysis of the disc cutting process
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was performed to develop a mathematical model for predicting 
the cutting forces of CCS disc cutters as a function of 
cutting geometry and various rock properties. This model was 
based on the occurrence of tensile failure between adjacent 
cutter paths resulting from the interaction of the tensile 
cracks developed radially around the crushed zone, created 
under the cutter load. The theoretical model consisted of two 
parts. First was the calculation of cutting forces from the 
pressure of the crushed zone built beneath the cutter. An 
analytical solution was derived for this part to determine 
resultant forces and the cutting coefficient from the basic 
cutting parameters. The second part included the calculation 
of crushed zone pressure by using the rock properties and the 
cutting geometry. A combination of linear and non-linear 
regression analysis was used for this purpose using the 
measured data from several different cutting tests.

9) The model does not include the rock brittleness or 
the rock toughness effects, which in some rock types can have 
a significant impact on boreability.

10) The results of the regression analysis showed that 
the pressure of the crushed zone, which develops beneath the 
cutter tip, and the cutting forces are closely related to the 
uniaxial compressive strength of the rock. The high observed 
correlation is believed to be due to the formation and 
development of the crushed zone under compressive stresses.
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As the crushed zone has the main role of transferring the load 
into the rock, it has a direct effect on the force require
ments of cutting. As the formation of the crushed zone consu
mes a large portion of the energy expanded in rock cutting, it 
appears reasonable to assume that the type of failure which 
occurs in the crushing process governs the failure mode of 
cutting. Obviously, the crushed material does not constitute 
the main portion of the rock fragments produced in mechanical 
excavation (in weight and volume) . Thus, it is also very 
desirable to reduce the amount of crushed material and fine 
particles produced in the cutting process to improve cutting 
efficiency. Any reduction in the extent of crushed zone will 
result in enhanced cutting performance for mechanical excava
tors .

11) A poor correlation was found to exist between the 
tensile strength of the rock and the crushed zone pressure. 
This suggested that a simple tensile crack propagation between 
adjacent cuts may not be an adequate solution for the problem. 
However, some evidence still exists to suggest that the 
tensile mode fracture propagation is responsible for major 
chip formation between adjacent cutter paths. The linear 
elastic behavior of rock between the two adjacent crushed 
zones should be distinguished from the plastic behavior of 
crushed zone. Tensile failure mode can well be the principal 
failure mode in this region. The reason for poor correlation



T-4139 182

may be due to the fact that the crushed zone is in contact 
with the cutter and absorbs most of the energy during the 
plastic deformation.

12) From a practical viewpoint, some other conclusions 
can be drawn from the developed theoretical model. The first 
one relates to the of effect cutter's tip thickness on cutting 
performance. As expected, the wider the tip, the higher the 
force requirements to achieve a given depth of penetration. 
A secondary effect is an increase in cutting coefficient due 
to larger crushed zone which results in higher rolling 
friction on the cutter. These two factors contribute to 
higher cutter forces, and specific energy and therefore, 
increased machine thrust, torque, and power requirements. 
Thus, the cutter tip thickness should be as small as possible 
without seriously affecting the wear life in order to achieve 
the highest rate of penetration for a given level of machine 
power transmitted to the rock.

13) The cutter diameter is another issue which was 
examined by the theoretical model. Cutter diameter has a 
minor effect on the total cutting force requirements. The 
resultant force for the cutting, as defined in the equation, 
increases proportionally with the cutter radius. In the mean 
time, this effect is slightly reduced by the angle 0  which is 
decreased by the increase in cutter radius. Although the 
cutter diameter has a insignificant effect on the total force.
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it has a major impact on the cutting coefficient, and hence on 
the rolling force and machine torque requirements.

14) Based on the results of laboratory cutting tests and 
the theoretical analysis, a set of guidelines were developed 
for optimizing the performance of TBMs to be employed in the 
construction of the required underground openings for the 
Experimental Study Facility and the potential repository at 
Yucca Mountain. These guidelines included such cutterhead 
design issues as the type and number of cutters, layout 
pattern, cutterhead shape, number of muck buckets, cutterhead 
speed, as well as machine thrust, torque, and power require
ments. As specified by the current ESF layout plan, the 
guidelines were developed for a TBM of 7.5 m (25 ft.) diame
ter. Based on the results of laboratory cutting tests, a 12.5 
cm (5 ") cutter spacing was chosen as the spacing of cutters on 
the TBM. This resulted in a total of 42, 43 cm (17") diameter 
CCS disc cutters on the machine, installed in a double spiral 
placement pattern for maximum stability and cutterhead 
balancing.

15) The thrust, torque, and power requirements for the 
7.5 m (25 ft) diameter TBM were calculated from the results of 
laboratory cutting tests. The TBM thrust and torque require
ments for the particular cutterhead geometry selected were 800 
tons (1.7 Mlbs) and 2.37 MN-m (1.75 Mlb-ft. ) , respectively. To 
account for the higher strength rock, these requirements were
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increased to 950 tons (2.1 Mlbs) for thrust and 2.6 MN-m (1.9 
Mlb-ft.) for torque. The machine power requirements to 
achieve the designated advance rates were estimated at 2400 Kw 
(3200 hp).

16) Preliminary requirements were developed for the 
back-up system to support the excavation operations. It was 
determined the back up system should include a high capacity, 
continuous transportation system to accommodate an efficient, 
uninterrupted TBM operation. This can be achieved by using a 
90 cm (36 in.) conveyor belt which allows a muck haulage rate 
of about 460 m 3 per hour. The system was designed for about 
35% extra capacity to cope with higher production rates, 
parallel excavation activities related to boring of access 
ramps to lower levels, and finally, muck produced from the 
excavation of test rooms for conducting the required in-situ 
rock characterization studies. A rail haulage system is 
recommended for crew and material transportation to the face 
to support the TBM.

17) The TBMs designed for the construction of ESF needs 
to incorporate certain features to cope with the special 
requirements of this particular project. These include 
specially designed lubrication systems to prevent oil leakage 
into the environment, dry boring with little or no water, 
meaning the requirement for high capacity scrubbers to provide 
efficient dust suppression, closed loop system for all
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coolants or liquids, easy access to the tunnel face, multipur
pose decks on the machine for drilling, support installation 
or geologic mapping, and drilling equipment for ground probing 
ahead of excavation.

18) Preliminary ground support requirements were 
specified for the TBM excavation of the underground openings 
for the ESF and the proposed repository in accordance with 
previously developed rock mass classifications. A combination 
of bolts and wire mesh is recommended for softer ground. No 
systematic support other than local bolting should be needed 
for the harder ground. Since the estimated stand-up time of 
the roof provides enough time for installation of the recom
mended ground support behind the machine, little or no 
interruption should occur to the operation.

19) Performance predictions were also developed for the 
optimally designed TBM in the excavation of welded tuff at 
Yucca Mountain. It was determined that the 7.5 m (25 ft.) TBM 
would achieve an instantaneous penetration rate of about 3.9 
m/hr (12.7 ft/hr) in the welded tuff. The machine utilization 
was estimated at 55% (for a nearly horizontal tunnel with no 
curvatures) resulting in a daily advance rate of 51.3 meters 
(168 ft/day) for a 3 shift per day operation. The actual 
utilization factor on the project may be lower than estimated 
due to potential excavation interruptions for conducting the 
required in-situ tests for site characterization during the
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excavation of openings.
20) Daily advance rates were also estimated for differ

ent excavation scenarios including various tunneling grades, 
and the presence of turns. The effects of different scenarios 
were reflected in the machine utilization factors. As 
expected the overall machine utilization was lower for tunnels 
which diverted from a horizontal grade and also included turns 
in the alignment. In the presence of a 200 m (600 m) turn, the 
TBM utilization was estimated at 35%.

21) For the optimally designed TBM, the average cutter 
life was estimated at 74 hours. This results in an average 
cutter cost of $4.23 per cubic yard of material excavated.

22) A cost model was developed to allow a parametric 
cost estimate of the TBM operation in the construction of 
underground openings for ESF and the potential repository at 
Yucca Mountain. The cost model was designed to provide for 
parametric studies of different excavation scenarios including 
various tunnel lengths, advance rates, utilization factors, 
etc. Also, it enables sensitivity analysis on the cost items 
involved in the tunneling operation. The TBM excavation costs 
for the 7.5 m (25 ft.) diameter tunnel were estimated about 
$3,600 per lineal meter (1,100/ft) for a nearly horizontal 
tunnel with no curvatures.
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1 * .  RECOMMENDATIONS.

Following recommendations are made for future investiga
tions related to TBM operation at the Yucca Mountain project 
and also for further research on the subject of theoretical 
modeling of the rock cutting.

1) As the minimum specific energy was not actually 
achieved by the cutting geometry tested within the linear 
cutting test matrix, test of wider spacing and deeper penetra
tions are recommended. Using higher spacing and penetration 
rates can produce better cutting result and lower specific 
energy, knowing the fact that the cutting forces will increase 
as well. Since the load capacity of the cutters have not been 
reached, there still may be some room for improvement of the 
cutting operation. Meanwhile new 48 cm (19 in.) cutters with 
the capacity of about 30 tons (60,000 lbs) can be used to 
apply more load. Test of these cutters beyond already tested 
cutting geometry is recommended.

2) The punch tests can provide the benefit of more data 
and information to evaluate the cuttability of rocks of 
different type and locations that may be encountered during 
future operation. These tests along with the other physical 
property tests can help design engineers to provide a better 
estimate of TBM performance, since conducting the linear 
cutting tests for all the rock types is not possible.

3) The subject of estimating force requirements for CCS
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disc cutter should be further investigated. The first step is 
to fully understand crack patterns under the cutter developed 
by applied load. Type, direction ,and extension of the 
initial cracks are very important in deriving any solution 
regarding the fracture propagation. The general configuration 
of these cracks also may help to identify the stress configur
ation around the crushed zone and pressure bulb. Study of 
fractured zones in different rocks will lead to an understand
ing of behavior of various rock types. Therefore the impor
tance of rock's mechanical and physical properties can be 
learned. These properties are such as grain size and shape, 
natural joints, micro cracks and voids, mineral mixture and 
their strength, elastic and plastic behavior of grains and 
matrix, and preferred cutting faces of mineral and rock etc.

4) The shape and extension of the crushed zone should be 
thoroughly examined. The configuration and state of the 
stress distribution in this area is very important in rock 
cutting. Also the content of the crushed zone in terms of 
shape and size distribution of fine material, geometry, and 
the extent of the crushed zone area should be studied. 
Irreversible deformation of the rock in crushing area in front 
of the cutter and plastic behavior of crushed material are the 
key points in modeling the pressure build up against the 
cutter.

5) The effect of the rock property and cutting geometry
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on the pressure of the crushed zone is not very clear at the 
present. A general fracture mechanic solution for a case of 
pressured notch within a free stress surface is a prerequisite 
for any formulation of the problem. This solution should 
determine the stress intensity factor, K, for different load 
configurations. Given the K factor for an initial crack, 
further propagation of that crack depends on the rock resis
tance against fracturing or rock fracture toughness. The 
later parameter can be specified by testing and measurement of 
rock fracture toughness through the procedures and standards 
outlines by International Society for Rock Mechanics.

6) Machine design optimization can be updated by 
introducing the new products and innovations that can improve 
TBM's performance. This can be new cutters with different 
materials or shapes, cutterhead design and layout, gripping 
and shielding, steering abilities, motors and gearboxes, frame 
design, back up system and so on. It is worthwhile to spend 
some efforts to review the latest TBM design issues before 
ordering a new machine.

7) More accurate performance predictions can be achieved 
by conducting a full size boring test. This would facilitate 
examining the performance of cutters in combination on the 
cutterhead. Some of the effects that have been eliminated in 
linear cutting tests such as running on a tight circle as 
opposed to a line can be further explored during this test.
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Overall the results of the test helps simulation of the TBM 
operation in real case as well as validation of previous 
estimations.



T-4139 191

REFERENCES

Atkinson B.K. 1987. Fracture Mechanics of Rocks, Academic 
Press. (Chapters, 1, 2, 3, 6, 7) .

Benjumea R., Sikarskie D.L. 1969. A note on the penetration 
of a rigid wedge into a nonisotropic brittle material. 
Int. J. Rock Mech. Min. Sci. & Geomech. Abs. Pergaman 
Press.

Bllndheim O.T., Boniface A. 1987. Boreability assessment 
for major tunneling projects. SANCOT seminar, 
Nov.1987.

Clark G.B. 1987. Principle of rock fragmentation, John 
Wiley interscience.

Bollinger G ., Ozdemir L. 1989. Laboratory studies of disc 
cutter for high speed tunnel boring. RETC proceedings 
1989.

Dubugnon 0., Barendsen S.A. 1985. Small scale model testing 
, a new approach in TBM development. RETC Proceedings# 
1985.

Ehgartner B.L., Kalinski R.c. 1988. A Synopsis of Analyses 
(1981-87) Performed to Assess the Stability of the 
Underground Excavations at the Yucca Mountain. SANDS8- 
2294 . Uc-70, Sandia National Lab. Albuquerque, New
Mexico.

Farmer I.W., Glossop N.H. 1980. Mechanics of Disc cutter 
penetration. Tunnels and tunneling. July 1980. pp.22.



T-4139 192

Gertsch R ., Ozdemir L. 1991. Performance prediction of 
mechanical excavators in Yucca Mountain welded tuffs from 
linear cutting tests. Sand report SAND91-7038. Sandia 
Natioanl Laboratories, ALbuquerque, New Mexico.

Howarth. 1988. Technical note on microfracture beneath blunt
disc cutter. Int. J. Rock Mech. Min. Sci. & Geomech. 
Abs. Pergaman Press, V.25, No.1, pp35-38.

Hustrulid W.A. 1971.a. A comparison of laboratory cutting 
results and actual tunnel boring performance. Mining 
dept, Colorado School of mines, Golden, CO.

Hustrulid W.A. Ross N.A. 1971. Some comments on the design 
of medium to hard rock tunnel boring machine. Chapter 
46, Dynamic rock mechanics.

Inkmann M. 1978. Development of a laboratory indentation test 
to predict the performance of TBM equipped with disc 
cutters. Master's thesis #2050 Colorado School of Mines. 
Golden, Colorado.

Kutter H ., Sanio H.P. 1980. Comparative study of
performance of new and worn disc cutters on a full face 
tunneling machine. Rock Mechanic group, Institute of 
Geology, Ruhr-University, Bochhum, Germany.

Langkopf B.S., Gnirk P.R. 1986. Rock mass clasification of 
candidate repository units at Yucca Mountain, Nye county, 
Nevada. Sand Report SAND82-2034. Sandia National 
Labratories. Albuquerque, New Mexico.



T-4139 193

Lawn B.R., Swain M.V. 1975. Microfracture beneath point 
indentations in brittle solids. J. of Material science, 
Oct 1975.

Lindqvist P.A. 1982. Rock fragmentation by indentation and 
disc cutting. Doctoral Thesis, University of Lulea,
Sweden.

Lislerud A. 1987. Hard rock tunnel boring Prognosis and
costs. VI Australian tunneling conference, Melbourne, March
1987 .
Muirhead I.R., Glossop L.G. 1968. Hard rock tunneling 

machines. IMM.
Ozdemir L ., Miller R.J. 1986. Cutter performance study for 

deep based missile egress excavation. Prepared for Dept, 
of the Air Force, EMI. Colorado School of Mines.

Ozdemir L ., Miller R., Wang, F.D. 1978. Mechanical tunnel 
boring prediction and machine design. Colorado School of 
Mines, Golden, Colorado, NSF APR73-07776-A03.

Paul B ., Sikarskie D.L. 1965. A preliminary theory of static 
penetration by a rigid wedge into a brittle material. 
SME Transactions 1965.

Peach A.J. 1990. Development of ultra hard rock full face 
mining machine. ISDT conference 1990. Las Vegas.

Price R.H., Spence S.J., Jones A.K. 1983. Uniaxial Compres
sion Test Series on Toppopah Spring Tuff from USW GU-3 
Yucca Mountain, Southern Nevada. SAND83-1646, Sandia



T-4139 194

National Lab. Albuquerque, New Mexico.
Robbins R.J. NA. Economic factors in tunnel boring. The 

technology and potential of tunneling.
Roxborough F.F. 1969. Rock cutting research. Tunnel and 

Tunneling, Sep 1969, ppl25.
Roxborough F.F., Phillips H.R. 1975. Rock excavation by disc 

cutter. Int. J. Rock Mech. Min. Sci. & Geomech. Abs. 
Pergaman Press, 1975, pp. 361.

Samuel A.E., Seow L.P. 1984. Disc force measurement on a full 
face tunneling machine. Int. J. Rock Mech. Min. Sci. & 
Geomech. Abs. Pergaman Press, 1984. pp.83.

Sanio H.P. 1985 Prediction of the performance of disc cutters 
in anisotropic rock. Int. J. Rock Mech. Min. Sci. & 
Geomech. Abs. Pergaman Press, 1985. pp.153.

Schwartz B.M. 1990. SNL Yucca Mountain project data report: 
density and prosity data for tuffs from the unsaturated 
zone at Yucca Mountain, Nevada. Sand Report. SAND88- 
0811. Sandial National Labratories. Albuquerque, New 
Mexico.

Sharp W., Miller R., Ozdemir L., Taff D. 1986 . Computer
modeling and design of mechanical boring machines. EMI, 

Colorado School of Mines, Golden, Colorado.
Tandanand S., Hartman H.L. NA. Stress distribution beneath a 

wedge-shaped drill bit loaded statically. Dept, of 
Mining, Penn-state Univ.



T-4139 195

Timoshenko S.P., Goodier J.N. 1987 . Theory of Elasticity 
McGraw-Hill.

Wang F .D ., Ozdemir L ., Snyder L. 1978. Prediction and 
verification of tunnel boring machine performance. Euro- 
Tunnel, Basle, Switzerland.

Zimmerman R.M, Bellman R.A, Mann K.L. 1987. G-Tunnel Welded 
Tuff Mining Experiment Evaluations. SAND87-1433, Sandia 
National Lab. Albuquerque, New Mexico.

Manuals and Reports.

EMI. Colorado School of Mines. 1982. "Equipment and proce 
dures for rock physical property testing" Golden, Colo
rado .

The University of Trondheim, The Norwegian Institute of 
Technology. 1988. "Hard rock tunnel boring". Project 
report 1-88, , Division of Construction engineering.

EMI, Colorado School of Mines. 1983. " Instructions and
user's manual for Cerchar test equipment", Golden, 
Colorado.

DOE, Office of civilian radiactive waste management, Dec. 
1988. Site characterization plan overview. Yucca Moun
tain site, Nevada research and development area, Nevada.



T-4139 196

APPENDIX A

Summary sheets of linear cutting 
tests on Yucca Mountain samples.
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP09 Test Date : 8/27/90
Operator : REG/JR Cutter Type : RC-A30581

Rock Type : YMP-24/21
Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

Cutter Penetration (in) : 0.3000 Norm Cal : 11.23
Cutter Spacing (in) : 3.000 Drag Cal : 7.246

Side Cal : 2.636
notes : ROBBINS NARROW SHARP CUTTER
Summary of ALL statistics.dat ENTRIES 

Cut ID Minimum (LBf) Mean (LBf) Maximum (LBf)
pass

win cut normal roll side normal roll side normal roll side

2 9 1 1 7755 -584 -12531 31606 3500 5226 | 60286 7659 11606
2 9 2 | 4604 -455 -4696| 23135 2967 644 | 45455 6444 5241
2 9 3 | 8873 -1265 -4770| 32822 3999 778 | 59759 8005 7521
2 9 4 | 13455 -1099 -6984| 33077 3241 608 | 59845 7817 8075
2 9 5 | 6333 -1780 -8086| 32329 3696 -120 | 69282 9436 7386
2 9 - 6 | 5062 148 -81871 28826 4053 882 | 52109 8639 9601
2 9 7 | 9662 -849 -32901 33105 4253 5377 | 85004 10155 16930
2 9 8 | 1001 -601 -74911 23344 2511 795 | 58357 7890 6024
2 9 9 | 88 -699 -7967| 25963 3354 684 | 60241 7792 7658
3 9 10| 3710 -1378 182 | 19038 2408 5668 | 43410 5981 10209
3 9 111 -192 -338 -5324| 24367 3059 2732| 58425 8153 12876
3 9 12 | 5815 299 -4253| 33414 3963 6004| 77483 8791 13767
3 9 13 | 2379 -843 -588 | 33483 3723 7254 | 65767 7578 15166
3 9 14 | 7109 -751 -6707 1 32718 4185 3172| 81189 10535 10437

Minimum 1 -192 -1780 -81871 19038 2408 -120 | 43410 5981 5241
Mean 1 5404 -728 -4958| 29088 3494 2836 | 62615 8205 10178

sd I 3885 560 2850| 4927 597 2560| 12272 1255 3512
Maximum| 13455 299 182| 33483 4253 7254 | 85004 10535 16930

cutting coefficient : 0.120 peak/avg normal : 1.15
spec energy (in-lbs/in**3): 0.388E+04 peak/avg rolling : 1.22
spec energy (hp-hr/yd**3): 7.61 peak/avg side: 2.56

Average Cutting Time (sec): 1.62 Ave. Data Start LVDT Voltage : 1.20
Average Cut Speed (in/sec): 10.3 Ave. Data Stop LVDT Voltage : -1.60

Test
Parameter
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP10 
Operator : JR

Test
Parameter

Cutter Penetration (in) 
Cutter Spacing (in)

Test Date 
Cutter Type 

Rock Type
8/28/90
RC-A30581
YMP-24/21

Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

0.4000
3.000

Norm Cal 
Drag Cal 
Side Cal

11.13
7.246
2.636

notes ROBBINS NARROW SHARP CUTTER
Summary of ALL statistics.dat ENTRIES

Cut ID 
pass

Minimum (LBf) Mean (LBf) Maximum (LBf)
win cut normal roll side normal roll side normal roll side

2 10 1 1 6453 -106 -879 | 29699 4356 4638 | 64060 9800 11387
2 10 2 | 11503 -412 -8691| 38796 5682 1797| 89490 12396 11555
2 10 3 1 1225 -1871 -6238| 41462 6137 3150| 93015 11998 13391
2 10 4 | 7025 -3845 -4345| 27016 3918 2330| 51099 8361 11164
2 10 5 | 2019 -94 -7430| 23722 2215 611 50278 5284 9405
2 10 6 | 1002 -890 -4645 j 19996 2274 1723 | 52032 8380 7390
2 10 7 I 3766 -565 -6444| 28262 3953 1108| 73709 10226 12580
2 10 8 | 6708 -843 -5911| 33502 5116 4103| 61108 11257 14425
2 10 9 | -893 -1128 -9118| 30914 3900 277 | 67637 10335 11875
3 10 10| -334 212 -6727| 27340 3960 4529| 60316 11286 15913
3 10 111 1949 -3184 -4199| 24996 3517 2284| 61077 8881 11529
3 10 12 | 4810 18 -58231 34598 5183 5666| 68992 13427 15337
3 10 13 | 6057 -869 -4786| 30592 4775 4396 | 58501 10134 14237
3 10 14 | 3462 -781 -3664| 35692 4667 3060| 69437 9904 10005

Minimum 1 -893 -3845 -9118| 19996 2215 611 50278 5284 7390
Mean 3911 -1026 -5636| 30470 4261 2794 | 65768 10119 12157

sd 3413 1190 2129| 5924 1133 1719| 12915 2029 2365
Maximumj 11503 212 -879 | 41462 6137 5666 | 93015 13427 15913

cutting coefficient: 0.140 
spec energy (in-lbs/in**3): 0.355E+04 
spec energy (hp-hr/yd**3): 6.96

Average Cutting Time (sec): 1.63 
Average Cut Speed (in/sec): 10.3

peak/avg normal : 1.36
peak/avg rolling: 1.44

peak/avg side: 2.03
Ave. Data Start LVDT Voltage : 1.20
Ave. Data Stop LVDT Voltage : -1.60
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP12 
Operator : REG

Test
Parameter

Test Date 
Cutter Type 

Rock Type
8/30/90
RC-A30581
YMP-32

Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

Cutter Penetration (in) : 0.2000 
Cutter Spacing (in) : 4.000
notes : ROBBINS NARROW SHARP CUTTER

Norm Cal 
Drag Cal 
Side Cal

11.13
7.246
2.636

Summary of ALL statistics.dat ENTRIES
Cut ID Minimum (LBf) Mean (LBf) Maximum (LBf)
pass

win cut normal roll side normal roll side normal roll side

2 12 11 -138 -2885 -5198| 18933 1788 1621| 42361 4687 8703
2 12 2 | 7831 -1307 -6692| 29273 2497 5111 49296 6442 7968
2 12 3 j -1529 -1451 -2250| 20418 2156 1725| 56784 5377 6258
2 12 4 | 4611 -1495 -5185| 21554 2113 1347 | 43957 4944 8947
2 12 5 | 308 -1578 -4382 | 23774 2105 510 | 54327 4649 7228
2 12 6 | -153 -3400 -6160 | 19470 1429 650 | 46748 4207 4613
2 12 7 | 4346 -2071 -3686| 31507 2172 726 | 59724 5395 6778
2 12 8 | 13460 -5036 -6221 | 31705 1655 1685| 45633 4481 6560
2 12 9 | 862 -1321 -5822 | 21688 1484 -361 | 49556 5083 3393
2 12 10| 7895 -1408 -4256| 31894 1699 2156| 60720 4040 8590
2 12 1 1 1 5955 -1289 -4702| 28703 1906 497 | 47584 4407 6200
2 12 121 3125 -501 -3973| 28870 1582 417 | 62688 6398 3312
3 12 13 | 3414 -3719 -7995| 26903 343 -3673| 48521 4560 3705
3 12 14 I -6379 4057 -30331 6065 7659 4467 | 44978 14388 11717
3 12 15 | 1590 1912 -7294| 16197 3860 246 | 29904 8104 7945
3 12 16 | -4625 1491 -4332| 19614 5766 3798 | 62221 10548 9453

Minimum 1 -6379 -5036 -7995| 6065 343 -3673| 29904 4040 3312
Mean 2536 -1250 -5074 | 23536 2513 1020| 50313 6107 6961

sd I 4945 2234 1555| 6971 1818 1793| 8738 2779 2366
Maximumj 13460 4057 -22501 31894 7659 4467 | 62688 14388 11717

cutting coefficient : 
spec energy (in-lbs/in**3): 
spec energy (hp-hr/yd**3): 

Average Cutting Time (sec): 
Average Cut Speed (in/sec):

0.107 
0.314E+04 
6.16
1.26 Ave.
10.4 Ave

peak/avg normal : 1.36
peak/avg rolling: 3.05

peak/avg side: 4.38
Data Start LVDT Voltage : 0.305
Data Stop LVDT Voltage : -1.85
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP13 
Operator : REG

Test
Parameter

Cutter Penetration (in) 
Cutter Spacing (in)

Test Date 
Cutter Type 

Rock Type
8/30/90
RC-A30581
YMP-32/3

Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

0.3000
4.000

Norm Cal 
Drag Cal 
Side Cal

11.13
7.246
2.636

notes ROBBINS NARROW SHARP CUTTER
Summary of ALL statistics.dat ENTRIES

Cut ID 
pass

Minimum (LBf) Mean (LBf) Maximum (LBf)
win cut normal roll side normal roll side normal roll side

2 13 1 1 943 -1385 -6379| 28236 3218 1866| 63924 7389 11307
2 13 2 | -1935 -3033 -9796| 18851 941 -25911 41809 5777 7233
2 13 3 | 4115 -1879 -5000| 27704 3252 1064 | 68182 7638 6893
3 13 5 | 4926 -971 -9380| 23983 2633 -1143| 52203 6423 6233
3 13 6 | 5460 -501 -4726| 27513 3405 3005| 71646 7141 11789
3 13 7 1 6447 -3133 -6034 | 23895 2004 4615| 53778 6667 9502
3 13 8 | 3489 -2681 -9758| 29576 3305 763 | 70328 6872 8546
3 13 9 | 7638 -2549 -62021 31573 3093 1966| 66326 6933 7571
3 13 10| 4057 -982 5691 23496 2089 7036| 42856 5209 11755
3 13 11 I -168 -8096 -3800 | 24392 2923 977 | 52325 7436 5300
4 13 14 1 202 -3153-114891 25957 1254 -4452| 51825 7071 8102
4 13 15 | -10280 1606 -2868| 19624 6219 8338 | 43191 11654 14663
4 13 16 | -5941 -786 -7092| 20324 3777 2700| 51334 11986 7364
4 13 17 | -10171 3922 -28131 22015 10263 4586| 58081 14607 12273

Minimum 1 -10280 -8096-11489 | 18851 941 -4452| 41809 5209 5300
Mean 1 627 -1687 -60551 24796 3455 2052| 56272 8057 9181

sd I 5839 2696 3305| 3832 2328 3470| 10309 2699 2744
Maximum| 7638 3922 569| 31573 10263 8338| 71646 14607 14663

cutting coefficient : 
spec energy (in-lbs/in**3): 
spec energy (hp-hr/yd**3): 

Average Cutting Time (sec): 
Average Cut Speed (in/sec):

0.139 
0.288E+04 
5.64
1.57 Ave.
10.3 Ave

peak/avg normal : 1.27
peak/avg rolling : 2.97

peak/avg side: 4.06
Data Start LVDT Voltage : 0.305 
Data Stop LVDT Voltage : -1.85
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP14 
Operator : JR

Test
Parameter

Cutter Penetration (in) 
Cutter Spacing (in)

Test Date 
Cutter Type 

Rock Type
8/30/90
RC-A30581
YMP-32/3

Load Cell Sensitivity 
(lbs/mv @ 400.0 gain

0.4000
4.000

Norm Cal 
Drag Cal 
Side Cal

11.13
7.246
2.636

notes ROBBINS NARROW SHARP CUTTER
Summary of ALL statistics.dat ENTRIES

Cut ID Minimum (LBf) Mean (LBf) Maximum (LBf)
pass

win cut normal roll side normal roll side normal roll side

2 14 1 1 -33421 -38018 16031 31483 3258 10447| 48533 7340 23986
2 14 2 | 7740 -1306 -7519 | 29872 3970 57 | 52195 10158 13229
2 14 4 j 3980 -166 -7435| 27654 4032 817 | 49304 8255 10996
2 14 5 | 2668 -1193 -6675| 27125 3226 387 | 69676 8537 7869
2 14 6 | 8974 -2686 -8981j 26865 3182 1605| 62613 7999 8987
2 14 7 | 9392 -1835 -8531| 39281 5278 574 | 78628 10867 13633
2 14 8 | 8449 -4553 -3160| 29700 4143 3618| 53664 8962 11114
2 14 9| 3642 -1158-10867| 35104 5179 5511 102823 12287 10061
2 14 10| 3159 -1498-10988| 30870 3632 -10361 69569 10673 5641
2 14 11 | 12023 -950 -2502| 36548 5506 5919| 76096 12140 13316
2 14 12 I 14161 -682-11924| 43588 5875 -302 | 88180 11666 11927
3 14 13 | 8332 73 -6027| 28326 3765 5977 | 64905 8175 14296
3 14 14 1 7774 -1503 -7406| 36920 5390 22611 74402 12331 10047

. 3 14 15 | 5789 -1741 -4424| 33901 5053 2164 | 81438 10253 10738
3 14 16 | 2352 -528 407| 29727 6679 6732| 54307 13766 12982
3 14 17 I -3168 4411 -7327| 25003 10422 5555 | 59112 18634 16368
3 14 18 | -1683 1582-10062| 20431 7713 -667 | 50978 14637 9270

Minimum| -33421 -38018-11924| 20431 3182 -10361 48533 7340 5641
Mean 3539 -3044 -6578| 31318 5077 2627 | 66849 10981 12027

sd 10539 9202 3873| 5697 1877 3234 | 15373 2892 4030
Maximumj 14161 4411 1603| 43588 10422 10447 | 102823 18634 23986

cutting coefficient 
spec energy (in-lbs/in**3) 
spec energy (hp-hr/yd**3) 

Average Cutting Time (sec) 
Average Cut Speed (in/sec)

0.162 
0. 317E+04 
6.22
1.40 Ave.
10.4 Ave

peak/avg normal : 1.39
peak/avg rolling : 2.05

peak/avg side: 3.98
Data Start LVDT Voltage: 0.305 
Data Stop LVDT Voltage : -1.85
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP16 
Operator : JR

Test
Parameter

Cutter Penetration (in) 
Cutter Spacing (in)

Test Date 
Cutter Type 

Rock Type
8/30/90
RC-A30581
YMP-17/33

Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

0.2000
5.000

Norm Cal 
Drag Cal 
Side Cal

11.13
7.246
2.636

notes : ROBBINS NARROW SHARP CUTTER
Summary of ALL statistics.dat ENTRIES

Cut ID Minimum (LBf) Mean (LBf) Maximum (LBf)
pass

win cut normal roll side normal roll side normal roll side

2 16 1 I 256 -1137 -73551 32544 2012 -708 | 61123 6186 8658
2 16 2 | 4875 -1338 -86191 25269 2413 -2018| 53242 6091 5823
2 16 3 | -1322 -1575 -8638| 27563 2557 169 | 51990 6880 5792
2 16 4 | 8982 -4153-104561 39888 3945 314 | 86424 7699 8787
2 16 5 | 4056 -938 -45691 25133 2868 2834 | 54217 7517 8097
2 16 6 | 3807 -7718 -32301 28343 3260 2934 | 74945 10078 10466
2 16 7 I 7094 -718 -3638| 35513 3685 1377| 69102 7490 8371
2 16 8 1 1902 -658 -7316 | 21237 2140 989 | 45921 5569 6186
2 16 9 | 3174 -3455 -4063 j 24370 2191 2118| 57519 6380 8590
2 16 10 | 969 -2885 -5427| 13589 1392 1553| 38631 5676 7573
2 16 11 | 1205 -649 -2862| 21533 1764 1883| 46094 4340 7217
2 16 12 | 3857 -1872 -5141 21173 1326 4862 | 55050 5239 8432
3 16 13 I 7616 -5751 -6582| 25877 2147 11811 67342 9002 5878
3 16 14 | 4424 -3346 -8194 | 24995 1539 -995 | 62518 4827 4910
3 16 15 | 3004 -1275 -4655| 23088 1608 2316| 42078 4634 10097
3 16 16 | -5828 1027 -36891 16671 5516 2058| 40148 8598 8346

Minimum 1 -5828 -7718-10456 | 13589 1326 -2018| 38631 4340 4910
Mean 3004 -2278 -56131 25424 2523 1304| 56646 6638 7701

sd 3602 2196 2664| 6579 1118 1694| 13225 1656 1605
Maximum| 8982 1027 -514| 39888 5516 4862| 86424 10078 10466

cutting coefficient : 0.992E-01 
spec energy (in-lbs/in**3): 0.252E+04 
spec energy (hp-hr/yd**3): 4.94

Average Cutting Time (sec): 1.83
Average Cut Speed (in/sec): -10.4

peak/avg normal : 1.57
peak/avg rolling: 2.19

peak/avg side: 3.7 3 
Ave. Data Start LVDT Voltage : 0.000E+00 
Ave. Data Stop LVDT Voltage : -2.60
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP17 Test Date : 8/30/90
Operator : BRB Cutter Type : RC-A30581

Rock Type : YMP-17/33
Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

Cutter Penetration (in) : 0.3000 
Cutter Spacing (in) : 5.000
notes : ROBBINS NARROW SHARP CUTTER
Summary of ALL statistics.dat ENTRIES 

Cut ID Minimum (LBf) Mean (LBf) Maximum (LBf)
pass

win cut normal roll side normal roll side normal roll side

2 1 1 1 2221 -83 -36911 31907 4089 1900| 76619 8797 10532
2 1 4 | 4590 -1238 -70021 31031 4396 2967 | 57957 9340 14739
3 1 7 1 -2251 -881 -96051 43994 4265 1866| 82799 7362 9394
3 1 8 1 4119 -721 -9841j 25149 2219 -1687| 48464 5612 8900
3 1 9 | 184 -891 -8422 | 18900 2089 -810 | 43769 5937 5429
3 1 10| 2910 -1051 -8114| 31556 3223 2222 | 92090 7475 13910
3 1 111 5464 -49 -9252| 28840 3688 -400 | 67798 9044 9605
3 1 12 | 2694 -577-10520| 27908 2969 -1784| 51550 6994 3510
4 1 13 | 7684 -693-101411 29579 3326 2144| 63931 9249 14226
4 1 14 | 1934 -1358 -9460| 28142 4920 3278 | 55192 10777 11805
4 1 15 | 1762 -6718-10136| 26791 5419 989 | 65564 12599 13111
4 1 16 | 7335 140-108581 39057 4151 33611 64506 10789 12208

Minimum| -2251 -6718-10858) 18900 2089 -1784 | 43769 5612 3510
Mean 3220 -1177 -89201 30238 3730 1171| 64187 8665 10614

sd | 2842 1807 1975| 6401 1013 1879| 14264 2090 3489
Maximum| 7684 140 -36911 43994 5419 33611 92090 12599 14739

cutting coefficient: 0.123 peak/avg normal : 1.45
spec energy (in-lbs/in**3): 0.249E+04 peak/avg rolling : 1.45
spec energy (hp-hr/yd**3): 4.87 peak/avg side: 2.87

Average Cutting Time (sec): 1.94 Ave. Data Start LVDT Voltage : 0.000E+00
Average Cut Speed (in/sec): 10.4 Ave. Data Stop LVDT Voltage : -2.60

Norm Cal : 11.13
Drag Cal : 7.246
Side Cal : 2.636

Test
Parameter
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP18 
Operator : BRB

Test
Parameter

Cutter Penetration (in) 
Cutter Spacing (in)

Test Date 
Cutter Type 

Rock Type
9/3/90
RC-A30581
YMP-17/33

Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

0.4000
5.000

Norm Cal 
Drag Cal 
Side Cal

11.13
7.246
2.636

notes ROBBINS NARROW SHARP CUTTER
Summary of ALL statistics.dat ENTRIES

Cut ID 
pass

Minimum (LBf) Mean (LBf) Maximum (LBf)
win cut normal roll side normal roll side normal roll side

2 18 1 1 4679 11-105071 30018 3741 1510| 54351 8644 9714
2 18 2 | 10137 278 -59001 37146 5591 4227 | 95731 13475 15440
2 18 3 I 4954 -1054 -9424| 33380 4304 -575 | 66745 11648 11427
2 18 4 j 6804 -871-123231 37655 5030 -3175| 87236 12220 7036
2 18 5 [ 9158 -578-109451 33622 4466 —8 6 8 | 73449 10956 12301
2 18 6 | 9031 -1282 -5170| 33129 4654 334 | 79518 13224 7096
2 18 7 I 2399 — 400 —7764| 29936 3250 3696 | 58973 7525 10269
2 18 8 | 6661 -2703-105301 25783 3630 -2663| 68833 11839 3693
2 18 9 | 5787 87 -14091 24637 3006 4942 | 54046 6809 9197
3 18 10| -249 -3000-117631 32091 3923 12511 117627 11930 10594
3 18 11 | 1205 -3714 -70891 40595 5090 3122| 84626 11146 16787
3 18 12 | 732 -901 -5084| 31463 4143 3509| 91544 11447 13734
3 18 13 | -733 -1428 -50531 39802 4879 5288 | 89427 13255 13739
3 18 14 | 1161 -2238-11087| 31721 4033 875 | 62082 10817 10447
3 18 15 | -2307 -5915 -8731| 24225 2550 1609| 56441 9617 10460
3 18 16 | -6155 -2191 -9907| 21140 2801 -2648| 85471 10051 6761
3 18 17 | 6343 -1455 -9846| 32616 4288 2057| 98296 14467 13296

Minimum 1 -6155 -5915-123231 21140 2550 -3175| 54046 6809 3693
Mean 1 3506 -1609 -8384 j 31703 4081 1323| 77906 11122 10705

sd I 4492 1580 3008| 5464 851 2658 | 18101 2087 3376
Maximum| 10137 278 -14091 40595 5591 5288 | 117627 14467 16787

cutting coefficient 
spec energy (in-lbs/in**3) 
spec energy (hp-hr/yd**3) 

Average Cutting Time (sec) 
Average Cut Speed (in/sec)

0.129 
0.204E+04 
4.00
2.13 Ave.
10.3 Ave

peak/avg normal : 1.28
peak/avg rolling : 1.37

peak/avg side: 4.00
Data Start LVDT Voltage : 0.000E+00 
Data Stop LVDT Voltage : -2.60
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP33 
Operator : JR

Test
Parameter

Test Date : 2/10/90 
Cutter Type : AM1724 

Rock Type : YMP-21
Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

Cutter Penetration (in) : 0.2000 
Cutter Spacing (in) : 3.000
notes : purpose of testing
Summary of ALL statistics.dat ENTRIES

Norm Cal 
Drag Cal 
Side Cal

13.28
11.90
4.731

Cut ID 
pass

Minimum (LBf) Mean (LBf) Maximum (LBf)
win cut normal roll side normal roll side normal roll side

2 33 1 1 1072 85 -2658| 18411 2615 647 | 46150 7058 4364
2 33 2 | 2305 -401 -4534| 25521 3484 635| 56853 6397 5492
2 33 3 | 2317 -5562 -19701 27695 3901 2109| 76452 8847 6392
2 33 4 | 7375 85 -30741 29766 3647 1061| 45189 6011 4295
2 33 5 | -67 -42 -31791 31607 3570 1541| 51562 6233 5369
2 33 6 | 3208 -591 -1753| 25818 3146 1445| 44589 6963 4553
2 33 7 | 7957 -418 -1516 1 27423 4035 1872| 57705 7600 4883
2 33 8 | 7946 -38 -1709 1 31293 4068 2482 | 51013 7458 4690
2 33 9 | 4651 466 -51341 21850 3008 -1170 1 55502 7323 2027
2 33 10 | 404 -356 -2466| 18468 2557 922| 46455 6849 5250
2 33 11 | 3128 167 -20461 28187 3947 2145| 60919 8243 7264
2 33 12 | 3227 -381 -35431 21001 3304 357| 54531 9555 5535
2 33 13 | 1935 -62 -19891 20334 3012 1578| 40073 7027 4572
2 33 14 I 5831 17 -3487 | 27571 3637 122 | 60703 8036 1826
2 33 15 | 2521 461 -3843| 22016 3287 -1011 41567 7259 5975
2 33 16 | 5306 -1564 -10241 26093 3480 1931| 54081 9708 5514

Minimum 1 -67 -5562 -5134| 18411 2557 -11701 40073 6011 1826
Mean 1 3695 -508 -2745| 25191 3419 1099| 52709 7535 4875

sd I 2566 1430 11511 4321 467 980 | 9102 1096 1392
Maximum| 7957 466 -1024| 31607 4068 2482 | 76452 9708 7264

cutting coefficient : 0.136 
spec energy (in-lbs/in**3): 0.570E+04 
spec energy (hp-hr/yd**3): 11.2

Average Cutting Time (sec): 1.35 
Average Cut Speed (in/sec): 10.4

peak/avg normal : 1.25
peak/avg rolling : 1.19

peak/avg side: 2.26
Ave. Data Start LVDT Voltage :-0.420 
Ave. Data Stop LVDT Voltage : -2.79
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Linear Cutting Tests
E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP34 
Operator : JR

Test
Parameter

Test Date : 2/10/90 
Cutter Type : AM1724 
Rock Type : YMP21

Load Cell Sensitivity 
(lbs/mv @ 400.0 gain

Cutter Penetration (in) : 0.3000 
Cutter Spacing (in) : 3.000
notes : purpose of testing
Summary of ALL statistics.dat ENTRIES

Norm Cal 
Drag Cal 
Side Cal

13.28
11.90
4.731

Cut ID Minimum (LBf) Mean (LBf) Maximum (LBf)
pass

win cut normal roll side normal roll side normal roll side

2 34 1 1 8525 715 -2726| 28667 3830 1496 | 48025 7746 4643
2 34 2 | 599 617 -35981 26012 3901 238) 62670 11482 4256
2 34 3 1 3182 251 -18071 31249 5081 2659 | 61621 10129 9305
2 34 4 | 7798 826 -59441 28092 4323 9| 57676 10065 2926
2 34 5 ) 7461 -454 -10441 31411 5096 2644 | 68040 10527 10668
2 34 6 | 4876 620 -39601 29684 4503 2524 | 73822 11544 8700
2 34 7 1 5302 -3720 -3314| 31667 5299 1395| 57709 12550 5418
2 34 8 ) 1067 133 -22351 22628 3448 1296| 52955 9314 6336
2 34 9 | 2990 -111 -22291 26737 4396 1982| 71742 10697 8536
2 34 10| 5019 26 -66411 25810 4195 967| 59761 10950 9206
2 34 11| 13497 -3887 -760| 36224 5518 2885| 7349-3 12324 7164
2 34 12 | 9023 603 -34151 30240 5000 2080| 57019 10481 7 2 58
2 34 13 | -195 -320 -23911 30587 4976 1358 | 58699 10313 4609
2 34 14 | 1807 470 -63461 22745 3626 -407 | 66214 9592 6060
2 34 15 | 5513 1003 -2114 | 23787 3524 854 | 53769 9196 3730
2 34 16 | 11548 523 -2332) 31265 4836 2290| 68949 10459 7602
2 34 17 | 1107 -754 -2236| 34097 5791 1879| 66551 11971 5249
2 34 18 | 7016 -1 -21791 28032 4666 1570| 75184 12259 8262
2 34 19 | -91 -967 -62861 25870 4157 2093| 79557 12687 6650
2 34 20| 5052 867 -46321 26069 4471 476| 55383 9234 8259

Minimum 1 -195 -3887 -66411 22628 3448 -407| 48025 7746 2926
Mean 5055 -178 -33101 28544 4532 1514| 63442 10676 6742

sd | 3855 1353 1786| 3649 669 934 | 8576 1313 2106
Maximumj 13497 1003 -760| 36224 5791 2885 | 79557 12687 10668

cutting coefficient: 0.159 
spec energy (in-lbs/in**3): 0.504E+04 
spec energy (hp-hr/yd**3): 9.87

Average Cutting Time (sec): 1.36 
Average Cut Speed (in/sec): 10.3

peak/avg normal : 1.27
peak/avg rolling : 1.28

peak/avg side : 1.91
Ave. Data Start LVDT Voltage :-0.420 
Ave. Data Stop LVDT Voltage : -2.79



T-4139 207

Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP35 
Operator : JR

Test
Parameter

Test Date : 10/5/90 
Cutter Type : AMI724 

Rock Type : YMP-3
Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

Cutter Penetration (in) : 0.4000 
Cutter Spacing (in) : 3.000
notes : purpose of testing
Summary of ALL statistics.dat ENTRIES

Norm Cal 
Drag Cal 
Side Cal

13.28
11.90
4.731

Cut ID Minimum (LBf) Mean (LBf ) Maximum (LBf)
pas s

win cut normal roll side normal roll side normal roll side

2 35 1 1 4607 -545 -7172 | 35049 7008 1848| 102870 21651 10569
2 35 2 | 9755 -2008 -41611 36029 7105 5979 | 94074 18968 15128
2 35 3 I 3568 -931 -6544 | 39266 7572 3064| 102026 21322 15310
2 35 4 | 932 -3277 -8952 1 31512 5015 -13081 94331 16479 10314
2 35 5 | 4295 58 -8760 1 19929 3111 2711 54108 12841 9420
2 35 6 | 8852 -3592-12984) 27688 5136 539| 93430 22206 14968
2 35 7 I 4491 -1106-114011 34405 6827 463 | 74605 18010 12047
2 35 8 | 7291 -2617 -9629| 44346 8179 4470| 124753 18881 16036
2 35 9 | -849 -1533-10780| 37406 7002 -2288j 93069 22696 4490
2 35 10 | 4010 -1787-10012 | 26500 4563 1305| 62579 15993 10247
2 35 11 I 9455 279-17426 1 30097 5765 3231| 74251 13468 17203
2 35 12 | 6653 -531 -4805| 37829 7693 3959 | 122429 25267 18666
2 35 13 1 10448 -165-10551 | 42813 8354 5824 | 92172 21798 15230
2 35 14 1 6727 -1230 -8775| 35982 7258 -415 | 82289 19339 7350
2 35 15 | -172 -1233 -9397 | 28118 5903 3280| 99259 20614 14905
2 35 16 | 9495 -1390 -8727| 29523 5841 1086| 59697 15286 9246
2 35 17 | 5705 -4266 -7475| 34530 6742 3713| 73873 14966 17335
2 35 18 | 12932 -2242-11296 | 47606 8097 880 | 94591 24602 14485

Minimum 1 -849 -4266-174261 19929 3111 -2288| 54108 12841 4490
Mean 6011 -1562 -9380 1 34368 6509 1995| 88578 19133 12942

sd 1 3793 1263 30231 6865 1406 2337 | 19500 3696 3874
Maximumj 12932 279 -41611 47606 8354 5979| 124753 25267 18666

cutting coefficient : 0.189 
spec energy (in-lbs/in**3): 0 . 542E+04 
spec energy (hp-hr/yd**3): 10.6

Average Cutting Time (sec): 1.85 
Average Cut Speed (in/sec): 10.4

peak/avg normal : 1.39
peak/avg rolling : 1.28

peak/avg side: 3.00
Ave. Data Start LVDT Voltage :-0.420 
Ave. Data Stop LVDT Voltage : 2.79
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP28 
Operator : REG

Test
Parameter

Cutter Penetration (in) 
Cutter Spacing (in)

Test Date : 21/9/90 
Cutter Type : AM1724 

Rock Type : YMP-3
Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

0.2000
4.000

Norm Cal 
Drag Cal 
Side Cal

13.28
11.90
4.731

notes ROBBINS NARROW BLUNT CUTTER
Summary of ALL statistics.dat ENTRIES

Cut ID Minimum (LBf) Mean (LBf) Maximum (LBf)
pass

win cut normal roll side normal roll side normal roll side

2 28 11 5212 112 -7411 39304 4602 2589| 87195 10512 8268
2 28 2 | 62 32 -4662 | 23623 2881 505 | 54026 7527 4417
2 28 3 1 785 -210 -35801 22031 2809 522 | 54035 6646 5706
2 28 4 | 1597 -333 -3537| 24131 2975 1112| 69895 8440 4803
2 28 5 | 2463 166 -2673| 28215 3315 13411 64794 8068 4835
2 28 6 | 3934 -3598 -4306| 23762 2849 165 | 47585 6919 4126
2 28 7 | 3618 197 -3466 | 22489 2797 367 | 48437 6066 3626
2 28 8 | -108 -470 -2626 | 24254 3230 560| 69552 10105 7308
2 28 9 | 4862 76 -1822| 23386 2785 2111| 48383 6177 5316
2 28 10 1 4497 -222 -3017| 23074 3348 975 | 61769 7738 5854
2 28 11 I 1368 80 -3446 | 27982 4102 992 | 77190 10190 5771
2 28 12 I 5037 -189 -4681| 34022 4072 3004| 71454 9224 8625
2 28 13 I 2185 -760 -3547| 29419 3671 2208| 51155 7839 8096
2 28 14 1 2809 174 -4392|. 25116 3142 -763 | 67734 9354 3994
2 28 15 | -461 -143 -18151 15892 1980 907 | 35861 5784 5624
2 28 16 | 2367 653 -5374 j 32128 3709 1297| 59898 6812 7239
2 28 17 | 305 526 -4133 | 27249 3521 456| 57577 8719 6748
2 28 18 | 303 -50 -1684| 19038 2321 1364| 48689 6574 5893

Minimum 1 -461 -3598 -5374| 15892 1980 -763 | 35861 5784 3626
Mean 2269 -220 -33061 25840 3228 1095| 59735 7928 5903

sd 1911 906 1229| 5491 650 927 | 12670 1500 1521
Maximum| 5212 653 -7411 39304 4602 3004| 87195 10512 8625

cutting coefficient : 0.125 
spec energy (in-lbs/in**3): 0.404E+04 
spec energy (hp-hr/yd**3): 7.91

Average Cutting Time (sec): 1.72 
Average Cut Speed (in/sec): 10.3

peak/avg normal : 1.52
peak/avg rolling : 1.43

peak/avg side: 2.74
Ave. Data Start LVDT Voltage: 1.10
Ave. Data Stop LVDT Voltage : -1.90



T-4139 209

Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP29 
Operator : REG

Test
Parameter

Cutter Penetration (in) 
Cutter Spacing (in)

Test Date : 26/9/90 
Cutter Type : AM1724 

Rock Type : YMP-33
Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

0.3000
4.000

Norm Cal 
Drag Cal 
Side Cal

13.28
11.90
4.731

notes ROBBIN NARROW BLUNT CUTTER
Summary of ALL statistics.dat ENTRIES

Cut ID Minimum (LBf) Mean (LBf) Maximum (LBf)
pas s

win cut normal roll side normal roll side normal roll side

2 29 11 5581 22 -4194| 36910 5306 2719| 82246 10422 8443
2 29 2| 10578 1218 -40391 33846 5000 1357| 69731 12026 6426
2 29 3 I 426 320 -5031| 28939 4219 1043 | 94408 13917 10101
2 29 4 | 6414 155 -6062| 27895 3613 -62 | 77826 10090 5073
2 29 5| 6311 -1554 -40521 28506 4514 1120| 82716 12507 7129
2 29 6 | 6351 -672 -13181 30680 4500 3215| 79060 13970 9793
2 29 7 I 7708 -695 -4037 | 41210 5869 1320| 105193 13598 9293
2 29 8 I 4287 -988 -4546 | 28500 4448 2284| 61753 10401 8668
2 29 9 | 3529 -308 -12451 27278 4009 2495| 63654 11312 7141
2 29 10 | 363 -2002 -1415 | 26756 4270 16011 84098 13976 6001
2 29 11 | 2135 203 -2273 | 34282 4411 2793 | 74584 14032 11703
2 29 12 1 3367 477 -62321 29715 4345 702 | 70044 9657 7814
2 29 13 | -571 191 -5901| 19979 2744 -4 57 | 46064 6815 2046
2 29 14 | 8533 -7501 -3149 | 29286 3526 13711 61265 10976 6600

Minimum 1 -571 -7501 -6232| 19979 2744 -4 57 | 46064 6815 2046
Mean 4644 -795 -38211 30270 4341 1536| 75189 11693 7588

sd 3306 2108 17311 5076 767 1075| 14909 2143 2406
Maximumj 10578 1218 -12451 41210 5869 3215| 105193 14032 11703

cutting coefficient : 0.143 
spec energy (in-lbs/in**3): 0.362E+04 
spec energy (hp-hr/yd**3): 7.09

Average Cutting Time (sec): 1.72 
Average Cut Speed (in/sec): 10.3

peak/avg normal : 1.36
peak/avg rolling : 1.35

peak/avg side: 2.09
Ave. Data Start LVDT Voltage: 1.10
Ave. Data Stop LVDT Voltage : -1.90
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP4 2
Operator : BA

Test
Parameter

Test Date 
Cutter Type 

Rock Type
29/10/90
AM1724
YMP-11

Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

Cutter Penetration (in) : 0.4000 
Cutter Spacing (in) : 4.000

Norm Cal 
Drag Cal 
Side Cal

11.13
7.246
2.636

notes ROBBIN NARROW BLUNT CUTTER
Summary of ALL statistics.dat ENTRIES

Minimum (LBf) Mean (LBf)Cut ID 
pass

Maximum (LBf)
win cut normal roll side normal roll side normal roll side

2 42 1 1 4532 -1447 -7300| 25698 2825 1178 | 59692 8494 6383
2 42 2 | -84 -919 -809| 29632 4081 17711 102683 14047 8819
2 42 3 I 7092 -1708 -7040 | 45520 5574 2061| 83665 11488 11573
2 42 4 | 7206 -1419-10146 | 32706 5077 -2041| 95680 14290 5687
2 42 5 | 887 -1597 -41651 31825 4237 300 | 82187 11140 7111
2 42 6 | 4404 -1601 -4179 | 34760 4553 2240| 71791 10074 11872
2 42 7 I 6000 -1748 -38101 31427 5365 1607| 87028 13571 8392
2 42 8 | 2839 -3893 -2400| 38278 5403 894 | 76965 13726 7769
2 42 9 | 5135 -2926 -26091 41824 5291 1229| 104858 13561 6736
2 42 10 | 6515 -10249 -3411| 39747 5274 1434| 95369 11545 6423
2 42 11 1 13598 -2353 -20371 41479 5647 2829| 87670 13002 9149
2 42 12 I 15080 -870 -4442| 41499 5994 -157 | 82631 14308 6563
2 42 13 | 6017 -292 -1331| 30477 4350 4784 | 56395 9367 11000
2 42 14 | 5375 -95 -61761 32263 4268 893 | 79991 10696 6207
2 42 16 | 6042 -3166 -3966| 43671 5600 2652 | 85060 11552 7233

Minimum 1 — 8 4 -10249-10146| 25698 2825 -2041| 56395 8494 5687
Mean 1 6043 -2285 -4255| 36054 4903 1445| 83444 12057 8061

sd I 3983 2433 2506 j 6004 834 1522| 13737 1883 2029
Maximum j 15080 -95 -809| 45520 5994 4784 | 104858 14308 11872

cutting coefficient: 
spec energy (in-lbs/in**3): 
spec energy (hp-hr/yd**3): 

Average Cutting Time (sec): 
Average Cut Speed (in/sec):

0.136 
0. 306E+04 
6.01
1.53 Ave.
10.4 Ave

peak/avg normal : 1.26
peak/avg rolling : 1.22 

peak/avg side: 3.31
Data Start LVDT Voltage : 1.40
, Data Stop LVDT Voltage : -1.30
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP30 
Operator : REG

Test
Parameter

Test Date : 24/9/90 
Cutter Type : AMI724 

Rock Type : YMP-13
Load Cell Sensitivity 
(lbs/mv @ 400.0 gain

Cutter Penetration (in) : 0.2000 
Cutter Spacing (in) : 5.000

Norm Cal 
Drag Cal 
Side Cal

13.28
11.901.000

notes ROBBIN NARROW BLUNT CUTTER
Summary of ALL statistics.dat ENTRIES

Cut ID 
pass

Minimum (LBf) Mean (LBf) Maximum (LBf)
win cut normal roll side normal roll side normal roll side

2 30 1 1 282 -404 -10601 27093 3442 420 | 62224 7847 1616
2 30 2 | 2010 -33 -1082| 24658 2755 -453 | 50202 6591 1169
2 30 3 I -1462 -229 -15201 19638 2421 -256 | 59053 8486 1249
2 30 4 | 5625 80 -10121 23640 3025 4511 56800 6994 1571
2 30 5 | 2505 101 -19681 27048 3415 -277 | 61334 8933 1192
2 30 6 | -259 -178 -1315| 16460 1885 -314 | 54029 6213 336
2 30 7 I -321 -1270 -752 | 31989 3423 7211 59804 7213 1948
2 30 8 | 3461 428 -1994j 37407 4049 -204 1 69229 7575 1116
2 30 10| 47 -537 -866 | 22350 2686 87 | 51546 6610 1165
2 30 11 | 5714 696 -980 | 31932 3759 308 | '66877 8075 1623
2 30 12 | 5499 216 -1489 | 30076 3603 -55 | 60306 7247 1236
2 30 13 | 3494 252 -14621 24396 3068 -70 | 58691 7631 1394
2 30 14 1 4950 545 -1538 | 29566 3361 1711 60730 7459 1343
2 30 15 | 4578 -383 -1630| 34011 3804 811 68012 9088 1764
2 30 16 | -546 -127 -664 | 25208 2874 156 | 85913 10680 1270
2 30 17 | 5336 -7138 -898 | 27765 3387 495 | 65526 8840 1978
2 30 18 | 7763 -799 -13921 33052 3772 360| 75348 9602 1211

Minimum 1 -1462 -7138 -1994| 16460 1885 -453 | 50202 6213 336
Mean 1 2863 -517 -12721 27429 3219 95 | 62684 7946 1364

sd 1 2812 1776 399 | 5423 562 333 | 8786 1190 382
Maximumj 7763 696 -664 | 37407 4049 7211 85913 10680 1978

cutting coefficient : 0.117 
spec energy (in-lbs/in**3)î O.322E+O4 
spec energy (hp-hr/yd**3): 6.31

Average Cutting Time (sec): 2.80 
Average Cut Speed (in/sec): 10.4

peak/avg normal : 1.36
peak/avg rolling : 1.26

peak/avg side: 7.56
Ave. Data Start LVDT Voltage : 2.60
Ave. Data Stop LVDT Voltage: -2.40
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP31 
Operator : REG

Test
Parameter

Cutter Penetration (in) 
Cutter Spacing (in)

Test Date : 26/9/90 
Cutter Type : AM1724 

Rock Type : YMP12A
Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

0.3000
5.000

Norm Cal 
Drag Cal 
Side Cal

13.28
11.90
4.731

notes ROBBIN NARROW BLUNT CUTTER
Summary of ALL statistics.dat ENTRIES

Cut ID 
pass

Minimum (LBf) Mean (LBf) Maximum (LBf)
win cut normal roll side normal roll side normal roll side

2 31 9 | 2880 -469 -50161 25729 3328 10311 52628 7666 6373
2 31 10 1 65 -523 -4066| 31626 3367 1087| 68622 7379 6491
2 31 11 1 4392 813 -70091 30198 3611 -12991 59458 6391 4126
2 31 12 | 2940 891 -86091 29443 3463 -28851 50548 6469 5899
2 31 13 | 2551 245 -73901 27779 3411 -2266| 63001 7915 3144
2 31 14 1 4483 530 -90561 32115 4332 -938 | 71938 8897 8340
2 31 15 | 2762 245 -5773| 22312 3281 -798 | 63925 9774 3560
2 31 16 | 2788 65 -32561 25796 3790 2370| 76080 9536 11390
2 31 17 | 4595 574 -30951 28079 3686 -38 | 73995 8999 5083
3 31 1 I 1751 -2498 -4297| 37993 6104 4035| 88794 15630 10326
3 31 2 | -195 -58 -27951 19374 3331 12211 57985 10865 9333
3 31 3 I 1419 -637 -7077 1 34908 5611 2164| 78732 12553 10573
3 31 4 | 5190 -722 -32801 42072 6214 3860| 95022 12933 10581
4 31 5 | 4585 25 -48531 27521 3799 2469| 55890 8798 6929
4 31 6 | -168 -17 -1893| 21370 3351 2062 | 66249 10732 8272
4 31 8 | 4086 232 -74151 27017 3988 -4111 61682 10633 5290

Minimum 1 -195 -2498 -90561 19374 3281 -2885| 50548 6391 3144
Mean 1 2758 —81 -53051 28958 4042 729 | 67784 9698 7232

sd 1 1779 808 22211 5944 1007 2064| 12489 2492 2675
Maximum| 5190 891 -18931 42072 6214 4035| 95022 15630 11390

cutting coefficient : 0.140 
spec energy (in-lbs/in**3): 0.269E+04 
spec energy (hp-hr/yd**3): 5.28

Average Cutting Time (sec): 1.97 
Average Cut Speed (in/sec): 10.3

peak/avg normal : 1.45
peak/avg rolling : 1.54

peak/avg side: 5.53
Ave. Data Start LVDT Voltage : 1.25
Ave. Data Stop LVDT Voltage : -1.31
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Linear Cutting Tests

E A R T H  M E C H A N I C S  I N S T I T U T E

Colorado School of Mines

Project : YMP32 
Operator : REG

Test
Parameter

Test Date : 26/9/90 
Cutter Type : AMI724 

Rock Type : YMP-13
Load Cell Sensitivity 
(lbs/mv @ 400.0 gain)

Cutter Penetration (in) : 0.4000 
Cutter Spacing (in) : 5.000

Norm Cal 
Drag Cal 
Side Cal

13.28
11.90
4.731

notes ROBBIN NARROW BLUNT CUTTER
Summary of ALL statistics.dat ENTRIES

Cut ID Minimum (LBf) Mean (LBf) Maximum (LBf)
pas s

win cut normal roll side normal roll side normal roll side

2 32 11 1264 408 -62511 22591 3568 -1131| 50299 8542 1973
2 32 2 f 90 -112 -4036| 9068 1468 216 | 20910 3491 3033
3 32 3 | -340 404 -5044| 22585 3570 1334 | 42533 8654 6530
3 32 4 I 4155 197 -24191 34443 5701 1180| 71739 12283 3310
3 32 5 | 15324 1211 -52051 46386 8356 3565 | 83751 14342 7870
3 32 6 | 9433 309 -47751 44428 7814 669 | 81363 15242 8415
3 32 7 I 7842 -1173 -21731 33529 6064 4030| 80226 14108 9863
3 32 8 | 11522 1923 -85061 43448 6604 -3842| 77615 11975 1474
3 32 9 | 19023 674 -35151 66919 7725 745| 88942 10842 4363
3 32 10| 547 -752-132191 21353 2839 -5987| 48284 10055 3760
3 32 11 | 8205 933 -19971 25320 4776 3857 | 41219 9126 9092
3 32 12 | 6158 338-120251 24168 2922 -7348| 54544 8414 1189
3 32 13 | 13246 1563 1051| 54615 7639 8000| 84787 10453 11539
3 32 14 | 541 -213 193| 10287 1216 2244 | 31803 4435 6846
3 32 15 j -54 -624 -2716| 18507 2021 375 | 38797 6174 4930
3 32 16) 4150 868 2164| 18409 2936 5802| 39305 6562 9140

Minimum 1 -340 -1173-132191 9068 1216 -7348| 20910 3491 1189
Mean 6319 372 -4280| 31003 4701 857 | 58507 9669 5833

sd 6102 834 4238| 16281 2441 4042| 22232 3450 3262
Maximumj 19023 1923 2164| 66919 8356 8000 | 88942 15242 11539

cutting coefficient : 
spec energy (in-lbs/in**3): 
spec energy (hp-hr/yd**3): 

Average Cutting Time (sec): 
Average Cut Speed (in/sec):

0.152 
O.235E+O4 
4.61 

0.862 Ave.
10.2 Ave

peak/avg normal : 2.16
peak/avg rolling : 1.78

peak/avg side: 9.34
Data Start LVDT Voltage : 1.20
Data Stop LVDT Voltage : -1.30



APPENDIX B

Fortran code developed for calculation 
cutting coefficient, using a power function.
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c Fortran code for calculation of cc and x power of angle theta
c for a power function pressure distribution acting on the cutter.
£  ********************************************************************

c This program is developed to calculate the force elements for 
c different pressure distribution on the cutter ring circomference.

c The program asum es a power function of ”x” for the pressure and 
c calculates the prejected forces in two coordintes.

c Range and increments of ”x” can be defined and program calculates 
c cutting coeficient for different penetration rate (within the range), 
c Cutter radius can be changed.
c This program is a numerical solution for integration of force 
c element functions which uses a taylor series.

c Other parameters such as angle "phi" of contact area, angle 
c "beta" of resultant force, angle "gama" of resultant forces in 
c new coordinates, and Fx And Fÿ force elements in new X-Y co.
Ç  **********************************************************************

c Description of variables
c Kfact = slack variable for factorial function,
c xinsig = insignificant figure for round off and trmination of
c numerically calculating force elements.

dimension kfact(0:100), xc(30),stdc(30)
real r, xinsig, cosphi, sumfx, sumfy, phi, beta, cc.gama.

+ f,gmma, st, std, pf, p t , pi, xf, xt, xi 
integer l,ix,iy,nz,ic, iques 
character 8, dfile

c The output file for cc values will be named "cutcoef’

open(7, file= ’cutcoef)

c This part produces factorial function of some whole numbers
1=30
kfact (0)=1 
kfact(l) = 1 
do 3 j= 2 ,1 
kfact(j)= kfact(j-l)*j 
write (*,25) j, kfact (j)

25 format (i3,il0)
3 continue
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c Getting cutter radius.

Print VEnter cutter radius (inches):’ 
read *,* r

c Getting the insignificant figure for round off.

Print *.’Enter insignificant figure for round off in calculations:’ 
read *,* xinsig

c Getting range of Penetration rates.

print VEnter the range of penetration (in.) [from, to, increments]
+ separated by a camma’ 

read *,* pf,pt,pi

c Getting the range for x  values

print VEnter the range of desired x  vallues [from, to, increment]
+ separated with a camma or a blank space if in one line’ 

read *,* xf.xt.xi

c Checking wether user wants to compare calculated data with measured
ones on a specific cutter.

print V  Do you want to check calculated CC with your measured 
+ data (yes= 1, no=2)?‘ 

read *,* iques 
if (iques . eq . 1) then

print *,’Enter the name of data file to compare:’ 
read *,* dfile

endif

print V thet summary of the results’ 

c now calculation of the cc values for various phi 

ic= 1
stdc(ic)=0
xc(ic)=0
do 55 x  = xf, xt, xi 

st=0. 
std=0.
print Vfor x=’,x,’cutter radius=’,r,’these are the results’ 
print *, ’pent phi n  ix fy
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+ beta cc’
do 35 p= p f . p t ,  pi 
cosphi = (r-p)/r 
phi = acos(cosphi)

c write (*,45) r,xinsig,x,cosphi,phi
c format (f5.1, e8.2, f5.2, f5.2,f3.1,e8.3)

c this part calculates cc, by using a taylor series.

10 n= l
sumfx=0 
sumfy=0 

20 ix=(-l)**(n+l)
iy=(-l)**(n-l) 
nz=n*2
f=(phi**(x+ l))/(x+1)
£k = ix*(phi**(nz+x))/((nz+x) * kfact(nz-l.)) 
fy = fy*(phi**(nz-1. +x))/(  kfact(nz-2)*(nz-1. +x)) 
sumlx=sumfx+fx 
sumfy = sumfy+fy 

bcc=sumfx/sumfy 
gama=atan(bcc) 
beta=phi-gama 
cc = tan(beta) 

if (abs(ix) .It. xinsig .and. abs(fy) .It. xinsig) then
write (*,40) p, phi, n,f,sum&, sumfy, beta, cc 

40 format (2(f4.2,3x), 12, 3x,3(e9.3,3x), 2(15.2,
go to 31 
endif

n=n+l 
go to 20  

31 if (iques . e q . 1 ) then
call standard(p, cc, st)

endif

write(7,33) x,p,cc 
33 format (2(2x,f5.3,3x), 15.4)

std=std+st

35 continue
stdc(ic)=std



ic=ic+1
write(7,60) std , x  
write(*,60) std , x  
format(2x,el0.5, ’for x=’, 15.3)

continue

if (iques . eq . 1 ) then 
do 86 ic= l,30  
write(*,60) stdc(ic) , xc(ic) 
continue

endif
stop

end

subroutine standard(p,cc, st)
real pm.ccm.s,st, counter
integer ncount
ncount=0
s=0
st=0.
open (8, file= ’am 1724’) 
read(8,*) ncount 
format(i3/)
do 65 counter=l,ncount 
read(8,*) pm,ccm  
format (2(f5.3,2x)) 
if (p . eq. pm) then

s=(cc-ccm)**2
st=st+s

endif 
continue 
rewind 8 
return 
end
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APPENDIX C
Data and information used for 

Regression analysis of force and pressure.
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Informatino used to calculate pressure of crushed zone.

Pressure distribution = f(t) = C*P’*phiAx, and x= 0.12
Cutter type Robbins A30581 17 in.

Tip width 0.45
Spacing Penetr- Normal Rolling Total Angle Crushed Tensile Uniaxial

ation Force Force Force Phi Zone Pres Strength Strength
(YMP Tuff) (lbs) (lbs) (lbs) (Rad) (psi) (psi) (psi)

3 0.2 22489 2012 22579 0.22 30416.9 2153.1 6544.4
3 0.3 29857 3729 30089 0.27 33063.0 2126.7 6841.6
3 0.4 31239 4496 31561 0.31 30004.3 2126.7 6841.6
3 0.5 35179 5442 35597 0.34 30238.3 2276.0 5157.0

4 0.2 25469 2405 25582 0.22 34462.4 1467.0 16522.8
4 0.3 25565 3690 25830 0.27 28383.1 1502.6 16658.4
4 0.4 32087 5312 32524 0.31 30919.8 1534.3 16779.0
4 0.5 40001 6430 40515 0.34 34415.9 1265.0 15754.0

5 0.2 26193 2758 26338 0.22 35480.8 2103.8 10764.5
5 0.3 30408 3774 30641 0.27 33669.6 2113.4 10721.2
5 0.4 32472 4316 32758 0.31 31142.3

X=

2152.1

-0.25

10547.9

Cutter type Robbins AM1724 17 in.
Tip width 0.54

Spacing Penetr- Normal Rolling Total Angle Crushed Tensile Uniaxial
ation Force Force Force Phi Zone Pres Strength Strength

(YMP Tuff) (lbs) (lbs) (lbs) (Rad) (psi) (psi) (psi)

3 0.2 25211 3519 25455 0.22 19135.8 1858 9874
3 0.3 28574 4632 28947 0.27 17750.1 1858 9874
3 0.4 34388 6609 35017 0.31 18576.9 1858 9874

4 0.2 25860 3328 26073 0.22 19600.3 2073 18829
4 0.3 30290 4441 30614 0.27 18772.3 2073 18829
4 0.4 36823 5139 37180 0.31 19724.4 999 13530

5 0.2 27449 3319 27649 0.22 20785.1 2268 10028
5 0.3 28978 4142 29273 0.27 17950.0 1646.5 11498.7
5 0.4 31023 4801 31392 0.31 16653.8 1644 10187
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Pressure distribution = f(t) = C*P’*phiAx, and x= 0.12
Cutter type Robbins A30581 17 in.

Tip width 0.5
Spacing Penetr- Normal Rolling Total Angle Crushed Tensile Uniaxial

ation Force Force Force Phi Zone Pres Strength Strength
(Berea Sandstone) (lbs) (lbs) (lbs) (Rad) (psi) (psi) (psi)

3 1 27390 4546 27765 0.49 14933.7 542 9774
3 1.5 34957 9341 36184 0.60 15808.5 542 9774
6 1 31441 7545 32334 0.49 17391.2 542 9774
6 1.5 41193 10710 42563 0.60 18595.4 542 9774

(INDIANA LIMSTONE)
3 1 27166 5965 27813 0.49 14959.6 1202 12170
3 1.5 31601 7320 32438 0.60 14171.9 1202 12170
6 1 37979 8231 38861 0.49 20901.9 1202 12170
6 1.5 41101 10867 42513 0.60 18573.6 1202 12170

Pressure distribution = f(t) = C*P’*phiAx, and x= -0.25
Cutter type Robbins AM 1724 17 in.

Tip width 0.75
Spacing Penetr- Normal Rolling Total Angle Crushed Tensile Uniaxial

ation Force Force Force Phi Zone Pres Strength Strength
(Berea Sandstone) (lbs) (lbs) (lbs) (Rad) (psi) (psi) (psi)

3 1 35270 6208 35812 0.49 8599.1 542 9774
3 1.5 37347 9507 38538 0.60 7516.5 542 9774
6 1 35853 8865 36933 0.49 8868.2 542 9774
6 1.5 37226 10423 38658 0.60 7539.9 542 9774

(INDIANA LIMSTONE)
3 1 42665 8416 43487 0.49 10442.0 1202 12170
3 1.5 46662 9864 47693 0.60 9302.1 1202 12170
6 1 51950 10252 52952 0.49 12714.7 1202 12170
6 1.5 - 1202 12170

Pressure distribution = f(t) = C*P’*phiAx, and x= 0.12
Cutter type Robbins A30580 15.5 in.

Tip width 0.5
Spacing Penetr- Normal Rolling Total Angle Crushed Tensile Uniaxial

ation Force Force Force Phi Zone Pres Strength Strength
(Dakota Sandstone) (lbs) (lbs) (lbs) (Rad) (psi) (psi) (psi)

3 0.5 6794 1780 7023 0.36 5620.3 561 7468
3 1 14892 3509 15300 0.51 8609.7 561 7468
3 1.5 25136 5215 25671 0.63 11727.7 561 7468
4 0.5 10330 2703 10678 0.36 8545.2 561 7468
4 1 24002 5840 24702 0.51 13900.5 561 7468
4 1.5 41304 8201 42110 0.63 19237.8 561 7468
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(HOSTONE LIMSTONE)
3 0.25 38710 5541 39105 0.25 44378.2 900 17213
3 0.35 43596 6986 44152 0.30 42301.0 900 17213
4 0.15 32110 3378 32287 0.20 47354.5 900 17213
4 0.2 41964 4876 42246 0.23 53630.8 900 17213
4 0.3 54475 6811 54899 0.28 56842.7 900 17213
4 0.35 64050 8123 64563 0.30 61856.3 900 17213

Pressure distribution = f(t) = C*P’*phiAx, and x= 0.20
Cutter type Robbins A21530 15.5 in.

Tip width 0.435
Spacing Penetr- Normal Rolling Total Angle Crushed Tensile Uniaxial

ation Force Force Force Phi Zone Pres Strength Strength
(Dakota Sandstone) (lbs) (lbs) (lbs) (Rad) (psi) (psi) (psi)

3 0.5 17452 3826 17866 0.36 17607.8 561 7468
3 0.75 27128 6406 27874 0.44 22368.1 561 7468
4 0.5 22079 4409 22515 0.36 22189.6 561 7468
4 0.75 29452 6769 30220 0.44 24250.7 561 7468

(HOSTONE LIMSTONE)
3 0.25 39347 2994 39461 0.25 55150.5 900 17213
3 0.35 47495 5483 47810 0.30 56410.9 900 17213
4 0.25 46223 4306 46423 0.25 64880.6 900 17213
4 0.35 59942 8721 60573 0.30 71469.9 900 17213

Pressure distribution = f(t) = C*P’*phiAx, and x= 0.12
Cutter type Robbins A30581 17 in.

Tip width 0.5
Spacing Penetr- Normal Rolling Total Angle Crushed Tensile Uniaxial

ation Force Force Force Phi Zone Pres Strength Strength
(Colo Red Granite) (lbs) (lbs) (lbs) (Rad) (psi) (psi) (psi)

1 0.02 9536 631 9557 0.07 36706.7 1700 20000
1 0.05 10597 544 10611 0.11 25768.1 1700 20000
1 0.08 13002 885 13032 0.14 25012.0 1700 20000
1 0.1 14350 1083 14391 0.15 24699.5 1700 20000
1 0.13 16370 1372 16427 0.18 24720.4 1700 20000
1 0.15 18183 1642 18257 0.19 25572.1 1700 20000
1 0.2 21437 2040 21534 0.22 26108.3 1700 20000
1 0.25 26073 2796 26222 0.24 28421.6 1700 20000

2 0.05 13031 690 13049 0.11 31688.6 1700 20000
2 0.08 16312 894 16336 0.14 31353.3 1700 20000
2 0.1 17724 1124 17760 0.15 30481.7 1700 20000
2 0.13 20209 1564 20269 0.18 30502.1 1700 20000
2 0.15 20843 1904 20930 0.19 29316.1 1700 20000
2 0.2 23841 2510 23973 0.22 29065.4 1700 20000
2 0.25 27167 3256 27361 0.24 29656.2 1700 20000
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2.5 0.08 24132 1030 24154 0.14 46358.2 1700 20000
2.5 0.1 26183 1127 26207 0.15 44979.5 1700 20000
2.5 0.13 28343 1575 28387 0.18 42718.5 1700 20000
2.5 0.15 28928 2132 29006 0.19 40628.0 1700 20000

3 0.08 22427 1129 22455 0.14 43097.3 1700 20000
3 0.1 21692 1365 21735 0.15 37304.1 1700 20000
3 0.13 25178 1867 25247 0.18 37993.3 1700 20000
3 0.15 27223 2573 27344 0.19 38300.0 1700 20000
3 0.2 28908 3157 29080 0.22 35257.2 1700 20000
3 0.25 33104 4315 33384 0.24 36184.4 1700 20000
3 0.3 35803 5010 36152 0.27 35752.8 1700 20000

Pressure distribution = f(t) = C*P’*phiAx, and x= 0.12
Cutter type Robbins A30581 17 in.

Tip width 0.5
Spacing Penetr- Normal Rolling Total Angle Crushed Tensile Uniaxial

ation Force Force Force Phi Zone Pres Strength Strength
(Colo Spr granite) (lbs) (lbs) (lbs) (Rad) (psi) (psi) (psi)

2.75 0.1 33217 2447 33307 0.15 57165.3 1131 20893
2.75 0.15 37240 3091 37368 0.19 52340.4 1131 20893
2.75 0.2 43611 4484 43841 0.22 53153.7 1131 20893
2.75 0.25 49515 6100 49889 0.24 54074.0 1131 20893

(COLO SPRING GRANITE) NEW CUTTER
2.75 0.1 29674 1663 29721 0.15 51010.6 1131 20893
2.75 0.15 33755 2667 33860 0.19 47426.8 1131 20893
2.75 0.2 43785 3695 43941 0.22 53275.0 1131 20893
2.75 0.25 39634 4319 39869 0.24 43213.4 1131 20893
2.75 0.3 39904 4963 40211 0.27 39766.9 1131 20893

(COLO. SPRING GRANITE) WORN CUTTER
2.75 0.1 30330 2440 30428 0.15 52224.0 1131 20893
2.75 0.15 31697 2731 31814 0.19 44561.1 1131 20893
2.75 0.2 37091 3491 37255 0.22 45168.7 1131 20893
2.75 0.25 39210 4463 39463 0.24 42773.4 1131 20893
2.75 0.3 44047 5743 44420 0.27 43929.5 1131 20893
2.75 0.35 43055 6248 43506 0.29 39814.1 1131 20893
2.75 0.4 51765 8767 52502 0.31 44921.2 1131 20893
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Pressure distribution = f(t) = C*P’*phiAx, and x= 0.12
Cutter type Robbins A30581 17 in.

Tip width 0.5
Spacing Penetr- Normal Rolling Total Angle Crushed Tensile Uniaxial

ation Force Force Force Phi Zone Pres Strength Strength
(Lesoto Basalt) (lbs) (lbs) (lbs) (Rad) (psi) (psi) (psi)

2.75 0.05 19356.4 802.8 19373 0.11 47046.0 2160 27216
2.75 0.1 27897.3 1248.8 27925 0.15 47928.1 2160 27216

3.53 0.05 21697.9 914.3 21717 0.11 52738.2 2160 27216
3.53 0.1 30774 1382.6 30805 0.15 52871.1 2160 27216
3.53 0.15 38467.5 2363.8 38540 0.19 53982.0 2160 27216

(NAB)
2.75 0.15 24351.6 1672.5 24409 0.19 34189.1 1872 14112
2.75 0.29 27875 3055.1 28042 0.26 28209.2 1872 14112
2.75 0.49 42057.8 5619.6 42432 0.34 32772.6 1872 14112

3.53 0.15 25845.7 1873.2 25913 0.19 36295.7 1872 14112
3.53 0.29 43039 4816.8 43308 0.26 43566.2 1872 14112

(MAB)
2.75 0.15 19847 1404.9 19897 0.19 27869.2 1728 13248
2.75 0.29 27741.2 3701.8 27987 0.26 28153.9 1728 13248
2.75 0.49 36772.7 5931.8 37248 0.34 28768.7 1728 13248

3.53 0.15 23013.6 1605.6 23070 0.19 32313.6 1728 13248
3.53 0.29 30328 3880.2 30575 0.26 30757.3 1728 13248

(HAB)
2.75 0.15 22746 1694.8 22809 0.19 31948.0 1152 16128
2.75 0.29 28276.4 3478.8 28490 0.26 28659.9 1152 16128
2.75 0.49 31822.1 4950.6 32205 0.34 24873.7 1152 16128

3.53 0.15 26314 1917.8 26384 0.19 36955.4 1152 16128
3.53 0.29 34676.5 4705.3 34994 0.26 35202.7 1152 16128



Data used for regression analysis of the crushed zone 
Pressure using the MiniTab Statistical analysis program.

Crushed spac Tensile Uniaxial penetra Tip Disc cutter
Pressure ing Strength strength tion Width Radius

(psi) (in) (psi) (psi) (in) (in) (in)
30416.94 3 2153.1 6544.4 0.2 0.45 8.5
33063.02 3 2126.7 6841.6 0.3 0.45 8.5
30004.32 3 2126.7 6841.6 0.4 0.45 8.5
30238.29 3 2276.0 5157.0 0.5 0.45 8.5

34462.38 4 1467.0 16522.8 0.2 0.45 8.5
28383.06 4 1502.6 16658.4 0.3 0.45 8.5
30919.82 4 1534.3 16779.0 0.4 0.45 8.5
34415.94 4 1265.0 15754.0 0.5 0.45 8.5

35480.82 5 2103.8 10764.5 0.2 0.45 8.5
33669.58 5 2113.4 10721.2 0.3 0.45 8.5
31142.28 5 2152.1 10547.9 0.4 0.45 8.5

19135.77 3 1858.0 9874.0 0.2 0.54 8.5
17750.08 3 1858.0 9874.0 0.3 0.54 8.5
18576.93 3 1858.0 9874.0 0.4 0.54 8.5

19600.35 4 2073.0 18829.0 0.2 0.54 8.5
18772.27 4 2073.0 18829.0 0.3 0.54 8.5
19724.43 4 999.0 13530.0 0.4 0.54 8.5

20785.1 5 2268.0 10028.0 0.2 0.54 8.5
17949.98 5 1646.5 11498.7 0.3 0.54 8.5
16653.83 5 1644.0 10187.0 0.4 0.54 8.5

14933.74 3 542.0 9774.0 1 0.5 8.5
15808.49 3 542.0 9774.0 1.5 0.5 8.5
17391.23 6 542.0 9774.0 1 0.5 8.5
18595.43 6 542.0 9774.0 1.5 0.5 8.5

14959.55 3 1202.0 12170.0 1 0.5 8.5
14171.9 3 1202.0 12170.0 1.5 0.5 8.5

20901.85 6 1202.0 12170.0 1 0.5 8.5
18573.58 6 1202.0 12170.0 1.5 0.5 8.5

8599.068 3 542.0 9774.0 1 0.75 8.5
7516.49 3 542.0 9774.0 1.5 0.75 8.5

8868.239 6 542.0 9774.0 1 0.75 8.5
7539.895 6 542.0 9774.0 1.5 0.75 8.5

10441.97 3 1202.0 12170.0 1 0.75 8.5
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9302.091 3 1202.0 12170.0 1.5 0.75 8.5
12714.67 6 1202.0 12170.0 1 0.75 8.5

5620.265 3 561.0 7468.0 0.5 0.5 7.75
8609.723 3 561.0 7468.0 1 0.5 7.75
11727.67 3 561.0 7468.0 1.5 0.5 7.75
8545.236 4 561.0 7468.0 0.5 0.5 7.75
13900.48 4 561.0 7468.0 1 0.5 7.75
19237.75 4 561.0 7468.0 1.5 0.5 7.75

44378.24 3 900.0 17213.0 0.25 0.5 7.75
42300.98 3 900.0 17213.0 0.35 0.5 7.75

47354.5 4 900.0 17213.0 0.15 0.5 7.75
53630.81 4 900.0 17213.0 0.2 0.5 7.75
56842.74 4 900.0 17213.0 0.3 0.5 7.75
61856.27 4 900.0 17213.0 0.35 0.5 7.75

17607.81 3 561.0 7468.0 0.5 0.45 7.75
22368.07 3 561.0 7468.0 0.75 0.45 7.75
22189.63 4 561-0 7468.0 0.5 0.45 7.75
24250.67 4 561.0 7468.0 0.75 0.45 7.75

55150.54 3 900.0 17213.0 0.25 0.45 7.75
56410.86 3 900.0 17213.0 0.35 0.45 7.75
64880.61 4 900.0 17213.0 0.25 0.45 7.75
71469.88 4 900.0 17213.0 0.35 0.45 7.75

36706.67 1 1700.0 20000.0 0.02 0.5 8.5
25768.06 1 1700.0 20000.0 0.05 0.5 8.5

25012 1 1700.0 20000.0 0.08 0.5 8.5
24699.48 1 1700.0 20000.0 0.1 0.5 8.5
24720.38 1 1700.0 20000.0 0.13 0.5 8.5
25572.11 1 1700.0 20000.0 0.15 0.5 8.5
26108.27 1 1700.0 20000.0 0.2 0.5 8.5
28421.64 1 1700.0 20000.0 0.25 0.5 8.5

31688.57 2 1700.0 20000.0 0.05 0.5 8.5
31353.29 2 1700.0 20000.0 0.08 0.5 8.5
30481.74 2 1700.0 20000.0 0.1 0.5 8.5
30502.06 2 1700.0 20000.0 0.13 0.5 8.5
29316.11 2 1700.0 20000.0 0.15 0.5 8.5
29065.36 2 1700.0 20000.0 0.2 0.5 8.5
29656.19 2 1700.0 20000.0 0.25 0.5 8.5

46358.18 2.5 1700.0 20000.0 0.08 0.5 8.5
44979.45 2.5 1700.0 20000.0 0.1 0.5 8.5
42718.53 2.5 170Ô.0 20000.0 0.13 0.5 8.5
40627.96 2.5 1700.0 20000.0 0.15 0.5 8.5
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43097.33 3 1700.0 20000.0 0.08 0.5 8.5
37304.09 3 1700.0 20000.0 0.1 0.5 8.5
37993.26 3 1700.0 20000.0 0.13 0.5 8.5
38300.04 3 1700.0 20000.0 0.15 0.5 8.5
35257.19 3 1700.0 20000.0 0.2 0.5 8.5
36184.43 3 1700.0 20000.0 0.25 0.5 8.5
35752.76 3 1700.0 20000.0 0.3 0.5 8.5

57165.29 2.75 1131.0 20893.0 0.1 0.5 8.5
52340.4 2.75 1131.0 20893.0 0.15 0.5 8.5

53153.73 2.75 1131.0 20893.0 0.2 0.5 8.5
54073.95 2.75 1131.0 20893.0 0.25 0.5 8.5

51010.58 2.75 1131.0 20893.0 0.1 0.5 8.5
47426.83 2.75 1131.0 20893.0 0.15 0.5 8.5
53274.97 2.75 1131.0 20893.0 0.2 0.5 8.5
43213.42 2.75 1131.0 20893.0 0.25 0.5 8.5
39766.94 2.75 1131.0 20893.0 0.3 0.5 8.5

52224.02 2.75 1131.0 20893.0 0.1 0.7 8.5
44561.05 2.75 1131.0 20893.0 0.15 0.7 8.5
45168.73 2.75 1131.0 20893.0 0.2 0.7 8.5
42773.36 2.75 1131.0 20893.0 0.25 0.7 8.5
43929.45 2.75 1131.0 20893.0 0.3 0.7 8.5
39814.12 2.75 1131.0 20893.0 0.35 0.7 8.5
44921.21 2.75 1131.0 20893.0 0.4 0.7 8.5

47045.96 2.75 2160.0 27216.0 0.05 0.5 8.5
47928.08 2.75 2160.0 27216.0 0.1 0.5 8.5

52738.2 3.53 2160.0 27216.0 0.05 0.5 8.5
52871.07 3.53 2160.0 27216.0 0.1 0.5 8.5
53981.99 3.53 2160.0 27216.0 0.15 0.5 8.5

34189.06 2.75 1872.0 14112.0 0.15 0.5 8.5
28209.21 2.75 1872.0 14112.0 0.29 0.5 8.5
32772.55 2.75 1872.0 14112.0 0.49 0.5 8.5

36295.68 3.53 1872.0 14112.0 0.15 0.5 8.5
43566.25 3.53 1872.0 14112.0 0.29 0.5 8.5

27869.22 2.75 1728.0 13248.0 0.15 0.5 8.5
28153.89 2.75 1728.0 13248.0 0.29 0.5 8.5
28768.67 2.75 1728.0 13248.0 0.49 0.5 8.5

32313.56 3.53 1728.0 13248.0 0.15 0.5 8.5
30757.32 3.53 1728.0 13248.0 0.29 0.5 8.5

*
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31947.98 2.75 1152.0 16128.0 0.15 0.5 8.5
28659.89 2.75 1152.0 16128.0 0.29 0.5 8.5
24873.68 2.75 1152.0 16128.0 0.49 0.5 8.5

36955.39 3.53 1152.0 16128.0 0.15 0.5 8.5
35202.67 3.53 1152.0 16128.0 0.29 0.5 8.5
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APPENDIX D
Description and sample run of 

MiniTab Program for regression analysis.
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MiniTab is a statistical analysis program developed for 
linear regression analysis of experimental observations. The 
version used for this study is VAX/VMS MiniTab-7.2. User 
specifies the columns and find the best combination of 
parameters to achieve the highest correlation for a given 
number of parameters.

Columns can also be read form data files as for this 
study (Appendix C . ) . In the following section, columns 1 
through 7 are raw data including pressure of crushed zone 
calculated from previous experiments on linear cutting 
machine, and imported to MiniTab. They include crushed zone 
pressure, spacing, tensile strength, and uniaxial compressive 
strength of rock, penetration, cutter tip width, and cutter 
radius respectively. Columns 8 and 9 are square and cubic 
power of spacing, 10 and 11 are square and tenth root of 
tensile strength, 13 and 14 the square root and square power 
of rock compressive strength, respectively. Column 12 is used 
by other parameter to achieve the optimum power and examine 
its effect on the equations.

The procedure is to find the best combination between a 
group of parameters to yield the best correlation with the 
input data. Next step is to find the dependent parameter, 
pressure, as a function of these combinations. The 
correlation coefficient increases with the increase in number
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of parameters used in each regression. Program is able to 
produce equations relating dependent parameter to the 
independent parameters in a linear relationship. Applying 
different powers for parameters enables user to explore the 
possibility of finding a better fit to the raw data within the 
higher order functions. This program is not designed to 
optimize the solution by providing a nonlinear fit to the raw 
data. Consequently, a try and error approach is used to find 
the value of the power functions and the best combinations of 
the parameters and their nonlinear derivatives.

Following is a print out of running program. At this 
stage the data file had been imported and higher order 
functions are assigned to their columns.

MTB > BREG 01-07,013
( Find the best combination of variables defined above, cl as 
a function of others.)
BEST SUBSETS REGRESSION OF 01

0
ADJ. C 0 C 0 0 0 1

VARS R-SQ R-SQ C-P S 2 3 4 5 6 7 3
1 52.9 52.4 141.0 10520 X
1 51.7 51.2 146.9 10651 X
2 71.0 70.4 52.9 8294.5 X X
2 67.8 67.2 68.8 8741.0 X X
3 75.7 75.0 31.6 7632.0 X X X
3 73.5 72.6 42.8 7980.7 X X X
4 78.4 77.5 20.2 7234.8 X X X X
4 78.4 77.4 20.4 7244.2 X X X X
5 80.3 79.2 12.9 6954.4 X X X X X
5 79.5 78.3 17.1 7099.5 X X X X X
6 81.1 79.8 11.0 6850.0 X X X X X X
6 80.7 79.4 13.0 6924.2 X X X X X X
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7 82.1 80.7 8.0 6703.3 X X X X X X X

MTB > REGR Cl 1 C13
( Regression of cl with one variable in column cl3. )
THE REGRESSION EQUATION IS
Cl = - 32628 + 521 C13

PREDICTOR COEF STDEV T-RATIO P
CONSTANT -3 2 6 2 8 6515 -5.01 0.000
C13 521.20 50.44 10.33 0.000
S = 10520 R-SQ = 52.9% R-SQ(ADJ) = 52 .4%

MTB > BREG Cl C2-C7
BEST SUBSETS REGRESSION OF Cl

ADJ. C c c c c c
VARS R-SQ R-SQ 0 1 hd s 2 3 4 5 6 7

1 51.7 51.2 104.0 10651 X
1 45.7 4 5 . 2 128.4 11293 X
2 67.8 67.2 40.2 8741.0 X X
2 57.8 56.9 81.1 10010 X X
3 71.9 71.0 2 5 . 5 8208.0 X X X
3 6 9 . 2 6 8 . 2 36.9 8 6 0 6 . 1 X X X
4 76.0 74.9 11.1 7639.0 X X X X
4 73.1 71.9 22.8 8080.3 X X X X
5 77.1 75.8 8.5 7499.0 X X X X X
5 7 6 . 2 74.9 12.1 7642.5 X X X X X
6 77.9 76.5 7.0 7397.4 X X X X X X

MTB > REGR Cl 6 C2-C7
(A linear regression between all the original parameters.) 
THE REGRESSION EQUATION IS
Cl = 103415 + 4201 C2 - 7.37 C3 + 2.48 C4 - 12584 C5 - 21033 
C6 - 11736 C7
PREDICTOR COEF STDEV T-RATIO P
CONSTANT 103415 26281 3.94 0.000
C2 4201.2 830.1 5.06 0.000
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C3 -7.367 2.759 -2.67 0.009
C4 2.4821 0.2541 9.77 0.000
C5 -12584 3074 -4.09 0.000
C6 -21033 11216 -1.88 0.064
C7 -11736 3706 -3.17 0.002
S = 7397 R-SQ = 77.9% R-SQ(ADJ) = 76.5%

MTB > BREG C1-C9 , C13
BEST SUBSETS REGRESSION OF Cl

C
ADJ. C C c c c c c c 1

VARS R-SQ R-SQ C-P s 2 3 4 5 6 7 8 9 3

1 5 2 . 9 5 2 . 4 2 3 8 . 8 10520 X
1 5 1 . 7 5 1 . 2 2 4 7 . 1 10651 X
2 7 1 . 0 7 0 . 4 1 1 3 . 1 8 2 9 4 . 5 X X
2 6 7 . 8 6 7 . 2 1 3 5 . 6 8741.0 X X
3 7 5 . 7 7 5 . 0 8 1 . 9 7 6 3 2 . 0 X X X
3 7 3 . 9 7 3 . 1 9 4 . 9 7 9 1 5 . 4 X X X
4 8 1 . 3 8 0 . 5 4 5 . 0 6 7 4 3 . 4 X X X X
4 8 1 . 2 8 0 . 3 4 5 . 8 6763.8 X X X X
5 8 4 . 5 83.6 2 4 . 2 61 6 7 . 3 X X X X X
5 8 4 . 3 8 3 . 5 2 5 . 3 6 1 9 7 . 7 X X X X X
6 8 5 . 5 8 4 . 5 1 9 . 4 6 0 0 4 . 5 X X X X X X
6 8 5 . 4 8 4 . 5 1 9 . 7 6 0 1 2 . 6 X X X X X X
7 8 6 . 7 8 5 . 6 1 2 . 9 5 7 8 1 . 5 X X X X X X X
7 8 6 . 4 8 5 . 4 1 4 . 7 5 8 3 7 . 5 X X X X X X X
8 8 7 . 7 8 6 . 5 8 . 0 5 5 9 7 . 7 X X X X X X X X
8 8 7 . 4 86.3 9.6 5 6 4 7 . 3 X X X X X X X X
9 8 7 . 7 8 6 . 4 1 0 . 0 5 6 2 9 . 6 X X X X X X X X X

MTB> REGR Cl 5 c4,c7,c8,c9,cl3
Cl = - 7948 - 6.00 C4 - 18785 Cl + 3922 C8 - 566 C9 +
Predictor Coef Stdev t-ratio P
Constant -7948 26749 -0.30 0.767
C4 -5.995 1.376 -4.36 0.000
C7 -18785 2597 -7.23 0.000
C8 3922.5 508.0 7.72 0.000
C9 -565.75 78.37 -7.22 0.000
C13 2199.5 340.2 6.46 0.000
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s = 6167 R-sq = 84.5% R-sq(adj) = 83.6%

MTB> BREG C1-C9,C14
BEST SUBSETS REGRESSION OF Cl

C
ADJ. C C c c c c c c 1

VARS R-SQ R-SQ C-P S 2 3 4 5 6 7 8 9 4
1 51.7 51.2 241.9 10651 X
1 46.6 46.1 277.4 11202 X
2 67.8 67.2 132.1 8741.0 X X
2 58.8 57.9 194.9 9894.2 X X
3 72.5 71.6 101.8 8126.7 X X X
3 71.9 71.0 105.7 8208.0 X X X
4 78.3 77.4 63.2 7250.2 X X X X
4 77.4 76.4 69.9 7409.3 X X X X
5 84.8 84.0 20.1 6097.7 X X X X X
5 84.6 83.8 21.8 6147.6 X X X X X
6 85.9 84.9 15.0 5921.2 X X X X X X
6 85.7 84.8 15.9 5948.6 X X X X X X
7 86.7 85.7 11.2 5773.3 X X X X X X X
7 86.4 85.3 13.4 5841.7 X X X X X X X
8 87.5 86.3 8.0 5641.1 X X X X X X X X
8 87.2 86.0 9.9 5701.8 X X X X X X X X
9 87.5 86.2 10.0 5673.4 X X X X X X X X X

MTB> REGR Cl 6 C4,C6--C9,C14
Cl = 68707 + 7.42 C4 - 20349 C6 - 15027 Cl + 4249 C8
-0.000140 C14
Predictor Coef Stdev t-ratio PConstant 68707 20962 3.28 0.001
C4 7.4233 0.6902 10.76 0.000
C6 -20349 7977 -2.55 0.012
Cl -15027 2615 -5.75 0.000
C8 4249.4 492.8 8.62 0.000
C9 -603.84 75.73 -7.97 0.000
C14 0 .00014021 0.00002045 -6.86 0.000
s = 5921 R-sq = 85.9% R-sq(adj) = 84.9%

MTB>REGR Cl 7 C2,C4,C6-C7,C9,C11,C14
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Cl = 100515 + 12165 C2 + 7.88 C4 - 29450 C6 - 13005
C9 - 28831 Cll -0.000147 C14
Predictor Coef Stdev t-ratio PConstant 100515 23451 4.29 0.000
C2 12165 1397 8.71 0.000
C4 7.8781 0.7105 11.09 0.000
C6 -29450 8583 -3.43 0.001
Cl -13005 2977 -4.37 0.000
C9 -191.82 2 9 . 0 2 -6.61 0.000
Cll -28831 12657 -2.28 0.025
C14 -0 .00014708 0.00002039 -7.21 0.000
s = 5815 R-sq = 86.5% R-sq(adj) = 85.5%

MTB > BREG C1-C9,Cil,C13,C14 
BEST SUBSETS REGRESSION OF Cl

C C C
ADJ. C C c c c c c c 1 1 1

VARS R-SQ R-SQ C-P s 2 3 4 5 6 7 8 9 1 3 4
1 52.9 52.4 234.3 10520 X
1 51.7 51.2 242.5 10651 X
2 71.0 70.4 110.3 8294.5 X X
2 67.8 67.2 132.6 8741.0 X X
3 75.7 75.0 79.6 7632.0 X X X
3 73.9 73.1 92.4 7915.4 X X X
4 81.3 80.5 4 3 . 2 6743.4 X X X X
4 8 1 . 2 80.3 44.0 6763.8 X X X X
5 84.8 84.0 2 0 . 3 6097.7 X X X X X
5 84.7 8 3 . 9 21.4 6127.1 X X X X X
6 85.9 8 4 . 9 15.2 5921.2 X X X X X X
6 85.7 84.8 16.1 5948.6 X X X X X X
7 8 6 . 9 85.8 10.3 5741.8 X X X X X X X
7 8 6 . 8 85.8 10.5 5745.2 X X X X X X X
8 8 7 . 8 8 6 . 6 6.1 5573.7 X X X X X X X X
8 87.7 86.6 6.5 5586.1 X X X X X X X X
9 87.8 86.5 8.0 5603.5 X X X X X X X X X
9 8 7 . 8 86.5 8.1 5604.1 X X X X X X X X X

10 87.8 8 6 . 3 10.0 5 6 3 5 . 2 X X X X X X X X X X
10 87.8 8 6 . 3 10.0 5635.5 X X X X X X X X X X
11 87.8 8 6 . 2 12.0 5667.6 X X X X X X X X X X X

(Follows are some supplementary equations for different number
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of parameters. These equations were not used in the main 
text.)
THE BEST REGRESSION EQUATION WITH 2 VARIABLE IS
Cl = 146589 - 23806 Cl + 674 C13
PREDICTOR COEF STDEV T-RATIO P
CONSTANT 146589 23924 6.13 0.000
C7 -23806 3104 -7.67 0.000
C13 673.87 44.47 15.15 0.000
S = 8295 R-SQ = 71.0% R-SQ (ADJ) = 70.4%MTB
Cl 3 C2 Cl C13
THE BEST REGRESSION EQUATION WITH 3 VARIABLE IS
Cl = 123412 + 3380 C2 -- 23495 Cl + 754 C13
PREDICTOR COEF STDEV T-RATIO P
CONSTANT 123412 22680 5.44 0.000
C2 3380.0 796.1 4.25 0.000
Cl -23495 2857 -8.22 0.000
C13 754.48 45.11 16.72 0.000
S = 7632 R-SQ = 75.7% R-SQ(ADJ) = 75.0%

THE BEST REGRESSION EQUATION WITH 4 VARIABLES IS
Cl = 68773 + 10776 C2 - 18411 C7 - 172 C9 + 728 C13
PREDICTOR COEF STDEV T-RATIO P
CONSTANT 68773 22739 3.02 0.003
C2 10776 1603 6.72 0.000
Cl -18411 2718 -6.77 0.000
C9 -172.40 33.55 -5.14 0.000
C13 728.24 40.30 18.07 0.000
S = 6764 R-SQ = 81.2% R-SQ(ADJ) = 80.3%

THE BEST REGRESSION EQUATION WITH 
Cl = 76771 + 7.50 C4 - 17324 C7 + 
C14

5 VARIABLES IS 
4153 C8 - 595 C9 -0 000141

PREDICTOR
CONSTANT
C4
Cl
C8

COEF
76771

7.4980
-17324
4152.7

STDEv
21340
0.7101
2528

506.0

T-RATIO
3.60

10.56
-6.85
8.21

P
0.001
0.000
0.000
0.000
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C9 -594.74 77.90 -7.63 0 . 0 0 0
C14 -0.00014102 0.00002106 -6.70 0 . 0 0 0

S = 6098 R-SQ = 84.8% R-SQ(ADJ) = 84.0%
THE BEST REGRESSION EQUATION WITH 6 VARIABLES IS
Cl = 73811 + 12197 C2 
-0.000139 C14

+ 7.39 C4 - 21524 C6 - 16679 Cl

PREDICTOR CoEF STDEV T-RATIO P
CONSTANT 73811 20778 3.55 0.001
C2 12197 1429 8.53 0 . 0 0 0
C4 7.3894 0.6929 10.66 0 . 0 0 0
C6 -21524 8026 -2.68 0.009
Cl -16679 2559 -6.52 0 . 0 0 0
C9 -186.91 29.61 -6.31 0 . 0 0 0
C14 -0.00013886 0.00002053 -6.76 0 . 0 0 0

S = 5949 R-SQ = 85.7% R-SQ(ADJ) = 84.8%
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APPENDIX E
Predicted forces and pressures, using 

equations 1 - 5  for the predictor model.
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First Equation Second Equation
RA2 = 52.4% RA2 = 77.9%

Raw Data just UIAXA0.5 AVG STD Linear regression AVG STD
5436 with s,p,unix,tensile 4974 

Measured Predicted 1125277 Predicted 1034547
Pressure

(psi)
Force Pressure 

(lbs) (psi)
Force

(lbs)
STD

(Fp-Fm)
Pressure

(psi)
Force

(lbs)
STD

(Fp-Fm)

30417 22579 9519 7066 15513 4642 3446 19133
33063 30089 10466 9525 20564 4315 3927 26162
30004 31561 10466 11009 20552 3057 3216 28345
30238 35597 19143 22535 13062 8219 9675 25922

(YMP SKA
34462 25582 34342 25492 90 38646 28688 3106
28383 25830 34616 31502 5672 37461 34092 8262
30920 32524 34859 36668 4144 36268 38150 5626
34416 40515 32765 38572 1943 34453 40559 44

35481 26338 21427 15906 10432 23874 17722 8616
33670 30641 21318 19400 11241 22437 20418 10223
31142 32758 20880 21964 10794 20464 21525 11233

(YMP BLUNT)
19136 25455 19143 25464 9 15074 20052 5403
17750 28947 19143 31218 2271 11923 19444 9503
18577 35017 19143 36084 1067 10665 20103 14914
19600 26073 38863 51697 25624 38006 50557 24484
18772 30614 38863 63378 32764 36748 59929 29315
19724 37180 27974 52730 15550 30263 57046 19866

20785 27649 19545 25999 1650 18944 25199 2450
17950 29273 23240 37900 8627 25913 42260 12987
16654 31392 19957 37618 6226 21420 40376 8984

(BEREA SANDSTONE SHARP)
14934 27765 18880 35102 7337 14458 26881 884
15808 36184 18880 43214 7030 8166 18691 17493
17391 32334 18880 35102 2768 27061 50312 17978
18595 42563 18880 43214 651 20769 47538 4975

(INDIANA LIMSTONE SHARP]
14960 27813 24848 46197 18384 15536 28885 1072
14172 32438 24848 56873 24435 9244 21159 11279
20902 38861 24848 46197 7336 28139 52316 13455
18574 42513 24848 56873 14360 21847 50006 7493
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(BEREA SANDSTONE BLUNT)
8599 35812 18880 78628
7516 38538 18880 96800
8868 36933 18880 78628
7540 38658 18880 96800

(INDIANA LIMSTONE BLUNT
10442 43487 24848 103481
9302 47693 24848 127396

12715 52952 24848 103481
(DAKOTA SANDSTONE SHARP)

5620 7023 12396 15489
8610 15300 12396 22028

11728 25671 12396 27133
8545 10678 12396 15489

13900 24702 12396 22028
19238 42110 12396 27133

(HOSTONE LIMSTONE SHARI
44378 39105 35726 31481
42301 44152 35726 37290
47355 32287 35726 24359
53631 42246 35726 28142
56843 54899 35726 34505
61856 64563 35726 37290

(DAKOTA SANDSTONE SHARP)
11005 17866 12396 20124
13980 27874 12396 24715
13869 22515 12396 20124
15157 30220 12396 24715

(HOSTONE LIMSTONE SHARI
34469 39461 35726 40900
35257 47810 35726 48447
40550 46423 35726 40900
44669 60573 35726 48447

(COLO RED GRANITE SHARP)
36707 9557 41053 10688
25768 10611 41053 16905
25012 13032 41053 21390
24699 14391 41053 23919
24720 16427 41053 27280
25572 18257 41053 29309

42816 8148 33934 1878
58262 1856 9517 29021
41695 20751 86421 49488
58142 14459 74134 35476

59994 9226 38423 5064
79703 2934 15044 32649
50529 21829 90910 37958

8466 22642 28293 21270
6728 16350 29054 13754
1462 10058 22015 3656
4811 26843 33542 22864
2674 20551 36520 11818

14977 14259 31211 10899

7624 47457 41818 2713
6862 46198 48220 4068
7928 52916 36079 3792

14104 52287 41187 1059
20394 51029 49284 5615
27273 50399 52605 11958

2258 22642 36758 18892
3159 19496 38871 10997
2391 26843 43578 21063
5505 23697 47247 17027

1439 47457 54330 14869
637 46198 62647 14837

5523 51658 59139 12716
12126 50399 68344 7771

1131 34163 8895 662
6294 33785 13912 3301
8358 33408 17406 4374
9528 33156 19318 4927

10853 32779 21782 5355
11052 32527 23222 4965



4775
2627

2593
3259
4006
4304
5292
5801
5363

3464
3217
2418
1285

21534 41053 33860
26222 41053 37875

13049 41053 16905
16336 41053 21390
17760 41053 23919
20269 41053 27280
20930 41053 29309
23973 41053 33860
27361 41053 37875

24154 41053 21390
26207 41053 23919
28387 41053 27280
29006 41053 29309

12326 31898 26309
11653 31269 28849

3856 37986 15642
5054 37609 19595
6159 37357 21766
7011 36980 24573
8379 36728 26222
9887 36099 29774

10514 35470 32724

2764 39709 20690
2288 39458 22990
1107 39080 25969
303 38828 27721
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43097 22455 41053 21390
37304 21735 41053 23919
37993 25247 41053 27280
38300 27344 41053 29309
35257 29080 41053 33860
36184 33384 41053 37875
35753 36152 41053 41511

1065 41810 21784 671
2184 41558 24214 2479
2033 41181 27365 2118
1965 40929 29221 1877
4780 40300 33239 4159
4491 39671 36600 3216
5359 39041 39477 3325

(COLO. SPRING GRANITE SHARP)
57165 33307 42679 24867
52340 37368 42679 30471
53154 43841 42679 35202
54074 49889 42679 39376

51011 29721 42679 24867
47427 33860 42679 30471
53275 43941 42679 35202
43213 39869 42679 39376
39767 40211 42679 43156

DLO SPRING GRANITE WORN)
52224 30428 42679 24867
44561 31814 42679 30471
45169 37255 42679 35202
42773 39463 42679 39376
43929 44420 42679 43156
39814 43506 42679 46637
44921 52502 42679 49882

8440 46916 27335 5972
6897 46287 33046 4322
8639 45658 37658 6183

10513 45028 41544 8345

4854 46916 27335 2386
3389 46287 33046 814
8739 45658 37658 6283
493 45028 41544 1675

2945 44399 44895 4684

5561 46916 27335 3093
1343 46287 33046 1232
2053 45658 37658 403

87 45028 41544 2081
1264 44399 44895 475
3131 43770 47829 4323
2620 43141 50421 2081

(LESOTO BASALT SHARP)
47046 19373 53323 21958 2585 55643 22913 3540
47928 27925 53323 31068 3143 55013 32053 4128
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52738
52871
53982

21717
30805
38540

53323
53323
53323

21958
31068
38069

34189
28209
32773

24409
28042
42432

29264
29264
29264

20893
29090
37889

36296
43566

25913
43308

29264
29264

20893
29090

27869
28154
28769

19897
27987
37248

27339
27339
27339

19519
27177
35397

32314
30757

23070
30575

27339
27339

19519
27177

31948
28660
24874

22809
28490
32205

33537
33537
33537

23943
33338
43422

241
263
471

58919
58290
57661

24262
33962
41167

2545
3157
2627

3516
1048
4543

24009
22247
19730

17141
22115
25546

7268
5927

16886

5020
14218

27286
25524

19480
25372

6433
17936

378
810

1851

22927
21166
18649

16369
21040
24145

3528
6947

13103

3551
3398

26204
24442

18708
24297

4362
6278

1134
4848

11217

34315
32553
30036

24499
32360
38889

1690
3870
6684
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Third Equation Fourth Equation Fifth Equation
RA2 = 84.5% 85.9% 86.5%
Non linear Reg. AVG STENon Linear Reg. AVG STENon Linear Reg. AVG STE
with s,p,unix,tensile 5256 4793 4495
R,t SUM STD SUM STD SUM STE

Predicted 1019700 Predicted 934573 Predicted 930410
Pressure Force STD Pressure Force STD Pressure Force STD

(psi) (lbs) (Fp-Fm) (psi) (lbs) (Fp-Fm) (psi) (lbs) (Fp-Fm)

-8978 -6664 29243 3683 -2734 25313 -8806 -6537 29116
-6766 -6157 36246 -2035 -1852 31941 -6972 -6345 36434
-6766 -7117 38678 -2035 -2140 33701 -6972 -7333 38894
11662 13728 21869 13369 15738 19859 9050 10654 24943

(YMP SHARP)
42432 31498 5916 45527 33796 8214 43387 32207 6625
42776 38929 13099 45903 41774 15944 43651 39725 13895
43078 45313 12789 46234 48632 16108 43883 46160 13636
40391 47549 7034 43297 50970 10455 41856 49274 8759

23243 17254 9084 26196 19445 6893 19369 14378 11960
23044 20971 9670 26004 23665 6976 19136 17415 13226
22236 23389 9369 25235 26544 6214 18200 19144 13614

(YMP BLUNT)
11662 15513 9942
11662 19018 9929
11662 21982 13035

47678 63422 37349
47678 77753 47139
33512 63169 25989

19719 26231 1418
26490 43201 13928
20504 38650 7258

11538 15348 10107
11538 18816 10131
11538 21748 13269

49394 65705 39632
49394 80552 49938
34081 64242 27062

21043 27992 343
27524 44886 15613
21773 41042 9650

7654 10181 15274
7654 12482 16465
7654 14427 20590

44822 59624 33551
44822 73097 42483
32628 61503 24323

12698 16892 10757
21601 35228 5955
15456 29134 2258
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(BEREA SANDSTONE SHARP)
11152 20735 7030 11071 20583 7182 16899 31419 3654
11152 25527 10657 11071 25340 10844 16899 38681 2497
10072 18727 13607 11638 21637 10697 17106 31804 530
10072 23055 19508 11638 26638 15925 17106 39154 3409

(INDIANA LIMSTONE SHARP)
21964 40836 13023 21488 39951 12138 23565 43812 15999
21964 50274 17836 21488 49184 16746 23565 53938 21500
20884 38828 33 22055 41005 2144 23772 44197 5336
20884 47802 5289 22055 50482 7969 23772 54412 11899

(BEREA SANDSTONE BLUNT)
11152 46446 10634 6797 28309 7503 8064 33585 2227
11152 57180 18642 6797 34852 3686 8064 41347 2809
10072 41948 5015 7364 30670 6263 8271 34447 2486
10072 51643 12985 7364 37759 899 8271 42408 3750

(INDIANA LIMSTONE BLUNT)
21964 91473 47986 17215 71694 28207 14730 61345 17858
21964 112613 64920 17215 88263 40570 14730 75523 27830
20884 86975 34023 17782 74055 21103 14937 62207 9255

(DAKOTA SANDSTONE SHARP)
11709 14631 7608 11611 14509 7486 12667 15829 8806
11709 20807 5507 11611 20633 5333 12667 22510 7210
11709 25629 42 11611 25415 256 12667 27728 2057
18221 22768 12090 19006 23749 13071 17728 22153 11475
18221 32379 7677 19006 33775 9073 17728 31504 6802
18221 39883 2227 19006 41602 508 17728 38806 3304

(HOSTONE LIMSTONE SHARP)
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51711 45567 6462 50246 44276 5171 51474 45358 6253
51711 53974 9822 50246 52445 8293 51474 53726 9574
58223 39698 7411 57641 39301 7014 56535 38546 6259
58223 45864 3618 57641 45405 3159 56535 44534 2288
58223 56232 1333 57641 55670 771 56535 54602 297
58223 60771 3792 57641 60164 4399 56535 59009 5554

(DAKOTA SANDSTONE SHARP)
11709 19008 1142 12934 20997 3131 14581 23672 5806
11709 23345 4529 12934 25787 2087 14581 29073 1199
18221 29580 7065 20329 33003 10488 19642 31889 9374
18221 36329 6109 20329 40532 10312 19642 39164 8944

(HOSTONE LIMSTONE SHARP)
51711 59200 19739 51569 59038 19577 53388 61120 21659
51711 70123 22313 51569 69930 22120 53388 72397 24587
58223 66655 20232 58964 67504 21081 58449 66914 20491
58223 78954 18381 58964 79958 19385 58449 79260 18687

(COLO RED GRANITE SHARP)
26721 6957 2600 26848 6990 2567 25360 6603 2954
26721 11003 392 26848 11056 445 25360 10443 168
26721 13922 890 26848 13989 957 25360 13213 181
26721 15569 1178 26848 15643 1252 25360 14776 385
26721 17756 1329 26848 17841 1414 25360 16852 425
26721 19077 820 26848 19168 911 25360 18106 151
26721 22039 505 26848 22144 610 25360 20917 617
26721 24653 1569 26848 24770 1452 25360 23397 2825

34525 14217 1168 35367 14564 1515 36181 14899 1850
34525 17989 1653 35367 18427 2091 36181 18851 2515
34525 20116 2356 35367 20606 2846 36181 21081 3321
34525 22942 2673 35367 23502 3233 36181 24043 3774
34525 24649 3719 35367 25250 4320 36181 25831 4901
34525 28476 4503 35367 29171 5198 36181 29842 5869
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34525 31853 4492 35367 32630 5269 36181 33381 6020

39034 20338 3816 40322 21009 3145 40800 21258 2896
39034 22743 3464 40322 23493 2714 40800 23772 2435
39034 25938 2449 40322 26794 1593 40800 27112 1275
39034 27868 1138 40322 28787 219 40800 29129 123

43381 22603 148 45136 23517 1062 44698 23289 834
43381 25276 3541 45136 26298 4563 44698 26043 4308
43381 28827 3580 45136 29993 4746 44698 29703 4456
43381 30972 3628 45136 32224 4880 44698 31912 4568
43381 35781 6701 45136 37228 8148 44698 36867 7787
43381 40024 6640 45136 41643 8259 44698 41239 7855
43381 43865 7713 45136 45640 9488 44698 45197 9045

(COLO. SPRING GRANITE SHARP)
42763 24916 8391 44288 25804 7503 46939 27349 5958
42763 30530 6838 44288 31619 5749 46939 33512 3856
42763 35271 8570 44288 36529 7312 46939 38715 5126
42763 39454 10435 44288 40861 9028 46939 43306 6583

42763 24916 4805 44288 25804 3917 46939 27349 2372
42763 30530 3330 44288 31619 2241 46939 33512 348
42763 35271 8670 44288 36529 7412 46939 38715 5226
42763 39454 415 44288 40861 992 46939 43306 3437
42763 43241 3030 44288 44783 4572 46939 47463 7252

(COLO SPRING GRANITE WORN)
42763 24916 5512 44288 25804 4624 46939 27349 3079
42763 30530 1284 44288 31619 195 46939 33512 1698
42763 35271 1984 44288 36529 726 46939 38715 1460
42763 39454 9 44288 40861 1398 46939 43306 3843
42763 43241 1179 44288 44783 363 46939 47463 3043
42763 46728 3222 44288 48395 4889 46939 51292 7786
42763 49980 2522 44288 51762 740 46939 54860 2358
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49748
(LESOTO BASALT SHARP) 

20486 1113 48618 20020 647 48155 19830 457
49748 28985 1060 48618 28327 402 48155 28057 132

55834 22992 1275 55424 22823 1106 53192 21904 187
55834 32531 1726 55424 32293 1488 53192 30992 187
55834 39862 1322 55424 39570 1030 53192 37976 564

26824 19151 5258 27205 19423 4986 25388 18126 6283
26824 26665 1377 27205 27044 998 25388 25238 2804
26824 34731 7701 27205 35223 7209 25388 32871 9561

32910 23496 2417 34011 24282 1631 30424 21721 4192
32910 32715 10593 34011 33810 9498 30424 30244 13064

23885 17053 2844 24104 17209 2688 22543 16094 3803
23885 23744 4243 24104 23961 4026 22543 22409 5578
23885 30925 6323 24104 31208 6040 22543 29188 8060

29971 21398 1672 30910 22068 1002 27579 19690 3380
29971 29794 781 30910 30727 152 27579 27416 3159

32765 23392 583 33629 24009 1200 35215 25142 2333
32765 32571 4081 33629 33429 4939 35215 35006 6516
32765 42422 10217 33629 43541 11336 35215 45595 13390

38851 27737 1353 40435 28868 2484 40251 28737 2353
38851 38621 3627 40435 40196 5202 40251 40013 5019


