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INTRODUCTION AND SUMMARY

PURPOSE

The purpose of the program is to develop a method for predicting
the materials handling properties of muck from the engineering properties
of rock and the parameters of excavation systems, and a means of
selecting the most suitable transportation equipment for the muck through
the concept of Muck Designation Numbers (MDN's).

MDN's range in whole numbers from 1 through 7. MDN 1 describes
muck with a large maximum piece size, more than 5 percent plus 6-inch
material, and a predominant distribution in the plus 1/2-inch size range,
The maximum size of MDN 7 is relatively small, the predominant
distribution is minus 1/2 inch, and more than 20 percent is minus 200
mesh in size. Intermediate numbers range in size and size distribution
between end points. The concept recognizes that muck characteristics
vary with excavation methods as well as rock properties.

SCOPE

This report describes results of research performed in the first
half of a contract initiated on February 16, 1972, for a 14-month
period. The work is a continuation of a previous 12-month contract
of which the results also are covered to summarize the total accom-
plished and the current status of the program.,

CONCLUSIONS

Program activities have included sample and data collection,
physical testing, data storage and processing, development of tentative
MDN's, preliminary correlation with rock properties, and establishing
the parameters of muck handling systems.

Regression analysis of seventeen sets of rock property, Raise
Boring Machine (RBM), and Tunnel Boring Machine (TBM) data
produced a predictor equation with an apparent accuracy over
90 percent, Analysis of 10 sets of rock data with conventional excava-
tion parameters produced an accuracy of nearly 100 percent, Inclusion
of additional data is expected to improve prediction reliability,



Predictor accuracy probably will not be maintained at preliminary
levels, and appropriate parameters remain to be developed for skicid
and drag cutter TBM's. However, it can be concluded that MDN's are
predictable within the limits of reasonable accuracy for the majority
of rocks and methods sampled under the program,

Preliminary analysis also shows that MDN data can be used as
input for design formulae and performance-cost models of belt and

hydraulic conveying systems.

REFERENCE TO DETAILS

Details of the topics summarized below are arranged under the
same headings in the report.

SUMMARY
1. Technical Problems

Inadequate subsurface information on new tunnels limits the
effectiveness of construction planning and forces contractors to base
bids on methods and equipment which may not suit the job, Loss of
time, lives, and money has often resulted.

Estimates of the volume of tunnel construction made several years
ago focused attention on the importance of a more logical approach to
methods and equipment selection. The advisability of increasing
excavation speed while reducing costs has been reemphasized by
recent studies which show that prior tunneling forecasts wer
conservative,

Muck transportation obviously is a major factor in tunnel cost;
improvements would reduce tunnel costs significantly, Knowledge of
the basic properties of a material is fundamental to improvement of
handling techniques. Prior to the inception of the MDN program,
however, practically no information had been collected on muck
characteristics; and correlations between muck properties, the
properties of the in situ rock, and the components of rapid excavation
systems had not been established. These data are cssential as a basis
for optimumn selection from the transportation systems in current
use and for development of the high speed systems required in the
future.



2. General Methodology

The research plan is to collect ruck samples, lithologic and
operating data, and rock specimens, where necessary, from operating
tunnels; determine muck characteristics and rock properties by physical
testing; correlate and analyze rock and muck properties and quantify
relationships through MDN's; and correlate rock and muck character-
istics, MDN's, and the components of rapid excavation systems with
muck transport system capabilities.

Lithologic data consists of descriptions of rocks, their classifica-
tion by probable origin and subsequent alteration, and Rock Quality
Designations (RQD's) which indicate the frequency of discontinuities.
Operating data includes descriptions of the equipment and methods used
in the total excavation system. Rock test data includes unconfined
uniaxial compressive strength, dry unit weight, hardness, and stress-
strain relationships known as Young's modulus and Poisson's ratio.
Commercial muck test data includes size distribution, shape, moisture
content, dry loose unit weight, and abrasiveness. Additional muck
tests by the Pittsburgh Mining and Safety Research Center (PMSRC)
determine Atterberg Limits, potential volume change, specific gravity,
angles of repose, slide, and internal friction, apparent cohesion, and
bulk density,

3), Yechnical Results

3.1 Site Selection

A list of current and scheduled tunnels, originally comypiled
to assure that program objectives could be met, has been revised
periodically. The current list is included in Appendix A, Sites for
data and sample collection were selected with emphasis on mechanical
operations in hard rock. In the first year, some soft rock and conven-
tional tunaels were included as examples of unusual advance rates and
systems. In the current program, conventional operations in hard
rock at deep mines have been sampled at client request.

3.2 Sample and Data Collection

In the current program, operating data and sixteen muck
samples were collected from eight sites. Totals for the program are
50 samples from 23 sites. Resampling at four sites confirmed the
reliability of initial results. All other samples reflect differing
lithologies, operating methods, or equipment,



Rock specimens for engineering property tests have been
coliected from 39 fermations at 21 sites. Nineteen of the specimens,
sonie of which represent formations sampled in 1971, wezre collected
from nine sites in 1972, '

Two shield, two RBM, 18 conventional, and 28 TBM
orerations have been sampled to date, Rock types sampled include
four classified as Very High Strength, 20 Righ Strength, four Medium,
20 Low, and six Very Low Strength, Those remaining to be tested
are expected to include three High Strength, six Medium, and two
Low Strength classifications, A basis for these classifications follows
in the body of the report,

3.3 Physical Testing

Standard tests, approved by the American Society for.
Testing Materials and/or the U, S, Bureau of Mines, were selected
for use by commercial laboratories to ensure consistency of ~esults,

Contracts to perform muck tests were negotiated with
18 commercial laboratories, Samples were delivered for testing and
shipment of fractions to the U, S, Bureau of Mines, PMSRC, for
additional tests, Under the current contract, the volume of the fractions
has been increased from 2 to 4 cubic feet, At the end of the reporting
period, imuci tests by commercial laboratories had been reported on
46 sets of samples and on 41 sets by the PMSRC.

Contracts to perform rock tests have been negotiated with
five commercial laboratories. One laboratory is now performing all
rock tests, Of the 39 gets of rock specimens which have been collected,

1971, Results from Schmidt hardness tests on rock cores, also initiated
in 1972, have not been consistent. Modification of test methods is
~ontemplated. Initial abrasiveness tests are planned for the third
quarter of the contract,

3.4 Data Processigg_

Formats were developed for storage and printout of lithologic
rock, muck, and tunnel data: data received to date has been stored on
punch cards and printouts of thesc data .re included as Appendix B, A
form was developed fer narrative and graphic presentation of data,

These "System Data Sheets" are included as Appendix C,



3.5 Development of MDN's

Size distribution curves from initial sampling varied
distinctly, generally as had been expected; and an algorithm to correlate
MDN's, in situ rock properties, and excavation methods was developed,
as descrihed in Appendix D.

Continued sample testing produced some curves which fit
well with the initial curves, and others which required establishing
additional categories, Using the data available at the end of the first
year, curves of similar form were plotted together, and preliminary
MDN's were ass:gned. The resulting composite curves are shown in

.gures 3-3 through 3-11,

Initial regression analyses produced the predictor equations
described in the "Conclusions! section, indicating accuracies over
90 percent for RBM/TBM and for conventional operations. Computer
input data are shown in Section 3, and the output tabulations are shown
as Figures 3-1 and 3-2,

Additional iterations will be performed when the data collected
in 1972 is in final form. Values for Young's modu'us, Poisson's ratio,
and Schmidt hardness resulting from: current tests will be substituted
for the less important parameters and inferred values used in current
analyses. Currentefforts to obtain data on net torque for TBM's and
RBM's, and to develop operating parameters for drag cutter TBM and
shield operations will be continued.

3.6 Transport System Selection

A list of equipment capabilities, system constraints, and
MDN applications, prepared for the Annual Technical Report for the
first year, has been included as Appendix E.

Belt and hydraulic conveying system design parameters and
available parametric mathematical models of these systems were studied
under the current program. Collected muck property data is appropriate
as input to design formulae and the models, Some clarification of
design parameters and refinement of the models is planned for the
second half of the current program. An example of MDN data use in
design of an hydraulic system is in progress; a comparison between
an existing installation and a belt conveyor design based on MDN data,
and examples o’ MDN applications tn other systems are planned.



4. DOD Implications

Data accumulated under the program are nonexistent elsewhere
in rapid excavation technology and can provide a more rational basis
for selection of materials handling systems for excavation methods in
current use., These data will also be invaluable to the design of the
equipment required to match the improved advance rates resulting
from current excavation research., Asg alternatives to design of
systems to handle a specific type of muck, MDN data can be used to
select process equipment to change muck characteristics to suit a
system, or to select separation and supplementary haulage equipment
for the oversize fraction of muck which cannot be handled by a continuous
system which is otherwise well adapted to a site.

The MDN program provides basic data required for a rational
engineering approach to problem solutions in a most important subsystem
of the rapid excavation process. Jt will show examples of data
application and should be used to indicate the areas in which research
and development of modifications or new methods would be most
productive.

5. Implications for Further Research

5.1 Sample and Data Collection

Recommendations for further research are based in part
on the following projection of formations and excavation systems for
which data is expected to be available at the end of the current contract,

Rock Strength

Excavation Very Med- Very
Method Righ High ium Low Low Total
Conventional 3 9 5 1 1 19
Shield 0 0 0 2
Machine
Drag Cutters 0 1 1 2 1 5
Disc Cutters 2 7 5 1 15
Roller Cutters 0 4 1 0 0 5
Combination
Cutters 0 3 1 1 2 7




To be consistent with good sampling and testing practice, data
reliability should be confirmed by repetition of all single samples.
Eleven sites previously sampled once are expected to be available

in 1973, Statistically, the number of samples uscd in development

of a predictor equation should be greater than the number of variables
in the analysis. To improve prediction reliability adcitional samples,
detailed in the body of the report, should be collected from all types
of TBM's in selected formations,

To demonstrate variations in muck characteristics with
rock properties, conventional and selected TBM samples should be
collected from the Mediv.m and Low Strength rocks.

To provide data on the full range of rock types, stratified
volcanic and fine grained igneous rocks should be sampled. Sampling
muck from tests of unusual rock breaking techniques which may become
the standards of the future should be initiated to provide data on the
muck for which transport systems will be required,

5.2 Physical Testing

Continued development of testing methods to provide
consistent results from Schmidt hardness teste is recommended because
of the speed, low cost, and nondestructive nature of the only test for a
dynamic rock property in current use,

Investigation of the Protodyakonov test for resistance to
fragmentation is recommended to determine the effect of a second
dynamic property on prediction accuracy,

5.3 General

Potential improvements in systems components which require
the application of techniques which are technically sound but not yet
developed to a point of practical application may appear in the collection
and analysis of program data. These should be identified as attractive
areas for research and developmen,

6. Special Comments

A Schmidt impact rock test hammer and twn self rescuers were
purchased during the reporting period for use in the program. No
invention has been made in the course of the work performed under
this contract,



1. TECHNICAL PROBLEMS

The effectiveness of planning for new tunnels has been limited by
the quantity and quality of information concerning subsurface conditions
which has been available. Owners and owner-agencies often have been
reluctant to coliect data on the properties of materials to be excavated,
or to publish information which has been collected. Interested con-
tractors are forced to base proposals on inadequate information about
conditions to be encountered, and to base cost estimates on methods
and equipment which may not be well suited for conditions as they exist.
Generally, significant allowances are made both for contingencies which
can be anticipated and for those which cannot be foreseen.

The importance of a more logical approach to selection of methods
and equipment for tunneling became apparent when the volume of this
work probable in the future was estimated several years ago; it has been
reemphasized by more recent studies which indicate that prior estimates
were conservative. Wider application of tunnel boring machines, which
require rock property data for design, and of an engineering approach
to ground support have influenced owner and agency policies to the extent
that collection and dissemination of more and better quality exploratory
information appears to be a current trend.

Progress has been made and is continuing in research to determine
relationships between rock properties, drillability, excavation, and
support requirements. Prior to inception of the program described in
this report, practically no inférmation had been collected on the charac-
teristics of the muck produced by various excavation methods, and
correlations between the engincering properties of rock, muck charac-
teristics, and the components of excavation systems had not been
established.

In the absence of muck characteristic data, an adequate basis for
selection of optimum transportation methods and equipment does not
exist, and tunneling progress and cc 't have been affected adversely.
Muck data are also basic requirements for en > ring the improvements
to existing transport systems and the develop nent of the new systems
which will be necessary to keep pace with the higher rates of excavation
predicted for the future.

1.1



2, GENERAL METHODOLOGY

Objectives of the program are to develop a method for predicting
materials handling properties of muck from the in-situ properties of rock ’
and a means of selecting the most suitable transportation equipment for
muck produced by various excavation systems. The major emphasie is on
mechanical excavaticn of hard rock. However, some soft rock and con-
ventional operations are included as examples of unusua! advance rates,
equipment, and operating method ;.

The program plan is to collect muck samples and operatirg data
from tunnels and mining projects in rock of known properties; collect
specimens from sites where the in-situ properties are unknown;
determine muck characteristics and rock properties by physical testing;
correlate and analyze rock and muck properties and quantify relation~
ships through the coucept of Muck Designation Numbers (MDN's); and
to establish correlations between rock and muck characteristics, MDN's,
the components of rapid excavation systems, and selection of muck
transport equipment.



3. TECHNICAL RESULTS

3.1 SITE SELECTION

A list of operating and scheduled tunnels, prepared originally to
assure that program objectives could be met, has bee:u revised period-
ically. The latest revision is included as Appendix A. Six of the tunnels
listed are expected to be completed in 1972. Letter inquiries inviting
program participation by off -continent tunnel operators met with no
response. These tunnels have been deleted from the list.

Tunnel contractors, although under no obligation to, participate in
the program, have been most cooperative, Operating mine cooperation
has been equally good, although access usually requires more operator
support, and the impact of economic conditions has reduced emphasis
on research. Scheduling sampling and data collection on a strictly
noninterference b:sis and full observance of safety requirements have
been important in gaining operator acceptance.

Early planning assumed that one basis for site selection would be
the availability of rock property data at specific sites. Experience
proved that collection of these data is necessary from the maJorlty of
locations, and the program was modified to reflect this requirement.

In the first half 5f 1971, it became apparent that sampling tunnel
operations in a wide range of rock strengths and excavation techniques
would be necessary to demonstrate that muck characteristics varv
distinctively with rock characteristics and operating methods. The
program plan was modified to provide for data collection in the variety
possible within the limits of time and availability, and additicnal funds
were provided by contract modification to enlarge the scope of field
sampling,

In the first year of the program, sites were selected to provide
one-third of the samples from conventional excavation. In the current
year seven conventional and nine mechanical operations have been
sampled, and ons more of each is expected in the second half of the
year.

In response to a client request to obtain samples and data from
conventional opcrations in strong rocks at maximum depth during 1972,
sites were selected for field work in two quartzites at 7, 094 feet and



6,110 feet, a phyllite at 6, 200 feet, a quartz monzonite at 2, 075 feet,
a conglomerate at 3, 960 feet, ard a ‘graywacke at 3,480 feet below the
surface. At some sites, planned sampling of stronger rocks and/or at
greater depths could not be accomplished because of site conditions.

3.2 SAMPLE AND DATA COLLECTION

Muck samples and operating data have been collected from 23 mine
and tunnel sites. Of 50 samples, 11 were collected from sites visited
only once. Resampling was done in similar formations at four sites to
confirm the reliability of initial results. All other samples reflect
differing lithologies, operating methods, or equipment.

The scope of coilecting in-situ rock data has been greater than was
anticipated originally, because formations encountered in most locations
could not be correlated with the existing rock data, Rock specimens or
cores have been collected for engineering property tests from 39 forma-
tions at 21 sites.

Two shield cperations, two RBM, 18 conventional, and 28 TBM
operaticas have been sampled to date. Rock types classified include four
Very High, twenty High Strength, four Medium, five Low, and six Very
Low Strength. Rocks which remain to be tested are expected to inciude
three High Strength, six Medium, and two Low Strength classifications.

Nine of the sampled sites are no longer available for field work.
Of the remaining sites, one is expected to complete excavation in October
of 1972.

Early in the 1972 program a request was received from the Projent
Officer to increase the volume of samples provided for testing at the Pittsburgh
Mining and Safety Research Center (PMSRC) frum 2 to 4 cubic feet. Sampling
and laboratory procedures were modified to comply with this request.

Muck samples collected are representative cf the material as it
reaches the transportation system. Muck produced mechanically normally
is sampled as it leaves the conveyor which is integral with the machine.
Conventional muck is sampled by channeling. Pieces which are too large
for practical delivery to a laboratory are measured, and ca’culated weights
in the various size ranges are added to adjust the screen tcet results.

Rock specimens, or rock cores when available, are collected in sizes
large enough to permit the preparation of six test specimens approximately
2-1/8 inches in diameter by 4-1/4 inches long.
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Operating data in the first year of the program was collected in
sufficient detail to permit inclusion of all of the components of the
tunneling system in the analysis and selection of optimum transportation
subsystems for specific MDN's and tunnel configurations, Experience in
data analysis has indicated a need for more precise thrust, torque, and
cutter data than was expected to be required for mechanical tunneling.

In the current year, these data are being collected for most of the TBM
operations sampled to date.

3.3 PHYSICAL TESTING

Published test methods were reviewed in detail to ensure that tests
performed by commercial laboratories would yield consistent results.
The following American Society for Testing and Materials (ASTM) standard
methods were selected as specifications in the first year of the program.

C566-67: Total Moisture Content by Drying

Cl56-67: Sieve or Screen Analysis of Fine and Coarse
Aggregates

Cl17-69: Materials Finer than No. 200 Sieve in Mineral
Aggregates by Washing

C29-69:  Unit Weight of Aggregate, Loose Weight
Determination

Cl70-50: Compressive Strength of Natural Building Stone

Specifications for the last test procedure were modified to provide
for greater accuracy in specimen preparation so that results will be com-
parable to those reported by other rock property research programs.

Review of the data collected in the first year led to a decision to
test rock specimens for deformation moduli in the current program to
provide additional data for regression analyses. Following a review of
test methods, ASTM Standard C170-50 was replaced by the following
procedure, and additional standards were developed to conform with the
Practices followed by U. S. Bureau of Mines research centers in measuring
strains,

D2938-71: Unconfined Compressive Strength of Rock Core
Specimens
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Results of hardness tests by the Shore scleroscope, a laboratory
instriment which tests hardness by rebound,  are available for only three
of the rock formations sampled. ' Additional tests by this method were
found to be beyond the scope of this study. Hardness testing by the
Schmidt hammer, a portable device which also tests rebound hardness, is
nondestructive and relatively inexpensive and was specified for inclusion
in the 1972 program. A hammer was purchased for use in testing turnel
wal.s and rock specimens.

Standard raethods of tesiing abrasiveness were reviewed to deter-
mine the feasibility of collecting these iata from tests on muck samples.
The standard ASTM tests were foun” co measure the resistance of the
sample to ahrasion, rather than the abrasive effect on other materials,

' The latter is the property of greater interest in materials handling, and

a machine designed for such testing was located by the Project Officer

at the PMSRC and will be available to the program in the second half of the
current contract period.

Modification of the standard test procedure was found necessary in
testing muck from some low strength rocks. Screen testing the samples.
in the natural state was performed prior to the standard tests to avoid dis-
tortion of the curves caused by the disintegration of material during the
wash screening which normally precedes dry sieve analysis. Natural
screen test results are identified and shown as dotted lines on the size
distrib. ‘on curves.

Contracts to perform muck tests have been negotiated with 18
commercial testing laboratories. Collected samples were delivered for
testing and shipment of minus 2-inch fractions to the U. S. Bureau of
Mines, PMSRC, for additional tests to be performed at this facility. At
the end of the reporting period, tests by commercial laboratories had been
reported on 46 sets and by the PMSRC on 41 sets of muck samples, One
set of samples tested commercially was lcst in transit to the PMSRC.

Contracts to perform tests on rock specimens have been negotiated
with five commercial laboratories. One laboratory is now performing
all rock tests, which assures uniformity of results, but also delays some
tests when the volume of work is high., Two sets of specimens destroyed
in preparation for testing in 1971 were replaced in 1972. A total of 39 sets
of rock specimens have been collected, on which 31 reports have been
received, and 8 sets remain to be tested. Stress-strain data was obtained
on 11 rocks, including 4 collected in the 1971 program. Specimens yet to
be tested appear to be of the necessary quality for stress-strain testing.
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Initial Schmidt hardness tests by project personnel on walls of
tunnels gave results which correlated well with those reported by other
researchers on similar rocks. Initial tests on 11 core specimens showed
1o obvi us correlation with field tests or with values obtained from the
hardness-compressive strength relationships established by previous
investigations. Further trials on hand lapped core specimens and a modj-
fied cradle indicated that lapping raised test values somewhat nearer those
observed in tunnel wall tests. Some variation ia values appears to he
associated with core straightness. The cost and vesults of testing polished
flat surfaces is being investigated.

3.4 DATA PROCESSING

A format -was developed for computer printout of lithologic, rock,
muck, and tunnel data. Test results received to date have been stored on
punch cards. Printouts of these raw data are included as Appendix B.
Blank spaces on the printout indicate that data is not available on the date
of the report.

Narrative and graphic summaries were Prepared to combine these
data with descriptions of the excavation systems from which rock and muck
samples were taken, and are included as Appendix C. Rock strength
classifications are based on uniaxial compressive strength, ard conform
with those proposed by D. U. Deere, et al., in the ""Engineering Classifica.
tion and Index Properties for Intact Rock, " University of Illinois, 1966,
These classifications are:

Very High Strength - Greater than 32,000 psi

High Strength - 16,000 - 32, 000 psi
Medium Strength - 8,000 - 16, 000 psi
Low Strength - 4,000 - 8,000 psi

Very Low Strength - Less thai 4,000 psi

Grain size classifications of igneous rocks, from A. Johannsen's
"A Descriptive Petrology of Igneous Rocks, ' 1951, are used as follows:

Very Coarse - Above 3 cm
Coarse - lto3cm
Medium - 1tol0inm
Fine - Below 1 mm

From J. F. Kemp's ""A Handbook of Rocks, " 1950, sedimentary
rocks of fragmental grains above 2 mm, are classified as conglomerates,
while those below 2 mm in size are classified as sandstones or siltstones,
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Symbols used to describe the shape of particles in the sample frac-
tions between screen sizes are the following:

A - Angular S - Subangular
P - Platy R - Rounded
E - Elongated C - Cubic

I - Irregular Sp - Spheroid

The curves show the percentage of the total sample weight passing
one screen size and retained on the next. Screen sizes below 1/2 inch
were selected to provide openings which become progressively smaller
by approximately 50 percent as shown below:

Screen Size #4 #8 #16 #30 #50 #100 #200

Nominal Square

. 0.187 0.094 0.047 0.023 0.012 0.006 ©.003
Openings, Inches

- The abbreviation NA is used to indicate that an item of data is not
available.

3.5 DEVELOPMENT OF MDN'S

In accordance with the program plan, which provided for placing
major emphasis on data collection during the first year, analysis of data
and development of MDN's has been preliminary. As data first became
available, test result; were reviewed to confirm the validity of the con-
ceptual classification criteria. Based on a plan of classification by
materials handling characteristics, the proposed designation system
employed seven numbered categories in which to group excavation
products by size and size distribution. Numbers were assigned in a
progression from No. 1 for muck with a relatively large maximum
Piece size and a predominant distribution in the 1 inch to 200 mesh range
to No. 7, in which the maximum size is relatively small and the predomi-
nant distribution is in the minus 50 mesh sizes. The concept also
recognized that muck characteristics would vary with the excavation
method and contemplated modifying the MDN's to distinguish between
excavation techniques. ‘ -

Initial field work was scheduled at sites where rock strengths varied
over a wide range and which would provide examples of shield, machine,
and conventional operations. The size distribution curves of the muck
from these sites (Identification Numbers H-1, 5-1, CL-1, NAST-1, and
SF -1, Appendix C), varied distinctly, in general accordance with the
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criteria, except that the size range of the predominant distribution was
somewhat higher than had been inferred.

Using the initial data as a guide, a preliminary algorithm was
developed for data analysis to correlate MDN's, in-situ rock properties,
and excavation methods. The quantitative relationship sought was a
predictor equation, obtained by multiple regression of the physical
property data obtained from the rock sample tests and a predictor
equation for the MDN. A discussion of this technique i: included as
Appendix D.

During algorithm development, resampling at four of the original
sites confirmed the distinctive shape of the size distribution curves. Sampling
at other sites produced some curves which fit well into the original categories
and othere which were distinctive enough to suggest establishing additional
categories. Using the data available at the end of the first year, curves of
similar form were plotted together, and tentative designation numbers were
assigned. The resultant composites are shown as Figures 3-3 through 3-11,

The "T" prefix was added to all MDN's to indicate the preliminary
rature of the assignments. Parameters available for the analysis of all
samples included values of uniaxial compressive strength (f.), rock
quality designation (RQD), and dry unit weight (DUW) for which quantitative
values were determined by field observation and testing. To avoid reducing
data derivatives to extremely small values, rocks with compressive
strengths of 1K psi or less have been assigned arbitrary strengths of 1.
Rock classifications by origin were quantified as igneous = 1,
metamorphic = 2, and sedimentary = 3; and ground water occurrence
was quantified as dry = 1, minor = 2, and wet = 3. The order and magni -
tude of the number assignment is immaterial since these are modified in
the analysis in nearly any case. Schmidt hardness values {H) are converted
Shore values, where available, or inferred from data published by
D. U. Deere, et al., in the "Engineering Classification and Index
Properties for Intact Rock' referenced above.

Cutter spacing (CS) appeared to be an important TBM characteristic.
Average dimensions were available for disc cutter and some drag cutter
machines. For roller cutters for which no kerf pattern is apparent, values
were obtained by dividing the body spacing by the number of buitons
adjacent to a line along the face of the cutter and parallel to ihe axis of
rotation. No kerf spacing was available for Alpine and Atlas-Copco TBM!'s,
Net thrust values per square foot of face area (T) were available for
TBM's with the same exceptions.
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No appropriate operating parameters were available for the Alpine
and Atlas-Copco machines or for the shield operations sampled, and the
number of observations was insufficient to warrant analysis as a special
case.

Parameters peculiar to conventional operations, face area per
drill hole (A/H), and explosives per cubic yard excavated (PF) were
calculated from collected data.

An initial analysis using rock properties alone led to a predictor
equation for which the accuracy, described by the multiple correlation
coefticient, was 72 percent. This was expected since operating
parameters were not included. Seventeen sets of data were analyzed
for machine operations using the values tabulated below:

DATA FOR ANALYSIS, MACHINE OPERATIONS

Column 1 2 3 4 5 6 7 8 9
Ident. Obs. |MDN | Class fc ROD| DUW] H IGW | CS T

No. No.

5.1 1 2 3 22 e 166 49 1 0.20 ] 3.56

7-2 2 2 3 22 92 166 49 1 0.20( 2.91
LAW-2 3 3 3 19 {100 160 42 1 0.20 | 4.28
LAW-3 4 3 3 19 | 100 160 42 1 0.20 1 4, 28
LAW-4 5 3 3 19 | 100 160 42 1 0.20 ] 3,76
MIL-1 6 4 3 36 85 166 50 2 0.16 | 6.09
MIL-2 7 4 3 36 85 166 50 2 0.18 | 6,09
QL-1 8 4 2 11 30 165 37 2 0.18 1 3.53
CL-1 9 5 2 9 10 174 45 2 0.09} 5,09
NAST-2] 10 5 1 18 90 167 55 2 0.09] 3.89
NAST-4| 11 5 1 24 90 160 55 2 0.09 | 8. 45
LK-5 12 5 1 32 92 165 58 1 0.24 | 4,46
LK-6 13 5 1 7 86 137 50 1 0.13 }17. 20
NAST-1] 14 5 1 18 90 167 55 2 0.09 ] 3.89
LAY-1 15 6 3 10 84 150 47 1 0.24] 2.73
NAV-1 16 6 3 2 70 142 25 1 0.301] 1,31
NAV .2 17 7 3 1 60 117 25 1 0.301{ 0.37

Results of stepwise regression, as shown in detail on Figure 3.1,
following, indicate an accuracy of slightly more than 90 Percent with a
standard error of 0.8360 and the listed residuals.
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MULTIPLE CORRELATION COEFFICIENTcoccees 0.9081
F FOR ANALYSIS OF VAR, (DeFe = 8o 8) 4,7026
STANDARD ERROR OF ESTIMATE...........Q. 008360

VARIABLE REGe. COEFF, STD. ERR=COEFF. COMPUTED T
S =6+89554E-02 " 3+55858E~02 =193772
7 2,29717 1.14621 2.00414
2 =0469846 «381356 =1.,23204
8 17,7298 11,4412 1.54964
3 =6.63157E-02 5.89690E-02 =1.,12459
6 104435 6.65627E-02 1.56898
4 =6.17628€E-03 1.61827€~02 ~+.381659
9 =3,90019€=-02 «103588 "o3765ll
INTERCEPY (A) 6.,98974

TABLE OF RESIDUALS

0es. Y OBSERVED Y ESTIMATED RESIDUAL STD. RESID.

1 2.000 2.928 -0.928 'lollo
2 20000 2.953 '0.953 -1.160
3 3.000 24732 0.268 0,320
4 3,000 2,732 0.268 0,320
S 3.000 2,752 0.248 0.296
6 4,000 3.637 0.363 0,435
7 4,000 3.991 0.009 0.011
8 4,000 5.270 =1,270 -1.519
9 5,000 4,084 0.91¢ 1.095
10 50000 50037 =-0.037 "000‘0‘0
11 5.000 4.944 0.056 ¢.067
12 5,000¢ 4e574 0.426 0.509
13 5.000 5.231 '09231 -00276
14 5.000 5.037 =0,037 =0.044
15 6,000 Se409 0.591 0.7067
16 6,000 5399 0.6C1\ 0.718
17 7.000 7.288 -0.288 =0.345

COMPUTER OUTPUT-THBM AND RBM DATA ANALYSIS.

FIGURE 3-1

3-9



Ten sets of data were analyzed for conventional operations, using
the values tabulated below:

DATA FOR ANALYSIS, CONVENTIONA L, OPERATIONS
Column 1 2 3 4 5 6 7 8 9
Ident. [Gbs. | MDN | Class | f. [RQD[DUW| H | Gw |A/H | PF
No. No.
LK-1 1 1 1 25 83 [ 162 55 1 5.4 14.0
LK-2 2 | 1 28 83 | 165 55 1 | 5.4 |4.0
LK-3 3 1 2 26 80 | 178 50 1 150 |50
LK-4 4 2 2 14 70 { 181 47 1 | 4.4 (5,5
CA-1 5 3 1 35 96 | 161 55 1 2.1 [6.1
11-3 6 2 3 22 90 J 152 43 1 5.1 (3.5
H-1 7 3 1 32 80 | 162 52 2 2.6 5.5
NAST-3| 8 3 1 13 90 } 152 42 2 2.2 6.3
H-2 ) 3 1 39 80 | 164 55 2 12.6 |5.6
WNG-2 |10 7 3 1 30 | 125 20 3 285301570

Results of the analysis, as showw in detail on Figure 3-2 following,
indicate an accuracy of over 99 percent with a standard error of 0,2062
and the listed residuals,

Incorporation of additional data from subsequent field work and
testing will improve the reliability of prediction, although it is doubtful
that the accuracy indicated for conventional operations will be maintained
at the level of the Preliminary analysis. In additional iterations of the
analysis, it is proposed to substitute values of Young's modulus and
Poisson's ratio being accumulated in the current program for the less
important parameters. Current efforts to obtain data on effective or
net torque for TBM's, to develop appropriate parameters for analysis of
the drag cutter TBM and shield MDN's, and to confirm inferred Schmidt
hardness values will be continued to provide additional variables for
analysis. Analyses with complete data are scheduled for the remainder of
the current program.

3.6 TRANSPORT SYSTEM SELECTION

A list of equipment capabilities, system constraints, and MDN
applications which comprised this section of the annual report of the first
year's program is included as Appendix E.



MULTIPLE CORRELATION COEFFICIENTeooooas 06,9992
F FOR ANALYSIS OF VAR. (DeFes = 8, 1 82,4711
STANDARD ERROR OF ESTIMATEseccccscoossee 0.,2062
VARIABLE REG. COEFF. STD. ERR~COEFF,
S ~1.82976E~92 4,70338E-02
9 ~¢237584 534353
2 715977 «787339
7 =1.37212 «48862
4 =3.41264E~02 9,69424E-03
8 ~,879842 «801093
3 =3,07083E~02 %+55421E-02
6 4,07791€E~02 «147084
INTERCEPT(A) 15,7937
TABLE OF RESIDUALS
0BS. NO, Y OBSERVED Y ESTIMATED RESIDUAL STD
1 1.000 10065 -00065
2 1.000 0.918 0.082
K 1.000 10069 "00069
4 2.000 1.954 0,046
5 3.000 30013 -00013
6 3.000 2,983 0.017
7 3.000 3.115 -0.,115
8 3.000 2,978 0.022
9 3,000 2,898 0.102

COMPUTER OUTPUT-CONVENTIONAL DATA ANALYSIS,

FIGURE 3-2

COMPUTED T
~+389031
= 444621
964985
~2.80816
"3.52 28
"1009 3
=+674285
0277251

o RESID.
-0.318
0.395%
~0.,336
0.221
"0.065
0,080
~0,558
0.109
0,495
~0,022
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