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FOREWORD

This report on a systems study and computer simulation of rapid
underground excavation, prepared by staff members of General Research
Corporation (GRC), documents a contract which is part of the Advanced
Research Projects Agency's (ARPA) program in rock mechanics and rapid

excavation.

GRC's major tasks in this program include the following:

1. General investigation of the nature of the excavation process
in itself, and as an element in the total underground con-

struction setting

2. Functional separation of the excavation process into its
basic elements of rock fragmentation, materials handling,
ground support, and environmental control, and an analysis
of these elements to establish mathematical representations

of performance and cost

3. Identification of the major interrelationships among these
basic elements of the excavation process which must be

accounted for in any system evaluation

4, Development of a computer simulation to estimate the perform-
ance and cost of alternative excavation methods including

conventional and some novel and advanced techniques

The overall objective of this research program is to identify
specific excavation systems and methods which may be substantially faster
and more economical for underground excavation of deep hard rock than

those utilized in the past.
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Volume I of this report documents the analytical approach we have
taken to modeling excavation. Volume IT presents additional information
and provides a user's manual for the computer subroutines which we have

produced.

The authors greatly apprecilate the helpful cooperation and assis-
tance received from the many persons we contacted in the course of this
study. C. S. Robinson of Robinson and Associates and L. Heflin of the
Washington Metropolitan Area Transit Authority provided insight into the
geological exploration aspect of project planning. K. Fox and staff of
the U. S. Army Corps of Engineers, Protective Structures Division, iden-
tified some of the major concerns of military facilities planners and
estimators. The Bureau of Reclamation in general, and M. E. Kiplinger
and A. S. D'Alessandro in particular, provided useful data from their
files. C. Crane of the Robbins Co. and G. Wickham of Jacobs Associates
provided a perspective from the equipment developer's and project marager's
points of view. J. Watson of Physics International and D. Nixon of
Westinghouse discussed pros and cons of some of the novel excavation
techniques. R. Dick of Twin Cities Mining Research Center of the Bureau
of Mines was particularly helpful in evaluating drill-and-blast excavation.
Ray Moran of Moran Engineering Co. supplied information on rail systems
for materials handling. Other staff members at each Mining Research
Center of the Bureau of Mines who provided briefings on their projects
were invaluable in assessing the state of the art and the prospects of
advances to come in underground excavation. The op!nions expressed in
this report are, of course, solely the responsibility of the authors and

General Research Corporation.
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ABSTRACT

A model of the hard- rock tunneling process 1is developed including
a three-dimensional stratified geology, a modular representation of many
excavation system possibilities, and a cost~accounting system to facili-

tate cost-benefit analysis of tunneling system performance.
The mathematical representations of rock fragmentation, materials

handling, ground support, and environmental control are given, supported

by empirical data and an analysis of the physics involved.
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SUMMARY

This report describes the development of a computer model which is
intended to be used to aid in the analysis of the relative cost and per-
formance characteristics of existing and technically advanced tunneling
methods. The structure of the model has been kept as simple, straight-
forward, and general as possible so that alternative tunneling methods
under consideration can be quickly, easily, and economically compared by
varying selected characteristics of the tunneling method and environment
while keeping other characteristics constant. A considerable amount of
thought has been expended in designing the model so as to leave open every
possible avenue for future modifications to include any novel or hypothe-

tical excavation method one may wish to assess.

The tunneling model is designed as a time-step simulation program.

Each step in the simulation is considered to occur from one well-defined

time and state of existence to another well-defined time and state of
existence. The data processing activities which are required in order

to proceed from one time and state to another are performed by subroutines
which correspond to the various activities which must be performed in the
tunneling process which is being simulated. Interaction between the
activities of the tunneling process is considered to be of major importance

in the model design and is treated with particular care.

A separate part of the total model is the geology model, a convenient
tool for building a file of data which represents the geological conditions
found within a given three~dimensional region of rock. The geology model
can be used to model a geological region having up to 25 different zones
of rock; each zone may be of different shape and have rocks with differ-
ing properties. A three-dimensional region was modeled to aid in the

eventual consideration of shafts, caverns, and alternative tunnel routes.
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The tunneling process itself 1s divided into four distinct func-
tional elements for the purpose of describing the analysis and modeling
process which has been performed. These elements are rock fragmentation,
materials handling, ground support, and environmental control. The
greatest emphasis of the study has been on investigating rock iragmenta-
tion and materials handling. The following summary of activities which
are included in the simulation program for rock fragmentation and materials

handling will given an impression of the scope of the tunneling model:

Drill and blaat fragmentation

Subroutine MOVFIN moves drill jumbo to facs
Subroutine HOLBRN drills holea for burn cut
Subroutine SETCHG sets exploaive charge

Subroutine MOVOUT moves dri)l jumbo from face
Subroutine DREPAR accounta for msintenance and repair

Boring machine fragmentation

Subroutine ASSEMBL aeta up boring machine

Subroutine BORE bores rock by cutter head rotation
Subroutine CUTTER accounta for cutter change and wear
Subroutine DISASM diaasgemblea machina

Subroutins REPAIR accounta for maintenance snd repeir

High velocity water jet fragmentatioo

Subroutine JETTMP fragments rock by continuous or intermittent weter Jot
Subroutins JETAGN repoaitiona watsr jet squipment
Subroutine JETMNT accounts for msintenance and repair

Projectile fragmentation

Subroutine PROJTL fragments rock by projectile impact
Subroutine PRIBR accounta fcr barrel wear end rsplacement
Subroutine PRJAGN repositions projectile squipment
Subroutine PRIMNT accounta for maintenancs snd repsir

Rail tranaport

Subroutine RAILHL updates train stetus sccounting for losding, dynamica,
and awitching loglatics

Subroutine RAILEX accounts for trsck lsying, trsin end awitch sddition
Subrout{ns ADDTRN accounta for logistics of trsin lesving discherge or
maintenance sresa

Subroutine RAILDS unloads trein

Subroutins RAILMT eccounts for maintensnce end repsir

Truck trengport

Subroutine TRUKHL updates truck status snd sccounta for losding snd dynamics

Subroutine TRUKEX accounts for syatem extension, rosd bellsst end truck
eddition

Subroutine TRUKDS unloads truck

Subroutins TRUKMT sccounts for msintenance and repeir

Conveyor transport

Subroutine TRNPRT accounta for muck trsnsport

Subroutine EXTNSN extenda system

Subroutine SURCE sccumuletes and dischsrges muck from surgs bin
Subroutine BELT sccounts for maintenance and repeir

Machine loadsrs snd ahovels

Subioutine MUKLOD loads muck st fece snd unlosde into main line eystem
Subroutine MUKIN moves loaders to face

Subroutine MUKOUT moves losder from face

Subroutina MUKMT sccounts for maintenance snd repair

lntegreated conveyor losder

Subroutine CVLOAD loads mein lins muck trsnsport eyetra
Subroutins CVIMT sccounts for mainteosnce end repsir

XV

LA

%




i
S

We have confined our modeling of ground support to a comparatively
simple approach which provides to the overall excavation model a repre-
sentation of ground-support selection, design, and installation which will
allow valid comparison between different excavation methods. The ground-
support techniques which are modeled include the installation of steel
rib sets, rock bolts, shotcrete, and combinations of these with blocking

and lagging or additional support provided if needed.

The three primary aspects of envirommental control included in the
simulation are ventilation, mechanical cooling, and water removal. Each
of these aspects is modeled giving consideration to the problems associated

with deep tunnels, high rock temperatures and novel excavation techniques.
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I. OVERVIEW AND EXCAVATION MODEL FORMULATION

A. INTRODUCTION

Current capabilities for excavation seem to be limited to 200-300
ft per day in soft rock by mechanical borer and 70 ft per day in hard
rock by drill-and-blast technique. Future civilian and military require-
ments for excavation may demand rates two to three times more rapid than
is presently possible and would require lower unit costs than are now
attainable. This need for improved underground excavation techniques
has been documented in recent reports of studies undertaken by the
National Research Council,l’2 the Organization for Economic Cooperation
and Development (OECD),3 the Underground Construction Research Council of

ASCE,4 and many other groups.5

The approach taken in this report is a systems approach to achieve

1, The identification of the performance and cost characteris-

tics of current excavation systems

2, The development of analytical tools, particularly computer
models and mathematical representation, to quantify the

improvements (performance and cost) to be derived from
New excavation techniques
Balanced and compatible system design
Improved equipment reliability
Mechanization-automation
Improved scheduling including planned maintenance

Improved geological surveying, prediction, and in situ

measurement

In our semiannual report6 the preliminary approach to computer

gsimulation development was documented. Briefly, the development proceeded




as follows. Survey and data gathering was performed to assess the mili-
tary requirements for underground excavation.7 As a result it was con-
cluded that tunneling should receive first attention, to be followed
subsequently by investigation of deep shaft drilling and finally cavern
excavation. During this data-gathering phase, information on present
capabilities of various excavation systems was assembled and research in

progress on excavation problems was identified.

In parallel with data gathering, an early conceptual formulation of
a tunneling system model was begun and eventually led to the structure
and logic of the model as it now exists. Three features of this model
may be mentioned here to orient the reader to the general nature of the
simulation. First, it is a time-based computer simulation for the change
of status within the tunnel sequentially at equal steps in time (a 6-min
interval is the order of magnitude normally considered). Second, the
computer model is modular; therefore, the simulation of an entire excava-
tion system consists of an assembly of many subroutines, each of which
represents a separate and distinctly identifiable activity in the excava-
tion process (e.g., the changing of cutters on a boring machine is modeled
by one subroutine). Third, the advanced and novel excavation techniques
are included in the model (in addition to conventionally utilized
techniques) in order to estimate their impact on the ability to excavate

hard rock.

As it became possible, as a result of the data gathering, concep-
tual formulation, and technical analysis, software was developed to model
the most important aspects of the tunneling process. Mathematical repre-
sentations of physical processes were derived, computer logic was

constructed, and test cases were validated.

-
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B.  THE EXCAVATION PROCESS IN THE TOTAL CONSTRUCTION SETTING

This section presents a perspective of excavation from a broad
point oi view to review some of the many factors to the actual physical
excavation process itself and not directly modeled by our computer simu~
lation, but which may affect the cost and performance of a tunnel excava-

tion system.

Figure 1 represents the sequence of milestones and activities that
are typically followed in the total process of constructing a tunnel
underground. The excavation simulation discussed subsequently in this
report is focused directly on Activity No. 6 in Fig. 1. 1In this study,
no attempt was made to model directly either the preconstruction stage
activities or the secondary phase construction (Activity No. 7). Some
of the general factors affecting the design, operation, and cost of
excavation are listed in Table 1. While the simulation accounts for
most of these factors, the analyst should be wary of applying the simu~
lation results to a specific project without considering the impact of

these factors in greater detail,

Figure 2 represents the general flow of activities associated with
the primary construction phase of a typical tunneling project. This
figure 1s a more detailed representation of Activity No. 6 of Fig. 1.
Figure 2 shows further what is and 1is not incorporated into the model.
The construction of access portals or shafts has not been modeled and
is left for future development of the simulation. Major failure or re-
design of the tunneling system is also not included. Simulation of
minor system breakdown and repair (Activiiy No. 5) is accounted for by
providing operational availability factors for the various equipment.
The decision logic is built to allow the appropriate time delays and
added costs associated with these failures to be incurred according to

these user-specified factors.
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TABLE 1

GENERAL FACTORS AFFECTING THE DESIGN, OPERATION,
AND COST OF EXCAVATION

Physical Factors

LOCATION & ACCESSIBILITY

Urban

Rural
GEOLOGY & HYDROLOGY
Rock or soil type,
Structure, properties
In situ stress conditions
Subterranean temperature

Location & variation of
phreatic surface

General flow conditions

Geological surveying
& prediction

GENERAL ENVIRONMENT

Climate

Altitude
OPERATIONAL REQUIREMENTS

Intended use (military,
water conveyance)

Operational life
(permanent, temporary)

General configuration
(no. of tunnels &
proximity, geometry,
etc.)

Depth, alignment, grade
requirements

Environmental control
requirements (ground

3 water, air quality,
etc.)

\n

Economic-Political Factors

AVAILABILITY & COST OF RESOURCES
IN PROJECT TIME FRAME

Labor

Material

Equipment

Financing
LEGAL & ORGANIZATIONAL

Health & safety requirements
Union demands
Contractual

Management & scheduling
FLEXIBILITY OF COMPLETION DATE

Military threat
Impact of delays

Technical Factors

Geological surveying &
prediction techniques

Accepted design practices

MR IR ot tueonir
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The major programming effort has been expended modeling those ele-
ments of rock disintegration, materials handling, ground contrecl, and

environmental control (Activity No. 1) of various excavation systems.

C. DESIGN CONCEPT OF THE EXCAVATION MODEL

The excavation model is intcuded to be used as a tool to aid in
the analysis of the relative costs and performance characteristics of
existing and technically advanced tunneling methods. The structure of
the model has been kept as simple and straightforward as possible so that
users can concentrate on solving problems associated with tunneling
methods rather than trying to unravel software intricacies. Also, the
model structure has been kept general to facilitate future modifications.
Finally, in line with the objective of generality, the model design per-
mits the tunneling method inputs to be quickly, easily, and economically
changed. This design facilitates comparisons of alternative methods by
varying selected characteristics of the tunneling method and environment

while all other characteristics are kept constant.

The basic structure of the excavation model is shown in Fig. 3.
The dashed lines indicate the flow of information; the solid lines indi-
cate the sequence in which proceising takes place. (This convention
will apply throughout this section of the report.) The three separate

parts of the excavation model are executed serially.

The geology model is used to produce detailed and consistent repre-
sentations of realistically complex geologies, in a convenient manner.
It is intended to be flexible enough so that it can be used to produce
reasonable approximations of known geologies. It produces a geology
file of a given region and miscellaneous output reports. The geology

file is reusable.

The operation of the geology model involves specifying rock strata

surfaces, specifying rock properties by stratum, forming the surfaces
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required, and then reordering the information to produce a geology file
which can be accessed by geographical coordinates. The object is to
model realistically complex geologies in three dimensions, in a reasona-

ble manner, without a great expenditure of computer time.

The tunneling model is used to simulate any one of many excavation
methods, including interactions with the geology of the region and inter-
actions among the various activities involved. It accepts information
from both the geology file and from input cards, which specify the geom-
etry and coordinates of the desired tunnel and control information
required by the particular excavation method used. The output of the
tunneling model consists of reports concerning the operation and progress

of the tunneling simulation, as well as a file of cost information.

The tunneling model is designed as a time-step simulation program.
Each step in the simulation is considered to occur from one well-defined
time and state of existence to another well-defined time and state of
existence. The data processing activities which are requirzd in order
to proceed from one time and state to another are performed by subrou-
tines which correspond to the various activities which must be performed
in the tunneling process which is being simulated. A control program is
provided to ccordinate the activities of the subroutines; considerable
effort has been exerted to keep the logical design of this control pro-

gram as simple as possible.

The functional separation of the tunneling process into a set of
activities which are modeled by subroutines is shown in Fig. 4: A
hierarchy is illustrated which classifies each activity by 1its associa-
tion with a general process and element as described in detail in tiic
earlier semiannual technical report.6 Briefly, the following terminology

and definitions review the basic classification scheme used:
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3.

EXCAVATION. That portion of the total effort of constructing
a hard-rock tunnel which directly and physically contributes
to the removal of the rock and the preparation of the result-

ing empty space for use as a tunnel.

ELEMENT. Functional breakdown of the overall excavation

effort at the most general level. This normally includes:

Rock Fragmentation. Breaking the rock at the tunnel

face.

Materials Handling. Carrying broken rock (muck) away

from the face, or construction materials to the face.

Ground Support. Reinforcing or supporting the ground

around the excavation and installing permanent lining.

Environmental Control. Control of undesirable gases,

fumes, dust, water, heat, etc., within the excavation.

GENERAL PROCESS. A general process is a way in which the

function of a particular element of the excavation process
might be performed. It is the next level of detail within

a given element. For example, the element rock disintegration
might be accomplished by the general process of drill and
blast, boring machine, water jet, or projectile impact as
shown in Fig. 4. '

ACTIVITY. Activities are those operations included within

the performance of a specific general process. For example,
the general-process boring machine includes the activities

of maintaining, boring, cutter changing, etc. These activi-
ties, which are modeled by subroutines, are the basic building

blocks of the computer model.

TECHNIQUE. A technique is a manner in which a specific
activity might be accomplished. For example, the activity of
boring might be accomplished by a rolling disc cutter boring

11




machine or a carbide insert cutter boring machine. A revi-
sion of one subroutine would be the primary change required
to convert the system simulation from one technique to

another.

Each of the activities involved is simulated by a family of alter-
native subroutines, which are coordinated in order to simulate the general
processes used in a particular excavation system design. It is possible
to simulate alternative excavation systems by exchanging subroutines or
by coordinating them in different manners, without the need for extensive

reprogramming.

Note that this logical arrangement of subroutines does not require
that information be exchanged only "up and down the branches'" of the
tree structure., If a common information exchange area is provided, it
is possible for one activity to influence another even though they are
not in the same general process structure. For example, rock disintegra-
tion by projectile impact or water jet might lead to the presence of
large amounts of heat or water in the tunnel, which would then have to be
removed by the general processes used for environmental control. This
interaction between the activity subroutines is depicted schematically
in Fig. 5. The ability to model large numbers of interactions of this
kind is considered to be one of the advantages of using a computer to

simulate the excavation effort.

The kinds of interaction between elements of the tunneling model
that are currently included in the tunneling model are shown in Fig. 6.
Interactions which should be considered in addition to those modeled are
parenthetically included. These would be considered for modeling as
further development of the model proceeds. Figure 6 shows, for example,
that the impact of rock fragmentation on materials handling is due to
heading advance (the materials handling system must also advance) and

rock volume (the materials handling system must have sufficient capacity

12
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to remove the rock). While the present model does not include considera-
tion of the size distribution of rock fragments, this consideration
should be kept in mind when ascertaining the suitability of a particular
materials handling system to be used with a fragmentation system. For
example, a hydraulic materials handling s;stem may be suitable for trans-
porting small-particle-size muck (less than 6-in. sizes) away from the
tunnel face but it certainly could not bring the needed men and materials
to the face as a conventional rail system could. It may be necessary in
the event of using a materials handling system which i1s limited to hand-
ling a certain size distribution of material to augment this system with
another for personnel and materials transport. Secondary crushing of

the broken rock at the face may also be needed. The reader can no doubt

identify other interactions which should be kept in mind.

The concept of the simulation proceeding from one well-defined time
and state to another is implemented through the use of old and new work-
ing parameter common areas (Fig. 7). During any given time step, the
old working parameter common area's contents describe the entire state
of the tunneling system at the beginning of the time step; the new work-
ing parameter common area's contents describe the entire state of the
tunneling system at the end of the current time step. Each subroutine
recelves its input information from the old common and places its output
information in the new common. Each subroutine, therefore, determines
the state of the system at the beginning of the new time step according
to information received at the beginning of the current time step. In
addition, as the subroutines are executed, cost information is generated.
This information is placed in a cost information common area by the sub-

routines involved.

Note that the end result of this method of utilizing subroutines
is that subroutines which are used for equivalent tunneling purposes, if
called by the same FORTRAN name, may simply be exchanged for one another

and the model will continue to operate and produce consistent operating

15
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and cost reports as desired, even though the logic of the two subroutines,
as well as their input information demands and output information results,

might be radically different.

D. PERFORMANCE REPORTING

Figure 8 itemizes the information that will be provided periodically
by the tunneling model during the simulation. In addition to the gross
performance measures provided by advance, average advance rate, and
maximum advance rate, two performance measures which reflect element
reliability and compatibility will be printed out for each of the ele-
ments of the system. These performance measures are operational avail-

ability and subsystem (or element) utilization.

Operational availability may be defined as the probability that at
a random point in time a subsystem can perform at or above some specified
minimum level of operational capability to perform its primary function.
It is a measure of the reliability of the subsystem. It may be expressed

as

where A = operational availability

total shift time

=3
]

=3
(]

total down time for planned maintenance, parts replacement

and unsch:duled repair time

Utilization is a measure of compatibility between elements of the
system. It reflects inadequate matching of performance (e.g., a materials
handling system inadequate to support boring machine advance rates) and

interference between elements (e.g., ground support installation which

17
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INTERIM PERFORMANCE RLFORTS

DAYS SINCE CODMMENCED EXCAVATING 59,121
HEADING POSTTIUNI(FEET) 5092,330
AVERAGE ADVANCE KATE(FEET/NPERATING HOUR) 11.833

MAXIMUM DALY ADVANCE

DAYS SINCE COMMENCED EXCAVATING 32.000

MEADING PCSITION~HEGINNING OF THAT DAY (FFET) 2553.534
HEAQING POSITION= MDD OF THAT DAY(FEET) 2671,.,309
AVERAGF WRATE FOR THAT DAY(FFFI/NPERATING mONR) 15.049

CUMULATIVE SUHSYSTEM PERFORMANCE..

ELEMENT/MEASUKRE OPERATIONAL SUHSYSTFM
AVAILAHILITY. UTTt TZATIONe ‘*“}
ROCK FRAGMENTATION «376 00
MATERIALS mabDLING « 955 «00
GROUND SUPFORT «975 b7
ENVIROMMENTAL CONTROL 1.000 1.000 *

SOPEWHATIONAL AVAILARILITY=(TOTAL SHIFT TIMF-DOWN TIMF)/TOTAL SHIFT TIKE

e+SUASYSTEM UTILTIZATIONZ(TOTAL SHIFT TIME-GOwWN TIMF-INLE TIMEY/TOTAL SHIFT TIMF

Figure 8. Interim Performance Report
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requires a halt in boring operation). Utilization may be expressed as

Tt'Td'Ti

Ty

U =

where U = utilization

T, = total shift time
T, = total down time

T, = total time during which an element is i1dle although
available due to constraints imposed by external factors

such as interference with other elements

In addition to this standard periodic performance report the user
may select to print any additional information regarding the operation
of the syctem. If he were interested in how the cutter changes for a
boring machine affected its performance, for example, he may wish to
print out cutter wear reports, cutter change records, and linear feet

traveled by each cutter before replacement.

E. COST REPORTING

Cost reports, generated like periodic performance reports, reflect
both overall cost and element cost by selected categories and are printed
periodically. Figure 9 itemizes the information included in these

reports.

The cost categories are described as follows:

a. Direct Labor

This 18 the cost of labor directly applicable to a specified
activity, e.g., in the rock disintegration—boring machine option it will
be the cost per hour of the crew required to operate the machine and any

auxiliary activities inciuded under this option. This figure is the

19
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product of manning requirements, prevailing wage rates, and elapsed

shift time.

b. Plant and Equipment
This item represents the ownership cost of both capital equipment,
i.e., depreciable equipment such as boring machines, conveyors, trucks,

and fixed plant which is reasuired (rail, power cables, etc.).

c. Job Materials

This is the cost of the consumable items used during a given acti-
vity. Examples of this would be the cost of power used, cutter costs,
and explosive costs. The input to the program will be the unit costs,
i.e., cost per kilowatt-hour for power. The individual activity subrou-
tines will calculate from its internal functional relationship the cost
of power consumed for a given advance in the specified tunnel. For the
given element, the cost of all job materials will be accumulated and

shown on the output records in a form shown.

d. Permanent Materials
This item represents the cost of materials used which form part of
the permanent structure of the tunnel, i.e., the cost of rock bolts,

steel ribs, or concrete.

e, Overhead and Profit

Overhead and profit expense is a fixed percentage charge to all the
elements of the excavation process prorated by element subtotals to
account for administration, supervisory personnel, unassigned labor, con-

tingency, and profit.

The objective in providing this breakdown of total cost into a set
of standard cost categories, divided among the excavation elements, is
to facilitate a cost-benefit type analysis of new tunneling techniques.

There has been a continuing conflict of opinions as to which aspects of

21
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tunneling are the most significant in determining the cost of any parti-
cular underground project. This is due in part to the lack of a basis
upon which to compare the projected costs, actual costs, and potential
savings in a systematic rational way. In terms of the actual costs
incurred during conventional excavation of an underground project, it is
expected that labor costs will continue to be the greatest single frac-
tion, often running to 50-60% of the total project cost. This is due to
the present reliance on excavation techniques having minimal emphasis on
automation. There will be a trade-off, of course, between the cost of
providing a reliable automated system and the cost of providing the
laborers needed to do the same job. But clearly the trend will be toward
more automation in the excavation systems which are developed feor the
future. One of the primary purposes for a systems study and model develop-
ment is to make possible the identification of where the greatest savings
may be achieved, and what it would take in terms of equipment and labor
to realize these savings. The cost reporting structure shown in Fig. 9

provides one suitable basis of comparison.

F.  APPLICATIONS

The simulation may be used to analyze on-going excavation projects
(Fig. 10) or it may be used as a tool for system studies of excavation.
Section VI of this report provides an example of the former. This sec-—
tion describes applications of the model to illustrate what kinds of
system studies are facilitated by the simulation. A general methodology

of systems analysis of excavation would consist of three steps:

1. Analysis of each process (current and novel) to identify
performance characteristics, controlling parameters, signi-

ficant trends, and inherent limitations

2. Analysis of element interaction to identify major incompati-
bilities, transfer of energy or material, and cost implica-

tions

22
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3. Analysis of entire systems to identify optimum performance
of current systems, major impact of novel systems, and areas
to focus research and development to yield the greatest

improvement in excavation cost and performance

In the comparative analysis phase of study it would be possible to
perform parametric studies to derive curves which identify maximum rates
of advance, cost, and other measures which reflect the estimated perform-
ance of selected (or hypothetical) excavation systems in various geolo-~
gies. In any such analysis a list of the major independent parameters
would be likely to include excavation system characteristics, and grology
and geometry of the tunnel. Derived performance measures may include
effectiveness (tons per hour excavated or the feet per hour advanced),
cost (dollars per yard or dollars per foot), operational reliability to
reflect element reliability; and subsystem utilization to quantify ele-
ment compatibility and adequacy.

Presentation of results may be graphical, as shown generally by

Fig. 11, or tabular as shown in Table 2.

TABLE 2

GENERALIZED TARJLAR PRESENTATION OF RESULTS FOR
PARAMETRIC ANALYSIS OF AN EXCAVATION SYSTEM

Characteristic Effectiveness Cost
Performance Measures Measures
System A e.g., power, labor, e.g., rate of e.g., $/ydj
material requirements | advance
System B
System C
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Figure 11. Generalized Graphical Presentation of Results
for Parametric Analysis of an Excavation System

Some simplified examples will now be given to illustrate the pre-
ceding applications. Figure 12 shows present boring machine rapability
in terms of hourly rate of advance for continuous operation for tunnel
diameters between 6 and 20 ft. This curve is based on relationships
derived in the course of this study to represent the actual performance
of boring machines on past and current tunneling projects. Since this
curve depicts rate of advance of a boring machine while it is operating
continuously, the daily advance rate achievable would be the multiple
of the daily operating hours (excluding down time, idle time, and cutter

change time) and the hourly advance rate.

A second simplified example is illustrated by Fig. 13. The rock
compressive strength is 20,000 psi. The estimated rate of advance of
a boring machine can be calculated from the relationships derived in
this study and is shown as the boring machine capability curve of Fig. 13
(solid 1line). Boring machines have apparently advanced faster in 16-20 ft

25
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Figure 13, Parametric Analysis of Tunneling System
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Rock Compressive Strength = 20,000 psi
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diameter tunnels than in 8-14 ft tunnels (possibly due to machine limita-
tions in the smaller tunnels or to some unidentified rock fracturing
enhancement in larger tunnels) and this is shown in the shape of the
curve. These faster rates of advance in the larger tunnels, however,
have been achieved only by increasing exponentially the rated horsepower
of a machine for a corresponding linear increase in diameter. A 20-ft-
diameter machine, for example, requires 1800 hp. A conclusion may be
drawn that there is probably a region of larger tunnels and higher ad-
vance rates that cannot be bored because of power limitations. This is
shown as the "power-limited" region shaded in Fig. 13. Further study is
needed to define the true boundary of this region. The region excluded

in Fig. 13 is for a 2000-hp or greater power requirement.

Interaction between the boring machine and the materials handling
system can be seen by considering the selected material handling capa-
bility curves (dashed lines) of Fig. 13. Each of these curves shows the
rate of advance that could be supported by such a capability (no change
in bulk density of the rock and constant bulk flow is assumed for
simplicity). It can be seen that a 500 ft3/hr materials handling system
would be inadeuqate for a tunnel diameter greater than approximately
11.5 ft, 1000 ft3/hr for 15.4 ft, and 2000 ft3/hr for 18.6 ft, respectively.

One further limiting factor may also be identified. Investigation
may show that the range of material handling capacities is limited by
tunnel size. Large volume rate capacities perhaps cannot be achieved
unless tiue tunnel size exceeds some necessary minimum area to accommodate
the system. This would impose a tunnel area limitation on material

handling capability and a corresponding region of Fig. 13 ("area limited')

28

i) e e - == Rl L] s e ]

)



1s not attainable because of this geometric constraint. Again, further

*
study is needed to define the boundary of this region,

Note that this simplified example presents only an approach to
systems analysis. It does not specifically include consideration of
many details (for example, boring machine, cutter life, materials handling
system extension and logistics, ground support installation, environmen-
tal control) which may be important and can be studied using the computer

simulation.

A third example, one illustrating comparative cost and performance
analysis, is shown in Table 3. In this simplified example three differ-
ent rock fragmentation processes are compared. The gross measures of
performance, rate of advance in feet per hour, and job material unit cost
in dollars per cubic yard are listed in the right-hand columns of this
table. The particular tunnel being considered is 20 ft in diameter in
15,000-psi rock of 168 1b/ft3 weight density.

An important feature to note in this table is the identification
of different major cost items for the three different processes. For
the borirz machine, the major job material cost item is cutter wear
for the vater jet it is power cost; for projectile impact it 1s the cost

of projectiles. Additional investigation of other rock strengths would

*
The boundary of this region can be defined when a relationship between
tie maximum volume rate capacity of the materials handling system and
the tunnel diameter can be established. For example, an assumption
that the relatiogship is of the form

2 - n
Date

n=1
where Q = maximum volume rate capacity of material handling system
Cn = coefficients of the relationship

D = tunnel diameter

leads to a boundary in Fig. 13 defined by the equation
N

R = ﬁgf =~% ann'z where R = rate of advance
) r;
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identify trends in these costs; it would be expected, for example, that
cutter wear cost would rise steeply as rock strength or abrasiveness
increased, while water jet power or projectile cost may not increase

as rapidly.

Again it should be stressed that this is a simplified example which
1llustrates the types of studies needed to show the major perfbrmance
characteristics of different systems; it is not the result of any

detailed study.

A final example of system analysis is shown in Fig. 14, This
example illustrates the use of the utilization values that are calculated
for each of the excavation elements to identify incompatibility between
a boring machine and its materials handling system. Assume that the
materials handling system capacity drops off as the tunnel heading ad-
vances. This could be due to increased cycle times, for example. If
the materials handling system capacity matched the advance rate of the
boring machine at the start of the tunnel, it would be less and less
adequate as the boring machine advanced. Thus the boring machine would
have to idle at times to allow the materials handling system to catch up,
and this would be reflected in low utilization of the boring machine.

The difference between the utilization of the materials handling system
and the boring machine is a measure in this case of the incompatibility

between then.
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IT. GEOLOGY

A.  GEOLOGICAL SURVEYING AND PREDICTION

It is generally recognized that the geological (and hydrological)
conditions more than any other factor determine the degree of difficulty
and the cost of a given tunnel project. This is easy to see, since the
tunneling system, support and liner design, and total system performance
are a direct and strong function of the genlogic medium to be tunneled
through. In essence, the latter is truly a key variable in the total
econowic picture of a project, As a result, geologic exploration and
prediction techniques have a very important influence on the planning,
design, and rerformance of an excavation system. Although it is not yet
possible to identify a return-on-investment relationship for geological
exploration it is clear that a more accurate knowledge of geological
conditions will permit considerable savings from the improved planning

and design of a project.

At present, less than 2% of the total project cost is generally
allocated to pre-excavation geological investigations.s’g’lo This
probably reflects the fact that the scope and extent of the geological
survey is a compromise between technical desirability and economic
feasibility. Moreover, the point of compromise may not be reached objec-
tively in many instances. Budgetary considerations of sponsoring agencies,
political considerations, etc., may also play a role in the decision

process.,

The results of a geological exploration program should consist of
sufficient amounts of data concerning litholcgical, hydrological, and
rock-mass properties to enable a designer and contractor to plan a
construction project with confidence. This includes both the quantita-
tive aspects of engineering and excavation sysctem design, and scheduling
plans and cost estimates. In other words, the contractor wants answers

to the following key questions:
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1. What would be the most suitable excavation method?

2. What are the ground support and tunnel liner requirements

along the length of a proposed tunnel?

3. How much ground-water inflow can be expected along the

tunnel length?

4, What is the location of potential geologic hazards?

The extent to which such questions can be answered with precision
and reliability determines co a large extent the ultimate cost-performance

success of the construction project.

The conclusion one draws from this and other more comprehensive
discussions of geclogical cornditions and their impact on excawaltionll-19
is that non-homogeneous geology is a major consideration and any geology
model intended to interact with an excavation simulation should be able
to delineate geological discontinuities and inhomogeneities such as
faults, joints, bedding planes, rock-soil interfaces, and ground-water

concentrations.

B. GEOLOGY MODEL

1. Overview
The geology model is a part of the excavation simulation model

which is illustrated schematically in Fig. 3. One of the basic require~
ments which was established for this simulation model by the Bureau of
Mines was that it provide a realistic modelinz of the geological condi-
tions encountered during the process of tunneling; specifically, it was
established that the rock which was encountered was not to be modeled as
a homogeneous medium. It was also established that the excavation model
was intended to be used as a research tool which would aid in evaluating
the relative cost and performance characteristics of various techniques

which might be used for tunneling through hard rock in the near future.
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This latter consideration led to a decision to design the overall excava-
tion model in such a way that the portion which was concerned with model-

ing geological conditions was a separate entity.

The zeology model is intended to be a convenient tool for building
a file of data which represents the geological conditions found within
a given three-dimensional region of rock. The geology model is primarily
intended for use in building files which represent hypothetical geologies.
Reasonably accurate representations of existing geological regions may
also be constructed, if desired. The sizes of the geological regions
which are simulated, as weil as the spacings of data points within the
regions, are under the control of the user. A three-dimensional geology
model was considered to be desirable because the eventual consideration
of shafts, caverns and alternative tunnel routes would be aided by such
a model. (A simple one-dimensional geology versus tunnel length program
is also supplied as a utility tool if the user prefers. This will be
mentioned again shortly in Sec. II-B-4).

Simulating inhomogeneous geologies in three dimensions seemed to be
best approached by a deterministic model which would allow a user to
include desired geologic features in any location cr sequence he chose.
Probabilistic variations of geology could subsequently be added if statis-
tical studies provided the needed data. The geology model has, therefore,
been developed as a deterministic model of aprropriate three-dimensional
geologic characteristics. The model is designed to simulate the geometry
of strata having arbitrarily assigned quality, strength, abrasiveness,

A

density, temperature, and water content.

Basically, we considered two methods of modeling the geology:
serial and parallel. One can completely model the geology first, and
then model the excavation process, or one can "make up" the geology as
the excavation process takes place. The former approach was chosen. By

modeling the geology first, we cian completely separate the geology
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modeling lopic from the excavation modeling logic; this simplifies both,
and also simplifies the work involved in simulating alternative excava-
tion methods. This approach also simplifies the work involved in evalua-
ting the use of alternative excavation systems in the same geological
conditirns. 1In this case, the geology need only be simulated once. It
can then be kept "on file" and be used repetitively by simulations of
various excavation systems. The serial approach simplifies the work
involved in simulating the actual geology in which one might be interested.
It also simplifies the problems involved in ensuring that geological

features are encountered in realistic sequences and contexts.

Using the serial approach, the geology is entirely determined before
the excavation begins. This fact need not restrict the tunneling model.
The tunneling model accesses the geology file to determine what the
geology of a given location is, only when the excavation has proceeded
to that point, and updates the previous knowledge of the geology at that n
time. From the point of view of the excavation simulation, the situation
is exactly analogous to that found in actual practice; the geology 1is
completely determined beforehand, but those who are excavating do not
know for sure what the geology will be until they =ncounter it. The ex-
cavation simulation can therefore be made to respond to unexpected geolo-

gies in a realistic manner--involving alternative processes and techniques.

time delays, and added costs.

The basic structure of the geology model is shown iu Fig. 15. 1In
the following paragraphs it will be convenient first to discuss the
structure of the geology file which is generated; this gives some insight
into the nature of the model. Then a discussion of the computer logic
is given. Finally a description of how the geology model interfaces with
the tunneling simulator is given. Further details documenting the inputs
the methods of operation and the outputs of the model may be found in

the accompanying appendices.2
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Figure 15, Three-Dimensional Geology Model
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2. Qutput File Structure

The geology file produced by the geology model is a simple sequen-
tial (i.e., tape-like) file. This file consists of four parts, in order:

1. Dimensional Information
2. Rock Layer Information
3. Rock Property Information

Layer Position Information

Each of these four parts will be discussed in turn.

The dimensional information specifies the size of the region to be
modeled and the horizontal spacing between data points. Implicitly, it
also sbecifies the number of entries which will be found in the fourth
part of the geology file-;the layer position information. 1In order to
see how this 1is done, imagine for a moment that you are well up in the
air, looking down at a rectangular region of the earth's surface. This
region is described, throughout the model, by means of the following

directional notation conventions:
Y, NORTH, J, OR N DIRECTION
X, EAST, I, OR M DIRECTION

The compass-like notation is used for input convenience. The X and Y
notation is used when it is convenient to refer to points within the
region by means of floating-point coordinates; either the I and J or the
M and N notation is used when it is convenient to refer to selected

points within the region by means of integer coordinates. Vertical levels
are always referred to by floating-point numbers; the variable name Z is

used for this purpose. The positive vertical direction is upward.

Within the model, this region is divided up into an integral number

of grid squares. There are NX squares from right to left and NY squares
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from top to bottom., NX need not equal NY. These grid squares need not

actually be square. A scale factor can be associated with each of them.
Thus, each square is SCALEX wide and SCALEY high. SCALEX need not equal
SCALEY. The geology file contains geological layer position information
for each point at which the grid lines cross.

Going back for a moment then, the first part of the geology file
contains four entries of dimensional information which specify the size
of the region to be modeled and the horizontal spacing of the data
points. At the present time, the model can accommodate regions in which
NX and NY are each less than or equal to 30. The values of SCALEX and
SCALEY are not subject to any practical limitationms.

The present version of the geology model allows the user to specify
up to 25 different layers of rock. These layers of rock may be of up to
25 different kinds of rock.

The geology model allows the user to easily generate surfaces, which
are interpreted as the upper boundaries of layers of specified kinds of
rocks. The user is required to number these layers, for identification
purposes, as he generates them. There is no requirement that the rela-
tive vertical positions of layers be in any way related to the !dentifi-
cation numbers assigned to them. The basic coordinate system used is
illustrated in 7ig. 16. For the sake of clarity, only one surface has

been drawn.

The second part of the geology file is simply a copy of the values
which the user placed in the array named INDEX. The value of INDEX
(ILAYR) is the number of the rock type which the user specified as being
found directly beneath the surface which he gave the identification
number ILAYR. Let us suppose that INDEX (ILAYR) = IROCK. Then, PROP (1
through 6, IROCK) contains the six parameters which the user specified
as defining the kind of rock which he gave the rock identification number
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IROCK. The third part of the geology file is simply a copy of the

values which the user placed in the array named PROP.

The fourth part of the geology file consists of NX times NY entries.
Each entry is for a single point at which the grid lines cross; the
coordinates of that point are the integers (I, J). The Z_ for L = 1 to

L
ILAYRm are the vertical positions of the top surfaces of the layers which

the user has given the identification numbers 1 through ILAYRm respectively

Z values for layers which he has not specified are set to the value
Z = -1051. In interpreting the entires at a given (I, J) location, it
is understood that, in case of overlap, an arbitrary rule determines

which layer numbers take precedence.

3. Geology Model Logic

There are two major phases of the geology model. During the first
phase, the user is aided in manipulating surfaces on an NX by NY grid.
These working surfaces may then be given layer number and rock type iden-
tification numbers, and be stored on auxiliary storage (usually disk
storage) one surface at a time. The user is allowed to have up to seven
working surfaces in existence at any one time. As was previously stated,
the mouel as presently implemented will accommodate up to 25 layer sur-

faces.

Once the user has specified the surfaces which form the interface
boundaries of the rock strata in the area of interest, he may geometri-
cally alter or displace these surfaces by use of input data cards used
to control the operation of the geology. The purpose of each of the
different input data cards is explained in the appendices cited pre-

. 0
vlously.2 The main purpose of this operation is to allow the user

*The properties presently considered are rock quality (RQD), compressive
strength, abrasiveness, density, temperature, and water inflow. The
geology model is equally capable of using any other six properties or
combinations of these as desired.
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greater flexibility in modeling geometric surfaces to represent geologic

layers.

The result of the first phase of operation is a collection of in-
dividual files, each corresponding to the Z values of a single layer
surface; each such file of Z values is in the customary FORTRAN ordering
by I and J. What is desired is of course a single file, ordered by I
and J, which contains the Z values for every surface at each value of I
and J. This phase, which begins upon the receipt of a MAKEFILE card,
is essentially a reordering phase., During this phase, the values of NX,
NY, SCALEX and SCALEY, as well as the contents of the arrays named INDEX
and PROP, are written out onto the new geology file. The rest of the
file 1s constructed by stepping through all values of I and J and for
each data point so defined, reading the corresponding Z value from each
of the layer-surface files, consolidating these values into one entry,
and writing this information onto the new geology file. When tais

process 1is completed, the operation of the geology model is terminated.

Figure 17 illustrates the two-phase nature of the geology model.

In summary, the operation of the geology model involves specifying
rock strata surfaces, specifying rock properties by stratum, deforming
the surfaces as required, and then reordering the information to produce
a geology file which can be accessed by geographical coordinates. The
object 1s to model realistically complex geologies in three dimensions,

in a reasonable manner, without a great expenditure of computer time.

4, Geology Model-Tunneling Model Interface

The first step in the operation of the tunneling model is to read
the specifications defining the coordinates of the tunnel to be excavated,
and to use this information to access the complete geology file which was
produced by the geology model, in order to produce a much smaller file of

geological information along the length of the tunnel. This step is
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performed primarily as a matter of processing convenience; the resulting
reduction in the volume of the geology file and the ordering of the data
during this operation led to the simplification of the logic of the rest
of the tunneling model. In addition, this smaller geology file provides
a convenient starting point for the operation of the model during studies
of the excavation of the same tunnel by alternative systems. In such
studies, all processing up to this point need be performed only once.
Figure 18a depicts the process of generating the file of tunnel geology

versus tunnel length from the three~dimensional geology model.

If the user wishes to bypass the three-dimensional geology model
entirely, a utility program is provided to create a one~dimensional
geology versus tunnel length which includes the same six geologic proper-
ties as used above. In this case it is necessary to provide data cards
which determine the location of change in geologic conditions along the

length of the tunnel. This is illustrated in Fig. 18b.

The continued interaction between the resulting new geology file
and the activities associated with the excavation process will become
evident as we proceed into a discussion of the tunneling model itself,
beginning with the first of the major elements of the process, rock

fragmentation.
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ITI. ROCK FRAGMENTATION

A. INTRODUCTION

The function of the rock fragmentation element is to fracture rock
into fragments suitable for removal by the materials handling system.
Fracturing may be accomplished by mechanical forces, thermal stresses,
impact, explocion, or any of a number of other techniques which can be

used to break rock (Table 4).

TABLE 4
ROCK FRAGMENTATION TECHNIQUES

Rotary cutter Flame jet
Drag cutter Plasma

Spark Electric arc
Explosive Laser

Pellet Electron bear
Projectile Microwave
Impact hammer Ultrosonic
Erosion Radiant heat
Water jet Nuclear

The drill-and-blast process of excavating is the standard and most
often used process for hard rock. Although there are inherent cyclic
delays (no rock can be loaded for removal during drilling and shooting,
and all activity must be stopped after shooting to allow time for exhaust
of explosive fumes) the high intermittent rate of breakage of rock is
sufficient to counterbalance these delays, thus often making drill and
blast the most rapid, economical, and sometimes the only practical, means

of excavating hard rock today. i

46



Improvements in the drill-and-blast process may be achieved by
shorter cycle times, increased automation, and better operational plan-
ning. It may be unrealistic to expect great improvement, however, without
substantially changing the cyclic nature of drill-and-blast excavation.
Because conventional drill-and-blast excavation plays the major role in
hard rock excavation today, it has been included in the excavation simu-
lation to represent conventional excavation. It has been modeled in a
manner which will also allow simulation of advanced drill-and-blast

systems which are automated and have reduced cycle times.

The most promising approach to achieving rapid excavation of hard
rock, the National Research Council concludes, lies along the path toward
a more continuous method of rock fragmentation which eliminates wasteful
cyclic delays. Placed at the top of its list of research priorities is
development of new processes and equipment for boring tunnels and shafts

in hard abrasive rock.1

A major thrust of research effort today is to improve the perform-
ance of tunneling machines and mechanical excavators so they will perform
economically in hard rock. At the present time tlese recently develéped
"moles" and tunneling machines are most sujtabie for soft-to-medium-hard
rock and fairly uniform geology. They do not yet attain economical per-
formance in harder, more abrasive rock because tnelr cutters wear too
rapidly and do not break rock fast enough; the machines themselves may
cause costly delays during fabrication and assembly, or through break-
down. Considerable research is now in progress, with some notable success,
to eliminate equipment failure, reduce cutter wear, and improve rock
breakage of tunneling machinery. Boring machine excavation is modeled to
reflect the performance of the current rolling disc cutter type of machine

such as that manufactured by the Robbins Company.
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A second major thrust of research effort today is to identify new
techniques to break rock without requiring physical contact between the
rock and the machine, thereby eliminating cutter wear that periodically
halts progress for replacement of cutters. The range of possible techni-
ques to achieve this goal is wide; it includes impact techniques using
projectiles or water jets, thermal techniques using electron oeams, plasma
arcs, lasers, and many others usually termed as a group the novel techni-
ques of rock disintegration. Two of these novel techniques have been
included in the simulation at this time: projectile impact and water
jet (both pulses and continuous). Additional novel techniques may be
modeled when sufficient field trial data is available to allow a valid

estimate of performance to be made.

Before we proceed to a detailed description of the computer models
of the various fragmentation techniques, we present a short discussion
of rock failure and the derivation of an engineering parameter to measure

the interaction between fragmentation device and the rock.

1. Rock Failure

Some of the failure modes of hard rock are:

1. Crushing in a region of high applied pressure which is greater
than the compressive strength of the rock. This pressuie may
be applied by the thrust of a cutter rolling across the rock;
it may result from the sudden expansion of exploding gases;
or it may be induced by the energy transferred from a high-

velocity jet of water or solid projectile striking the face.

22q Shearing of the rock from the forces induced by uneven com-
prehensive loading, the scraping of picks and non-rolling
cutters or the erosive force of a fluid jetting across the

rock surface at high speed.
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3. Tensile stress failure caused by the interaction of stress
waves produced in the rock by detonation or impact of a jet
or projectile. This mode of failure is found especially
in brittle rock.

4, Separation of faulted or kerfed fragments by stresses induced
at terminal junctures of cracks, kerfs, and fissures in the
rock. This mode of failure exploits preexisting weakness
present in the rock or created by kerf cuts or previous jet

or projectile impact.

Although it might intuitively be expected that the performance of
any method of rock fragmentation would be strongly dependent on the
mechanical properties (e.g., compressive strength) of the rock, no unify-
ing relationships of this kind have been developed. This may be the
result of an insufficient understanding of the different modes of failure
of the rock. These may be related to rock properties not now being
measured, or perhaps the rock properties which are being measured are

not being correlated in proper combination.

An engineering approach to measuring the performance of any frag-
mentation technique is to assume a relationship between gross energy
output of the device and the amount of rock that is fragmented as a

result.

A common form for this relationship is:

Pt
E=—
Q
where E = gross energy required per unit volume of rock broken
P = power supplied by the fragmentation device
t = time interval in which fragmentation occurs
Q = volume of rock fragmented

49




The energy parameter L, as defined above is actually a measure of
device-rock int~raction. Frequently found in the literature referred
to as "specific energy," it has occasionally been misconstrued as an
inherent property of the rock or of the rock fragment size distribution.
The value of the energy parameter measured for any rock-breaking process,
however, will depend not only on the energy supplied, but also of the
fraction that is absorbed by the rock, the modes of failure of the rock,
and the size of rock fragments formed. In the following sections it
will be made clear what basis for determining energy values has been
used. The term "specific energy'" is not used in this report because we
wish to emphasize that the values of energy for two different techniques
are comparable only if the bases for calculation and the fragment size

distrinution are similar.

TABLE 5
ROCK FRAGMENTATION PROCESSES MODELED

Drill and Blast
Boring Machine
Water Jet (pulsed or continuous)

Projectile Impact

Table 5 above lists those rock fragmentation processes which are
presently included in the excavation model. Other promising fragmentation
techniques are being investigated now for inclusion in a further develop-

ment of the model.
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Some concluding remarks concerning the interaction of rock fragmen-
tation with the tunnel geometry, geology and other elements of excavation

are appropriate at this time.

2. Tunnel Geometry

The size and shape of the desired tunnel places a major constraint
on the type of excavation device that can be used. Most boring machines
are currently designed to produce only circular tunnels and are generally
limited to tunnels of 25-ft diameter or less (although the Mangla Dam
project in Pakistan was successfully bored to a record diameter of 36.7
ft). Circular tunnels provide advantages in hydroelectric and water
reclamation applications because their smooth uniform cross section
reduces water flow resistance. For other applications such as transpor-
tation or mining, however, circular tunnels are usually not desired
because a firm flat base is needed for mobility of equipment. Another
limitation to the use of boring machines is due to the necessary large
investment in the machine itself and the delay in mobilizing it at the
tunneling site. Because of this investment in time and money, many
shorter tunnels are not suited for economically boring by machine.
Although there have been exceptions, most tunnels bored in the past have
been a mile or more in length. The exceptions have generally involved
reuse of a machine which had been paid for by an earlier project; as
more tunneling machines become available in this manner it may be expected
that a greater number of shorter tunnels will also be bored economically

by machine.

The consideration of overbreak is important in deciding on an
economical excavation technique. Overbreak is the amount beyond rhe
design cross sectional area of the tunnel which must be excavated in
order to achieve the satisfactory final design. In conventional drill
and blast, where the surface produced by rock fragmentation is irregular
and to some extent unpredictable, the overbreak required is substantial,

frequently as much as 20%. This overbreak causes an increased load to
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be placed on the materials handling system because of the greater volume
of rock that has to be removed. It also adds to the ground support and
tunnel lining requirement for the tunnel sometimes increasing the con-
current costs considerably. Boring machines (and possibly many of the
novel techniques considered) produce a more predictable, smoother tunnel

surface, and 5% overbreak or less is commonly planned for.

Tunnel curvative and change in cross section are other aspects to
consider. Tunnel boring machines, although their flexibility to respond
to these geometric requirements is improving, are presently too large and

cumbersome to cope with changes in alignment, grade, or diameter efficiently.

3. Geology
The impact of geology on drill-and-blast excavation lies in its

relationship to drill pattern, amount of explosive needed, and depth of
round suitable to maximize the tunnel advance without jeopardizing the
stability of the tunnel or excessively overbreaking the tunnel walls.
Compared to boring machine excavation, drili and blast responds more
flexibly to changing geologic conditions and is not as limited by hard

abrasive rock.

The strength, abrasiveness, and quality of the rock are the major
factors affecting boring machine performance. High rock strength slows
boring machine advance, high abrasiveness wears the cutters faster, and
poor or blocky rock quality causes difficulties with the acquisition
of the broken rock, sometimes jamming the cutters or muck buckets on

the boring head.

The novel techniques such as water jet and projectile, which rely
on impact for fragmentation of the rock, appear to be affected most by
the rock densicy because it determines the energy coupling between the
jet or projectile and the rock. The degradation of fragmentation rate

with increasing rock density for these impact techniques is considerably
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less than would be the degradation of boring machine performance for

the same harder rocks.

Thermal techniques still under investigation in the laboratory
fracture rock in several ways which depend on the mineral characteristic
of the rock. Spalling is enhanced with increasing quartz content of
the rock. Thermal expansion of the rock in situ creates stresses which
cause failure and are related to the application of the thermal energy,

and the thernal properties of the rock.

4, Materials Handling

Any fragmentation technique affects materials handling because of
the rock volume broken and the heading advance. The broken rock must be
removed and the materials handling system must be advanced to keep up
with excavation. Beyond these obvious interactions there are several
of importance to consider generally. Size distribution of the rock frag-
ments determines the suitability in many cases of the materials handling
system. Rail car systems or truck haulage can be suitable for almost
any size distribution of muck, while conveyors, hydraulic pipelines,
or pneumatic transfer rystems may require smaller fragments and a more

uniform distribution of sizes.
The abrasiveness of the fragments affects the wear of the materials
handling system. Erosion of hydraulic pipelines caused by abresive rock

particles remains a major problem with these systems.

5 Ground Support

The problem of overbreak has already been discussed as one of the
impacts of the fragmentation technique on the ground support element of
excavation. Two other impacts also come to mind. First, some excavation
techniques minimize the damage done to the remaining rock, causing fewer
fractures that extend into the walls of the tunnel, thereby preserving

the Imtegrity of the rock and reducing the ground support needed. Boring
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machine excavation clearly falls in this category as may some of the
novel fragmentation techniques. Drill and blast, however, except for
specially planned and monitored smooth wall blasting, does not. This
may be of some greater consequence to tunnels designed for military
applications where the response of the tunnel to dynamic loading caused
by nuclear burst shock effects (e.g., block motions) may be more a con-

sideration than for conventionally utilized tunnels.

A second interaction to consider between the excavator and ground
support may occur during the tunnel excavation. An incompatible mating
of rock fragmentation and ground support may lead, in the extreme, to a
condition where neither may proceed while the other is in operation.

For example, most ground support techniques used today were developed
before the continuous excavator was developed and as a result are more
suited to cyclic installation than continuous installation. When steel
rib sets are used in conjunction with a boring machine and the rock
quality is poor, requiring sets to be installed very near to the face,

it is frequently necessary to halt the bering operation while sets are
installed because of the interference between these subsystems. More
continuous ground-support systems may be desirable in th« future to match
the performance of boring machines and other continuous excavation tech-
niques. As novel techniques prove feasible for excavation, consideration
should be given to what kind of ground support would be suitable used in

conjunction with them.

6. Environmental Control

Nust, radiation, noise, water, thermal energy, toxic fumes, spewing
rock fragments, fire hazard, anil rotating machinery hazard are all en-

vironmental control considerations related to the fragmentation device.
The hazard of fumes ¢. sociated with drill and blast is well known

and planned for. The machinery hazards associated with machanical exca-

vation can be minimized with proper design and safety procedures. The
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kinetic energy of rock fragments bursting from the tunnel face on impact
of a high velocity water jet or projectile which may turn thesc fragments
into hazardous misssiles should be considered. The noise ¢f any high
energy mechanical technique may require quieting countermeasures to be

taken.

The thermal problem associated with high energy fragmentation tech-
niques deserves special mention. In deep tunnels contemplated for mili-
tary application the ambient rock temperature will probably exceed 100°F
and require some form of cooling of the environment during the excavation
process. Any additional load put on this cooling plant by thermal waste
energy transferred into the tunnel environment as a by-product of the

fragmentation process would add to the cost of cooling. This should be

taken into account in the assessment of the suitability of any fragmentation

technique for deep tunnel excavation.

Waste water released into a tunnel by a water jet may also pose
particular problems. Recycling or removal would of course be necessary,
but the problems of high humidity and low visibility due to moisture in

the air would also have to be accounted for.

Table 6 summarizes the interaction of rock fragmentation with other

aspects of excavation.
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TABLE 6

SUMMARY OF FACTORS INTERACTING WITH ROCK
FRAGMENTATION ELEMENT

Geometry
Size, shape, length, depth, grade, alignment, overbreak, tunnel

surface desired

Geology

Strength, abrasiveness, quality, structure, water inflow, rock

temperature, mineral characteristics

Materials Handling

Volume rate, heading advance, rock fragment size distribution, wear

Ground Support

Rock integrity, installation interference, ov- bieak

Environmental Control

Dust, radiation, nolse, water, thermal energy, fumes, flying rock

fragments, fire hazard, rotating machinery hazard

B. DRILL AND BLAST

1. Introduction

The drill-and-blast process of rock fragmentation 1s the standard
and most adaptable process for hard rock or mixed hard and broken rock.
Blast holes are commonly drilled with a battery of hydraulically posi-
tioned drifter drills or manually operated air-leg drills mounted on a
multileveled jumbo. The jumbo 1s a mobile steel structure which
supports the drills and serves as a working platform for setting the
charge, installing roof supports, and in some cases providing secondary
ventilation at the face. Common drill patterns include the wedge, pyra-
mid, and burn-cut., The rock is blasted with explosives and the blast

fumes are clesred from the face area before the operations proceed.
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The computer simulation of drill-and-blast fragmentation, while not
intended to account for the great variety of blasting techniques currently
utilized in the field, does provide a reasonable porfrayal of the major
events occurring in full-face blasting using a standard burn-cut pattern
and 1s flexible enough to interact with different geological conditions
and tunnel areas. It has been assumed throughout the modeling process
that any tunnel modeled could be considered essentially equivalent to a

round tunnel of some given diameter in order to allow comparison between

drill-and-blast effectiveness and boring machine or novel process effective-

ness.

Table 7, which has been kindly supplied by R. A. Dick of the Bureau
of Mines, Twin Cities Research Center, provides a guide to the represen-
tative performance for drill-and-blast excavation. Optimwa blast rounds
vary from one project to the next. One reason is that rock properties
and structure vary considerably from one tunnel to another and a pattern
that achieves excellent results at one operation may be a failure at
another. Another factor is the difficulty in drilling boreholes pre-

cisely. Even if the best pattern for a given heading were known, good

blasting practice would dictate overdesigning the road to allow for drill-
ing precise blastholes at a high rate of speed.

Generally, because ANFO is extremely cheap, adaptable to mechanized
loading, gives ideal coupling, and seems to do as good a job in breaking
rock as higher cost products, it is the preferred explosive unless condi-

tions are wet.

It is generally felt that burn cuts with large-diameter relief holes
offer the best opportunity for improving blasting efficiency underground.
Even here, the primary restriction to the depth of advance is the accuracy

of the boreholes.
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TABLE 7
SELECTED DRILL-AND-BLAST PROJECTS
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The activities that are modeled by the simulation, along with their
subroutine names, are given in Table 8. The portrayal of these activi-
ties by mathematical representations will be considered in sequence in

the following paragraphs.

Table 9 provides a list of the parameters and input specifications
which drive the simulation.

TABLE 8
DRILL- AND-BLAST ACTIVITIES

) Subroutine MOVEIN

Moves drill jumbo to face

* Subroutine HOLBRN

Drills holes for burn-cut pattern

. Subroutine SETCHG

Sets charge

. Subroutine MOVOUT

Moves drill jumbo away from face

° Subroutine DREPAR

Maintenance and repair

2. Subroutine MOVEIN

This subroutine accounts for the time delay in repositioning the
drill jumbo at the tunnel face at the start of a new cycle. The user
may specify the anticipated time required for this repositioning and
alignment check. If no time value is specified, the program assumes a

15-min delay time, which agrees with common practice.21’22
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TABLE 9
DRILL-AND-BLAST PERFORMANCE PARAMETERS AND INPUT SPECIFICATIONS

EQUIPMENT INFORMATION
(1) Drill Jumbo

*
(a) Time to move to face (hr)

*
(b) Time to move away from face (hr)

(2) Drifter Drill
*
(a) Number of drills
(b) Area of holes (inz)

(c) Power output (hp)

(3) Burn-Cut Drill
(a) Number of drills*
(b) Area of holes (inz)
(c) Power output (hp)

PATTERN INFORMATION
*
(1) Number of drifter holes

*
(2) Number of burn-cut holes

*
(3) Depth of holes per round (ft)

*
(4) Number of holes charged simultaneously

EXPLOSIVES INFORMATION
(1) Powder factor (1b/yd3)
(2) Amount of primer (1lb/hole)

(3) Time to set one charge (hr)

(4) 1In lieu of items 1-3 (select one)
(a) Dynamite option
(b)  ANFO option

rd
*
Default values are programmed into the simulation for these parameters.
The user may override these internal values by specifying an alterna-
tive value on the appropriate data card.
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TABLE 9 (cont.)
DRILL-AND-BLAST PERFORMANCE PARAMETERS AND INPUT SPECIFICATIONS

1.

2,

4.

Plent & Equipment

Item

COST INFORMATION

Ownerahip (Rental)
Coet Per| Hr | Pt
{check_one).

Unueual Development
Coat Per Hr
(check o

Ft
ne)

Major Items:
Drill Jumbo
Burn Cut Drill
Drifter Drill
Drill Pcsitioner
Jib

Additional Items:

L4449§4¢

prr

Job Materiele

Item

Jiferd

e

Yalus

Yalue

lndit

Major Items:

Drifter Bit*
Burn Bit*
Steel®
Primer*
Explonivee
Firing Cap'
Miacellaneous®

Additional ltems:

Direct Lebor

Labor Type

$

$
$/1b -
$/1b
§/cap
$/hole

Number
Required/Shift

i

Rate
$/hr

Major Typea:
Shifter
Miner
Nipper
Chucktender
Powdermen
Maintenence
-~ Foreman
=~ Mechanic
~ Electricien
Add{tional Types:

DPermanent Materials

Item

Cost

l Value |  Unit

(None required)
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3. Subroutine HOLBRN
This subroutine models the drilling of the holes into which the

explosives are placed, and the drilling of the relief holes which are

utilized in a burn-cut pattern.

Although there is a wide range of drill types and methods of
mounting drills, most driiling in hard rock tunneling is done with a per-
cussion drill having either rifle-~bar rotation or some separate positive

method of drill rotation.

Sinkers and jackhammers, designed to be hand held, vary from a
light (30-1b) drill to a heavy (70-1b) drill. Feed legs and jacklegs,
which are sinker drills mounted on an air-feed leg, are used generally
for both lateral and overhead drilling. Drifters are self-rotating drills
which are screw or chain fed. Burn-hole drills are drifters used to drill

the large holes on a burn-cut pattern of shooting.

Drifter drills are suspended from jibs mounted on drill jumbos
which serve as working platforms and house all facilities required for
drilling a round: pumps, air and water connections, lights, and ventila~
tion. The jumbo may also be used for loading the holes, placing supports,

and in some cases handling muck cars.

If the parameter E is defined as the gross drill energy expended
per rock volume removed (which includes an energy transfer coefficient,
generally 0.6 to 0.7, for the loss in energy that occurs between the
drill and the drill bit), then drilling rate in feet per hour, RD’ can be

expressed as

R, = 1.98 x 108 P/AE
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where P = power output of the drill (hp)

hole cross-section area (inz)

=

=3
]

drill energy expended per rock volume removed
[(1n.-1b/1n) x 10°]

Some representative data for energy per volume relationship of
percussive drills in hard rock is shown graphically in Fig. 19. Also
shown in this figure is the relationship incorporated in the computer
subroutine which is derived from a least squares fit of the data for
rock strengths below 50,000 psi. For rock strength above 50,000 psi the
observed data are inconclusive but suggest an energy per volume range of

approximately 50 to 75 [(in.-lb/ins) X 103].

The relationships included in the computer model are:

where E = energy per rock volume removed, [(1n.-lb/in3) X 103]
0 = rock compressive strength, 103 psi between 5000 and
50,000 psi
and
3 3
E = 60 [(in.-1b/in”) X 107]
for o > 50,000 psi.
The power output of a drill may be calculated to be the number of
plston blows per minute times the energy in each blow. The following

formulas have been shown by Hustrulid26 to have general applicability to

percussive drills in hard rock:
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p
£ = 22 bpAg
Sw
- SpAg
VS 0.68 r»
_ 12
FpT2E's
where A = area of piston head (inz)

E_= piston energy (ft-1b/blow)

f = blow frequency (blows/min)

g = acceleration of gravity (fpsz)
P = power output (ft-1b/min)

p = applied air pressure (psi)

S = piston stroke (in.)

V., = piston striking velocity (fps)

w = welght of piston assembly (1b)

It is intended that a required input to the computer subroutine
which calculates drill performance will be the power output of the drill.
This can be estimated by the user of the model from the above formulas

and information provided by drill manufacturers.

A simple mathematical representation which approximates the number

of shotholes per round which need to be drilled is:

2
N, = (D + 0.1 D%y
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where Nh = number of drifter holes required
D = tunnel diameter (ft)
y = factor to account for rock quality, strength, tunnel

geometry, diameter of shotholes, and diameter of burnholes

At the present time in the model, y 1s set equal to unity, and this
gives an adequate representation for average rock conditions (Fig. 20).
In massive, intact hard rock a more representative value of Yy may be
1.1 to 1.5. For large tunnels a substantial reduction in the number of
holes required can be realized if the shothole diameter is increased.
For minor areas the same saving is not evident and rarely justifies the

employment of bigger drills.27

The number of drifter drills employed is assumed, if not otherwise
specified, to be one-eighth the number of holes drilled each round so
that each drill drills eight holes.23 The user may specify an alterna-

tive number of drills if he chooses.

The time to drill the shotholes is calculated as

where At = drill time (hr)

.. = depth of the holes (estimated to be 1 ft greater than the

advance per round)

N, = number of shotholes
N. = number of drills

RD = rate of drill penetration (ft/hr)
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To estimate the length of the rounds, it is first necessary to
determine the spacing of the supports required from the geological in-
formation a-1ilable. This 1is discussed in Sec. V concerning ground
support. In a supported tunnel, the round length is limited to the dis-
tance between the supports (or the allowable unsupported tunnel length
if some form of continuous support is installed). In an unsupported
tunnel, the lergih of a round is determined by the type of cut used and
the diameter of the tunnel. The burn-cut pattern modeled by the simula-
tion could theoretically be of any length round. In practice, production
has seldom increased if rounds over 10 ft long have been used.23 The
model therefore is based on the assumption that the length of a round
will be either that allowable by ground support constraints or 10 ft,
whichever is appropriate. If a V or diamond cut were to be modeled, the
round length would be limited to not more than two-thirds of the diameter
of the trnnel. If longer rounds were to be attempted, a large amount of

drilled but unbroken rock would be left at the end of the tunnel.

The time to drill the burn-cut holes is similarly calculated as

Db Ry, \ Ny
where AtD = drill time (hr)

b

QDb = depth of holes (estimated to be one foot greater than the

advance per round)
th = number of burn holes
= 2 for tunnel diameter < 15 ft

= 3 for tunnel diameter > 15 ft

Ndb = number of burn-cut drills

Rob

rate of drill penetration (ft/hr)
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In both instances the user supplies as input to the program the
cross-gectional area of holes to be drilled and the estimated power out-

put of the drill.

The job material costs associated with this hole drilling activity
are drill bits and steel costs. If the program user supplies the
necessary information, the following formula is used to calculate these

job material costs for the drifter drills.

C C
B S
Job material cost ($)/round LB (nDRD) + f; (nDRD)

where C, = drifter bit cost ($)

L, = average bit life (ft)

n, = number of drifter drills
2. = average depth of holes (ft)

C., = cost of steel for one drill (§)

L, = life of steel (ft)

Drill bits will typically have a life of 200 linear feet in

granite. A standard bit costs approximately $20. These values are

programmed as optional internal values if the user does not specify al-

ternative ones.

Drill-bit 1ife is longer in less abrasive rock, and this would

reduce bit and steel costs proportionally. The expected life in other

rock has not been identified in this study. The relaticnship for granite,

however, may be used as a congservative formula for drill bit costs.
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Compared to mechanical excavation by tunnel boring machine, 2rfll
and blast is a more labor-intensive process. A representative set of
labor crews for different diameter tunnels is provided as an example in
Table 10a. The crew size for any given project, however, will vary con-
siderably depending on labor availability, customary contractor practice,
labor regulations, ind other factors. As can be seen, the number of men
to be used for drilling will increase with the rock face area. These
data are subject to interpretation since electricians and mechanics will
have duties other than maintaining the drills. For example, they may also

be concerned with the maintenance of the equipment for materials handling.

The amount of plant and equipment used will also vary with the
tunnel diameter (Table 10b). The variable quantities are the number of
drifter drills, jibs, and positiouers. The number increases with tunnel
diameter in such a way that the time for drilling in cycle time will
remain approximately the same with varying diameter for a given compres-

sive strengti. >f rock.

4. Subroutine SETCHG

This subroutine calculates the powder requirement for blasting,
and accounts for the assoclated time and cost of the activity of setting
the charge. The user has the option of specifying either ANFO or dynamite
as the type of explosive and letting the program compute the powder

factor.

%
Powder factor is a common measure of powder requirements; it is the
number of pounds of powder that is required per cubic yard of rock
broken.
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Skill
Foreman
Miners
Mechanic

Electriclan

TABLE 10
REPRESENTATIVE DRILL-AND-BLAST COSTS
(a) Manpower per Shift

Tunnel Diameter Washington, D. C.,
12' 15' 25' Area Hourly Costs®
1 1 1 $8.32
3 4 10 7.20
1 1 2 8.10
1 1

1 8.92

*
Includes 25% fringe benefits, FICA, etc.

(b) Plant and Equipment

Plant and Equipment Number Required for Cost/Unit
Used Tunnel N'iameter ]
12! 15" 25" _
Jumbo 1 1 1 3¢,000
Burn-Cut Drill 1 1 1 11,500
Drifter Drill 3 4 10 5,800
Jib 3 4 10 5,200
Drill Positioner 3 4 10 2,800
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In the case of a user-specified powder factor, the weight of powder

per round is

it

where W powder per round (1b)

EX
powder factor (1b/yd3)

P.F. =
At = tunnel cross-sectional area (ftz)
AX = estimated advance per round (ft)

If the powder factor has not been specified, it is approximated

Ap

144 At h

where P.F. = powder factor (1b/yd3)
A, = area of shothole (in2)

h
At = tunnel cross-sectional area (ft2)
nh = number of shotholes
By = weight density of the explosive (lb/ft3)

= 50 1b/ft> for ANFO
=70 lb/ft3 for dynamite (Gelex {#2)

The above equation assumes that each shothole is fully charged with

explosive.
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The time required to charge the holes and set the charge is assumed

to be

At

where Ats =

The job

as

n
oM
8 n

time to charge and set charge per round (hr)

time to charge and set one hole (hr)
4/60 if not otherwise specified

number of shotholes

number of holes charged simultaneously, either manually
or autom.itically

nh/8 if not otherwise specified

material costs expended by this activity may be calculated

Job material cost ($) = nh(WpCp + Ccap) + Cm AX + wW__(C..,)

where nh =

EX "EX

number of shotholes per round
amount of primer (lb/hole)

0.5 1b/hole ANFO
0 dynamite
cost of primer ($/1b)

0.2 ANFO
0 dynamite
cost per cap ($/cap)

0.3 ANFO or dynamite

miscellaneous cost per hole for stemming, wire, etc. ($)

$1 per foot of advance

estimated advance per round
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wEX = powder per round (1b)
CEX = powder cost ($/1b)
= 0.66 ANFO
= 0.3 dynamite (Gelex #2)
5. Subroutine MOVOUT

This utility subroutine accounts for the time delay in moving the
drill jumbo back from the face following the hole drilling and setting
of the charges, plus the blasting of the round. The user may specify
the anticipated time required for this activity. This should include
the estimated smoke time to remove blast fumes from the tunnel following

blasting.

6. Subroutine DREPAR

Subroutine DREPAR accounts for drill-and-blast maintenance and

repair periods. 1In terms of performance parameters it accounts for either
the drill-and-blast system availability or the down time per maintenance
period and the average time between maintenance periods. The effect of
breakdowns may also be accounted for by the operational availability
factor assigned to the drill-and-blast system. During drill-and-blast
maintenance and repair, none of the other activicies (MOVEIN, HOLBRN,
SETCHG, or MOVOUT) proceed.

Costs associated with subroutine DREPAR include maintenance costs
for minor servicing and repairs, prorated per maintenance period and
labor cost for the drill-and-blast crew as provided for in Table 9. Bit
and steel cost have previously been calculated in subroutine HOLBRN and

are not included as maintenance costs in DREPAR.
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C. BORING MACHINE
1. Introduction

An increasing percentage of rock tunnels are being bored by a
tunnel boring machine every year. Although conventional blasting con-
tinues to be the most economical method for excavating large tunnels in
hard abrasive rock, important strides are being made in most of the
critical areas of tunnel borer design and these improved designs are
making tunnel boring by machine competitive with conventionally excavated
tunnels under many circumutances. A summary history of boring machine
characteristics and performance was compiled during the early part of
this study and was included as Appendix II of the earlier semiannual

report.

In the past, the factors which have had the most pronounced ad-

verse effect on the overall average advance rate were:

. Unexpected large variation in tunneling conditions (e.g.,

major fault zones, squeezing plastic clay, large water

inflow)
] Short life of bits, cutters and bearings in very hard rock
. Lack of compatibility between the boring machine and con-

ventional ground control and materials handling systems

(a need for an integrated system)

9 Major equipment breakdowns resulting from manufacturing

problems or operating techniques

Significant advancement of the art has come about, mostly as a
result of attempts to design each machine to match the set of geologic
conditions expected in each application., As a result, economical use of
boring machines in both very hard rock (30,000-45,000 psi) and difficult

geology may be foreseen in the next decade.
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A representative example of a boring machine project in hard rock
is the 19,970-ft -long, 12-ft-diameter River Mountains tunnel on the
Southern Nevada Water Project (1968-1970). Rhyolite, rhyodacite, and
volcanic lava flows were the principal rock types encountered. The

maximum unconfined compressive strength was approximately 16,000 psi.

A Jarva Mark 11-12 tunnel boring machine advanced by a 2-ft stroke
at a rate which varied from 0.5 to 6 in./min. Repositioning time was
1 min. On a 7 1/2 hr, 3-shift per day, 5-day work week basis, the
average advance attained was 36 ft per shift. Maintenance on the machine
was 257 of the available excavation time, much of which was used changing
cutters. Each cutter required 30 min to replace. The drive-motor
pinion and ring gears, the hydraulic system, and the convevor drive

motor required most of the repair work.

Undoubtedly one of the most significant tunnel boring machine
projects in progress at this time is the 30-mi undersea high-speed rail-
way tunnel between Honshu and Hokkaido under the Tsugaru Strait in
northern Japan. Three versions of a Swiss-made boring machine, designed
by Habegger, Ltd., and now produced by Atlas Copco, Inc., are being
used; the first two models are 11.9 ft in diameter for the pilot bore
and the third is 13.2 ft in diameter for boring a parallel service

tunnel.

In this project, rock quality and strength variations are extreme,
ranging from dry volcanic ash of abou: 4400 psi compressive strength on
the Hokkaido side to andesite with numerous water-laden faults and

average strength of 40,000 psi on the Honshu side.
Under ideal geological conditions, the second 11.9-ft machine can

bore 13 ft/hr, but the adverse conditions under the strait have cut the

advance rate to 5 ft/hr with the best one-month advance under 300 ft.
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Those activities associated with tunnel boring machine operation,

including subroutine names used in the model, are summarized in Table 11l.

TABLE 11
BORING MACHINE ACTIVITIES

Subroutine ASSMBL

Boring machine assembly and setup

Subroutine BORE

Rock fragmentation by boring machine head rotation

Subroutine CUTTER

Cutter wear and cutter changing

Subroutine DISASM

Boring machine disassembly

Subroutine REPAIR

Boring machine maintenance and repair

These subroutines will be discussed in sequence in the following
paragraphs. Also discussed will be the mathematical representations of
boring machine performance as related to the input specifications

appearing in Table 12.

2. Subroutine ASSMBL

This subroutine accounts for the time necessary to assemble and
check out the boring machine at the tunnel heading prior to excavation.
At the present time 160 hr is allocated to this task during which no
further advance of the tunnel may be achieved. The user may select a

value different from 160 hr if he desires.
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TABLE 12
BORING MACHINE PERFORMANCE PARAMETERS AND INPUT SPECIFICATIONS

Boring Machine Information

1. Rated rotational power (hp)x_

(3]

Energy required ge£ rock volure broken
(in.-1b/in3 x 107)

*
Rotational speed of boring head (rpm)
*

Time to assemble boring machine (hr)

*
Time to change bore diameter (hr)

*
Time to disassemble machine (hr)

Maintenance parameters (separate from
cutter change)

8. (a) availability of machine (%)

~N o U W

(b) in lieu of (a) average Jown time per
maintenance period (hr)

(c) average time between maintenance
*
periods (hr)

Cutter Iniormation (rolling cutters)

*
1. Total number of cutters
*
2. Radial location of cutters
Cutter No. I R (in.)
3. Estimated cutter life as a function of rock

abrasiveness *

Abrasiveness Index Travel (ft)

(Least abrasive) 1
(Moderately abrasive) 2
(Most abrasive) 3

*
4, Time required to replace one cutter (hr)

5% Minimum observed fractional wear of cutter
to cause replacement during any one cutter
change period i
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TABLE 12 (cont.)
BORING MACHINE PERFORMANCE PARAMETERS AND INPUT SPECIFICATIONS

1. Plant and Equipment

Item Ovnernhip (Rental) Unuaual Developmentsl
Cost Per Hr | Ft Coat Per Rr | Ft
{check one) {chenk one)
MAJOR ITEMS:

Boring mschine unit

ADDITIONAL ITEMS:

/s UL

2. Job Msterisls

ITEM COST LIFETIME
YALUE INIX VALUR UNIT.

MAJOR ITEMS:
Power: Electric. §Slkwehr - -
Cutters” $/cutter
Cutter Besringa (pl‘onted)‘~ $/cutter chg.

2N

Minor Servicing & Repairs $
(per maintenance)

ADDITIONAL ITEMS:

$/fe

3. Direct Lsbor

Labor Type Number Rate
Required /Shife $/hr

MAJOR TYPES:

Mschine Operstor
Miners
Electrician
Mechanica

ADDITIONAL TYPES:

4, Permanent Msterials

Cost
Item | Vslue | Unit i

(none required)

.Reprelentntiv. values sre programmed into the model. A user msy subatitute his own values if he
desires. In some Instances certain constraints must be sstifafied to uae the internal values. ‘
In tha csae of boring mschine horsepower, the tunnel dismeter must be betvaen 6 and 20 ft. In |
ths case of energy required, rock strength must be between 5,000 and 30,000 psi. {
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3. Subroutine BORE
The subroutine BORE represents the breaking of rock at the tunnel

face by the thrust and rotation of rolling disc cutters mounted on a

boring machine head.

Present state-of~the-art performance of boring machines, tfor the
purpose of the simulation, is derived from curves fit to empirical data.
An empirical approach was selected because the mechanism of rock fracture
by rolling cutter, carbide inserts, and drag bits is not sufficiently

*
understood at this time to allow physical modeling.

The rate of advance R of a boring machine can be expressed as

P
R=2E
where P = power output of the machine
A = tunnel cross section area
E = energy per unit volume of rock broken

For each time increment At of the simulation, the incremental
advance of the tunnel face, AX, and the incremental volume of rock
broken from the face, AV (ummodified for change in bulk density), may be
calculated as

AX = RAt

AV = RAAt

*
Work in prcogress at this time by W. A. Hustrulid and others to investi-
gate this mechanism of rock fracture may lead to a revised code in the

near future.
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No accurate information of the actual power output of a boring
machine under varying circumstances has been found. As a consequence
rated rotational horsepower of the individual machines has been inter-
preted as power output. The energy per volume has beeﬁ calculated accor-
ding to the volume of rock broken off for this amount of rated horsepower
avallable. The machines generally operate at some undetermined fraction
of rated horsepower. Yet for our purposes, this simplification which
ylelds a consistent set of data which allows prediction of rates of
advance from machine rated horsepower is desirable. It might be noted
that the added horsepower used to drive the hydraulic system, which is
separate from the rotational power, is not included in rated horsepower.

It is generally less than 107 of the rotational power.

There 1s a fairly consistent trend to greater machine horsepower
with greater tunnel diameter. Figure 21 shows a horsepower curve which
is an approximate fit to Robbins Boring Machine data and represents
Robbins rolling disc cutter type machines. Other data points shown in
Fig. 21 are included to show the scatter of different types of machines--
Habegger uses drag bits rather than rolling cutters—-and manufacturer
experience (some data are first generation machines). This horsepower
trend represents no more than historical information and it may not
necessarily represent the correct machine horsepower for a given situa-
tion; it nevertheless reasonably represents stste-of-the-art machine
characteristics and as such has been included {a the simulation as a
relationship to provide the power value which is used if the user does
not specify one. This relationship 1is restricted to be used to represent
machine horsepower for tunnel diameters between 6 and 20 ft. There are
not sufficient data to insure the relationship 1s valid for very small

or very large tunnels. The relationship is

hp = 4060194
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Figure 21. Horsepower versus Tunnel Diameter Trend
for Tunnel Boring Machines
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where hp = rated rotational horsepower

Q.
[}

tunnel diameter, ft

Some representative data for the energy per unit volume of rock
broken by boring machines is plotted in Fig. 22, The data of Muirhead
and GlOSSOp28 shown in this figure was used to derive the relationship
which 1s presently incorporated into the computer subroutine BORE to
represent state-of-the-art performance of boring machines. Subsequently,
representative data for numerous separate tunneling projects compiled by
the authors was added to show the scatter of boring machine performance
from one project to the next. Note that the minimum value of this
energy value reflects the best attainable performance from a boring

machine. Therefore, the derived relationship

E = 1.8(20.0?340
3 3
where E = energy per volume rock broken, [(in.-1b/in”) x 10
0 = rock compressive strength, 103 psi

which represents the performance of a boring machine for rock strengths
betwe:n 5000 and 30,000 psi fitted to the Muirhead and Glossop data,
appears to be an adequate ''best performance" curve for tunneling machines.
Use of this relationship for rock strengths beyond these limits should be
done with reservation because of the lack of data. The subroutine BORE
is terminated and an error message results if the user has not specified
an energy value and the rock strength value falls outside these limits.
Systematic acquisition of data from several boring machine projects may
identify what factors, in addition to compressive strength, control the
energy required to break the rock. Cutter spacing, thrust and rotation,
rock quality, and boring head rotational speed may each be significant.
It has not yet been possible to ascertain the degree of significance of

these other factors.
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For reference, Fig. 23 gives approximate ranges of compressive

strengths for some common rock types.

A review of the usage of boring machines in a series of projects
for the Bureau of Reclamation,29 along with discussions with manufacturers,
reveal that typical manpower requirements per shift associated with a
boring machine are as given in Table 13. It should be emphasized that
the numbers given as labor raquirements can and will vary according to
the efficiency of the contractor. However, Table 13 represents realis-
tic average manpower figures and may be used as a preliminary guide when

providing input to the model (Table 12).

TABLE 13

BORING MACHINE (DIRECT LABOR)
MANPOWER PER SHIFT

Washington, D.C.,,

Tunnel Diameter 8'-14" 14'-20' 20'-30' Area Hourly Costs
Machine Operator 1 1 1 $8.32
Miners 2 3 4 $7.20
Electrician 1 1 1 $8.92
Mechanic 1 1 1 $8.10

*
Includes 25% fringe benefits, FICA, etc.

The job material (or consumable item) cost associated with the
activity BORE 1s that for electrical power to operate the machine.

(Cutter costs are treated separately in the next section.)

Power cost 1s estimated from the rated i:orsepower of the machine
motors, the time that the machine is in operation boring the rock face,

and the input unit of electricity cost per kilowatt-hour.
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($) Power Cost = ($/kW-hr) -1-% At

where At = time in hours. If the user has not assumed an alternative

unit cost for electricity is assumed to be $0.015 per kW-hr.

Plant and equipment costs for the boring machine can be estimated
from the cost of boring machine plus the additional cost for the power

transmission system.

Representative cost of a boring machine can be seen from the plot

in Fig. 24 roughly to be a function of the installed horsepower,
Machine Cost = $1000 X hp

These results, which are derived from actual costs, give a guide to the
capital costs involved. The lifetime of machines will vary according to
the conditions of use and the maintenance provided. However, a formula
which may be used to approximate machine cost per linear foot of tunnel
driven, if the machine is not to be depreciated to zero over the project,

is

Machine Cost (8) = $/ft
(10,000 hr) % (Estimated Peaetration Rate) (ft/hr)

If the machine is depreciated over the total length of the tunnel
this would be

Machine Cost ($) = $/ft
Total Tunnel Length (ft)
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If the machine is to be depreciated by operational hour,

Machine Cost ($)
Operating Lifetime (hr)

= $/hr

An operating lifetime of 10,000 hr is reprasentative. The time is
calculated as that in which the machine is in actual operation; down
time is not included. There is an additional cost for the power trans-

mission system:

Cost of Transmission System = $3,40 X Length (ft)

4, Subroutine CUTTER

A major limitation of boring machine performance in hard rock is
due to the frequent changes of worn cutters required. Subroutine CUTTER
accounts for this cutter wear and replacement. An example of a boring
machine cutter head showing cutter spacing is illustrated in Fig. 25.

The machine shown is a Robbins Co. Model No. 142-139 which bores a l4-ft-

diameter tunnel.

Frequency of cutter change depends on the rock strengti and abra-
siveness, the number and spacing of the cutters, the tunnel diameter,
the boring machine head rotational speed, the thrust per cutter, cutter
hardness, and a number of other factors. While it is current practice
to try to schedule cutter replacement during general maintenance and
repair of the machine (usually performed on a weekend or night shift),
the harder and more abrasive rocks cause sufficiently rapid cutter wear
to require cutter replacement several times a shift thereby delaying

progress.
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Many manufacturers estimate cutter costs by first assuming a cutter
layout and taking the sum of radii of all cutters to find an average
radius and corresponding average cutter circumference ;raveled during one
revolution. The cutters are assumed to be able to travel a given number
of linear feet while rolling against the rock face before wearing out.
Typical figures are 400,000 linear feet for a sandstone and 700,000 to
1,000,000 linear feet for shales.30 The figure is primarily dependent
on the relative abrasiveness of the rock. In estimating the abrasiveness,

one can use a varlety of tests to determine the mineral content and grain

size to produce a weighted Mohs' hardness for the rock (Fig. 26).

Figure 27 shows the estimated cutter costs in dollars per cubic
yard of material removed as a function of the rock hardness. The curves
for the three different types of rocks cover the range of expected
abrasiveness as reported by J. P. Carstens et al.31 and weighted to re-
flect current capabilities. rhe design of cutters 1s a constantly and
rapidly evolving technology, and with this evolution the cutter costs
are going down with experience. Caution must be applied to the use of
these curves since the experience on which they are based was severely
limited above 25,000 psi hardness. There may exist some 1limiting maximum
rock hardness through which present-day cutter materials will not pene-
trate. Further research is necessary to identify what this limiting

value might be.

Polynomial expressions that approximate the curves of Fig. 27 are

(0 = compressive strength X 103 psi):
Limestone (least abrasive)
3 2,..3
($/yd”) Cutter Cost = .216 + .8440 + .997¢7/10

for 10 < 0 < 45
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Sandstone (medium abrasiveness)
($/ydd) Cutter Cost = .7 + .2570/10% + .4420%/10% + .8150°/10"
for 15 < g < 33

Igneous Rock (most abrasive)

($/ya3) Cutter Cost = .883 + .2570/10% + .4420%/10% + .8150°/10°

for 10 < 0 < 45

For the purpose of modeling cutter wear and replacement as part of
a system simulation, however, this averaging method was judged unsatis-
factory to account for the rapid cutter wear and more frequent replace-
ment of the outer cutters relative to the inner ones. Particularly it
fails to provide a measure of improvement which could be made possible
by the replacement of gauge cutters (at the periphery) and other outer
cutters with some novel device which could kerf and break rock in this
region without concomitant rapid wear and frequent need for replacement
(say, for example, an electron beam gun). It has been stated that this
rapid wear of the gauge cutters* is a major factor causing the overall
low rate of advance of a boring machine through very hard rock, 30,000 psi

and up.32

The approach taken in the model to cutter wear and replacement is
therefore to consider each cutter separately rather than by averaging. As
seen in Table 12, the required input to the simulation specifies each
cutter by its radial position on the cutter head. The expected lifetime

% o
It is commonly believed that this rapid wear is due to the more sgevere
tangential stresses applied to these cutters and to their repeated
travel through the broken rock in the invert.
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of a cutter in terms of linear feet of travel before replacement is
necessary 1s specified for three degrees of rock abrasiveness: least
abrasive, moderately abrasive, and most abrasive. This simplification
of rating abrasiveness on a three-level scale is a first step toward
relating cutter wear in greater detail to geologic parameters as greater
understanding of this relationship is achieved. For the present model
it is assumed that shale, limestone, and marble would be rated as least
abrasive; medium sandstone and slate moderately abrasive; and the harder

sandstone, granite, schist, gneiss, and quartzite would be most abrasive.

The fractional wear of any cutter incurred during boring time At

is calculated as

27 (rpm) (rk/12) (At x 60)

CLi

WEAR1(=

107 (rpm) (rk) (At)

CLi
where WEARk = fractional wear of cutter k
rpm = boring head rotational speed (rpm)
r, = radial distance of cutter k (in.)
At = tine increment (hr)
CLi = cutter fe in rock of abrasiveness index i through which

the cutter is traveling (ft)

When any cutter on the boring machine 1is completely worn (cumula-
tive wear > 1), the boring operation is delayed and the cutter is changed.
The model provides that, when one cutter is being replaced because of
100% wear, other cutters which are worn beyond some wear criteria (e.g.,
757) are also replaced. This feature is incorporated into the model to
allow the user the opportunity of measuring the improvement, 1f any, of
boring machine rate of advance by changing more cutters at a time.
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If the time required to replace a cutter is not specified by the

user, it is assumed to be 30 min.

The cost of a rebuilt disc cutter is assumed to be $80 if not
otherwise specified. To these cutter costs, which are accumulated as job
material expenses, is added the cost of cutter bearing and housing replace-
ments. This is an event that on the average must be performed every six
changes in cutter bit, and its cost has been prorated over each cutter

replacement as follows:

Prorated Bearing and Housing Cost = $310/cutter change

An example showing how one determines the average cutter life from
field data obtained during an actual boring operation is shown in Fig. 28.
The tunneling project being considered in this case is the Layout Tunnel
described in greater detail in Sec. VI. In this figure are plotted the
number of changes for each of the 29 disc and center tricone cutters that
were made during the project, in which 5038 ft<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>