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PREFACE
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Center for the Urban Rail Construction Technology Program.

The authors wish to thank Sam Gozzo, Bruce Bosserman, Allen Chin, and

Jim Lamond of the Transportation Systems Center for their many helpful
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experiences and thoughts regarding materials handling for tunneling.

P.E. Sperry and H.V. Schneider, co-authors of this report, are
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EXECUTIVE SUMMARY

MATERIALS HANDLING FOR URBAN TUNNELING IN ROCK

Principal Investigator : James M. Duncan
Holmes & Narver, Inc.
999 Town & Country Road
Orange, CA 92668

Sponsor : Urban Mass Transportation Administration

Effective Date of Contract : January 7, 1977

Duration of Contract : 21 months

Objective ; The objective of this study is to assess the
potential for achieving construction cost economies in tunnel
construction through selection of more efficient materials
handling systems and/or further development of system components,
and to identify elements of an R&D program with potential for
benefical research to assure adequate material transport
capability as the rate of heading advance increases.

Scope of Study : An examination of prior forecasts of tunnel
construction provides an estimate of 2.4 million feet of rock
tunnel to be constructed during the 1976-2000 period. Tunnel
construction projects for the near term (1980+) and far term
(1900+) periods are defined for study. These projects are
limited to those anticipated for urban mass transit systems,
constructed in rock by use of tunnel boring machines. The
tunnel projects selected for major emphasis have twin 20-foot
excavated tubes of circular cross section as this is the
principal configuration for transit tunnels being built in
the United States.
Other characteristics are:

Near Term Far Term

Average advance rate. ft/dy 120 300
Maximum advance rate. ft/dy 240 600
Tunnel length per job. ft 20,000 80,000
Tunnel length per reach, ft 10,000 40,000
Tunnel grade, percent +4 + 10
Minimum radius curve. ft 250 750
Shaft depth, ft 100 200



The impact of variations on these configuration parameters were
investigated but in less detail than for the principal configurations
The flow and characteristics of materials handled were defined
for the tunnel projects.

Material handling systems were considered for both horizontal and
vertical transport of incoming and outgoing materials. The
transport modes include:

Horizontal Vertical

Rail
Rubber Tire (incoming only)
Conveyor
Pneumatic
Hydraulic

Conveyor
Pneumatic
Hydraulic
Bucket Elevator
Hoist
Crane

Various combinations of the horizontal and vertical modes were
investigated. Four conveyor configurations suitable for lifting
were included.

The study consists of three major parts: (1) surveys of the state-
of-the-art of materials handling in tunneling, of material handling
systems which might be applicable to tunnel construction, and of
the status of R&D programs for materials handling; (2) development
of a cost estimating model based on an estimating technique used
for preparing contractor bid estimates, and determination of
comparable costs for tunnel construction projects (with material
handling costs isolated) using various material handling systems;
and (3) recommendation of an R&D program based on anticipated
benefits and development costs of potential R&D projects.

The investigation included extensive interviews with representatives
of tunnel contractors, equipment manufacturers, government agencies
and consultants

.

Research Justification : As the competition for surface space in
urban areas becomes greater and the antagonism to aesthetic and
noise degradation of the environment mounts, more attention is
given to subsurface as a logical location for transit systems.
The high cost of providing underground space impedes the decision
to go underground. As one of the three major elements of the
tunneling process, materials handling contributes significantly
to this cost and can become the limiting factor in tunnel face
advance rate as improvements are made in the technologies of

XX



excavation and ground support. It is, therefore, prudent to
investigate alternative possibilities for material handling
systems and to identify areas for beneficial development to
reduce the cost of materials handling and to prevent the handling
of materials from becoming an impediment to reduction of tunnel'
construction cost through increased rates of face advance.

Summary of Results : A comparison of the results obtained from
detailed cost estimates for tunnel construction total project
costs using various modes of horizontal and vertical materials
transport indicates that major cost savings through substitution
of alternative material transport methods should not be anticipated.
The lifting of materials from the tunnel to the surface appears
to present more difficulty than horizontal transport, and it will
become a constraining factor before the horizontal transport system
becomes saturated.

The basic technology of the conventional haulage systems (rail,
crane, hoist) used for underground transport appears to be adequate
for near term requirements although improvement is needed in design,
installation, operation, and maintenance of the systems to obtain
full advantage of the basic capabilities. As advance rates increase
more attention will need to be given to total system investigation
and to extension of the horizontal transport system.

The technology of rubber-tire vehicles for underground haulage
appears to be adequate to provide a basis for development of a
specialized vehicle for palletized transport of incoming materials
in support of continuous methods of muck transport.

The application of belt conveyors for transport of muck from the
heading to the shaft or portal during tunnel construction presents
a set of requirements different from those for overland conveying,
face haulage of coal or mainline haulage of mined materials. Most
of these requirements are less severe than their counterpart found
in other applications. It should, therefore, be possible to
accommodate these, requirements applying (in less costly concepts)
the principles used to meet the more severe requirements of other
applications. If this approach can be used successfully to solve
the principal problems of system extension and operation around
long radius curves, the application of a conveyor system for muck
haulage in tunnel construction will be an alternative open to the
contractor based on his preference and assessment of economic
competitiveness

.

Bucket elevators have difficulty releasing wet, sticky materials
encountered in tunnel muck. They also are height-capacity limited
for a single flight by current commercial conditions to something
less than that projected for the far term case. Conventional
inclined belt conveyors require excavation of long auxiliary inclined
tunnels. Special convoluted belt designs are expensive. A con-
veyor belt configuration based on the cover belt principle appears
to overcome most of these problems although its ability to achieve
the far term height-capacity requirement has not been demonstrated.

XXI



Although slurry transport systems are widely accepted for
continuous transport of large volumes of small particle size
bulk materials over long distances with relatively steady feed
rates, much work remains to be done to develop the engineering
data needed for design of systems to transport reliably materials
with large and variable particle size under conditions of variable
feed rate. Favorable economics of slurry transport under these
conditions for short term installations with relatively small
volumes and short distance have not been demonstrated. Low cost
methods for separation of fines from the slurry, typical of a
wide range of rock tunnel muck remain to be developed. Several
programs are under way or planned to continue the investigation
of slurry transport.

Pneumatic transport of bulk materials has been demonstrated to be
practical and economically competitive for specific applications
such as transport of low density or finely divided materials,
backfill stowing, and hoisting of coal in specific situations.
The high velocities required to suspend large, dense particles
accelerate pipe wear and cause high power consumption. Transport
of large, dense particles in the tonnage range projected from
the far term period has not been demonstrated. The problems
caused by sticky materials encountered in many tunnels (including
rock) have not been investigated.

The cost estimating model developed for the study consists of a
modification of a professional construction cost estimators
standard method for estimating construction tenders for tunnel
bid solicitations. The estimating procedure has been computerized
to reduce the time required for consideration of alternative
material handling systems and components, and to improve mathe-
matical accuracy.

Fifty-five problems for potential R&D program elements are
identified. The program gives major emphasis to lifting muck
by continuous mechanical methods and to horizontal transport of
muck by upgraded rail haulage. The full potential of intermittent
hoisting should be developed, particularly for the intermediate
term (4 to 10 years) . Investigation of belt conveyors based on
recently developed belt technology is recommended as a backup
system to rail haulage. Monitoring and assessement of the results
from ongoing development programs for pipeline systems are
recommended and better definition of the feed and discharge end
problems for transport of tunnel muck should be developed.

xxii



1. INTRODUCTION

This effort was undertaken for the Transportation Systems Center on
behalf of the Urban Mass Transportation Administration's Office of Rail and
Construction Technology. The goal of the construction program is to effect
a significant reduction in the cost of rail transit system facilities con-
struction by implementing innovative technology for improved performance
and life cycle cost and by improving design, construction and contracting
practices in the urban rail construction industry.

The urgent need for significant reduction in construction cost, if

subways are to be a viable mode of transportation in the future, has been of
concern for many years. A recent paper (16)* identified four key ways to
lower subway construction costs:

a. More carefully study alternatives in the planning phases.

b. Introduce new technology.

c. Reduce the burden of risk associated with the introduction of new
technology

.

d. Establish better contracting practices.

As an example of the benefits to be gained by using different technology,

an apparent saving of 11 million dollars is indicated for the Peachtree
Street subway in Atlanta by switching to conventional rock tunneling rather
than the cut and cover construction which had been planned.

In 1969 a study (21) was funded by the U.S. Department of Transportation
(DOT) to investigate the potential for innovations in materials handling
systems for construction of extremely long (20 to 450 miles) tunnels in rock
for deep underground transportation systems which were visualized for the
long term future. In order to evaluate the suitability of alternative
methods of material handling and to identify the severity of material han-
dling problems anticipated for these projects, rates of excavation and other
project parameters were selected in ranges far beyond those of today's tech-

nology. For example, excavation advance rates were 300 to 750 feet per
average day and up to 1500 feet per peak day, tunnel depths from 500 to
3500 feet, and shaft spacing from 5 to 20 miles.

The present study evaluates material handling systems applied to modern
(present day and near future) tunneling technology in the urban environment
where tunnel depths are less than 200 feet and average advance rates are

anticipated to be in the order of 50 to 300 feet per day.

Numbers in parentheses indicate references listed in Appendix A.
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MASS TRANSIT SYSTEM

A typical urban mass transit system is shown in Figure 1. It consists

of several lines of travel by a dual fixed-guideway system consisting of

steel-wheeled vehicles running on steel rails. The routes usually follow the

most heavily developed corridors fanning out from the central business dis-
trict (CBD) and terminate at specific points such as airports or where the

population density decreases beyond justification for a mass transit system.

Segments of the routes are constructed as subway, at-grade, or aerial struc-
tures as determined by least cost or by compromise between cost and impact
on the environment.

Stations for loading and unloading of passengers are placed along routes

at convenient intervals which may vary from several hundred feet in the CBD,

where real estate and construction costs are highest, to a few miles in out-
lying areas of low population density. Based on data provided by Vaccaro
(85)

,

the average distance between stations for future urban transit systems
will be about 4000 feet. The stations also are subsurface, at-grade, or
aerial, to correspond to the guideway elevation.

Construction is generally subsurface in heavily developed areas of the
CBD and suburban commercial centers where real estate values and construc-
tion costs are highest. As routes extend from the CBDs, they eventually
surface because population density, land values, and available space make
surface alternatives less costly. In some instances, however, environmental
concerns, surface disruptions, and related political influences swing the

balance away from the least cost, at-grade alternative.

TUNNELING DEMAND

A survey (85) of fixed guideway urban transit systems existing or planned

for the United States in the 1976-1990 time frame was conducted for the DOT.

Although the survey indicates a high degree of uncertainty in the plans for

urban transit systems, the results may be summarized roughly as follows and
in Table 1.

a. Existing transit route miles, surface and subsurface
(part of current operating systems)

487

b. Future transit route miles, surface and

(under construction and planned)

subsurface 1125

c. Future transit route miles, subsurface
construction and planned)

(under 272

d. Future stations (subsurface) 155

The future subsurface transit route miles total (item c) is heavily
influenced by construction now in progress in Washington, D.C. (48 miles,

17 percent of total) and moth-balled due to lack of funding in New York City
(137 miles, 50 percent of total) . The current subsurface route miles of

construction (Table 1) also are dominated by the 137 miles of construction
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FIGURE 1. TYPICAL URBAN MASS TRANSIT SYSTEM

in New York City, which is all cut and cover. In deriving the summary
figures of Table 1, arbitrary assignments, influenced by the geological

information presented by Cushing and Barker (13) , were made to the various
types of construction for the undesignated but specified route miles of
future subsurface construction.

A comparison of costs for subsurface route construction given by Vaccaro

(85) reveals higher costs per double-track mile for cut and cover construc-
tion than for tunneling in rock. For Washington, D.C. , costs for conven-
tional tunneling in rock or soft ground are about the same ($18.5 million per
route mile) as for cut and cover in suburban areas. However, the cost for

cut and cover in the CBD is about 70 percent higher ($31 million per route
mile) and for tunneling in rock using a tunnel boring machine (TBM) , about
30 percent lower ($13 million per route mile)

.

As suburban population densities continue to increase, causing reduced

availability of land and increased right-of-way costs, and as concern for

adverse impacts on the environment intensifies, a trend toward larger por-
tions of urban mass transit system construction being underground can be
anticipated, particularly if reductions in the relative cost of subsurface
construction can be achieved.
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TABLE 1. SUBSURFACE CONSTRUCTION TO 1990

Type of
Construction

Route Miles Percent of Total

Current Future Total Current Future

Tunneling in

rock 18.4 23.5 41.9 10 30

Tunneling in
soft ground 15.2 8.5 23.7 8 11

Cut and cover 158.7 45.8 204.5 82 59

TOTAL 192.3 77.8 207.1 100 100

A shift in the relative amounts of the various types of subsurface
construction also may be anticipated when it is observed that:

a. Cut and cover is the most disruptive and environmentally damaging
method used, and this is not likely to improve.

b. Cut and cover construction requires the handling of up to five

times as much material (excavation and backfill) as that removed
from the tunnel space.

c. Cut and cover is usually restricted to routes which are under
streets or other public right-of-way.

d. Underpinning to protect structures adjacent to cut and cover con-
struction is a major cost.

e. Cut and cover must be at shallow depths to be economical, thus
eliminating the possibility of deep subway routes independent of
street routes.

f. Costs for tunneling in rock have decreased with the introduction
of new technology such as the TBM, while costs for cut and cover
have increased due to environmental restrictions.

g. Rapid installation of low cost primary ground support and reduction
of delays caused by ground water must be achieved before signif-
icant reducticxi in the cost of soft ground tunneling can be
expected.

h. Improvements are being made in TBM technology resulting in more
rapid penetration rates, greater reliability, and more flexibility
for application to a variety of rock conditions.
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These considerations and political pressures may shift underground route
construction from primarily cut and cover toward deep rock tunneling of sub-
way systems.

If assumptions are made that:

a. Four hundred route miles (40 miles per year from 1990 to 2000) of
additional urban transit system will be planned by the year 2000;

b. The portion of route miles constructed underground will be
1.2 times as great (29 percent of total) as found to be under
construction and planned in the survey (85)

;

c. The portion of subsurface construction in rock will be 1.2 times
as great (36 percent of total) as found in present plans;

d. The portion of subsurface construction in soft ground
remains about the same as in present plans;

then a projection for future subsurface construction plans to the year 2000
can be made as indicated in Table 2.

Since subways built by tunneling in soft ground or rock are usually
placed in dual tubes while cut-and-cover-constructed tunnels contain
two-way traffic, the tunnel feet of future subsurface construction to the
year 2000 would be as shown in Table 3.

TABLE 2. FUTURE TRANSIT SUBSURFACE CONSTRUCTION
IN ROUTE MILES

Time Period

Route Miles

Total Rock
Soft

Ground
Cut and
Cover

To 1990 77 23 8 46

1990 to 2000 116 42 13 61

Total to 2000 193 65 21 107

Percent of total miles 34 11 55

This represents an average of about 59,000 tunnel feet per year over
the 25-year period from 1976 to 2000.

Another estimate of the demand for tunnels in the United States, made
by Mayo, Barrett and Jenny in 1975 (52)

,

looked at the historical and future
demand for the period 1955 through 1985. Tunnels which are included
in various plans, but are unlikely to be built or under construction by
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TABLE 3. FUTURE TRANSIT SUBSURFACE CONSTRUCTION
IN TUNNEL FEET

Type of Construction Tunnel Feet Percent

In rock 687,000 47

In soft ground 222,000 15

By cut and cover 565,000 38

TOTAL 1,474,000 100

1985, are not included in the data presented. The summary data derived from
theit extensive questionnaires and interviews with staff members of
financing, grant, and owner-operator agencies are presented in Table 4,

The "other" tunnel use includes railroad tunnels and cooling water supply
and discharge tunnels for major electric power plants such as the nuclear
power plant at Seabrook, New Hampshire.

The detailed analysis of data presented by Mayo et al (52) as level-
of-construction activity of each major tunnel use shows sharp peaks for
rapid transit tunneling (including cut and cover) in the periods 1965-1970
(50,000 ft/yr) and 1975-1980 (75,000 ft/yr) . In the other 5-year periods
the construction activity drops to very low values. However, the level of
both the peaks and valleys increases continuously during the 30-year period

TABLE 4. TUNNEL CX)NSTRUCTION DEMAND IN U.S.

Tunnel Use

Linear Feet of Tunnel

1955-65
(Actual)

1965-75
(Actual)

1975-85
(Estimated)

1975-85
(Average/
Year)

Rapid transit 2,900 211,200 346,000 34,600

Water and sewer 902,900 1,108,300 696,700 69,700

Motor vehicle 46,700 28,200 51^95 5,100

Other 15,700 0 34,900 3,500

TOTAL 968,200 1,347,700 1,128,795 112,900

Source: Cresheim Survey, 1975 (52)
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of the survey. This cyclical trend might be anticipated to continue to the

year 2000. The 10-year average (1975-1985) for rapid transit tunneling
(34,600 ft/yr) may be low for planning purposes since it does not include
tunnels already in agency plans if they are not likely to be under con-
struction by 1985, and there is no consideration of the possibility of
increased portions of rapid transit systems being underground due to social
pressures and improved economic competitiveness.

The detailed analysis for water and sewer tunneling (no cut and cover
included) shows a continual buildup of construction activity from 1955 to

1968 when a peak of about 190,000 tunnel feet per year was reached. Since
1968 the trend has been downward to an average of about 70,000 tunnel feet

per year in the 1975-1985 period. Since no tunneling activity by the
California Department of Water Resources or the Metropolitan Water District
was included in the projections for the 1975-1985 period, a long term
projection at a rate greater than that (48,000 ft/yr) derived from current
data for the 1975-1985 period may be warranted. A value of 65,000 tunnel
feet per year may be reasonable.

The analysis for motor vehicle tunneling (no cut and cover included)

shows a peak of nearly 12,000 tunnel feet per year during the 1960-1965
period, but decreasing activity to an average of about 5000 feet per year

for the 1975-1985 period. An increase in motor vehicle tunneling activity
is not anticipated unless highways under cities are adopted in lieu of
beltways.

Other tunneling (railroad and power plant) is difficult to project due

to lack of an adequate data base. If three power plant cooling systems
equivalent to Seabrook and no additional railroad tunnels are assumed during
the 1985-2000 period, a total of 90,000 tunnel feet would be built.

An estimate of total tunnel demand in the United States to the year 2000

can now be developed using data for rapid transit tunnels from Table 3 and
data based on Table 4 for water, sewer, motor vehicle and other tunnels.
The results of this projection are shown in Table 5.

TUNNEL CONSTRUCTION METHODS

The most common construction method for present-day underground rapid

transit system tunnels is cut and cover. Over 80 percent of the current
subsurface transit system route miles are constructed by this method.
O'Neil et al (61) briefly outline this method of construction. It is a

multi-step procedure in which the contractor diverts traffic and utilities,

constructs an excavation support system, excavates the tunnel space (usually
rectangular in section), erects the cover, backfills, and restores utilities
and surface features. Two variations of this technique are used. In one,

the excavation is made by removing material from the top (open cut excava-
tion) and then installing a cover to support the backfill material. In the
other, (under-the-roof construction) side supports, a cover, and backfill
are put in place before the material is excavated from the tunnel space.
Excavation proceeds under the roof by appropriate soft ground methods. Open
cut excavation is more common in the United States.
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TABLE 5. TUNNEL DEMAND IN THE UNITED STATES^ 1976-2000

Tunnel Use

Thousand Linear Feet of Tunnel

Total Rock
Soft

Ground
Cut and
Cover

Rapid transit, 1976-2000 1,474 687 222 565

Water and sewer, 1976-1985 697 627 70

Water and sewer, 1986-2000 975 877 98

Motor vehicle, 1976-1985 51 51

Motor vehicle, 1986-2000 75 75

Other, 1976-1985 35 35

Other, 1986-2000 90 90

TOTAL 3,397 2,442 390 565

In the open cut method, materials handling is primarily lifting material
to the surface, usually by mobile crane from depths less than 60 feet, and
loading it onto large trucks for surface transport to a disposal or storage
area. In the under-the-roof method, excavation of overburden dovm to the
roof line is the same as in the open cut method, but excavation of the
tunnel space is performed by digging at a moving vertical face within the
confines of the tunnel side supports and the roof cover. The material is
then transported horizontally to a point where it is lifted vertically from
the tunnel invert to the surface (usually less than 60 feet) and loaded into
trucks for disposal. Material handling during under-the-roof excavation is
similar to soft ground tunneling but without the need for installation of
ground support simultaneously with excavation, and the length of underground
haulage is kept short by moving the lifting point ahead.

Rock and soft ground tunneling are both performed entirely underground
by excavation of material from a constantly advancing vertical face. All
material excavated and all materials required for installation of ground
support must be transported horizontally through the tube formed by the
excavation. Materials enter or leave the tunnel either through a shaft
(vertical or inclined) or through a portal.

The high cost of underground construction dictates that tunnels be built
of minimum size acceptable for the intended use. Continuous excavation
methods, which provide the most rapid rates of face advance, generally
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require a circular excavation section. This also is preferable for ground
support. The high cost of surface work space in an urban area, consider-
ations of the impact on the environment, and the cost of constructing access
to the underground all require that underground access be minimized. Shaft
access to urban tunnels is common practice because mass transit systems
seldom surface in the CBD due to cost, aesthetic and environmental consider-
ations. Political pressures require that public works projects such as
tunnels, once started, be completed as quickly as possible to minimize
disruptions to normal activity and to provide use of the new facility at the
earliest possible time. Inflation adds tremendous impetus for both the owner
and the contractor to finish the job as soon as possible.

These considerations require that tunnel construction be accomplished

with interdependent, simultaneous operations proceeding as continuously as
possible in a single confined space at the tunnel heading. All access to

this small, congested space is usually through a vertical shaft and along a

long, narrow tube. The forces that dictate these conditions will not change.
For the advantages of the use of underground space to materialize, tunneling
techniques that are compatible with these conditions must produce economical
underground excavations.

EXCLUSIONS FROM ANALYSIS

The following types of tunnel construction, structural features
associated with tunnel construction, and types of materials handling are
excluded from the analysis in this study for the reasons indicated.

a. Cut and cover construction. Normal heavy construction material

handling methods such as clamshell and crane are used. Except in

very special cases, there is only slight possibility of improvement
through research.

b. Sunken tube construction. Only a very small amount of this type

construction is anticipated for mass transit systems. The tech-
niques involved, including dredging of marine materials, mass
concreting, and deep sea diving, are a completely different field
from urban tunnel construction.

c. Pipe jacking construction. This technique is suitable for tunnels

with diameters 10 feet or less in soft ground.

d. Highway tunnels. Only a very small amount is anticipated in urban

locations.

e. Tunnel segments less than 500 feet. These short tunnels are usually

highway or railroad underpasses with portal access where rubber
tired vehicles are economical for material handling. Materials
handling is not a limiting factor.

f. Mixed face tunneling. Material handling is not a limiting factor

in the slow excavation progress that is possible with the condition
of both soft ground and rock in the same face.
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g. Station construction. Material handling is usually not a limiting

factor in subsurface station construction due to drill and shoot
excavation in small rounds to preserve the integrity of the remain-
ing rock. The same short-haul material handling techniques are

applicable as for short tunneling operations.

h. Shaft construction. Although muck handling techniques need
improvement, the conditions are entirely different from tunneling.
During shaft construction, material transport is vertical with a

continually increasing height of lift from the receding horizontal
excavation face, whereas in tunnel construction the major transport
is horizontal from a continually advancing vertical face.

i. Miscellaneous structures. Numerous miscellaneous underground

excavations, such as adits to connect vent shafts to the running
tunnel, connections between running tunnels, pockets or rooms for

power or pump stations and escalator ways are included in subway
systems. These are not considered as the volume of these structures
is relatively small and their construction is incidental to the main
tunnel.

j. Utility extension. Current techniques appear to be adequate for the

extension of the utility pipes and cables required for tunnel
excavation at the advance rates anticipated.

k. Final lining subsequent to excavation. When a concrete lining is

placed after the excavation is complete, no additional demands are
made on the excavation material handling system except that it be
compatible with the concrete delivery system. Since the final
lining is constructed after excavation is complete, the material
handling problems are not interrelated.

l. Positioning and installation of materials. The erection or posi-
tioning of ground support materials involves entirely different
techniques than the transport of materials to and from the working
zone. The analysis of these techniques should be the subject of
separate investigation.

m. Packaging of materials. There is no apparent reason for delay of

the tunnel advance due to unloading, unbundling, rearranging,
packaging or loading of construction materials at the surface work
yard.

n. Exotic excavation methods. Research and development have been

conducted recently or are in progress on exotic excavation methods
such as flame jet, laser beam, water jet, thermal probe {Subterrene)

and continuous dr ill-and-shoot. It is doubtful that flame jets or

laser beams will be developed to commercial application for medium
to large size tunnels due to the large consumption of energy and
heat removal problems. Full bore excavation with water jets also

appears to be defeated by high power consumption and other problems.
However, water jet assist for moles is considered by some observers
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to have promise for future application. If this occurs, it should
not have severe impact on the material handling system due to the
relatively sriiall amount of water used.

Advance rates of 15 to 20 feet per 8-hour shift in a 13-foot-
diameter tunnel have been reported (58) for the use of hydraulic
transport and water jets to cut very soft rock (St. Peter sandstone
in Minneapolife-St. Paul) . This is considered as a special case.

Another special situation being developed for excavation in soft

granular soil4 bearing water is the bentonite tunneling machine (2)

.

A bentonite slurry is pumped into a sealed chamber to provide ground
support at the face. The resulting slurry containing the excavated
muck is withdriawn from the chamber through valves and pumped to
dewatering sta'tions for muck disposal and recirculation of the

water. The anticipated rates of advance are quite low due to the
need for ground support installation behind the mole.

Although cost savings of 6 percent compared to current methods for

excavation of a 20-foot tunnel are indicated for the Subterrene
tunneling system (3)

,

much development of equipment remains to be
done before the method can be demonstrated on a commercial scale.
If this method proves to be technically feasible and economically
competitive, its commercial application appears to be many years in

the future.

Another advance in excavation method is the continuous or spiral

drill and blast concept (63, 64). Estimates for a 1-mile-long,
18-foot tunnel (based on 35 feet of 10-foot tunnel excavated)

indicate cost reductions of approximately 50 percent and advance
rates four times greater than conventional drill and blast methods.
Commercial acceptance of this method may provide advance rates for

drill and shoot excavation of short or noncircular tunnels in the

same range as those presently achieved by tunnel boring machines.
The muck produced by this method would have characteristics similar

to those of muck from conventional drill and blast and would
present no new requirements for the material handling system.

With the uncertainty of qommercial acceptance of exotic excavation

methods, it does not seem warranted to include their impact on
material handling systems in the detailed analysis of this study.

Therefore, the comparative analysis of material handling systems is

confined to the Requirements of conventional excavation methods.
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2. THE TUNNEL PROJECT IN AN URBAN ENVIRONMENT

TUNNEL CONSTRUCTION

A tunnel construction project consists of a number of interrelated
activities taking place simultaneously at the heading, at various locations
along the tunnel access, and at the surface area adjacent to the tunnel
access. The requirements and performance of tunnel construction have been
described in considerable detail in several publications (4, 21, 51, 80)

.

Work Areas

Several distinct work areas can be identified for a typical tunnel
project as indicated in Figure 2.

After access to the underground is gained by sinking a shaft or

developing a portal excavation is continued at a vertical face which con-
stantly or intermittently advances along the predetermined route of the

tunnel. Initial ground support is installed, when required, immediately
behind the face excavation. Extension of utilities and extension of the
materials handling system occur as closely as possible behind the instal-
lation of ground support. The space in which these three functions (exca-

vation, ground support installation, and utilities and material handling sys-
tem extension) are performed is designated the "heading”. Incoming materials
handling activities taking place in the heading include unloading, moving and
installation of ground support materials, pipe and cable for utility exten-
sion, and materials and/or equipment for extension of the material handling
system. Outgoing materials handling activities include loading and/or
processing of excavated material (muck) and other waste materials.

The primary activities in the tunnel space between the heading and the

shaft or portal are horizontal transport of materials to and from the heading
and maintenance of the material handling system. Occassionally other activ-
ities such as placement of grout, water removal, upgrading of the material
handling system, and installation of tunnel lining occur in this zone.

The development area (Figure 2) is the space adjacent to the bott<xn of

the shaft. This space is excavated by dr ill-and-shoot or other suitable
methods to provide space for material storage, for assembly of the tunnel
boring machine or excavation shield, for transfer of materials from the hori-
zontal transport system to the vertical lift system and to provide access
from the shaft to the tunnel in the case of an offset shaft. In some cases,
maintenance of major equipment is also performed in this area. Typical
dimensions of the development area are shown in Figure 2. In some cases,
depending on the type of intermodal material transfer required, portions of

the development area floor are excavated below the invert elevation.

The shaft, used for vertical access to the development area and tunnel, is

excavated at the location of a station or subway ventilation shaft whenever
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possible to avoid the cost of shaft excavation solely for access to the

tunnel. Shaft excavation is by dr ill-and-shoot or other appropriate method
at a horizontal face advancing downward from the surface opening. A crane
is used to lower and raise men and materials between the surface and shaft
face during excavation. During construction of the tunnel, the only function
of the shaft is vertical transport of men, materials, and equipment.

The surface work area at the shaft opening is usually smaller than the

contractor would like to have due to lack of available space in urban loca-
tions. This results in inefficient surface operations. The principal oper-
ations in the surface work area are materials and equipment receipt, storage
and handling, temporary storage of muck, loading muck onto heavy trucks for
disposal, shop fabrications, repair of equipment, supervisory functions
(safety, payroll, engineering, etc.), parking, power substations, compressed
air plant, and ground water disposal facilities.

Muck is transported, usually by a contract haulage firm, over urban
streets to a disposal area or to a storage area if the muck is suitable for
future use as a construction material.

If access to the tunnel is through a portal rather than a shaft, no
intermodal transfer of materials is required between the surface work area
and the heading. Also, the functions of the development area are transferred
to the surface work area at the portal. Thus, the portal access configura-
tion is less complex and less expensive than the shaft access configuration
and is used whenever possible.

Access

The more common tunnel access possibilities are illustrated in Figure 3.

Portal access (type A) to urban mass transit system tunnels is usually found
only in suburban areas at the ends of underground segments of the transit
system. Unless the end of the underground segment corresponds with a

decrease in the surface elevation, the portal access will be through an

inclined tunnel segment (slope access, type B) to reach the depth of the
running tunnel. These inclined tunnel segments for conventional rail systems
are limited to about 4 percent grade by the grade climbing ability of the

transit system.

As an alternative to the conventional rail transit system, a gravity
assist concept has been investigated (18) . This concept uses gravity, by
profile grading of the guideways between stations, to help accelerate and
decelerate trains in order to conserve electrical power and/or to decrease
transit time. Guideway gradients up to ten percent, to achieve a drop of
about 100 feet between stations, are suggested. If this concept were used
with surface stations, all tunnel segments between stations would have slope

access (type B) at each end. If the concept were used with subsurface sta-
tions, access to the horizontal tunnel segments would be through a combina-
tion of a shaft and a sloped tunnel segment (type C) . If stations were
spaced at less than 2,000-foot intervals, there would be no horizontal tunnel
segments. With slope access of greater than four percent, the conventional
rail haulage system used during tunnel construction would be modified to

provide grade climbing ability.
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The tunnel access most frequently found in urban areas is single shaft

access (type D) . The lack of surface space available for the construction
yard at some ventilation shafts may dictate that the tunnel be advanced in

both directions (type E) from a shaft between the limits of the construction
project. If both headings are driven simultaneously to gain the economy of

reduced overhead and better utilization of work crews by alternating the
crews between the headings, the material handling rate through the shaft will
be doubled.

In long tunnels (greater than 10,000 feet) it may be desirable to move

the access ahead (type F) to shorten the underground haul distance and to
allow final lining to be completed in the excavated section. This approach
could increase or decrease the environmental impact of surface haulage
depending on the direction in which the tunnel is driven in relation to the

location of the muck disposal area.

Multiple and combined access (types G and H) may be used when tunnels

must be constructed rapidly. This produces a situation similar to two
separate jobs and is seldom justified unless time is the prime consideration
or the contractor obtains the jobs by separate awards. The material handling
situations for access types G and H are identical to those of access types A
through E.

Configurations

Figure 4 illustrates typical tunnel shapes and transit system configu-
rations. Horseshoe tunnels are most common when drill-and-shoot excavation
is used. Straight sidewall (wide or arch) tunnels are used with drill-and-
shoot excavation in competent ground. Cut-and-cover excavation always pro-
duces vertical sidewall (usually rectangular) tunnels. Circular tunnel
sections are generally the most economical to excavate and to support. They
are produced by tunnel boring machines or shields.

Tunnels for a dual track transportaticai system are used in the transition
zone at the ends of stations and when the tunnel is produced by cut-and-cover
excavation. In the United States, almost all (except New York City) running
tunnels produced by underground excavation between stations are for single
track transportation in parallel tubes. Dual track circular tunnels or
single track vertical sidewall (arch or wide) tunnels are seldom found in
modern urban transit systems.

Construction Activities

The activities typical of an urban tunnel construction project are

summarized in Figure 5. Activities are indicated by rectangular boxes.
Alternative methods of performing some of the activities are indicated by
oval boxes.

Excavation . Tunnel excavation is accomplished with either a cyclic or a

continuous method, depending largely upon the type of material being exca'

vated and the tunnel size, shape, orientation (slope and alignment) , and
length. Cyclic methods are the oldest and remain the most versatile and
dependable. Continuous methods are not truly continuous since excavation

2-5



DUAL TRACK SINGLE TRACK

STRAIGHT SIDEWALL

CIRCULAR

FIGURE 4. TUNNEL SECTIONS

2-6



WATER
REMOVAL

ALTERNATIV
ITEM

FIGURE 5

ACTIVITIES OF TUNNEL CONSTRUCTION

2-1





EXCAVATION

REMOVE
INSITU

MATERIAL

PROTECTION

IN

FACE ZONE

SOFT

GROUNO
SHIELD

LEGENO

INITIAL

SUPPORT

INSTALLATION

TUNNEL
STRUCTURE

INSTALLATION

MAINTAIN
SUPPORT
SYSTEM

FINAL

LINING

INSTALLATION

EXTEND
INSTALLATION

SYSTEMS

TEMPERATURE
AND

HUMIDITY

SPARE PARTS

POTABLE
WATER
AND

TOILETS

EXTEND
LIFE SUPPORT
SYSTEMS

SUPERVISION

AND
INSPECTION

ALIGNMENT
TESTING

AND
INSPECTION

LOAD ONTO
TRANSPORT
SYSTEM

PROCESS
MUCK

(OPTIONALI

INTERMOOAL
TRANSFER
(OPTIONAL)

EXTEND
MATERIAL
HANDLING
SYSTEM

LOAD ONTO
TRANSPORT
SYSTEM

FIGURE 5

ACTIVITIES OF TUNNEL CONSTRUCTION

2-7/2-8





must be stopped to advance the excavation machine and to change cutters or

digger parts. However, when continuous methods are used with extensive
planning, good organization and supervision, and uniform ground conditions,
remarkable rates of advance can be achieved.

Cyclic excavation methods use a hand-mine shield in soft ground and

dr ill-and-shoot methods in rock. A hand-mine shield is an open-ended steel
cylinder thrust ahead by hydraulic jacks reacting on previously erected liner

rings. Miners excavate the ground in the upper compartment of the shield
allowing the spoil to fall to the lower level. A mucking machine excavates

the material from the lower compartment. Advance is usually in 30- inch
increments. At the end of the advance, the jacks are retracted and a ring

of liner segments is erected within the tail shield. The annulus left by

removal of the shield is filled with pea gravel and grouted. Progress is

normally from 15 to 30 feet per day. Muck varies from wet, runny material
to large clods of clay.

Dr ill-and-shoot excavation is commonly used in the following situations;

a. When the rock is too hard to economically excavate with a mole

b. When the tunnel is too short to economically use a mole

c. When the rock is so treacherous or unpredictable that it precludes

using a mole

d. When the tunnel section is other than circular

e. When the tunnel section is too large (greater than 40 feet) for

excavation by a mole

In almost all other situations, mole excavation is more economical than
dr ill-and-shoot, especially when a final lining must be installed, requiring
that dr ill-and-shoot overbreak be filled with concrete. Furthermore, moling
in competent rock produces a smooth excavated surface that may eliminate the
need for a final lining.

Dr ill-and-shoot tunnel excavation employs heavy pneumatic or hydraulic
drills positioned by hydraulic cylinders and booms mounted on a mobile plat-
form or "jumbo," generally mounted on rubber tires for short tunnels and rail
for long tunnels. One and one-half or two-inch diameter holes are drilled
and charged with explosives. The depth of a round varies from 4 to 12 feet
depending on ground conditions. The jumbo is moved away from the face, the

explosives detonated, and the muck loading equipment moved in. Supports are
usually erected after mucking when the jumbo is moved back into the heading.
Typical progress is 20 to 60 feet per day, averaging 30 feet per day. Muck
consists of sharp, angular fragments from sand size to boulders 4 feet and
larger on a side. Running tunnels are excavated full-face, whereas stations,
due to their size and often marginal rock conditions, are excavated with a

multiple drift and bench method.
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A continuous dr ill-and-shoot excavation method using special equipment
is being developed (63, 64)

.

It is projected that advance rates about four
times (120 feet per day) those of current conventional dr ill-and-shoot
methods will be achieved when the equipment and technique are fully devel-
oped. The muck produced from continuous dr ill-and-shoot excavation would
have characteristics similar to those of muck from conventional dr ill-and-
shoot .

Continuous excavation methods in soft ground employ either a backhoe-
like digger arm or a rotating cutterhead (full face drumdigger) within a

shield. The digger shield is widely used because it is capable of excavating
ground containing boulders as well as fines. Another advantage is that it
affords excellent access to the tunnel face for control of adverse ground
conditions, whereas rotary cutterheads within a shield minimize access to the
face and boulders cannot be excavated. Rotary cutterhead shields can be used
in very weak and flowing soils that will flood digger shields. The "bento-
nite mole" is a rotary cutterhead shield with the addition of a sealed
cutterhead chamber with a lock for muck removal and a seal between the tail
shield and the outside of the erected liner ring. Segments are erected
within the tail shield of these machines as with a hand-mine shield. Pro-
gress is cyclical in that excavation is stopped while the segment is built,
but is continuous in that excavation is much more rapid than with hand-mine
shields. Progress is from 30 to 50 feet per day for rotary cutterhead
shields to 40 to 80 feet per day for digger shields. Rotary cutterhead muck
varies from slurried fines to pieces and lumps of clay. Digger shield muck
varies from wet, runny material to 3-foot boulders.

Continuous excavation in rock is performed with drum miners or tunnel

boring machines. A drum miner is a rotating drum, fitted with carbide
cutting tools, mounted on a hydraulically positioned boom on a crawler
carrier. The drum is thrust into the tunnel face by the carrier and is swung

around the face with the boom. The muck falls to the invert where a gather-
ing arm loader feeds it to a drag flight conveyor. Rock support is erected
alongside the miner behind the drum. The machines are used in non-circular,
soft rock tunnels. Advance may be 10 to 40 feet per day. Muck is generally
small fragments, chips and fist-size pieces with some larger boulders formed
by rock jointing.

A tunnel boring machine (TBM or mole) consists of a full-face rotating

cutterhead equipped with hardened-steel, rolling-disc cutters. The mole
anchors itself in the tunnel by thrusting across the diameter of the tunnel

to grip the tunnel sidewalls. This provides a base from which to thrust the
cutterhead forward into the face. Buckets mounted on the periphery of the

cutterhead scoop up and elevate the muck as the cutterhead rotates at 4 to 6

rpm, and then discharge near the apex of rotation onto a belt conveyor that
transfers the muck into the material handling system. Rock support is

installed as close to the cutterhead as the confines of the tunnel and the

bulk of the mole will allow. Advance generally varies from 50 to 200 feet
per day, averaging up to 125 feet per day. Mole availability is typically
from 80 to 90 percent. Mole utilization is typically only 30 to 60 percent
due to delays from ground conditions and maintenance. Mole use is normally
limited to rock with compressive strengths of less than 20,000 psi with
occasional lenses of 40,000 psi rock. Muck size depends on the hardness
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and condition of the rock being excavated and the design of the cutter head.

It varies from fine sand-size particles to 18-inch boulders with numerous
elongated, flat, hand-size chips. Alignment and grade must be maintained by
continuous surveys as the heading advances. In modern tunneling, this is

usually accomplished by a laser beam providing a line-of-sight. This device

is attached to the wall of the tunnel a few hundred feet behind the heading.
The various excavation methods are summarized in Table 6.

Initial Ground Support . Most transit system tunnel excavations require
initial ground support at the heading. Even tunnels in very high quality
rock are usually supported by rock bolts for safety and psychological
reasons. Support is placed as close to the face as possible for safety, to
mobilize the self supporting capability of the rock, and to minimize earth
subsidence at the ground surface. When cyclic excavation methods are used,
installation of the initial ground support adds another step to the cycle,
thus delaying the advance as well as requiring additional materials haulage
and storage. With continuous excavation methods, initial ground support is

installed simultaneously with the heading advance, thus further conjesting
the already crowded work space at the heading and interfering with the

excavation and muck removal activities.

Rock bolts, commonly 6 to 8 feet long, are used in the best rock

conditions. These are usually 3/4- inch round steel rods secured with an

expansion anchor, or 1-inch rebar anchored with epoxy resin. Bolts are
normally placed on a 4x4-foot pattern in the upper one-third of the tunnel

circumference so that 4 to 6 bolts would be placed every 4 feet of length in

a 20-foot tunnel. Rock bolt accessories often used are 6x6- inch bearing
plates, steel straps spanning between the bolts, and chain link fabric to

catch minor rock falls.

Steel sets, consisting of wide-flange steel beams curved to the tunnel

section are used to support less competent rock. These 6-inch or 8-inch sets
are usually spaced on 4- to 6-foot centers and tied together with steel
rods. Timber, usually 3x8 or 4x6 inches, is placed around the outside of the

set and the entire unit is held in place against the rock with wooden wedges.
In soft ground tunnels, initial support is often provided with Coeur d'Alene
lagging consisting of 4x6-inch timbers placed tight together between the

flanges of the beams and secured in place by wooden wedges.

Liner segments of cast iron, fabricated steel or precast concrete are

used in circular soft ground tunnels that require compressed air for face
support or in circular tunnels where it is advantageous to use the segments
as the final lining as well as the initial lining. Segments are commonly
from 30 inches to 5 feet wide, using 4 to 8 pieces to form the full circle.
Liner plates of 3 to 10 gage steel pressed and rolled to form corrugations
and flanges are used in conjunction with steel sets in hand-mine shields and
in zones of bad ground in other tunnels. Concrete is usually added as a

final liner inside liner plates. Pea gravel and/or grout may be used behind
liner segments to fill voids.
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Shotcret6f a mixture of sand, aggregate, cement, water, and accelerator
applied pneumatically, 2 to 12 inches thick, is sometimes used on tunnel
excavation surfaces for support. This material is usually used in drill-and-
shoot excavations in conjunction with rock bolts or steel sets. Shotcrete
is seldom used in moled tunnels because:

a. Proper application is difficult. The mole and auxiliary equipment
so fill the tunnel that proper nozzle distance and angle are
impossible.

b. The smooth moled surface minimizes adhering of the shotcrete to the

rock, thus requiring a full circle application for support.

c. The mole grippers break the shotcrete and to apply it behind the

grippers negates the advantages of immediate application.

d. Shotcrete rebound causes mole maintenance problems, and a difficult
job of waste removal.

Grout is occasionally used to stabilize short stretches of soft ground
tunnels or extremely bad ground in rock tunnels and is used to seal off water
inflows.

Compressed air is used to stabilize the excavation face in soft ground

tunnels excavated below the water table so excavation may proceed without
material flowing uncontrolled into the heading. Cast iron or steel segments
are normally used to support these tunnels.

Final Lining . Most transportation tunnels include a final lining of

concrete, often reinforced with steel. This lining is generally formed in

place after completion of excavation of the tunnel. Beginning at the most
recently completed end of the tunnel and working back to the access shaft,

concrete is usually placed in the invert first and then the arch, followed
by any miscellaneous placements such as walkways or divider walls. Alternate
methods of placing are arch first and then invert, or full circle. The

concrete lining in transportation tunnels is usually placed intermittently,
with the area for tomorrow's placement prepared after today's placing is

complete. For urban tunnels, concrete is usually delivered to the project
from a concrete supplier in transit mix trucks and transported to the forms
by:

a. Railcar

b. Transit mix truck

c. Pipeline

d . Conveyor

e. Drop pipe to rail car or conveyor
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The concrete then is placed into the forms by:

a. Hydraulic pump

b. Conveyor

c. Compressed air gun

Economics usually requires that the concreting system utilize the same
type horizontal transport system as used during excavation.

Construction Support . Utility lines must be installed as the heading
advances to supply the working area with ventilation, compressed air, drill
water, electric power, lighting, communications, and guidance, and to remove
inflow and waste water. Space must be provided at the heading for these
utilities and for work crews to extend them. These extensions of utility
lines are usually made in increments of 20 to 40 feet. More frequent addi-
tions to the supply lines must be made for continuous excavation methods than
for cyclic methods due to the faster rates of heading advance.

Ventilation air is usually supplied by exhausting air through a 30- to

54-inch light gage steel fan line hung from the back or side (above the

springline) of the tunnel. Other utility lines commonly vary in diameter
from 2 to 8 inches. Fan line, water supply and waste water lines, and com-
pressed air line must be extended at the same rate as the face advance rate.

This requires transport of pipe, fittings, and support brackets from the
surface work yard to the heading for installation.

The electric power and lighting system consisting of high-voltage
transmission cable, connectors for high-voltage equipment, step-down trans-
formers, low voltage wiring, incandescent bulbs or fluorescent tubes, and
mounting insulators and brackets must be extended as the heading advances,
and bulbs or tubes must be replaced periodically.

Potable water is provided in portable cans. Toilet facilities are self-

contained chemical units which are moved ahead with the work zone.

Spare parts and supplies for the excavation and ground support instal-

lation equipment also must be transported to the heading and stored there for

use as needed to minimize delays to the excavation equipment.

The construction support activities are performed intermittently and do
not add significantly to the load imposed on the material handling system.

The major impact of the construction support activities on the material
handling system is the added requirement that it be able to stop and start
at various locations in the tunnel to transport personnel, special equipment,
and supplies without interfering with continuous operations at the heading.

Materials Handling . The two basic functions of the materials handling system
are to remove muck from the heading and to transport men, equipment, and
materials in either direction between the surface work yard and the heading.
Both horizontal and vertical transport are included in most urban tunnel
projects. Muck removal provides the greatest tonnage and volume flow
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of material and is the primary consideration in the design of any tunnel
haulage system. But transport of equipment and materials, which requires
great flexibility in the system to handle the wide variety of shapes, sizes,
and weights, must be given careful consideration. Characteristics of the
materials to be transported are determined by the material excavated and by
the excavation and initial ground support methods used. Processing of these
materials (e.g., separating, packaging, mixing) is usually performed at the
surface work area to minimize the underground space requirement. A minimum
of transfers from one mode of transportation to another is desirable as each
transfer adds to the material handling cost, to the complexity of the system,
and to the possibility of increased downtime. Mechanisms for loading,
unloading, and transfer of materials must be compatible with the material and
the transport equipment. These transfer mechanisms are sometimes major cost
elements in a material handling system.

Horizontal transport underground is primarily by trains traveling on two
rails or by rubber tired vehicles. These require filling of the invert in

circular tunnels. Conveyors are used to transfer muck from the head of
mechanical excavators to the loading point for the transport system. Loco-
motives hauling trains of muck cars and supply cars are normally used for
horizontal transport in:

a. Tunnels longer than 5,000 feet

b. Tunnels of circular section

c. Narrow tunnels that are difficult to widen for passing zones

d. Tunnels with grades less than 4 percent

Trucks with dump bodies are loaded with muck by front-end loaders, and

flatbed trucks or special design rubber tired vehicles are hsed to transport
men and materials for:

a. Hauls from 1,000 to 5,000 feet

b. Flat bottomed tunnels

c. Tunnels wide enough to pass two vehicles

d. Tunnels with grades less than 20 percent

Load-haul-dump units (LHD) , diesel powered, low profile, self loading

haulers, are used in:

a. Less than 1,000-foot hauls

b. Tunnels with grades up to 35 percent

c. Development work

Vertical transport is most commonly by cable hung skips, cages, or muck

boxes lifted by cranes or hoists located at the top of the shaft. Bucket
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elevators and inclined conveyors have been installed for lifting muck on

recent jobs in Washington, D.C. and Chicago.

Surface haulage of muck to disposal areas is usually subcontracted to

trucking firms using conventional 10-wheel trucks. These trucks add to the

congestion of the surface traffic and have adverse environmental effects of
dust, noise, and vibration.

These material transport systems when properly selected, designed,
installed, and maintained are able to satisfy the material handling require-
ments of current tunnel excavation and ground support methods. As improve-
ments are made in excavation and initial ground support methods, the material
handling system capacity must be expanded to keep pace with the heading
advance.

SPECIFIC PROJECTS FOR STUDY

To provide a basis for evaluation of the adequacy of present and

developing materials handling equipment to meet the requirements for future
urban mass transit tunnel construction, it is necessary to identify ranges

for parameters which influence the material handling system and to define
specific projects for study.

Tunnel Shape and Size

Saulnier (73) conducted a survey of dimensions for rapid transit tunnels

existing and planned in the United States. Rectangular was found to be the
most frequent shape. However, as this shape is produced only by cut-and-
cover excavation methods, it is not considered in the evaluations for reasons
indicated in Section 1. Straight sidewall and horseshoe sections (Figure 4)

are produced by dr ill-and-shoot and drum-miner excavation. It is not anti-
cipated that the material handling rates required for these excavation
methods will exceed the current capabilities of the conventional material
handling systems in the foreseeable future, even if the continuous dr ill-and-
shoot technique is fully developed. Furthermore, findings from a study of
materials handling in circular tunnels are applicable to vertical sidewall
and horseshoe tunnels if consideration is given to the more usable floor

space available, the slightly greater muck quantity per tunnel foot, and the

larger lump size of the muck produced by dr ill-and-shoot excavation.
Therefore, the tunnel shape selected for evaluation of material handling
systems is circular.

Saulnier (73) indicates no dual track circular tunnels existing or

planned for U.S. transit systems. The single track tunnels vary in finished
(final liner installed) diameter from 14 ’0” to 20 '5" with the majority
between 15 '3" and 18 '9". A finished diameter of 17 '6" was selected as

representative of the upper range of the circular tunnels surveyed. This
produces a muck rate greater than would occur for the average transit tunnel.
As the tunnel diameter increases, the muck rate increases with the square of
the diameter; but the space available for larger muck haulage equipment also
increases, tending to relieve the stress on the material handling system.

Circular tunnels in London (16) and in Canada (60) are generally smaller,

ranging from 10 to 15 feet, than those in the United States. Although it
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appears unlikely that the United States will build many transit tunnels in

this range in the foreseeable future due to the car sizes available from the
established rail car manufacturers and the accepted section blockage ratio,
a lower bound of 12 '6" for tunnel diameter was selected. An upper bound of
29 '0" was selected to be representative of the maximum width of double track
horseshoe and wide tunnels, even though very few of these tunnel shapes are
included in present transit plans.

Finished tunnel diameters of 12.5, 17.5, and 29 feet require excavated
diameters of 15, 20, and 32 feet respectively.

Advance Rate

The average daily advance rate of the heading is determined by the rate
of excavation of the face and the frequency and duration of interferences
which prevent excavation from taking place. While excavation is in progress,
the rate of excavation (measured as inches penetration per minute in the case
of mole excavation) varies due to the variation in ground conditions and the
condition of the cutters.

The occurrence of interferences which prevent or delay the excavation
activity also is highly variable. Thus, the daily advance rate expressed as
feet per day (fpd) can vary from zero to a maximum daily advance which occurs
only once during the job. Job experience for mole excavation indicates that
the net result is an average advance, in feet per day for the duration of the

excavation period, which is about one-half the equivalent of the average
penetration rate, and a maximum advance rate which is about twice the average
daily rate. Table 7 illustrates the advance rates presently achieved and

projected for the future. This table was developed from discussions with
tunneling contractors and was confirmed by a leading manufacturer of moles
(71) . Any significant improvement in the rate of advance for soft ground
tunneling is dependent on improvements in the emplacement of initial ground
support. Even then, hand-mine shield tunneling would be limited by the slow
rate of hand excavation. Significant improvement in drill-and-shoot exca-
vation is dependent on development of a continuous drill-and-shoot method.

Improvement in mole advance rate depends upon improvements in initial ground
support emplacement, in the cutters and cutter bearings, and possibly in

other mechanical parts of the mole. Development of innovations such as water
jet assist may contribute to improved mole penetration rates.

Tunnel Length

As the heading advance rate increases, it is necessary to increase the

length of tunnel assigned to a project in order to maintain a reasonable
balance between the length of time required for tunnel excavation and that

required for mobilization, development excavation, erection and moving the

mole, and demobilization. Currently for a 10,000-foot tunnel project, the

excavation time is about 30 to 40 percent of the project time (about seven
months moling out of an 18-month project) . If the penetration rate increased

to 10 feet per hour (fph) , equivalent to 2 inches per minute (ipm) , rather
than 6 fph (1.2 ipm) for the same size job, the excavation time would be

reduced to about 25 percent of the project time (about 4 months out of

16 months) . For a penetration rate of 25 fph, moling time would be only a
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little more than 12 percent of project time (about 1.6 months out of

13 months) . Therefore, for the improved penetration rates projected, tunnel
lengths per project were assumed to be 20,000 feet for a penetration rate of
10 fph and 80,000 for 24 fph. This causes the excavation time of the

project to be between 35 and 45 percent in all cases.

Tunnel Grade and Curvature

Currently, transit tunnel grades do not exceed 4 percent as this

represents the maximum assured grade climbing ability of a rapid transit
train. However, gravity assist rapid transit systems with grades up to

10 percent have been investigated (18) . Therefore, to identify material
handling problems which might occur during construction with selection of
this concept, dipping and rising grades of 10 percent have been assumed for
special variations of rapid transit tunnels after 1990.

Curve radii in older transit systems are often quite short as the routes
attempted to follow street rights-of-way. It is anticipated that in the
pursuit of higher average speeds and with the possibility of more favorable
right-of-way statutes, curve radii will become greater in the future. There-
fore, it is assumed that sometime after 1990, minimum curve radii of less
than 1,000 feet will seldom be designed into a transit system.

Shafts

Analysis of data presented in a recent survey of geologic information
pertinent to tunneling in selected urban areas (13) indicates a distribution
of soil thicknesses in potential transit system areas approximately as
follows;

TABLE 8. DISTRIBUTION OF SOIL THICKNESS

Soil Thickness, Feet Percent Occurrence

20 28

20-50 44

50-150 8

150 20

It is always desirable to locate a tunnel either entirely in soil or

entirely in rock to avoid the high cost of mixed-face excavation. It also
is desirable to have a minimum depth of 30 feet to the back of the tunnel in

underground excavation to minimize interference with utilites and struc-
tural foundations and to minimize surface subsidence. If the tunnel is in

rock, it is desirable to have 20 to 30 feet of rock cover over the tunnel to

take full advantage of the self supporting characteristic of the rock. Thus,
for a 20-foot diameter tunnel, the minimum depth frcan surface to tunnel
invert or from the soil-rock interface to the invert is 50 feet. However,
about 40 percent of the time, tunnels placed at this depth would have mixed-
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face conditions (Table 8) . About 30 percent of the time the tunnel would be
in rock but most of this time there would be inadequate rock cover. There-
fore, it can be assumed that about 70 percent of the time the tunnel invert
would be at a depth greater than 50 feet to assure a rock tunnel with
adequate rock cover. An invert depth of 100 feet would assure these desired
conditions for the entire 70 percent.

For about 30 percent of the time, invert depths of 50 feet would
provide soft-ground tunneling conditions. However, if the invert depth is
at 200 feet, the tunnel would be in rock with adequate rock cover about
80 percent of the time. If improvements in rock tunneling compared to soft
ground tunneling continue, it can be assumed that deeper locations to reach
rock strata may be desirable after 1990. In fact, some urban tunnels in the
United States and other countries are currently in the 150 to 220-foot range.
Therefore, an invert depth of 200 feet is assumed for the 1990+ time period
to identify the impact of increased lifting height.

Initial Ground Support

To achieve the advance rates indicated, very little delay time due to

installation of initial ground support can be tolerated. Therefore, it is
assumed that only 20 percent of the tunnel requires more than rock bolt
support. This support is assumed to be steel sets over 270 degrees of the
tunnel circumference with the sets placed on 5-foot center-to-center spacing.
Twenty percent of the tunnel length is assumed to require epoxy bolts in rows
of 8 bolts each spaced 4 feet between rows. The remaining tunnel has
expansion bolts in 4-foot rows of 6 bolts each.

TUNNEL PROJECT PARAMETERS

The approach selected for comparative evaluation of alternative material
handling systems is to define "base case" projects for the 1980+ period (near

term) and for the 1990+ period (far term) using conventional rail and hoist
material handling systems. Alternative material handling systems are then
substituted for the conventional systems in the near term and far term
periods. Total project cost estimates, including a complete material han-
dling system capable of transporting all incoming and outgoing materials, are

then made for each alternative material handling system and the base case
system in each time period. In this way, all impacts <xi the project cost due
to the various material handling systems can be identified. The parameters
of the near term (1980+) and far term (1990+) cases are summarized in Table
9. Major emphasis is placed on the "base" parameter values.
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TABLE 9. TUNNEL PROJECT PARAMETERS

Near Term (1980+) Far Term (1990+)

Parameter Min. Base Max. Min. Base Max.

Type of Ground Rock

Excavation Method Tunnel Boring Machine

Tunnel Section Circular

Tunnel Diameter
Finished (ft)

Excavated (ft)

12.5
15

17.5
20

29

32

12.5
15

17.5
20

29
32

Penetration Rate
(inches/minute) 2 3 5 7

Advance Rate
(feet/day) 120 240 300 600

Tunnel Length
Per Job (feet)

Per Reach (feet) 5,000
20,000
10,000 10,000

80,000
40,000

Tunnel Grade (percent) -4 0 +4 -10 0 +10

Curve Radius (feet) 250 750 750 1,000

Shafts
Section (feet)

Depth to Invert (feet)

Spacing (feet)

60

30

100
3,000*

60

45

200
3,000*

Initial Ground Support
270° Sets @ 5’ c-c
Epoxy Bolts 0 4' c-c
Expansion Bolts 0 4' c-c

4000TF
4000TF, 8/row
12000TF, 6/row

= 800
= 8,000
= 18,000

16000TF
16000TF
48000TF

, 8/row

, 6/row

= 3,200
= 32,000
= 72,000

*Same as Jet Propulsion Laboratory Study (18)

.
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3. FLOW AND CHARACTERISTICS OF MATERIALS TRANSPORTED

Within an underground construction complex, the movement of men, equip-
ment, materials, and muck is a two-directional flow of diverse substances.
The outbound flow is dominated by muck removal and is influenced by other
materials. Inbound flow is dominated by inbound muck removal equipment and
the ground support and systems extension materials. Thus, inbound flow is
influenced by a wider range of materials than the outbound flow. Consid-
eration of the combined inflow and outflow determines the material handling
system requirements.

FLOW CHARACTERISTICS

The flow of materials must follow the path established by the

underground excavation. Usually, in an urban area, this consists of a

relatively horizontal tunnel and a vertical shaft, although the vertical
access may be an incline.

The speed of flow of materials is dependent upon the amount of material
to be handled, the size of material transport container, and whether the
material transport system is continuous or intermittent. Each type of

material handling equipment has certain optimum speed characteristics.
Higher speeds are generally more hazardous. Due to the closeness of the
tunnel walls, man's sensation of speed in a tunnel is amplified greatly from
that on the surface (traveling on a locomotive at 20 mph in a tunnel seems
like 50 mph on the surface)

.

The quantity of materials involved may require that both inbound and

outbound flow must occur simultaneously, thus reducing the sectional area
available to flow in either direction. The various construction activities
taking place further reduce the area for the material transport systems and
impose extra safety requirements on the material handling equipment. This
is especially critical at the heading.

Material transport systems must operate in a closed loop, that is, the
transport equipment must return to its origin for reuse. When several types
of equipment compose a material handling system, each type operates in a

separate closed loop. Each type can operate at a different velocity, but
they should have matched capacities for economical operation.

Transfers of material generally occur at the:

a. Heading; from the loading equipment to the hauling equipment.

b. Shaft; from the horizontal to the vertical material handling

equipment.

c. Surface; from the vertical material handling equipment to the

equipment for haul to the disposal site.



Since the transfer points are especially subject to problems (plugging,
breakdown, environmental dust) , the number of transfers should be minimized.
Major transfers require either direct or remote, continuous monitoring to
detect problems before they become serious.

Table 10 summarizes the types of materials handled in various locations
during excavation and the direction of material flow.

A further requirement of the material transport system is that it have
an adjustable flow capability which can be synchronized with the rate of
penetration at the face. Haulage requirements are continuously changing due
to changes in the penetration rate during moling* and variations in delay or
shutdown of the mole due to equipment failure in any of the systems. In
situations where installation of initial ground support, material transport
or extension of the material transport system paces the heading advance,
there also will be delays manifested by periodic shutdown of the mole or by
mole operation at less than its full capability.

A typical muck rate pattern resulting from the effect of these variables
is shown in Figure 6, which also shows a typical tunnel job schedule.

The two periods of tunnel excavation, for two parallel tunnels, total
about eight months or about 30 percent of the job duration of 27 months.
During a period of excavation, the daily advance rate (Figure 6B) varies
from zero during times that the mole is not operating to a maximum or peak
value for the job. The duration of mole shutdown varies from several days
when major equipment failures occur causing zero advance for the day to as
little as two minutes for advancing the mole grippers. Shutdowns of less
than 24 hours duration occur every day. Some causes of shutdown, such as

regripping and changing cutters are unavoidable and can be predicted with
fair accuracy. Others, caused by equipment failure, often occur suddenly
and at unexpected times. These short-term shutdowns allow some advance for

the day, but hold the average daily advance for days in which the mole
operates to a value significantly less than the peak value. The average
daily advance over the entire excavation period is usually about 50 percent
of the maximum daily advance for the job.

For a typical conventional job, requiring installation of steel sets

over 20 percent of the excavation, the delays expressed as percent of the

tunnel excavation period might be as indicated in Table 11.

The muck production rate is determined by the mole penetration rate

rather than the daily advance rate. The major factors affecting the
penetration rate while the cutter head is rotating are:

a. The hardness and other conditions of the rock

b. The condition of the cutters and the cutter bearings

Excavation by tunnel boring machine is used for discussion. The obser-
vations are similar for soft ground excavation and dr ill-and-shoot.
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TABLE 11. SOURCES OF EXCAVATION DELAYS

Item Percent of Excavation
Time

Reset grippers 2.5

Install steel sets 10.0
Material handling system 3.0

Ventilation system 1.0
Electrical power system 1.5
Replace cutters 2.5
Repair mole 10.0
Repair material handling equipment 2.5
Repair rock bolt drills 1.5

Repair other equipment 0.5
Shift change 4.0
Startups and curves 11.0

Total Delays 50.0

c. The force with which the cutter head is shoved against the face

d. The rotation speed of the cutter head

Thus, while the cutter head is rotating, the penetration rate varies depending
on the combined effect of these variables. Normally this variation is less

than threefold, but it can be as great as tenfold. The penetration rate in

inches per minute (IPM) averaged over all periods of mole rotation is usually
found to be about one-half to two-thirds of the maximum penetration rate for

relatively uniform rock.

In addition, there are brief, periodic shutdowns of the mole at the end of

each stroke of 2 to 6 feet to reset the grippers. These shutdowns are from one

to three minutes duration and occur at intervals of about 25 to 60 minutes.

Also, replacement of cutters usually occurs daily during the latter part of the

work week. This operation requires from one-half to two hours with the longer
periods occurring toward the end of the week.

As the rate of muck production is related to the penetration rate and

affected by downtime, it will vary cm a minute-by-minute, hour-by-hour or

day-by-day basis. The flow rate of incoming materials for initial ground
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support and extension of the materials handling system must follow or keep

ahead of this variation, at least on an hour-to-hour basis, if these
activities are not to cause further delay of the excavation.

The haulage requirement is also continually changing because the length

of the horizontal transport continually increases as the heading advances.
For truck or rail haulage this requires ever greater speed between the

heading and the shaft or the addition of more haulage units and the

resulting increased need for vehicle passing in the tunnel.

SYSTEM DESIGN

Temporary storage is normally provided at interfaces between subsystems

of a material transport system to smooth the peaks of material flow. This
makes it possible to design the transport system for the average flow rate
rather than the peak rate, thus improving the utilization of the system
capacity. This intermediate storage is especially needed at the interfaces
(mole/train, train/hoist, hoist/final disposal) of intermittent haulage
systems

.

Continuous flow systems, such as conveyors, can accommodate surges up to

the design capacity of the system by increasing the transit velocity or by
loading the equipment more heavily. Application is independent of the

length of extension of the system up to the point where additional power
must be added to maintain the required velocity. To accommodate surges
beyond the design capacity of the system, temporary storage must be provided
between the mole and the continuous material transport system.

Since rock muck has a swell factor of 1.7 to 2, (that is, it occupies

1.7 to 2 times the volume occupied before excavation) the space required at
the heading for storage of muck, to allow for design of a material transport
system with capacity matching the average penetration rate rather than the

peak rate, would interfere with other operations in the heading. For
example, in a 20-foot diameter tunnel with a penetration rate of two inches
per minute average (three inches per minute maximum) the muck rate would be
200 loose cubic yards per hour average (300 loose cubic yards per hour
maximum) . For a transport system with a capacity of 200 cy/h to accommodate
a penetration rate of three inches per minute for one hour would require a

surge storage capacity of approximately 100 cubic yards. If this storage
capacity became filled, the material handling system would delay the moling
operation.

Normally, muck haul systems are designed to not delay the heading
advance at the peak anticipated production of the muck loading equipment for

some arbitrarily chosen haul distance (two-thirds or three-fourths of the
length of the tunnel) . The contractor may consider it not economical to

provide full haul capacity at maximum tunnel length for maximum muck pro-
duction. Some contractors may prefer to design the muck haulage system with
a capacity less than that required for the peak muck production to increase
the utilization of the system capacity, particularly if they anticipate the
peak occurring infrequently and/or for short duration. An alternative to
delaying the mole in these cases would be to provide surge storage between
the mole and the transport system.

3-6



Another design concept which could be adopted if the material transport
system consists of a continuous flow system combined with an intermittent
flow system is illustrated in Figure 7. In this approach, the continuous
system is designed to carry something less than the average muck flow to
assure a high utilization of the continuous system capacity during periods
of penetration. The muck produced which exceeds the capacity of the con-
tinuous system is transported by the intermittent system which is required
to transport men and construction materials.

Concerns of tunneling contractors are that if the material handling

system design is "fine tuned" to improve its utilization, the system will
have less resilience to accommodate unanticipated material flow condi-
tions. Also breakdowns of continuous systems put the entire system out of
operation.

SYSTEM UTILIZATION

If the material handling system is designed to accommodate the muck rate
resulting from the maximum penetration rate when the system is fully

extended, the utilization of the system capacity (in ton-miles) during the

excavation period is very low. This low utilization results from the facts
that;

a. The average penetration rate (and muck production rate) is only
one-half to two-thirds of the maximum rate.

b. The delay time (no penetration) is about 50 percent of the exca-
vation period.

c. The horizontal transport system equipment is, on the average, only

50 percent installed and used as the heading advances through the

tunnel reach.

As the vertical transport equipment is fully installed throughout the

excavation period, it can be assumed for illustration that the total trans-
port system is 60 percent installed on the average. This results in a

utilization factor for the transportation system of (.67) (.50) (.60) (100) =

20 percent.

This leads to the observation that a transport system investment with

only 20 percent utilization results in a high cost per ton-mile when com-

pared to the same system installed in a mining operation or for overland
transport where the utilizaticai of purchased capacity may be 80 to

90 percent or more.

MATERIAL HANDLING OPERATIONS

The removal of muck from the heading to the disposal site requires a

series of operations which vary depending on the muck characteristics and
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the configuration of the material transport system selected. Typical oper-
ations for muck removal are:

a. Transport from excavator to horizontal transport system or processor

b. Process (if required)

c. Load into horizontal transport system

d. Transport through tunnel

e. Transfer (if required) to vertical transport system or processor

f. Process (if required)

g. Lift through the shaft

h. Remove from the transport system at the surface work area

i. Load into the disposal transport system

j- Transport through the urban area

k. Remove from the disposal transport system

The transport of materials and equipment to the heading also consists of

several operations, as follows:

a. Load onto delivery vehicle

b. Transport through the urban area

c. Unload at the surface work area

d. Hold in storage awaiting need in tunnel

e. Load onto vertical transport system

f. Lower through shaft

g- Load onto horizontal transport system

h. Transport through tunnel

i. Unload at heading

j. Hold in storage until needed

k. Move into position for installation or use
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MATERIALS TRANSPORTED

Materials that must be transported to support the tunnel construction
process are indicated in Table 12.

TABLE 12. MATERIALS TO SUPPORT TUNNEL CONSTRUCTION

Material

Flow

Outbound Inbound

Muck X

Men X X

Equipment X X

Supplies X
Utilities X

Initial Support Materials X

MH System Extension Materials X

Final Lining Concrete X

Waste Materials and Scrap X

Muck is, by far, the largest quantity of material in terms of both mass

flow (tons per hour) and volume flow (cubic yards per hour) . Typical char-
acteristics of muck produced by soft ground excavation and excavation in

rock with dr ill-and-shoot and by moling are given in Table 13. Most of

these characteristics are highly variable for each type of excavation. For

example, the size, shape, stickiness and moisture content are dependent on

TABLE 13. MUCK CHARACTERISTICS

Soft Rock

Item Ground Dr ill-and-Shoot Mole

Size Range, feet -2 - 4 - 1.5

Muck Designation
Number (20) 2 1, 2 3, 4

Shape rounded angular & sharp angular, flat & sharp

Hardness, Moh 1-7 5-7 5-7

Abrasiveness low high high
Specific Gravity,

in situ 1.8-2.65 2.65 2.65
Swell Factor 1.5 1.6 1.7-2
Moisture Content,

percent <50 <5 <10
Angle of Repose,

degrees 20 40 30

Stickiness high nil to low low to medium
Density, t/cy

(in situ) 1.5-2.

2

2.2 2.2

Density, t/lcy* 1-1.5 1.4 1.3

*Based on lower value for swell factor.
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the soil or rock characteristics which change throughout the length of most
tunnels. The particle size of moled muck also is affected by the design of
the cutters and the cutter head. This variability of characteristics
requires that the material handling system must be capable of accommodating
a wide variety of feed material conditions or processing must be provided to

bring the muck characteristics within the range acceptable to the material
handling system. The variation in moisture content and stickiness of the
muck creates the most difficult material handling problems.

Table 14 presents the muck rates expressed as tons per hour (tph) and as

loose cubic yards per hour (Icy/h) obtained for various types of exca-
vation with the penetration rates indicated. The muck rates projected to
the far term period for soft ground excavation and for dr ill-and-shoot
excavation are in the range of those for the near term period when exca-
vation is by tunnel boring machine in rock. Therefore^ consideration of
only rock excavation by mole in the analysis of material handling system
alternatives will cover the range of material flow rates projected for other
modes of excavation.

TABLE 14. MUCK QUANTITIES

Type of
Excavation

Excavation
Diameter
(feet)

Advance Rate
Muck Rate

ipm hpd fpd
Weight

tph
Volume

IcyA (4)

Soft Ground 20 2(1) 15 150 175-260 175

Rock

Drill & Shoot 23 13 130 340 250

Mole 20 2(3) 12 120 260 200

Mole 20 3(3) 16 240 400 300

Mole 20 5(2) 12 300 650 500

Mole 20 7 (1) 17 600 900 700

ipm = Penetration rate, inches per minute.
hpd = Hours of penetration per day.
fpd = Heading advance rate, feet per day.
tph = Tons of muck produced per hour during penetration.
Icy/h = Loose cubic yards of muck produced per hour during penetration.

(1) Maximum penetration rate in the far term.

(2) Average penetation rate in the far term.

(3) Near term: 2 ipm = average; 3 ipm = maximum.

(4) Based on lower value for swell factor.
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Typical examples of materials other than muck are listed in Table 15

with the order-of-magnitude dimensions of the space envelope occupied and
the approximate weight per unit. The flow quantities of these materials
(other than equipment) are shown in Table 16. The movement of much of the
equipment is sporadic as it is moved to the heading on an as-needed basis
and back to the shaft for repairs or when no longer needed at the heading.
Some materials (material handling system extension) are moved to the heading
on a regular but intermittent basis. For others, (ground support) the
movement is sporadic depending on the ground conditions.

Rock bolts, being relatively short, straight steel rods or rebar banded
into bundles for transport, present no material transport problems. Steel
sets are usually fabricated so that four pieces make up a circle. For a

20-foot tunnel, each piece occupies a space about 4 feet by 15 feet by

1 foot and may weigh from 200 to 600 pounds. Except for their awkwardness
due to their bowed shape, they present no material transport problem. Lag-
ging and accessories are easily transported with the sets. All sets, espe-
cially those used in stations where each piece may weigh five tons, are
difficult to handle at the erection stage. Concrete or steel segments, up
to 5 feet wide by 15 feet long, are heavy (up to 3 tons) and awkward to

handle. The major restriction placed on them by the requirements for
transport is width to allow handling all the way to the heading where they
are installed. Gravel for backfilling segments, shotcrete aggregate and
cement, grout, and concrete for final lining are transported in bulk in

special rail cars or trucks and offer no problems except for the additional
congestion caused at the heading or if it is necessary to pass trucks in the

tunnel. All equipment transported into the heading must be limited in size
so that it will pass equipment emplaced in the heading.

Men are normally transported in a tunnel in specially fitted trucks or

rail cars or in muck cars. Movement of men past the muck loading area to

the heading is often restricted and sometimes hazardous. Heavy, bulky spare
parts and lubricants often present transport problems in the heading area.
System extension supplies are often long (rail, conveyor frame, and pipes)
and difficult to carry past the muck loading equipment to the heading and

are therefore installed behind the heading whenever possible. Power cable,
being bulky and heavy, is transported on its reel on a special car, in a

special cable box, or on a flat car.

The materials characteristics which are important depend on the type of

material handling equipment to be used. Lump size is important for pipe-
lines, bucket elevators and conveyors but not for rail or truck haul. Wet-
ness and stickiness are important for all transport methods with the

possible exception of hydraulic pipeline. Abrasiveness is of particular

importance for pneumatic pipeline transport. The wide variation in size,

shape and weight of the inbound materials precludes their transport by any
means other than rail or truck. A primary requirement for a tunneling
material transport system is that it must be capable of responding or con-
forming to changing or new situations to accommodate the wide variety of
material sizes, shapes, weights and flow rates.
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TABLE 15. TYPICAL MATERIALS HANDLED

Item
Approximate Unit

Dimensions
Approximate

Unit Weight, lbs

Equipment
Transformers 2'x4'x4' 3,000-6,000
Ventilation fans 2' to 4'j2fx4' 1,000-3,000
Compressors 4'x4'x4' to 6'x6*x6* 3,000-8,000
Welders I'x2’x3' 500-1,500
Rock drills l'xl'x4' 200-500
Grout mixers 3'x3'x3' 300

Grout pumps 2'x2'x5' 500-1,500
Crushers 5'x7'x9' 30,000
Water pumps 1' to 2'J3Tx2' to 4' 30-1,200
Muck cars 3'x4'x8' to 6*x8'x20' 6,000-16,000

Supplies
Spare parts .I'x.l'x.l' to 2'xlO'xlO' .1-6,000
Electrical supplies Various 10-1,000
Lubricants 3 '0x4' 400

Drill bits and steel l"0x 4' to 13' 10-60

Explosives l*xl.5'x2' 60

Mole cutters 1.5'0xl.5' 200-400
Oxygen and acetylene bottles .7*0x4'

Small tools .5'x.5'x.5' to I'xl'xS' 10-100
Utilities

Ventilation pipe and
couplings 3' to 4 '0x20' to 30* 350-700

Compressed air pipe .3’ to .5*0x20' to 40' 80-300
Clear water pipe .2' to .3 '0x20* to 40' 70-160
Discharge water pipe .3' to .7 '0x20 'to 40' 80-450
Power cable 1,000' 6

' 0x4

'

2,000-3,000
Light line 100' I'x2'x4’ 60

Telephone line 2 '0x2' 50

Blasting line .4'xl'xl' 20
Hangers /supports for the

above .5'x.5'x3' 20

Initial Support Materials
Set segments and

accessories 15'x4'xl' 200-600
Timber lagging .

3 'x. 5 *x5

'

40

Rock bolts bundle .7" to l"0x6' to 12' 500-1,600
Chain link fabric, 50* roll 2'0x 6' 300-500
Lining segments and

accessories 15 'x5 'x4

'

<6,000
Shotcrete
Wire mesh 3'0x 6' 200-400

System Extension Materials
Rail 30 '-33' long 700-900
Ties .4'x.6'x5' 60
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4. MATERIAL TRANSPORT SYSTEMS STATE OF THE ART

MATERIAL TRANSPORT SYSTEM TYPES

All material transport systems incorporate the following four fundamental
elements.

1. A medium or vehicle to give mobility to the material.
Examples: Belt of a conveyor, fluid in a pipeline, cars of a

railroad.

2. A means of supporting the vehicle weight and the forces resulting
from its movement.
Examples: Supporting framework of a conveyor, pipe and supports of
a pipeline, rail and ties of a railroad.

3. A means of propelling the medium.
Examples: Drive pulley and motor of conveyor, pump for a pipeline,

locomotive for a railroad.

4. A means of guidance for the medium.

Examples: Supporting structure of a conveyor, pipe of a pipeline,
rail and flanged wheels of a railroad

There are two major categories of material transport systems based on the

flow characteristics of the material transported and the conveying medium.
With a continuous flow system, the medium moves as a continuum in a closed
loop and the material is continuously added to and discharged from the moving
medium. In intermittent flow the transporting medium is divided into mechan-
ical modules which divide the material into discrete units. In a confined
space these modules travel along the flow path with a reciprocating motion.

They may travel individually or linked together into a train. Modules or

trains can be added or removed without disrupting operation of the other

parts of the system; this is not a characteristic of continuous flow systems.

Table 17 presents a comparison of some of the major characteristics of the

continuous and intermittent categories of material transport systems.

In addition to the broad classifications of continuous or intermittent

flow, material transport systems can be classified regarding their suitabil-

ity for horizontal transport or elevating materials and by several other

characteristics. Figure 8 shows one possible hierarchy of material transport

systems. The state of development, characteristics, and potential of the

various systems are discussed in Secticxis 5 through 9.

Intermittent Systems

Intermittent systems, most commonly represented by railroads, rubber

tired vehicles, cranes and hoists, are the conventional systems usually

employed for tunnel construction projects. Normally, an intermittent system
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TABLE 17. COMPARISON OF MATERIAL TRANSPORT SYSTEM TYPES

Item Continuous Intermittent

Carrier medium Closed loop Modules

Medium flow Continuous Intermittent; recipro-
cating

Guideway Closed loop Dead end or loop

Load & discharge Continuous Intermittent

Power unit Maximum initially
May use boosters

Units added as needed

Materials
transported

Bulk only All

Flow direction One way Two way

Flow variation Accommodate by
changing speed or

loading of medium.
Some cases may be
difficult

Accommodate by changing
speed or number of

modules

Guideway failure System shutdown System shutdown

Carrier failure System shutdown Remove module and continue
system operation

System extension Generally difficult Not difficult

Space required in

tunnel
Minimum - depends on

average rate of flow
Generally large.

Depends on module
spacing and speed

Space required in

heading
Depends on process-
ing and loading
equipment required

Large space for

waiting modules and
loading equipment

Structural suport
in tunnel

Usually from wall
or arch

Road bed

Automatic control Relatively simple Complex due to

intermittent
operation
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is suitable for either elevating material (crane or hoist) or horizontal

transport (rubber tired vehicle or rail system), but not both. However,
some rubber tired vehicles can operate on grades up to 27 percent at reduced
speeds to elevate materials, and rail systems using cog drive or cable
assist can operate on steep inclines. The Dashaveyor siderail system could
climb vertically using a rack and pinion drive.

The conventional elevating systems (cranes and hoists) are similar in

fundamental operation. A unitized load is lifted by winding a wire rope on
or over a drum. The principal difference is that the hoist is stationary,
moving the load along a fixed path, whereas the crane can rotate to move the
load to different locations on the surface. Hoists are used to lift loads
vertically in a guideway or on inclined rails. Cranes lift the load ver-
tically, either resting against guides to prevent rotation, or hanging free
at the end of the wire rope. Hoists are drum type (wire rope stored on the
drum) or friction type (wire rope or ropes pass over the drum to a counter-
weight or counterbalancing load) . Cranes always use a storage drum. Cranes
can be mounted on a stationary platform or on a mobile base.

Hoists lift the load in a skip permanently attached to the hoist or by
engaging the muck box in a lifting jig or cartridge. Cranes generally lift
muck boxes by attaching a sling to the box.

The horizontal intermittent systems are of two major types; those that
operate on a fixed guideway such as dual rail tracks, supporting rails at
the sides of the vehicles, or a monorail which can be above or beneath the
vehicles, and those that consist of free vehicles usually equipped with
pneumatic rubber tires. Free vehicles commonly used are load-haul-dump
(LHD) units and trucks. LHD units are equipped with a scoop at the front
and are powered and geared for haulage runs so they perform the three func-
tions of loading, hauling, and dumping. Trucks require an auxiliary loader.
When a mole is used, the loading function can be provided by the mole and

its conveyor. Specialized trucks are sometimes used for transporting and/or
installing materials. A pallet transporter designed for quick loading and
unloading of preassembled loads would be one type of special truck. In
general, rubber tired vehicles occupy a large cross section per unit of load
carried. This large size is necessary to accommodate the power plant, drive
unit, controls, operator, and large tires required for each vehicle.

The most commonly used guideway system is the conventional railroad
system, although monorails have been used to a limited extent in mining and
tunneling particularly in Europe. In the 1960s a siderail system (the

"Dashaveyor") , consisting of individually powered vehicles automatically
controlled from a central location, was found to be too expensive for appli-
cation in situations where the extreme versatility built into the system was
not needed.

Railroad systems can be classified according to the type of propulsion

system used. Most rail train systems in use employ a locomotive of some
type to pull or push the train of load carrying vehicles.
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A special sidewheel drive system was developed and promoted in the 1960s
under the tradenames "SECCAM" and "DuTRAN" but without great success, per-
haps due to the cost of distributing the drive units over the entire length
of the transport path. In this system, electrically driven pneumatic tires
bearing on both sides of the load carrying cars propelled the train. The
spacing of the drive units is dependent on the length of the train since it
should always be in contact with at least one pair of drives.

Other special drives such as linear induction motors have been proposed
for rail system applications but appear to offer no advantage for under-
ground applications. Conventional locomotives are powered by diesel
engines, batteries, trolley wires, or diesel electric systems. For tunnel-
ing, trolley wires are hazardous, batteries provide insufficient speed and
range, and diesel electric is expensive. Diesel locomotives are preferred,
although their use significantly increases the ventilation requirements.

In general, the intermittent systems are characterized by adaptability
to handle a wide variety of material sizes and shapes, to respond to wide
variation in the material flow rate, and to extend in length as the trans-
port distance increases. The horizontal systems require minimum downtime
for repair since the vulnerable components can be removed from the system
for repair while the system continues to operate. The vertical elevating
systems do not have this advantage since breakdown of the crane or hoist
mechanism will shut down the system.

The biggest disadvantage of the intermittent systems is the large cross-
sectional area requirement caused by ” lumping" the bulk material into mod-
ules or discrete units. This problem becomes most significant when the

material flow rate becomes great enough to require passing of loaded and
empty carriers in a narrow passageway. The problem becomes particularly
acute in elevating when each load module must be lifted separately. The
intermittent traffic also tends to increase the safety hazard.

Continuous Systems

The cross-sectional area of continuous flow systems can be smaller than

for intermittent systems because the payload covers the entire length of the
flow path and is discharged constantly from the carrier medium. However,
the continuous systems, particularly pipelines, are more likely to require
size reduction and separation of muck, thus requiring large equipment in the

heading, where space is at a premium.

Two basic types of continuous flow systems are useds those with a fluid

medium in a pipeline and those with looped belt or chain propelled by a
rotating drum or sprocket wheel.

The pipeline systems employ either low pressure compressed air or water
as the carrier medium. Either system (air or water) can operate as a closed
loop or an open ended pipe system, although most of those in use are open

ended to save the cost of the return pipeline. The technical feasibility
and econCTiiic advantage of both these system types is well proven in specific
commercial applications; for example, overland hydraulic systems for trans-
port of coal and minerals, and pneumatic systems for low density or finely
pulverized materials.
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The air float pneumatic system diffuses air through a porous plate,

longitudinally bisecting a pipe or duct, to fluidize a pulverized material
on top of the plate. This material then flows down the incline of the duct
by gravity.

One advantage of pipeline systems is that they are suitable for either
horizontal or vertical transport of materials. Also they occupy relatively
small cross sections along the transport path, but equipment at either end
of the pipeline, for loading and unloading the system may be quite large.
Pipeline systems, particularly hydraulic, tend to be difficult to extend on
a continuing basis. Although overland hydraulic systems and most commercial
pneumatic systems for bulk material are open ended (picking up the carrier
medium at one end of the pipeline and leaving it at the other end) , these
systems, particularly hydraulic, when applied to tunneling would be closed
loop, thus increasing the capital cost.

Conveyors are characterized by a mechanical carrier medium, such as a

belt or chain, moving continuously in a closed loop. The bulk material may
be loaded onto the carrier as a continuous ribbon or as discrete units in

carrier pockets. In either case, the material is fed to and discharged from
the system continuously and automatically. Conveyors can be divided into

two groups, those suitable for elevating materials and those suitable for

horizontal transport. Some conveyors suitable for elevating materials can

also be used for horizontal transport, but are economically limited to short
distances.

Horizontal conveyors are usually based on flat belts driven by one or

more powered drive pulleys and troughed by idler pulleys to increase the
load capacity. Exceptions are the systems based on molded belts developed
for specific applications. For example, the "cable belt" with molded
ridges along the length of the belt at the edges, was developed to increase
the single flight distance of overland conveyors. This belt rides on
cables which carry the driving tension of the system. The "Serpentix" and

"Serpentine" belts have molded convolutions at the edges and are driven at
the centerline of the belt which enables them to negotiate horizontal
curves.

Flat belt conveyors have been' used in thousands of commercial applica-

tions for many years and have seen many improvements in design and manufac-
ture of the belting and other components of the system. The "belt car" is

a recent innovation to increase the lump size which can be handled and the
capacity of the system. In this system, moving "cars" give support to the
belt while under load thus giving it the ability to handle enormous lumps
and carry very large loads. Bridge conveyors can span long distances and
be supported on pivot points at the ends to provide flexibility. Extensible
conveyors use a "belt bank" to store several hundred feet of belt which can

be extended into the length of the system without shutdown for belt
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addition. Cascading systems were developed to provide extreme flexibility
and mobility in the system. Most of them proved to be too expensive for
commercial use.

Material can be elevated by lifting vertically or by moving up an
incline. Conventional flat belt conveyors can elevate materials on inclines
up to 15-18 degrees. By placing a cover belt over the material on a conven-
tional belt, the angle of incline can be increased to about 45 degrees. The
"Serpentix," because of its convoluted pockets and ability to negotiate
curves, can spiral upward around a fairly small cylinder diameter and carry
a reasonable load. The "Flexowall" conveyor obtains larger load capacity
on inclines by attaching fluted sidewall and cross-belt cleats to the belt.
An apron conveyor, consisting of linked metal pans mounted on wheels which
travel on a horizontal or inclined dual rail track, has particular advan-
tage when handling materials at elevated temperatures.

The conventional conveyor for vertical lifting is the bucket elevator,
usually with metal buckets attached to continuous chains driven by sprocket
wheels. There are bucket elevators that have the buckets attached to a

belt, but these are usually limited to relatively small loads. Wire rope
supported and driven bucket elevators have been developed, and at least one
concept has been successful in unloading free flowing granular materials
from shipholds and stockpiles. This concept has a series of heavy duty
buckets strung on a wire rope passing through the center of the buckets.

Special pulleys have been developed to allow the string of buckets to move
through almost any path desired. Other less successful vertical elevating
concepts have been based on the Ferris wheel principle to engage and lift
muck boxes to the surface. The capacity and height of bucket elevators is

limited by practical speeds of travel and the load that can be placed on the
supporting chain or wire rope.

Flat belts also have been used for elevating materials vertically by

making use of the cover belt principle. The most established example is the
"Loop Belt" used to unload bulk cargo from Great Lakes ships. By covering
the load on the carrier belt with another belt traveling at the same speed
it is possible to transport the material in a long-radius arc to elevate it

from the bottom of a ship's hold. The "Beltavator" is a more recent modifi-
cation of the "Loop Belt" principle vrtiich' allows material to be elevated on
a vertical line between two flat belts.

In summary, there is a very wide variety of material transport systems
and the variations of detail within a type of system make the specific
examples almost limitless. As the various basic types are modified in

details, they begin to take c»i the characteristics of other types and dif-
ferentiation becomes difficult. For example, a sidewheel drive train can

be visualized which becomes small in cross section but so long it closes on

itself to become a continuous loop, hence an enlarged apron conveyor.
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All the systems identified in Figure 8 have been shown to be physically

feasible and many have been proven to be the most economical choice for

particular applications. Others have failed to find an economical appli-
cation and appear to have fallen by the wayside. However, just because a

system has been accepted as the best economic choice for a particular appli-
cation does not mean that it will necessarily be economically competitive
in another situation such as tunneling.

The conventional systems presently used in tunneling are found in the
intermittent group of systems, but there may be continuous flow systems
which offer advantages and are economically competitive with the conven-
tional systems, particularly for elevating materials. One major disadvan-
tage of continuous systems which it is difficult to overcome, particularly
for horizontal haulage, is the fact that the continuous systems can trans-
port only the bulk materials (muck) in a tunneling operation.

AUXILIARY EQUIPMENT

The auxiliary equipment required by the material transport system is

determined by the type of excavation equipment and the materials transport
system used. In comparing material transport systems, the auxiliary equip-
ment required by each material transport system must be included in order
to obtain a valid cost comparison. Loaders, processors, transfer units,
movers, unloaders and surge storage units are the usual types of auxiliary
equipment.

Loaders

In soft ground, hand-mined tunnels, 1/4 cy overshot loaders are used to

charge rail cars directly or charge a conveyor belt which in turn loads the
cars. Alternatively, on short tunnels, load-haul-dump (LHD) units excavate
the face directly and tram the muck out of the tunnel. With drill-and-
shoot excavation in hard rock, 2-1/2 to 5 cy front end loaders, often with
side dump or ejector buckets, are used to load trucks. On longer tunnels,

a Conway overshot loader, 3/4 to 1-1/4 cy capacity, is used to charge muck
cars. In mole excavated tunnels,. the excavating mechanism places the muck
on a conveyor which in turn charges the rail mounted muck cars directly, or

charges a long trailing conveyor that in turn loads the muck cars.

To load muck into a hydraulic transport system, an extensible conveyor

or a pneumatic system would be used to reach to the pipeline loader. Muck
mixed with water can be fed directly into the pump or can be injected

directly into the pipeline with a lock hopper. To load a pneumatic system,
muck is fed into a rotary valve that drops the material into the air stream.
A conveyor could be loaded directly frcxn the mole conveyor or from a feeder
conveyor if size reduction is required before loading the conveyor.

Passers

Passing of muck cars at the heading is critical and various methods, all
using long passing tracks, are used. The ability to pass haul units is

required when more than one haul unit is used. Circular tunnels in soft

ground supported with segments preclude excavation of widenings for passing.
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Therefore, they require narrow equipment to permit passing. Solutions to
the passing problem are the use of a "car passer" to shift the empty rail
car to one side and allow the loaded car to pass, or to provide a conveyor
that spans over enough cars to load the muck from an entire shove of the
shield. The muck train is then removed and dumped while the segment ring
is erected. This may require passing a waiting empty train on a "California
switch," which is two parallel tracks on wheels that can be jacked up, moved
ahead, lowered, and blocked into place, so as to advance with the heading.
Another solution is to use a "cherry-picker" hoist to lift an empty muck car
allowing the loaded car to pass underneath. Passing is provided by widening
drill-and-shoot tunnels in ground competent enough to allow the overexcava-
tion. Car-passers or parallel passing tracks are placed in the widening.
With truck haul, empty trucks pull into the widenings and wait for the
loaded truck to pass. In long, wide drill-and-shoot tunnels train passing
is provided with a California switch or a "Jacobs floor," a series of heavy
steel plate-bottomed panels with passing tracks mounted on top that are
hydraulically shoved forward as the heading is advanced.

Processors

Processors include grizzlies or scalpers to remove oversize muck and

crushers to reduce the muck size. Processors are not required with rail or

truck haulage. Conveyors that load rail cars are sized with minimal con-
cern for manufacturers recommendations regarding lump size. Vertical conr
veyors generally require scalpers to insure that no oversize material which
may cause damage is fed into the system. Pneumatic systems used with moles
require only scalping to remove oversize, whereas hydraulic systems require
that the muck is crushed to less than 5/8", Equipment must be provided to

transport the scalped oversize material, or it must be crushed down to

acceptable size. Underground processing generally has been limited to

mining operations; however, a recent sewer tunnel job in Chicago was
designed with a grizzly and crusher preceding the feed to an inclined con-
veyor, and a job in Washington, D.C. had a grizzly between the rail car

dump and the belt feeder to a bucket elevator. It is economical to install
underground primary crushing facilities to minimize transfer problems and
reduce equipment wear if the material will ultimately be crushed anyway.

The tunnel industry has had no requirement for ultimate size reduction of

muck, so it is more economical to design the haulage equipment to minimize
the transfer problems and accept the wear caused by large material size.

Crushers sized for 900 tph are too big to fit conveniently into a

20' tunnel.

Transfer Equipment

The most extensive transfer equipment occurs at the point of horizontal

to vertical muck transfer. Usually, surge storage facilities are included.

Other common transfer points are from the excavating to hauling equipment

and from surface storage to trucks for haul to final disposal. Transfer

equipment consists primarily of conveyors, various type of feeders, and

chutes.
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Movers

Rail cars are often moved with cable drive mechanisms or hydraulic
cylinders at loading and unloading points to reduce equipment investment,
congestion, ventilation, and manpower.

Unloaders

There are two types of unloaders: those mounted on the haul equipment
and those with fixed mountings, usually over a storage facility or feeder.

Examples of unloaders mounted on the haul unit are ejector buckets on front
end loaders and air operated dump mechanisms in rail cars. Stationary
unloaders are hydraulic cylinders to tip side dump cars, tippers for rotary
dump cars, scrolls for bottom dump cars, belt trippers, settling ponds and
classifiers for hydraulic systems, and cyclones and hydroclones for
pneumatic and hydraulic systems.

Surge Storage Units

Surge storage is desirable at all transfers between haulage modes (mole

to rail car, hoist to truck, rail car to hoist, mole to slurry feeder) . It

is typically provided between the horizontal and vertical material transport
equipment. Storage between intermittent and continuous haul modes is

required to provide a smooth feed rate to the continuous mode. It is normal
for front end loaders to tram muck back and store it along the ribs when
there are no trucks to load. Recent innovations in surge storage are
several applications of hopper bottom units at the heading which quickly
discharge into haul units, the idea being to reduce the number of haul units
and give better haul unit utilization.

RESEARCH, DEVELOPMENT, AND DEMONSTRATION PROGRAMS

BuMines Program

One of the most extensive coordinated research and development programs
for bulk materials handling is that of the U.S. Bureau of Mines. This pro-
gram was initiated in response to the Coal Mine Health and Safety Act of
1969 which mandated further exploration in the area of coal mine haulage.
Initially, the program surveyed bulk material handling concepts to identify
novel approaches which might have application to coal mine haulage. These
early investigations (41) included feasibility studies of systems such as

hydraulic pipeline and pneumatic conveyance which had been proven practical
for surface applications, and investigation of other concepts such as the

siderail (Dashaveyor) and sidewheel (SECCAM or DuTRAN) for which demon-
stration units had been built and tested by equipment manufacturers. In

addition, less developed ideas were looked at and test models built for some
of them. For example, pilot scale tests were conducted at the Pittsburgh
laboratory on a heavy-media hoist, a peristaltic conveyor, and an undulatory
conveyor. Other ideas, such as the Rolamite concept, the Archimedes' screw,

and a conventional conveyor belt suspended on an air cushion and driven by

a linear induction motor, were not investigated beyond the concept stage
due to the apparent impracticality of the concept for coal haulage.
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The undulatory conveyor was thoroughly tested and the results reported

(42) . The idea was abandoned due to impractically low capacity and high
power costs. Only 18 percent of the material within an undulating wave was
moved forward with a wave cycle, giving a capacity of 66 tons of limestone
per hour for the 48-inch-wide model. In contrast, a conventional belt con-
veyor of this width could carry well over a thousand tons per hour. The
full-size model required 22 horsepower-hours per ton-mile contrasted to

0.22 horsepower-hour per ton-mile for conventional belt systems.

Investigation led to the conclusion that the peristaltic principle is

not practical or economical for a bulk materials transportation system?
however, work is continuing on application of this principle in a feeding
device for other transport systems.

The heavy-media hoist appears impractical as a device for elevating
dense materials due to the large pressures required to inject material into
the device at the bottom of the heavy-media column. If a heavy medium could
be found to give a reasonable rate of rise for the bulk material, the injec-
tion pressure required would probably be greater than the pressure required
to elevate the material by pumping in a hydraulic system, and the capacity
of the heavy-media pipe would probably be much less than an equal size
hydraulic pipe system.

The sidewheel concept, originally developed in France as the SECCAM, was
licensed by Dravo Corporation and marketed as the DuTRAN. However, after
several years of no interest from potential users, the license was dropped
and marketing efforts ceased. The siderail system, originally developed by
the Dashaveyor Corporation for hauling mined ore, was found to be complex
and expensive due, at least in part, to the high degree of flexibility
designed into the system. Neither of these concepts is presently a part of
the active program of the Bureau of Mines.

The Bureau of Mines* present materials handling program is directed

primarily toward the development of more efficient transport of coal from
the excavation face to the preparation plant with emphasis on face haulage
by specialized conveyors (43)

.

The approach emphasizes improvement of
design, adaptation to special problems, and demonstration of systems proven
to be practical in coal mine use or other > applications rather than develop-
ment of novel concepts. Projects are conducted either in-house or through
contracts with industry or universities.

The most common means of face haulage in U.S. underground coal mines is

by shuttle cars. However, their safe load capacity of about 10 tons limits
the production rate when they, are placed between a continuous mining machine
capable of producing about 600 tph and secondary and main haulage systems
which can carry several thousand tons per hour. Projects to improve shuttle

car performance include development of larger capacity shuttle cars, cable-
less wire-guided automated systems, and diesel fueled steam powered engines

as an alternative to electric trailing cables, batteries, or diesel engines.

Many U.S. coal mines have used conveyors for continuous face haulage for

many years. The two most common types are the bridge conveyor (either belt
type or chain type) with mobile carriers and the extensible belt conveyor.
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The application of extensible belt conveyors apparently peaked in the 1960s
and then declined. Flexible conveyor belts, capable of operating around
short radius curves, have been developed but have seen very limited use.
These flexible belt systems are available under two trade names, the
Serpentix and the Flexible Conveyor Train. The longwall conveyor system,
which is used in many longwall mining operations, is a combination of an
armored drag-chain face conveyor, a transfer conveyor, and an extensible
belt panel conveyor. It is not suitable for conventional or continuous
room-and-pillar mining. Cascading conveyor systems have been developed
under the tradenames Moleveyor and Mineveyor, but have not been accepted by
industry due to their high cost.

Major objectives in the development of face haulage conveyor systems
are:

a. To increase the haulage capability to match the 600 tph production

rate of presently available coal extraction machinery.

b. To provide the mobility required for working of several excavation

faces.

c. To develop low-profile equipment suitable for continuous face

haulage in coal seam thicknesses down to 42 to 30 inches.

Several projects sponsored by the Bureau of Mines have been initiated

in recent years to achieve these objectives. Among these projects are:

a. A high capacity bridge conveyor with mobile carriers suitable for

90 degree turns in narrow entries.

b. A 500-foot long, single flight, mobile Flexible Conveyor Train

operating on a roof mounted monorail, with the ability to carry
600 tph through 90-degree turns.

c. An auto-track Bridge Conveyor Train with a wireguided automatic
control system capable of 500-foot haulage at 600 tph.

d. A multiple-unit cascading continuous haulage system consisting of

eleven self propelled, four-wheel-steerable cars with a conveyor
on each. The objective is to develop an improved version of the

Moleveyor in response to renewed interest in the concept.

e. A bendable belt conveyor to negotiate a 90-degree curve using a

conveyor type belt and a series of self-tracking carts to support
the conveyor belt apparatus.

f. A monorail, roof-mounted Serpentix conveyor with reduced profile

capable of moving 600 tph (rather than 370 tph present capacity)
in the coal seams.

g. An articulated chain conveyor suitable for use on a shortwall face
to feed a mobile conveyor in the head gate.
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h. A longwall face conveyor capable of moving 1,000 tph with surges
up to 20 tph.

i. A conveyor belt extender apparatus capable of extending or

retracting a belt conveyor 100 feet in 15 minutes.

j. A conveyor belt transfer point design to operate in low headroom
with high belt speed and change of direction while providing low
spillage and reduced wear and dusting.

k. A study of belt tracking forces to provide better understanding of
belt training and the tendency of belts to wander transversely on
the idlers.

l. Development of a belt cleaning system to minimize maintenance and
return fines to the belt payload.

An evaluation (19) of continuous face haulage concepts to select those

concepts with the highest potential for practical application placed the
rail hung Flexible Conveyor Train at the top of the list. It was, in fact,

the only concept receiving an overall rating higher than the shuttle car

system when evaluated on the following eleven points:

1. Capacity, steady state

2. Capacity, surge flow

3. Ability to handle large pieces

4. Spillage and carryback

5. Advance-retract speed

6. Traction

7. Ability to convey around corners

8. Reach capability

9. Inherent safety

10 . Dust generation

11. Noise generation

The roost common method used for main haulage in underground coal mines

is a locomotive powered train of open cars on a dual rail system. A project

to design and demonstrate an automated rail haulage system in a normal pro-

duction mode is part of the Bureau of Mines program. Other projects to

improve rail haulage include an evaluation of the feasibility and effec-

tiveness of compacting the load in a mine car by induced vibration and

evaluation of internal combustion engine concepts for mine locomotives to

improve maintenance operations, minimize toxic emissions, and reduce the

engine profile.
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Another approach considered for secondary and main haulage is the use

of pipelines with a fluid medium to transport the coal. The pneumatic sys-
tem (either pressure or vacuum) is no longer a part of the Bureau of Mines
program due to high cost and other inherent disadvantages considered serious
(41) . The hydraulic concept which has been used with success for overland
transport of coal was studied in 1-inch, 3- inch, and 6- inch pipe systems and
found to offer enough promise to justify tests at greater than 2,000 tph of
coal in 6-inch, 12-inch, and 18-inch pipe loops which are now under con-
struction (completion early in 1979) at the Bruceton, Pennsylvania Bureau
of Mines research center. These tests will provide engineering data and

test pumps, drives, injectors, controls, concentrators, sensors and separa-
tors. Another project has been established in the slurry program to develop
a low-profile feeder for injecting coal directly into the pressurized pipe-
line so it will not pass through the pump.

A project also is underway to develop a hopper-feeder and spillage-
cleaner machine to work between the continuous miner and haulage system.
This machine would provide the functions of surge hopper, feeder, breaker,
tractive vehicle for the haulage system, loader to clean up spillage, rock
dusting, roof bolting, and extending the ventilation system.

UMTA Program

The Urban Mass Transportation Administration of the U.S. Department of

Transportation has supported for several years a program in materials han-
dling directed to the developnent of more efficient methods of materials
transport during tunnel construction. The program has included survey study
of alternative methods of material handling to identify and evaluate the

potential for application to tunnel construction. It has focussed on the
transport and utilization of muck. For example, projects have included:

a. Materials handling systems studies.

b. Verification tests with a pneumatic system in the range of 50 to

100 tph of quarry rock.

c. Studies of transportation, of muck by hydraulic pipeline.

d. Evaluation of hydraulic transport and solids separation applied to

excavation in sandstone.

e. A survey of potential uses of tunnel muck.

f. A study of the potential for savings by coordination of the

excavation schedule with needs for bulk material.

The materials handling systems studies have included:

a. a survey and systems analysis (21) of alternative material trans-

port methods for tunneling under assumed conditions of extremely
rapid advance rates in very long tunnels at great depth envisioned
for interurban underground transport of the future.
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b. the present study which investigates alternative material trans-
port methods for rock tunneling under conditions projected to the
year 2000 for urban mass transit system tunnel construction.

The verification tests (27) with a pneumatic system were performed to

evaluate the following system operating features:

a. Wear and maintenance requirements (in pipeline, crusher, and
feeder)

.

b. Pipeline extensibility to simulate operation behind a tunnel boring
machine.

c. Effect of particle size distribution and moisture content on system
performance.

d. System energy requirements and operating costs.

e. Throughput capacity of the system.

f. Noise and dust levels.

g. Reliability and flexibility of the system.

These tests have given encouraging results, especially for vertical
transport of muck-like materials.

The studies of transportation of muck by hydraulic pipeline have been

completed (24, 28)

.

The objective of these studies was to advance the state
of muck haulage by slurry pipeline through analysis of crushing equipment,
extensible conveyors, hydraulic slurry head loss data, and slurry dewatering
systems. The final report (28) provides information on:

a. Muck quantities and characteristics projected for the future.

b. Equipment for muck preparation (crushing) to provide the desired
particle size distribution.

c. Extensible conveyor systems to serve as an extendable link between

the tunnel boring machine and the pipeline feed unit.

d. Power requirements for coarse slurries.

e. Jet pumps for slurry transport.

f. Equations for pneumatic pipeline calculations.

g. Calculations and costs for slurry dewatering systems.
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The evaluation of hydraulic transport and solids separation (54, 58) was

performed for a system in use for excavation of tunnels in St. Peter sand-
stone. The study documented performance and costs of hydraulic excavation
and materials handling under actual construction conditions. Muck charac-
teristics pertinent to solids-water separation were studied at the labora-
tory and pilot plant scale using actual tunnel muck. A prototype optimized
muck treatment system was designed and its operation monitored at a

hydraulic-mining tunnel construction project.

The studies of muck utilization have as their objective the reduction
of tunneling cost by converting a waste product (muck) into a resource of
value thus reducing or eliminating the muck disposal cost by providing
income to the contractor or owner. An extensive study (48) of muck utili-
zation including guidelines for muck utilization planning, was performed and
a trial case study was applied to the Baltimore Rapid Transit System.
Another study investigated the potential savings if tunnel construction
projects were undertaken during periods of high demand for bulk materials
which might be satisfied by the muck produced by the tunnel construction.

Industry Research and Development

Industry in the United States generally has taken a conservative

approach to research and development in the field of materials handling.
The objective of programs funded by equipment manufacturers is usually pro-
duct improvement rather than basic research or development of new concepts.
Equipment manufacturers can justify the expense of research or full scale
demonstration of new products only if a potential market of significant size
and duration is seen. During discussions with manufacturers this point was
expressed in several ways, such as;

a. Development will keep up with the needs if the market is big
enough

.

b. Manufacturers need to know what the market will be before they are

willing to develop the equipment.

c. The only justification for the expense of research is a future

sales potential. There must be reliable projections showing a

long term and continuous market.

d. Manufacturers cannot make a significant investment to save money
for contractors or owners unless there are sufficient potential
sales to return the investment to the manufacturer.

Fortunately, equipment improvements and system developments required to

meet the needs of one segment of industry provide improved equipment and
systems for other applications as well. The market potential can be
assessed for industry in general rather than for any single area of appli-
cation. Therefore, the major equipment manufacturers have continuing devel-
opment programs to maintain or improve their competitive position in the
market. For example, Rexnord has the largest chain test and development
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operation in the industry and has developed chain with load capability
beyond identified industrial requirements for bucket elevators. They also
have built and tested at full scale an experimental cement elevator instru-
mented with photographic and other diagnostic equipment, and have developed
designs for intermediate drives for bucket elevators.

The Bucyrus-Erie Company feels that because of continuing engineering
development, the crane industry keeps up with the need and has the technol-
ogy now to provide lifting equipment to handle the muck rates projected for
the 1990 period.

The nKDst notable innovations in material handling systems developed by
equipment manufacturers in recent years have been for belt conveyors. These
new approaches, which often have been developed by belt manufacturers and
equipment manufacturers working together, have included:

a. Improved belt designs reinforced with steel for higher belt tension
permitting longer flights and faster speed.

b. Convoluted belts to permit travel around short radius curves.

c. Vertical sidewall belts and covered belts to permit steeper angles

of incline.

d. Wire rope supports to reduce cost and installation problems.

e. Traveling belt supports to permit handling very large lumps up to

60 inches.

f. Double belts which permit lifting on an arc or on a vertical line.

g. Jointed belt supports which hold promise for travel around long

radius curves with conventional belts.

h. Intermediate drives of various designs to permit flights of any
desired length.

Stephens-Adamson maintains the most extensive research facility for belt

conveyor systems in North America at its Ontario manufacturing facility. It

includes full scale test loops for a Loop-Belt conveyor, a Beltavator and a

48-inch high-speed belt operating at up to 2,600 feet per minute. More than

one manyear per year is devoted to pure research for product improvement
without an identified market for the improved product. For example, the

Beltavator was developed with government grants covering about 50 percent
of the cost before a customer was identified.

Tunnel construction contractors must be cautious in the application of

new techniques on fixed price jobs. They cannot be innovators to the extent
of adding substantial risk to an already high risk business venture. Before

they can accept the risk of introducing new technology to a job, there must
be a high level of assurance that the new technology will not impose addi-
tional delays on job progress. This assurance can be obtained only by
demonstration of the capability and reliability of new systems in an envi-

ronment comparable with that found in tunnel construction. The incentive
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for innovation by contractors is small. Even if the new technology is

highly successful, the financial advantage gained is limited to the initial
job as there is widespread technical information interchange among tunnel
contractors. Any long-term financial gain is soon passed on to the owner
through the process of competitive bidding.

in spite of the financial risk, some tunnel contractors have tried new

approaches in an attempt to improve muck haulage or hoisting. Early instal-
lations of a slurry system and a conveyor system encountered technical dif-
ficulties and were abandoned. These difficulties were, perhaps, due to the
systems being installed in a full scale production environment before they
were fully developed, or to inadequate engineering of the systems to meet
the severe requirements of tunnel construction.

More recently, bucket elevators have been installed for muck hoisting
on jobs in Maryland and Illinois by the James McHugh Construction Company
and an inclined conveyor has been installed by a joint venture of Kenney-
Paschen-S&M to lift muck to the surface from two headings being worked
simultaneously for the Chicago Metropolitan Sanitary District. Although
these installations are based on equipment which has been proven in other

applications, they have presented problems to the contractors when con-
fronted with the highly variable conditions typical of tunnel construction.

Owners and operators of mining properties have justification for invest-

ment in material handling innovations if they can show by cost analysis a

good prospect for reduced haulage cost. The investment cost will be recov-
ered and reduced production cost realized over the long life of the mining
operation. However, operators generally do not employ the engineering staff
or have the facilities for major equipment development so their activities
in material handling system development usually consist of test and demons-
tration of systems developed in conjunction with one or more equipment manu-
facturers with the operator providing requirements specifications, mate-
rials properties, system design, testing, and evaluation of performance.

A good example of this approach is the development by Consolidation Coal
Company, a subsidiary of Continental Oil Company, of a slurry pipeline sys-
tem for conveyance of coal from the mine face to the preparation plant.
After seven years of research, design, testing, and pilot operation, a full-

scale hydraulic transportation system is being installed to transport coarse
coal at their Loveridge Mine beginning in May, 1978 (15) . The system will:

a. follow the mining machines,

b. receive lumps of coal as large as twelve inches at the mining faces

and at rates comparable to mining machine capabilities,

c. reduce the large lumps to four inches,

d. produce slurries with 4-inch top particle size,

e. pump these slurries through feeder lines,

f. combine and concentrate the coarse slurries from several faces.
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g. pump the combined slurries vertically about 900 feet to the surface
and 2.4 miles overland to a water separation facility at the prepa-
ration plant.

Other examples of full scale demonstration by mining operators of system
innovations developed in conjunction with equipment suppliers are an inter-
mediate drive concept for belt conveyors developed jointly by B. F. Goodrich
and Continental Conveyor Company and installed at an American Cyanamid Cor-
poration open pit phosphate mine in Florida and in the underground York
Canyon coal mine of Kaiser Steel in New Mexico.

ENVIRONMENTAL CONSIDERATIONS

Three recent studies have addressed different aspects of the environ-
mental impact of the tunneling process. Wolff and Scholnick (89, 90)

assessed the disruptive effects on the social, economic, and physical envi-
ronment with particular emphasis on cut-and-cover urban tunneling. Li, et
al (48) studied potential uses of tunnel muck to convert it from an adverse
impact to a benefit.

When viewed in the overall context of the urban transportation tunneling
process, the environmental impacts on the public of underground tunnel con-
struction using tunnel boring machines are considerably less than those
resulting from cut-and-cover or drill-and-shoot construction techniques.
For moled tunnels most of the impacts on the public are related to the sur-

face transport of materials to and frcxn the job. In nearly all cases, this
material transport is by truck.

The major adverse impacts are noise, traffic congestion, dirt, and
visual impact. The visual impact of the construction yard and truck loading
equipment can be mitigated to some degree by the use of fencing and screens,
but these are of little value if their appearance, due to poor design, con-
struction, or maintenance, is as unsightly as that which they are trying to

hide. There is little that can be done to hide a crane operating on the
surface or trucks moving through the streets. Reducing the number of trucks
might be considered by some observers to be an improvement, but if the same
material flow is to be maintained, the trucks become bigger, which is less

desirable in traffic.

Noise might be mitigated somewhat by the use of improved mufflers and

sound shields on trucks and equipment operating in the yard and at the

shaft. However, a goal of no increase in noise level in the vicinity of the

construction yard and shaft is not practical.

The adverse impact of dirt can be mitigated by care in handling materials,

particularly muck. Reductions of dust and spillage are of major concern.

The major source of traffic congestion would be eliminated if the muck

trucks could be removed from the streets. It would seem that substitution

of a continuous transport system such as conveyor or pipeline might offer a

solution. But when the problem of street crossings is considered, it

4-19



becomes apparent that this would be a case of substitution of one adverse

impact for another. The appearance and inconveniences of a conveyor or

pipeline running above the surface along the street or sidewalk and ele-
vating for clearance at street crossings would most likely be unacceptable
to the public. To bury a continuous system would be prohibitively costly
and disruptive.

It appears that improvements in the environmental impacts resulting from
materials transport for urban tunneling are more likely to be found in care-
ful planning and execution of the project than in selection of alternative
material transport systems. For example, placing access to a tunnel segment
as close to the muck disposal site as practical would contribute to
reduction of traffic problems.
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5 . CONVENTIONAL SYSTEMS

The materials handling system used almost universally by tunnel
construction contractors, when excavating with a tunnel boring machine, con-
sists of a dual-rail train operating in the invert between the heading and
shaft (or portal), a crane or hoist for elevating through the shaft, and
pneumatic tire trucks for surface transport. Rubber tire vehicles are also
used during development excavation or for short-reach tunnels where use of a

tunnel boring machine is not feasible.

An advantage of a rail haulage system over other possibilities is that a

train hauls everything; supports, muck, people, supplies, and equipment.
Thus it would seem that if a rail system is to be installed to transport the

incoming materials which are not suitable for transport by a continuous
system, muck could be transported by the rail system with only the added
cost of the additional rolling stock required for muck haulage. However, a

rail system for muck haulage also has the added costs of the loading and
unloading equipment, increased ventilation capacity, switches for passing
trains, and additional excavation for the unloading station.

RAIL HAULAGE

Although all rail haulage uses the same basic system consisting of

conventional rails attached to cross ties (or a concrete invert if precast
concrete segments are used for initial lining) , a locomotive driven train,

and loading and unloading mechanisms at the ends of the haulage path, there

is considerable variety in the details of the systems used. For example:

a. The weight of rails used may vary from less than 40 pounds per yard

to 100 pounds per yard.

b. Cross ties may be wood or steel, or the rails may be anchored
directly to the concrete invert.

c. The rail gage may be from 24 to 42 inches.

d. The railbed may be ballasted or unballasted.

e. The locomotive weight is from 6 to 45 tons, most frequently in the

range of 15 to 25 tons.

f. Muck cars range from 4 cubic yards to 25 cubic yards capacity, most

frequently in the range of 10 to 17 cubic yards.

g. Cars per train vary from 4 to 9.

h. Maximum rate of travel varies from less than 6 mph to more than

15 mph.

i. System capacities range from less than 300 tph up to 800 tph.

j. Unloading may be by side dump, rotary dump, or lift off box

elevated to the surface and dumped on a muck pile.
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The trend, as tunnel boring machine advance rates increase, is toward
larger locomotives and muck cars, with more cars per train traveling at

higher speed to increase the capacity of the system. This requires heavier
rail and improved installation and maintenance of the roadbed.

System Capacity

In a series of interviews with contractors, designers, and manufacturers
conducted by Holmes & Narver, Inc. (33), one area of general agreement was
that the capacity of rail haulage systems, in tunnels larger than 15 feet in

diameter, can be increased to keep pace with the demands of tunnel boring
machines. This is in contrast to statements previously published which
indicated that the rail haulage system was or might become a constraint on
the rate of advance achievable by the tunneling system. Typical comments
heard during the interviews include:

a. The idea that rail haulage is a restraint to tunneling progress is

a myth. Rail haulage will always keep up with the heading advance.
Tunnel haulage railroads are built only to suffice. As better
railroads are needed, contractors will build them.

b. Many contractors do not use the full capability of the rail system.

This gives the false impression that rail haulage cannot keep up
with the excavation progress.

c. As the muck rate increases, all that is required is bigger muck

cars and bigger locomotives. The bigger cars will require more
massive dumping equipment and the bigger locomotives require more
ventilation in the tunnel.

d. In a 14.5-foot diameter tunnel, over 500 tph of muck were hauled
using five trains with 6t locomotives, four passing tracks, and

4 cy lift-off boxes being hoisted 60 feet to the surface. Lifting
muck and lowering ground support materials through the shaft were
the controlling factors.

e. A rail system using a 25 ton locomotive can easily handle 800 tph
in a 19-foot tunnel.

f. Double tracking the main line is not the answer to increased
capacity. Passing tracks will do the job.

g. Double tracked railroads are not required and are not economical.

h. If haulage becomes a problem, more trains can be added to the

system by adding more passing tracks at closer intervals.

i. Adding trains to the rail haulage system means more switches and

more passing track. The train must slow down to go through the
switch and must wait on the passing track.

j. Add more trains as required to keep up with the mole production.

Double track the main line if required.
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k. The Stillwater tunnel is being set up with passing tracks at
12,000-foot intervals to provide no-delay haulage for 36,000 feet.

l. On this 21-foot diameter job, the haulage system which was designed
for an 18-foot tunnel has no difficulty handling the maximum muck
rate since the tunnel is at shallow depth so hoisting is not a
constraint.

m. I cannot foresee advance rates that bigger trains could not handle.
Trains can keep up with the horizontal muck haulage requirements.

Derailment

The major problem indicated for rail haulage systems during the Holmes &

Narver interviews (33) was derailment. Many causes of derailment were
identified, including:

a. Improperly designed, installed, and/or maintained rail and roadbed.

b. Poor quality rolling stock.

c. Improperly designed or installed climber points to the trailing
floor

.

d. Improperly selected, installed, or operated switches.

e. Use of dead axles causing wheel flanges to bear excessively against
the rails resulting in rail spreading, flange climbing and derail-
ment.

f. Excessive speed.

It is generally agreed that to achieve higher speeds and less downtime,

track installation and maintenance of higher quality than is often the
present practice is required. The limited time available for installation
of track and the desire to reduce capital expenditure were given as factors
affecting present track quality. Better quality trackage has been obtained
by rebuilding the track behind the trailing floor. In this approach, the
short segments (about 10 feet) of track laid directly behind the mole but in

front of the trailing floor are removed and replaced with greater care by
longer track segments (about 30 feet) about 500 to 1000 feet behind the
trailing floor.

A practical goal for train speed is often stated between 17 and 25 mph,

rather than the 10-mph limit dictated by many present day systems. The
highest possible safe speed is desired to reduce the number of trains
required, particularly for long hauls.

A factor contributing to the quality of the rolling stock is the use of

a short wheel base on the locomotive. This causes "kicking" on curves and
rocking on straight runs. Either of these can cause excessive wear and

derailment of cars. One factor was identified as car suspension which is

either too flexible or too inflexible. Eight-wheel locomotives and cars are
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superior to 4-wheel for negotiating curves and switches particularly as the
size of cars and trains increases. Some comments heard regarding derailment
are:

a. You cannot haul muck any cheaper than by rail but you need good
rail. The rolling stock must stay on the rail.

b. The climber points to the trailing floor are the major cause of
derailment.

c. Derailing at the entry to the sliding floor and switches can be
eliminated by proper installation.

d. Ninety percent of the derailments could be prevented by spending
the time and money to get and use better equipment.

e. The switches used are often too short.

f. The most important consideration in rail haulage is properly
designed and installed rails, ballast, and sub-base, including
adequate drainage to keep water out of the ballast and base.

g. A preventive maintenance program is essential to keep a rail system
operating but derailments are a fact of life and must be lived
with. Maintenance should not wait until it becomes "breakdown
maintenance." A track man who patrols the haulage rail to detect
misalignments and faults is a good investment.

Live Axle Versus Dead Axle

All rolling stock used on standard railroads for overland transport of

passengers and freight has live axles; that is, the wheels are attached
rigidly in pairs to a connecting axle v^ich rotates in bearings at both
ends. With this arrangement, both wheels attached to an axle rotate at the
same rate and describe the same path length. When traveling on a curved
path, the wheel on the outside of the curve must travel further than the
inside wheel. To compensate for this requirement and reduce slippage
between the wheel and the rail, the wheel tread that contacts the rail is

tapered so that the wheel diameter is larger at the inside edge next to the

flange than it is at the outside edge. Thus, as the axle assembly travels
on the curve, it moves toward the outside of the curve resulting in an

increase of contact diameter for the outer wheel and a decrease of contact
diameter for the inner wheel. If the proper wheel diameter and taper are

selected for the track gage and curve radius the wheel assembly can traverse
the curve without wheel slippage. Larger diameter wheels or less taper can
be used for longer radius curves. On a straight travel path, the wheel
taper and live axle cause the wheel assembly to be self-centering.

For operations where very short radius curves are encountered it is

necessary to use dead axles to avoid slippage between the wheel and rail.

In this arrangement bearings are placed between the wheel and axle so the

wheels can rotate independently at different rates of rotation as the
assembly travels on a curve. It is also necessary to use short center to

5-4



center distances between axles to reduce wheel flange scuffing on the rail.
For long cars, 4-wheel bogies are used to keep the axle-to-axle distance
short. The use of dead axles, particularly if flat wheels are used,
eliminates the self-centering characteristic of the live axle, allowing the
wheel assemblies to drift laterally until contact is made between flange and
rail. If bogies with flat wheels and dead axles are used, this problem
becomes severe.

Comments regarding live versus dead axles heard during the series of
Holmes fit Narver, Inc interviews (33) include;

a. Rotating axles with 3 to 5 degree tapered wheels are self-centering
on the rail, thus minimizing flange wear. Four-wheel rail trucks
with non-rotating axles and flat wheels are guided by the wheel
flanges, causing excessive wear. One or the other flange almost
always is running against the ball of the rail causing loss of gage
which results in derailment.

b. Live axles will produce less flange scuffing resulting in less
rolling resistance.

c. Bearings for a dead axle cost about 50 dollars per wheel versus 200
dollars per wheel for live axles.

d. Muck cars have wheel bearings and fixed axles, therefore, are not
self-centering even if the wheels are tapered. The tunneling
industry should take advantage of the experience of the railroads.

e. The question of live axles versus dead axles is a very contro-

versial one. It is a very big field to study. The type of axle

will not make much difference in rolling resistance since most of
the rolling resistance is due to the work done to flatten the wheel
tread under heavy loads.

f. Live axles do tend to center the cars as they move but tunnel rail

systems are not built with the accuracy of mainline railroads, so

the improvement from live axles would be very small.

g. The use of 4-wheel dollies with dead axles rather than two axles on

muck cars cause lots of problems.

h. The cars are 26 to 28 feet long and have short trucks. The truck

tends to turn and hit one rail, then the other.

i. We are considering use of live axles on our next tunnel job.

j. The muck cars, with 24-inch wheels and live axles, show no flange

wear.

k. Flange wear is usally caused by tight gage or not opening the gage

on curves.
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Locomotives and Cars

Several problem areas related to locomotives and muck cars were iden-
tified during the Holmes & Narver interviews (33) and the 1977 Keystone
Workshop* (91) . Typical comments include:

a. Prohibition of diesel power would greatly increase the cost of
tunneling. It would make the cost of underground mining prohibi-
tively expensive and would greatly increase the frequency and
severity of accidents.

b. There are no technical problems which limit rail haulage up to

800 tph on grades up to 5 percent, provided diesel locomotives are
used.

c. The diesel locomotive provides a safe and reliable form of power in

underground operations. The price is generally lower than an
electric unit.

d. The cost of the electrification system for electric powered
locomotives is high, ranging from 80,000 to more than 100,000 dol-
lars per track mile. In mining operations this high initial cost
can be offset by savings in locomotive maintenance and operation
costs.

e. Larger trains are needed to decrease the manpower requirement and

allow better scheduling of the material flow. The size of the
train is controlled by the locomotive. An 8-wheel locomotive of

small cross section is needed. The wheelbase on current 4-wheel
locomotives is so short that they oscillate up and down longitu-
dinally, tearing up the ends of the rail cars and putting excess
loads on single axles.

* The Keystone Workshop was conducted August 3-5, 1977, at Keystone,
Colorado under the sponsorship of the U.S. Department of Transportation,
Urban Mass Transportation Administration, Office of Technology Develop-
ment and Deployment, and Office of Rail Technology. The workshop
brought together for several days invited experts on various materials
handling systems for underground use. Three keynote speakers evaluated
the state of the art of materials handling systems in underground con-

struction, metal mining and nonmetal (coal) mining. Seven more experts

in particular materials handling systems also presented formal papers.
The workshop participants were then divided into seven working groups
(one for each type of material handling system) to discuss the state of

the art, to identify areas requiring additional research and develop-
ment, and to define priorities. A written summary of this thinking was
formalized by each group for presentation at the final conference
meeting. The workshop sessions were guided by a questionnaire which was
distributed to all participants prior to the workshop to stimulate

advance consideration of the questions.
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f. An 8-wheel locomotive is needed to take curves better. It should
be diesel-electric as they are cleaner and have better operating
characteristics.

g. The basic design of the diesel locomotive was done about 1932 and
not much change has been made. It needs modernization.

h. Larger diameter wheels should be used for higher speed muck cars.

i. There have been lots of problems with slippage when using a rail
system on a 2.5 percent grade.

j. Loaded muck cars have been hauled up a 6 percent grade with a 15T
locomotive. There are many 5 percent grades in English coal mines.

k. The maximum grade for a rail system is 10 percent, even for a

gravity assisted transit system.

l. In England a dual drive locomotive system has been developed which
can travel at 10 mph with the conventional diesel drive and 3 to
5 mph on a 25 percent grade when using a hydraulic rack and pinion
drive.

m. Runaways cannot be controlled on grades steeper than 4 percent.
Brakes on muck cars are not successful.

n. Longer trains of smaller cross section are needed. The major thing
needed in rail haulage is better locomotives. Schedule 24 which
sets ventilation requirements is completely obsolete.

o. OSHA frowns on trolley wire systems in tunnel construction since

people may be working 1000 feet back of the heading. This leaves
diesel, battery or diesel-electric as possibilities, and battery is

too slow.

p. Dumping muck from cars is often a problem. Self-cleaning muck cars

are needed.

Loading

Three systems are commonly used to receive muck from the mole and place
it in rail cars. They all have three features in common; a conveyor to

carry the muck from the mole to the car, no muck storage capacity, and they

are pulled ahead by the mole. They are generally advanced concurrently with
the boring stroke. Double track systems are used in tunnels larger than

15 feet diameter (inside the supports)

.

A gantry conveyor with single track is used in tunnels less than 15 feet

in diameter, in short tunnels, on tunnels with very sharp radius (less than
250') curves, and where very low penetration rates are anticipated. This

system consists of a frame supporting a conveyor under which the muck train

rides on rails. The frame is either a full box or a box open at the bottom

(inverted U) . The full box has wheels which ride on the mainline rail; the
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open box has skids which slide outside the mainline rail on the moled invert
or wheels which ride on rails outside the mainline rail. The mainline rail
must be laid between the mole and the conveyor (the bulk of the mole pro-
hibits laying the rail under the mole) requiring a long, trussed conveyor
span, ahead of the gantry section under which the rail is laid. The full
box section requires climber points from the mainline rail to the gantry
rail. Derailments often occur here. Minimum storage for materials is

available. Trains of muck cars are loaded while being moved under the con-
veyor end discharge by a locomotive or a car mover. A California switch is

either pulled along with the conveyor or is parked within 1000 feet of the
end of the conveyor and advanced weekly. When the train is full, the mole
must stop boring while the locomotive removes the train from under the con-
veyor, pulls it onto the California switch, runs around the turnout, and
pushes an empty train back under the conveyor. The mole is regripped during
this shutdown. To prevent muck spillage between cars, a piece of plywood is

laid between the car ends and the muck flipped by a laborer into the car
after it passes the conveyor discharge. Advantages of this system compared
to double track floors are low first cost, faster erection, and lower main-
tenance. Disadvantages are delay to change trains and minimum storage for
tools and materials.

Both double track systems utilize a wide floor, centered and riding on

the mainline rail, supporting two parallel tracks, commonly allowing
6 inches of passing clearance between trains. Haulage equipment rides up

climber points from the mainline rail to the tracks on the floor. A turnout
directs the equipment to the chosen side. The floors commonly use concrete
or steel ballast to prevent tipping when a loaded train is on one side with
no train on the other. The front 30 feet of the floor is normally reserved
for supply car parking and storage. Rail is laid under the mole in 20-foot
diameter and larger tunnels. When rail must be laid behind the mole, a

separate conveyor is used to span the rail laying area. The mole does not
have to shut down for an empty train to be switched into loading position.
A California switch is placed halfway between the end of the floor and the
dump v^en the tunnel is so long as to require two trains on the haul, but is

never trailed behind the floor.

Double track floors cost $275,000 to $325,000 depending on the length.

With the conveyor mounted along the center of a double track system, muck is

discharged from the conveyor to either side with a traveling plow or

tripper. The train is stationary while being loaded; thus, a locomotive is
not required to index the train under the conveyor discharge. The next
empty train is placed on the empty side of the floor; the plow angle is
reversed or the tripper's crossbelt direction is reversed, discharging muck
to the new train. The locomotive runs around the turnout to remove the
loaded train. Locomotive width is restricted only by passing track clear-
ance (at the dump, shaft, or yard) and by conveyor support clearance on the
floor, as the locomotive does not have to run alongside the train on the
floor. Muck cars are always parked in identical position for loading;
spillage between cars is prevented by "muck gables," rooflike structures
that deflect the muck, falling from the conveyor, into the cars. A plow
will fit in a 15-foot tunnel, whereas 19 feet is the minimum tunnel with
enough headrocm for a tripper.
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The other form of double track system makes use of a car shifter floor.

Muck is discharged off the end of a skewed conveyor into cars moved with a
system of chains. The conveyor skews from centerline of the floor at the
mole conveyor to be centered over the muck car at the discharge end. Empty
cars are placed on one side of the floor by the locomotive where they are
engaged by the "car-in" chain. This chain pulls the empty train toward the

heading end of the floor where the muck cars are uncoupled and placed on a

"car shifter" which traverses them laterally across the floor to a position
in line with the other track. The car is then engaged by the "car-out"
chain, which pulls it off the shifter, couples it to the car being loaded,

and pulls it under the conveyor discharge. The shifter returns to the empty
side to get another car. The locomotive runs around the turnout and removes
loaded cars after they are uncoupled from the car being loaded. The oper-
ator on the floor runs the conveyor, car shifter, car mover chains and a

flop gate that prevents spillage between the cars. The locomotive must pass
the loaded train on the floor when placing empty cars at the "car-in" chain.
Thus locomotive width is limited to 6 or 8 inches wider than the muck cars.

Advantages and disadvantages of the shifter floor as compared to the
tripper floor are:

Advantages:

a. larger storage deck

b. better dust control at conveyor discharge

c. no plow or tripper to maintain

d. less conveyor belt wear

e. faster erection due to less superstructure

f. will traverse sharper curves

Disadvantages:

a. car-moving equipment to maintain

b. 40 to 60 feet longer overall length

c. restricted locomotive width

Unloading

Muck cars are unloaded by any one of several methods depending upon the

design of the car.

The most frequently used method for shallow urban tunnels is the lift-

off box. In this method, the muck boxes rest freely on the wheeled base of

the muck car. The locomotive moves the train into position where a muck box

is lifted by crane or hoist from the base to the surface where the muck is

dumped onto a muck pile or into a hopper by overturning the muck box. The
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muck box is returned to the base and the train moved ahead to position the
next car.

If crane lift is used, the box is usually lifted from the base by
attaching a lifting frame, or stiff back, to trunnions at the ends of the
box vrtiich is lifted freely or along guides to prevent the box from turning.
If hoist lift is used, the box is usually lifted along guides with a scroll
at the top to tip the box. A skip cartridge has been used to engage the
muck box by attaching to a heavy frame around the top edge of the box. This
device makes it possible to engage, lift, and dump muck boxes automatically
as the train is advanced through the skip cartridge. No bottom man is

needed to attach the muck box to the hoist. This cost saving is offset to
some degree by the increased cost of the equipment and its installation.

Other methods of unloading are rotary dump and side or bottom dump cars.

Rotary dump systems use rotary couplers between cars which permit a car to
be rotated 180 or 360 degrees while still coupled in the train. This pro-
vides rapid dumping of an entire train. Side dump or bottom dump cars pro-
vide even faster unloading as the train continues to move slowly throughout
the unloading cycle. Scrolls are used to guide the falling away and closure
of the car bottom or tipping of the car body as the train moves through the

unloading station. Alternatively, hydraulic or pneumatic pistons are used
to control the dumping action of side dumping cars.

HOISTING

Hoisting is accomplished by cranes or hoists which are similar in

principle of operation. Both lift intermittently by attaching a line (wire

rope) to the load and retracting the line by winding it on a rotating drum.

The capacity (tph) of a crane or hoist is determined by the size of the pay-
load, the velocity at which the load is lifted, and the height of the lift.

Reducing the speed for a given payload reduces the horsepower required but
it also reduces the capacity, unless a larger payload is used. A larger

payload increases the rope diameter which, in turn, increases the drum dia-
meter and the size of other mechanical components. For a given depth and

capacity, there is an optimum (minimum cost) load. Increasing the depth
increases the cycle time and decreases the capacity unless a larger load or

a higher velocity is used. At the shallow depths found in tunnel construc-
tion, the maximum practical speed is limited to relatively low values, at

the point where the lift consists of only acceleration and deceleration with
no full speed time.

The designs for cranes or hoists have not been optimized for the complex

interrelationship of payload, speed, horsepower, depth, capacity, and cost
in the range of interest for tunnel construction. In general, hoists have

been developed for lifting from deep underground mining operations and
cranes have been developed as construction machines where lift height
requirements are relatively low.

There is considerable agreement among contractors (33) that shaft
hoisting capacity limits, or may soon limit, the advance rate of tunnels
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driven from a shaft. Equipment manufacturers, however, feel that cranes and
hoists have the capability to handle the projected requirements at compet-
itive cost if the equipment is designed for the specific requirements as
part of an integrated material handling system.

The panel reviewing hoisting at the Keystone Workshop (26) concluded
that the equipment and application technology presently available are
adequate for present day mining and construction shaft hoisting. However,
the panel noted a problem of distribution of this knowledge especially in

the area of shallow shaft hoisting and suggested that a survey be conducted
of the state of the art of the problems of design, selection and application
of materials handling systems in shallow shafts (less than 500 feet)

.

The features which distinguish between a crane and a hoist are the boom
of the crane and the headframe of the hoist. The crane boom may be fixed or
rotatable, and the crane may be fixed in place, movable or mobile. The drum
in a hoist may be at the top of the headframe or in a hoist house at ground
level. The drum of a crane is always located at the base of the boom.
Hoists are either drum hoists that have one end of the rope or ropes anchored
to the drum and use the drum for rope storage, or are friction hoists that

use friction between the rope and rotating drum to drive the rope. Cranes
are always drum type. Friction hoists or balanced skips use either a dead-
weight to balance the load, or payload can be handled alternately on both
ends of the rope with the empty skip or box partially balancing the payload.

Cranes

Comments heard during interviews with industry (33) and at the Keystone
Workshop (91) regarding the use of cranes for hoisting through a shaft
include;

a. Lifting muck by cranes is not satisfactory.

b. A crane cannot hoist 850 tph up a 250-foot deep shaft. Cranes are

marginal to hoist from deeper than 100 feet.

c. There are no cranes on the market to hoist from 200 feet.

d. As depth increases, the box lift method using a crane becomes
inefficient at about 70 feet.

e. Where allowed by regulations, cranes can be used to 200 feet deep

if the muck quantity is not too great. The critical depth is

determined by the amount of material to be handled.

f. A crane is preferred for muck lifting because it can be used for

shaft sinking, for lowering equipment during installation and for

lifting muck boxes and lowering ribs and supplies during tunnel
construction.

g. For relatively shallow shafts, say less than 125 feet, a crane
hoisting system is standard.
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h. Maintenance and parts should cost less than one percent per year of

capital cost based on operation 83 percent of time (50-minute
hours)

.

i. Cycle time for crane lifting of muck boxes is typically about
3.5 minutes for lifts of less than 70 feet.

j. Most of the longer cycle time of the crane is due to time required
for hooking and unhooking cars and replacing cars on the bogies or

on the rail.

Several suggestions were made (33) for modification of cranes to be used
for muck lifting.

a. Buy cranes for stationary operation with pedestal mounts to save

the cost of the crawlers. Crawlers can be added later if the crane
is to be used for other type work.

b. Use one part line and a longer drum if the lift is over 50 feet.

c. Dump onto a muck pile. Dumping into a bin delays the cycle too
much.

d. Use electric drive rather than diesel. The initial cost is less,

and there is an operating cost saving of one dollar per hour at 300

horsepower. Diesel power can be installed later if needed.

e. Use a larger sheave for low lifts to compensate for the constant

flexing of the rope over the sheave.

f. Use wide flange "I" beams as guides to prevent the muck box from
turning as it is lifted through the shaft.

g. Increase line speed from the typical 150-160 fpm to 250-300 fpm.

This would require changes in horsepower, torque conversion equip-
ment, lagging and rope.

h. Use multiple single part line rather than multi-part line to
increase payload.

Scaravilli (74) summarized the advantages of cranes compared to hoists
for muck lifting as follows:

a. Lower initial investment.

b. Better portability. This is a large factor especially in segmented

jobs, or jobs in which the mucking spread can be advanced to
successive shafts.

c. Larger resale market, which increases salvage value.

d. Easier replacement in case of major breakdown.
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e. Provides additional service in the yard area (not possible with a
hoist) .

The disadvantages are:

a. More labor (oiler) required for union job.

b. More experienced operator required.

c. More maintenance.

At least one manufacturer of cranes (14) is directing its attention to
the application of the full capability of crane technology for muck lifting.
It recognizes the tunnel industry as a unique market and designs for the
specific requirements of this market based on investigation of the appli-
cation of cranes to tunneling. This manufacturer feels that the projected
far term requirements for muck lifting can be met by present crane technol-
ogy which has advanced significantly in recent years. For example, ten
years ago a 35 cubic yard dragline bucket was considered large; now
220 cubic yard buckets are used. This manufacturer developed a crane system
design using multiple single part lines and a 25 cubic yard skip to handle
465 tph from a depth of 280 feet with a line speed of 300 fpm.

Hoists

Hoists have been in use since the earliest days of mining and construc-
tion activity. Although hoist design and technology are based on concepts
developed more than one hundred years ago, the payload has increased during
the last 30 years, about ten fold. Today, skips of 20- to 30-ton capacity
(15 to 20 cubic yards) are operating at speeds over 3000 feet per minute

(37)

.

Drum hoists are used to depths over 5000 feet. A 20 cubic yard muck
box with section dimensions practical for use in an urban tunnel would be

from 18 to 30 feet long.

Despite projections of a substantial number of new shafts required over

the next ten-year period, there is only one major manufacturer of hoisting
systems in the United States (37). Scaravilli (74), in summarizing the use

of hoists for muck removal through a shaft, pointed out scxne of the advan-
tages and disadvantages compared to cranes. For shafts deeper than about
125 feet, a hoist system is required to gain the advantage of its higher
speed and faster dumping. The initial investment is greater for a hoist and

the time and cost for installation and removal are greater, but a relatively
trouble free operation can be anticipated. Hoists can operate with a skip
or a car handling cartridge. If a skip is used it is usually loaded through
a holding bin or measuring pocket. This requires substantial overexcavation
beneath the invert of the shaft. The bin is filled frcxn either a rotary car
dump or self-dumping cars. If the bin is large enough, the hoisting of muck

will be nearly independent of the horizontal haulage. If the job is not
large enough to justify the cost of a skip loading system, a car handling

cartridge can be used. This cartridge will automatically engage and lift a

muck box off the car chassis or lift the entire car to the dump scroll at the

top. After dumping the car or box is returned to the rails at the invert.
The skip method is faster but costs more than the handling cartridge.
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Comments heard during interviews with industry (33) regarding the use of

hoists for lifting through shafts for tunnel construction include;

a. If a skip hoist system is used, it must be installed before tunnel

excavation can begin. This usually takes a month or more. A crane
is available immediately to start the tunneling job.

b. A skip pocket requires shutdown every few days to clean up the

pocket due to spillage which always occurs. It also needs to be
backfilled with concrete at completion of the job. These are added
costs to the job.

c. When comparing hoists and cranes on equipment and installation
costs, the hoist will lose every time for shallow depths. It is

costly to get rid of a mine hoist at the end of a job. The hoist
will win on operating and maintenance costs, and on reliability and
equipment life.

d. The present system of muck box lifting requires everything to be

too exact. A high speed skip is the only answer for depths from
150 to 200 feet. Surge storage and a means of fast skip loading
are required.

e. Typically, hoisting equipment used by tunnel contractors was

designed for another use. It is not properly applied or used. It

is often undersized.

f. Hoists can be used either vertically or on an incline for shallow
depths. Nine hundred tons per hour from depths of 200 feet can be
handled easily.

g. If balanced skips, winding and unwinding from a single drum, and an

automatic hoist are used, 72 cycles per hour could be obtained at a

200-foot depth. About 13 tons per load would be required for 900

tph. The skip would weigh 10 to 12 tons so the total load would be
about 25 tons plus the weight of the wire rope. The rope diameter
required would be about 2 inches. With a 60:1 ratio of drum to
rope diameter, the drum would be about 10 feet in diameter.

h. Hoisting requires a major installation with high cost. It is not
easy to put in on a temporary basis since a loading pocket and a
head frame are required.

i. For shallow shafts, heavier loads can be carried at slower speeds.

For a 200-foot depth requiring 300 feet of lift (60 feet above
surface and 40 feet below invert) , the maximum speed would probably
be 600 feet per minute (10 ft/sec) . The cycle would probably be;
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Sec Ft

Acceleration (0 2 ft/sec/sec) 5 25

Deceleration 5 25

Slow travel and dump 6 10

Full speed travel (10 ft/sec) 24 240

Loading

50 300

j. Using a skip hoist with a muck box lifting cartridge and a lift

height of 120 feet, the cycle time is 180 seconds average per car.
Each car holds 10 cubic yards, giving a capacity of about 270 tph.

k. A shallow depth requires a greater rope factor of safety (up to 8)

due to the more frequent flexing of rope around the drum.

l. Delivery times for hoists in the 600 horsepower range are 8 to 14

months depending on the amount of engineering time required and the
availability of gears.

m. A rule of thumb is that maximum rope speed (ft/min) is equal to the

depth (ft). (In present practice, this speed is often exceeded.)

n. A hydraulic drive hoist is available for a maximum payload of
12 tons using a single line, a 6-foot diameter drum and 450 fpm
line speed. The cost is about $125,000 with full automation and
controls at top and botton of the shaft.

o. A properly designed mine hoist has an 85-95 percent availability.

RUBBER TIRE HAULAGE

The use of rubber tire vehicles in tunneling is widespread because the

characteristics of many tunnel projects favor their use. Rubber tire vehi-
cles are favored for low muck rate, large tunnel diameter and short haul
distance. The size-capacity relationship of rubber-tire vehicles designed
for underground haulage determines the practical limit of these parameters
for rubber-tire haulage. This is illustrated by the dimensions, capacity,
and vehicle frequency shown in Table 18 for typical underground haulage
vehicles and specified muck rates. It is easily observed that for the muck
rates of interest in a 20-foot diameter tunnel and a typical maximum speed
of 12 mph (about 1000 feet per minute) , the reach must be relatively short
or vehicles must pass in the tunnel. Ten-ton capacity vehicles are about
the largest that can pass in a 20-foot tunnel unless passing niches are
provided. For the maximum projected muck rates, the vehicle trip rate
becomes excessive even for the largest vehicles. Therefore, the use of
rubber-tire vehicles for muck haulage in tunneling is restricted to
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drill-and-shoot operations which produce muck intermittently at relatively
low rates (less than 100 tph) . Almost every rock tunnel starts with a

drill-and-shoot operation to excavate the development area. This operation
is usually supported by a load-haul-dump (LHD) unit for mucking.

TABLE 18. RUBBER-TIRE VEHICLE HAULAGE

1

Vehicle

Dimensions (Inches)

Capacity
(Tons)

Muck
Rate
(tph)

Vehicle
Trips

per HourHeight Width

100 5

Telescopic Dump 84 121 20 400 20

Truck 900 45

100 13

Load-Haul-Dump 78 84 7.5 400 53

900 83

100 5

Load-Haul-Dump 97 120 20 400 20

900 45

100 10

Rear-Dump Truck 81 84 10 400 40

900 90

100 4

Rear-Dump Truck 82 120 25 400 16
900 36

100 2.5

Rear-Dump Truck 96 136 40 400 10

900 23

Keating (40) reviewed the use of rubber-tire vehicles for muck haulage in

drill-and-shoot tunneling operations. His basic premise is that whatever
gets the muck out the fastest should be used; put in the equipment that pro-
vides the shortest possible muckout time in the heading. The introduction of

the load-haul-dump family of equipment in the late 1960s is recognized as a

major advance in rubber-tire haulage.

One disadvantage of rubber-tire vehicles mentioned by Keating is that as

they are used over greater distances, the ventilation requirements for the

increased horsepower can become excessive. The use of rehandling drifts
at approximately 1000-foot intervals throughout the tunnel length is also
required for extended lengths. Rubber-tired vehicles are favored over rail

for any grades over 3 percent adverse. Rubber-tired equipment can operate on
grades up to 27 percent provided there is a good road surface.

The flexibility and range of materials that can be handled by rubber-
tire vehicles is another factor in their favor when other conditions are
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suitable for their use. For example, if muck were removed from the tunnel
by a continuous method (conveyor or pipeline) , a rubber-tire vehicle might
be practical for haulage of incoming materials.

The mining industry has an increasing number of articulated haul vehi-
cles for underground transport of mined materials and for general utility
haulage. These vehicles are low profile and obtain capacity by increasing
width. This suits the requirements of mining operations but redesign for
the requirements of incoming materials in tunneling operations should
produce a vehicle better suited to support continuous muck haulage systems.
The quantity flow of incoming materials is small compared to muck flow
rates; therefore, vehicle traffic for incoming materials only should be
acceptable and the cost probably would be less than for a rail system.

The concept of a pallet transport vehicle with unitized loads which
would allow loads to be placed quickly on the vehicle, and quickly removed
as a unit should achieve better utilization of the expensive basic vehicle
and power unit thus reducing the cost per unit of material transported. In
this concept, the pallet would also contribute to preplanning load packages
for specific task performance and provide a base for special erection or
emplacement equipment. The rubber-tire vehicle would become a pallet trans-
port unit and would be free to perform its transport function during the
time material was being loaded onto or unloaded from other pallets. The

trailing unit behind the mole would become a storage dock equipped with
power units for offloading, unloading pallets and onloading to the vehicle.

It is unlikely that transport of incoming materials will become a

constraining factor in tunnel construction. However, at the high advance
rates projected for the far term case, it might be necessary to operate more
than one vehicle to maintain the flow of incoming materials. This could be

done by providing passing niches or by providing transfer staging docks
along the tunnel. The rapid offloading euid cailoading capability of the

pallet concept should make the transfer staging concept feasible.

The pallet transport vehicle would need to be completely bidirectional.
It should run at the same speed (up to 20 mph) and be equally steerable when
operating in either direction in the tunnel. Semiautomatic or safety-
limited steering might be employed.

Scaravilli (74) summarized the disadvantages of rubber-tire haulage as:

a. Far more diesel horsepower is required than for rail for the same

amount of muck, with increased ventilation requirements and fuel
cost.

b. Inverts and haulways must be maintained constantly.

c. Great amount of expense due to abuse suffered by tires. (Although

significant improvement has been made in tire quality and in the

use of beadless tires, this remains a major expense item.)
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d. More individual equipment units to maintain and operate.

e. Intermodal transfer of muck is more complex.

f. Increased operating and maintenance personnel and cost.

g. Limited by length of tunnel and speed of units.

The advantages of rubber-tire vehicles are flexibility with low
installation cost and high portability from site to site.

One of the major concerns of the panel considering rubber-tire haulage
at the Keystone Workshop (26) was that if regulations further restrict the
use of diesel power underground, it will put a severe limit on the appli-
cation of rubber-tire vehicles in tunneling.

Surface haulage of muck is almost entirely by rubber-tire vehicles. The
vehicles used are standard bulk haulage trucks with up to ten wheels.
Equipment to handle the maximum projected muck rate appears to be available,
although it may become necessary to provide either two truck loading sta-
tions at the shaft or very large surge bin capacity. Ten-wheel mining
trucks with payload capacities up to 235 tons are available, but may not be
suitable for road haulage.

CONCLUSIONS

The basic technology of the conventional haulage systems (rail, crane,

hoist) used for underground transport appears to be adequate for near term
requirements although improvement is needed in design, installation, oper-
ation, and maintenance of the systems to obtain full advantage of the basic
capabilities. As advance rates increase more attention will need to be

given to total system integration and to extension of the horizontal trans-

port system.

Lifting through the shaft will become a constraining factor before the

horizontal transport system becomes saturated. Design of a hoisting system

for the specific requirements of tunnel construction should be based on the

principles common to cranes and hoists rather than modification of designs

developed for other applications.

The technology of rubber-tire vehicles for underground haulage appears

to be adequate to provide a basis for develojanent of a specialized vehicle

for palletized transport of incoming materials in support of continuous
methods of muck transport.
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6. BELT CONVEYORS FOR HORIZONTAL TRANSPORT

STATE OF DEVELOPMENT

Belt conveyors have been used for horizontal transport of bulk materials
for many years. Over the years, advances in available materials and design
methods have resulted in the evolution of new concepts and improved com-
ponents which have provided for increased capacities, increased flight
lengths, longer equipment life, less downtime, and the ability to accom-
modate special requirements. Belt conveyors are now in service for overland
transport which far exceed the foreseeable capacity and flight requirements
for tunnel construction. For example, belt conveyors with capacities up to
30,000 tph are in wide use throughout the world handling many types of bulk
materials (49) . These conveyors, with belt widths up to 120 inches, operate
at belt speeds up to 1200 feet per minute. One phosphate handling system in

Africa has a single flight length of 12 miles and covers a distance of
62 miles with ten sections.

A system called the "belt-car" conveyor has been developed in the USSR
especially to handle large lump sizes (57) . This system can accommodate
maximum lump sizes up to 60 inches (conventional belt conveyors are limited
to maximum lump size of approximately 12 inches) and is reported to be using
conveyor belts nearly 12 feet wide to obtain capacities up to 40,000 tph.

The belt-car conveyor consists of a conventional flat belt supported at
intervals of 5 to 7 feet by traveling "cars" consisting of a troughed cross

strap between rollers, on which the cars move along rails. The cars are
connected by two endless chains to maintain their spacing. The conveyor
belt, driven by conventional drive pulleys, drives the cars along the rails
by the friction force between the belt and the troughed cross straps which
support the belt.

As the belt and car approach the drive pulley, the belt separates from

the car and passes over the pulley. The car, attached to the chain, passes
over a sprocket and makes the return flight in the inverted position. A
short distance out from the loading point, in front of the tail pulley, the
cars pass around another sprocket which uprights them for receiving the

loaded belt. Although this concept is of interest for drill-and-shoot mining
operations because of its high capacity and large permissible lump size,

it appears to offer no advantage over other concepts for transport of muck
produced by a tunnel boring machine (TBM)

.

The principal application of belt conveyors for underground haulage is

in coal mines where belts are used extensively for intermediate transporta-
tion from the face haulage discharge point to the main haulage system and to
a lesser extent for mainline transportation (88)

.

In general for coal haul-

age, belts are considered to be reliable, high capacity systems with high
capital cost and low operating costs. Belts used in coal mines are usually
from 36 inches to 48 inches wide.

The major concerns which deter contractors in the use of belt conveyors
for muck transport are high initial cost, work stoppage in the event of

failure at any point of the conveyor system, the need for another system for
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the haulage of inbound materials, and the difficulty of negotiating curves
and extending the conveyor in pace with the mole. Typical comments heard
during a series of interviews conducted by Holmes & Narver, Inc. (33) and
at the Keystone Workshop (91) are:

a. Conveyors all the way from the heading to the shaft are not
economical.

b. Muck removal using conveyor alone from the heading to the shaft or

portal is, generally speaking, not practical. Although the mines,
which spread out in several directions, use conveyor haulage to
great advantage, it is not adaptable to tunnels which are linear
and are continually moving away from the belt loading point.

c. If conveyor is used, you have to devise a separate method of
bringing ribs, lagging, tools and repair parts into the heading.

d. A combination conveyor and rail system would be too expensive.
The rail system alone can keep up with the tunnel advance rate.

e. I don't know of any case where only a conveyor was used for muck
haulage. Usually a conveyor is used for the first few hundred feet
(about 300) and rail haulage is used for the remaining distance.

f. Conveyors might be used for long distances or where side drifts
come in.

g. Conveyors might be used all the way if relatively short haul,

particularly if the contractor has several contracts so he could
make multiple use of the conveyor system.

h. Some attempts to use conveyors in tunnels have not been designed

properly. For example, one job had trouble with water getting in
motors and belt sag due to excessive idler spacing.

i. Higher speeds should be considered for conveyors to reduce belt

width, reduce roller width and cost, and reduce structural support
requirements.

j. A conveyor system can be designed to do the job specified and meet
a guarantee, if one is willing to pay the price.

k. If oversize pieces give problems when mucking with a conveyor, they

can be thrown aside and broken up or mucked out later by train or

truck.

l. A conveyor all the way out the tunnel would require water sprays

to prevent dust. Dust fron a conveyor is a problem.

m. A plow is better than a tripper for unloading the belt.
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n. Transverse travel on a tripper is not desirable. As much
sophistication and complexity as possible should be eliminated
from the entire system.

o. Transfer points in conveyor system cause problems, particularly
when there is wet sticky material.

p. The belt conveyor should be 99.9 percent available. One dam job

had only 4 hours downtime in 3 years due to the conveyor system.
Coal mines experience about 1.5% downtime due to conveyors.

q. When used in tunnel construction, the average segment of conveyor
is installed only about 55 percent of the time. The last segment
installed is used only about 5 percent of the time.

r. For a conveyor system, the power (drive) needs to be increased as

the belt is extended. If the ultimate power is installed
initially, it is only 50 percent used, on the average.

s. Bad features of conveyors are poor reliability and lack of surge

storage. One shift of surge storage should be provided.

t. If a conveyor system were used for muck, you could probably get by

with rubber tired vehicles for other haulage requirements, if a

ballasted invert were used.

SYSTEM DEVELOPMENTS

The belt conveyor system used in bulk material transport consists of the

following elements:

a. Belt - The material carrying medium; normally a cord or mat
reinforcing structure of steel or synthetic fibers covered with
natural or synthetic elastomer materials.

b. Idler Rollers - Rollers which support the loaded flight of the belt
and which form or "train" the belt into a trough.

c. Return Rollers - Rollers (not troughed) which support and guide the

return flight of the belt.

d. Supports - Individual stands, hangers or brackets stabilized by

wire rope to support the roller assemblies from the floor, ceiling
or sidewall. Also, a rigid structure or frame to bridge between
points.

e. Tail Pulley - The pulley at the end of the segment where material

is added. The pulley absorbs the tension and turns the belt
180 degrees.

f. Head Pulley - The pulley near the end of the segment where material
is delivered or removed from the belt. In simple configurations,
this can be the drive pulley.
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g. Drive Assembly - The point at which power is added to the conveyor
system. A powered drum driven by a motor and transmission, with
idler pulleys to attain the proper wrap for power transmission.

h. Tensioning Device - An auxiliary mechanism to keep a relatively
constant tension on the belt, and absorb starting and operating
load fluctuations. Types include gravity and hydraulic force
governing devices.

i. Accessories - Attachments added to perform specific functions such
as belt cleaning, impact absorption at the loading point, belt
tracking control, belt tear sensing, or belt unloading.

Belting

The most important and expensive element of a belt conveyor is the

belting which can reach 40 percent of the cost of the total installation
(87)

.

In recent years significant advances have been made in belt engi-
neering and fabrication to provide greater tensile strengths, less stretch,
improved impact resistance, greater toughness and flexibility, elimination
of tearing and ply separation, easier field splicing, less maintenance, and
overall cost reduction. These improvements in design include solid woven,

plyless belt carcasses, straight wrap construction in which the tension
cords are straight rather than crimped as in older belt designs, the use of

steel cord belting, and the elimination of capped edges. The use of syn-
thetic materials such as nylon, polyester, polyvinyl chloride and neoprene
has also contributed significantly to superior belting. The improved
belting available permits increases in conveyor flight lengths, higher
tensions with smaller tensioning (takeup) devices, and smaller pulley dia-
meters. Also the reduced belt thickness allows smaller reels to be used
for shipping and belt extension.

In addition to the improvements that have been made in flat belts, a

variety of special molded belts have been developed as solutions to par-
ticular problems. These include fluted or convoluted designs to provide
flexibility for negotiating curves, fluted side walls for increased capac-
ity, and molded grooves along both sides of the belt to engage the
supporting wire rope in one special design.

Supports and Idlers

The supporting structure generally used for belt conveyors in coal mines
is the wire rope frame either floor mounted or suspended from the roof (88)

as shown in Figure 9. This system provides adequate support for the loaded

belt with minimum materials used in the supporting structure resulting in

lower cost.
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ROPE TIE-OFF

FLOOR MOUNTED

Courtesy of Continental Conveyor & Equipment Company.

FIGURE 9. WIRE ROPE SUPPORTED CONVEYOR
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In this design conventional idler assemblies are supported at 5- to

10-foot intervals by wire rope stretched between distant anchor points with
intermediate rope support stands or chains as needed. These supports are
easily adjusted for height and alignment.

The flexibility provided by the independent roller assemblies
facilitates easier extension of the conveyor and easier belt alignment.
With roof suspension, cleaning under the belt is easier. The use of wire
rope conveyors has also gained wide acceptance in overland belt applications
due to reduced costs for supporting steelwork, site preparation and
installation.

By adapting the support stands and anchors to fit a round surface, the

system should work well in a tunnel. Overhead suspension could also be
used, but might be considered unsafe unless some form of shielding were
provided to protect against rock falling from the belt. This would add
significantly to the cost of installation.

Another concept which has been commercially applied for the mining and

bulk materials handling industry throughout the world for more than 20 years
is the Cable Belt (6, 82) shown in Figure 10. In this concept the carrying
and drive functions are separated. The carrying medium (the belt) sustains

no drive tension and is designed with transverse stiffeners to carry the
material being conveyed. As it is not attached to the supporting cables,
it acts as a simple beam and forms a natural trough under the material load,

thus eliminating the need for troughing idlers (the second most costly
element of a conventional belt conveyor)

.

The tension cables, up to 2 inches in diameter, are driven from a single

drive unit (up to 4000 hp )

;

or intermediate drive units which are smaller
and more compact may be used for underground applications. The drive cables
are supported on line pulleys spaced at 10-foot to 50-foot intervals.

This concept was originally developed to achieve greater flight lengths

than were then possible with the available belts. Flights up to 9 miles are
in operation. Later developments in components of the concept provide for

practical shorter lengths, easier extensibility and the use of multiple
drives.

With the introduction of thinner, more flexible belts of greater
strength, it has been possible to use idlers with a greater troughing angle
to obtain more capacity for a given belt width. A capacity increase of
slightly more than 25 percent can be achieved with a change from 20-degree
to 35-degree idlers (88)

.

Another development which has contributed to

improved reliability and reduced system cost is low resistance, greased-for-
life idlers with improved end seals to keep out dirt and moisture.

Development in Europe of the garland idler (Figure 11) , a 3- or 5-roll
idler pivoted between the rolls, has introduced better training and belt
control than obtainable with rigid frame idlers. Because of its ability to
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Typical CABLE BELT Line stand showing

Polyrims and Rocker Bar Arrangement

Courtesy of Cable Belt Limited

FIGURE 10. CABLE BELT CX)NVEYOR
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Courtesy of Stephens-Adamson Canada

FIGURE 11. GARLAND IMPACT IDLER

change its profile, this idler has made it possible for flat belts to

negotiate long radius, horizontal curves. Work is underway to shorten the
radius of curvature.

Efforts to increase idler spacing to reduce cost have been successful
only to a limited degree as the capacity of the individual idlers and sup-

ports must be increased when a smaller number of units is used. Also idler

spacing greater than about 5 feet tends to increase the artificial friction
coefficient (49) which increases the belt width and power required.

Drives

As the requirement for more power input to the belt increased, several
variations of the dual drive were developed (87) . This concept makes use
of two driving pulleys. In its simplest version, power is applied to the

head pulley and to the tail pulley. Other versions employ one or more
auxiliary driven pulleys located near the head pulley, and the head pulley
may or may not be powered. In theory, as many driving pulleys as needed
could be used. However, this approach does not significantly reduce belt
tension in the load carrying flight unless an intermediate drive pulley is
installed in this flight. If this is done, it creates a load transfer point
which is undesirable.

To overcome this problem in long, single flight conveyors, two concepts
for intermediate drives have been developed to commercial application. The
T-T type (46) shown in Figure 12 uses booster drive belts to supply addi-
tional power to the haulage belt. The head pulley, tail pulley and auxil-
iary pulley can also be powered, as shown. The tractive force of the

booster belts is transmitted to the carrier belt only by the friction con-
tact between the belts. The head pulley, or the head and tail pulleys, of
the booster belt can be powered. This concept has worked without problems
in a system with 16,000 tph capacity and a 3600-foot flight. The pulleys
in a booster drive unit are on 250-foot centers to obtain sufficient
friction surface between the belts.
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Booster Drive Belts

Pulley without Drive

Source; Krumrey (46) , Skilling's Mining Review, February 19, 1977

FIGURE 12. T-T TYPE INTERMEDIATE DRIVE FOR BELT CONVEYOR

The other successful intermediate drive system, developed jointly by
B. F, Goodrich and Continental Conveyor Company (9, 75) uses steel belted
radial tires to apply tractive force to the edges of a BFG Radial Steel belt
as shown in Figure 13. The Radial Steel belt is reinforced longitudinally
by steel cables embedded in the edges where tension is concentrated. This
leaves the center of the belt flexible to "hammock" and conform to the load.
At least two intermediate drive conveyor systems are in commercial oper-
ation. One has a 2-3/4 mile-long overland flight hauling phosphate
(2500 tph) from an open pit mine to a processing plant for American Cyanamid
Corporation in Florida; the other is a 7200-foot single flight hauling coal
(up to 3000 tph) from a Kaiser Steel underground mine at Raton, New Mexico.
The phosphate conveyor simultaneously hauls sand tailings at 1400 tph on the
return flight to the open pit. The synchronized 200-hp drives are spaced
up to 3000 feet apart, placed where they will be most effective.

Other types of intermediate drives, such as powered rollers and linear

induction motor systems, have been propose'd, but none has been as successful
as the T-T system and pneumatic tire drive.

The use of multiple drives increases the availability of the system as

the loss of a drive unit only results in reducing the total power available
to the belt. In tunnel driving, maximum power is needed only during periods
of peak penetration when the heading is near the end of the reach.

The use of intermediate drives, particularly when a series of units is

used, can produce a significant increase in electrical system cost since the

drive units must be synchronized for load following and a carefully
programmed start-up routine must be used.
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INTERMEDIATE DRIVE (END VIEW)

Courtesy of Continental Conveyor & Equipment Company

FIGURE 13. INTERMEDIATE DRIVE FOR CONVEYOR SYSTEM

CONCEPTS FOR EXTENSION AND CURVES

Coal Mine Systems

Since the arrival in coal mines of continuous mining machines in the

late 1940s, the potential advantages of continuous face haulage have been
increasingly apparent. There have been many attempts to design haulage
systems to match the continuous miners, but few of them have performed well
enough at reasonable cost to survive. Cowan reviewed several of these
designs in a 1975 report for the U.S. Bureau of Mines (11) and at the

Keystone Workshop on Materials Handling for Tunnel Construction (12)

.

The capacity, flexibility and nrability requirements for a continuous
face haulage system, particularly for room and pillar mining, are severe.
For example, some of the requirements are;

a. A capacity to handle 480 to 720 tph average and twice that amount
during brief surges.
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b. Lump sizes normally up to 12-inch cubes and occasional oversize
slabs.

c. Advance and retract capability of 200 to 300 feet which can be
extended to 400 to 600 feet in the future.

d. Advance and retract speeds up to 60 or 80 feet per minute on
grades of 25 to 30 percent.

e. Negotiate simultaneously 5 to 6 horizontal bends (up to 90 degrees)
with 15- to 20-foot radii.

f. Vertical flexibility up to 18 inches in 20 feet of reach.

In all respects, these criteria are more severe than required for a

continuous haulage system for tunnel construction. For example, the
projected requirements for the far term tunnel haulage system are:

a. Peak capacity of 900 tph, rather than 1400 tph.

b. Maximum lump size about 6 to 8 inches, rather than 12 inches.

c. Maximum advance of 600 fpd (with no retraction) with a maximum
extension rate of 6 feet per minute, rather than continuous,
repetitious advances and retractions up to 600 feet at rates of
60 to 80 feet per minute.

d. Maximum grades of 10 percent, rather than 25 to 30 percent.

e. Less than four horizontal turns (up to 90 degrees) in two miles

with minimum radii of 750 feet, rather than up to 6 bends with
radii of less than 20 feet within a few hundred yards.

f. Very little vertical flexibility, rather than 18 inches in 20 feet.

The conveyor concepts reviewed by Cowan (11, 12) include:

a. Bridge conveyors, bridge carrier systems

b. Extensible belt conveyor systems

c. Flexible conveyor belt systems

d. Monorail-mounted transfer conveyor

e. Cascading conveyor systems

(1) Jeffrey Moleveyor

(2) Hewitt-Robins Mineveyor

(3) Joy Push Button Miner Train
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(4) Consolidation Coal Company Banana Wagon

(5) Joy 2PC-Portable Conveyor

The bridge conveyor-bridge carrier system (Figure 14) is a series of
alternating bridge conveyors and supporting mobile bridge carriers with
either chain-type or belt-type conveyors on the bridges and the carriers.
Because the conveyors on each unit are independently driven, there are
material transfer points at each pivoting connection between carrier and
bridge. Each carrier is independently powered and driven by an operator to

maneuver the combination of carriers and bridges behind the continuous
miner. To achieve the required flexibility, the length of the bridges and
carriers (the distance between pivot points) is kept short. Bridge con-
veyors vary in length from 30 to 45 feet. Carriers are about 30 feet in

length. This system is the most frequently used for continuous face haul-
age. For tunnel applications, much longer versions of this approach with
less costly unmanned carrier units would be required.

The extensible belt conveyor system developed for coal mine application

has a crawler mounted drive-storage unit which includes the belt drive, belt
storage capacity and belt take-up all in one frame. The belt is extended
by pulling the tail section away from the drive-storage unit as the miner
moves away from the panel belt. Intermediate belt supports are installed
in the space between the drive-storage unit and the tail section as the
distance increases. When the stored belt is completely extended (about

60-foot advance of the tail section) more belt is spliced in and pulled
into the drive-storage unit for further extension of the tail section.
Since conventional belt is used, this system can operate only on a straight
line and alignment of intermediate supports and the tail section with the

drive-storage unit is important. To negotiate curves, multiple cascading
units must be used which introduces undesirable transfer points. Heavy duty

drive-storage units have been built that allowed up to 2000 feet of
extension (11)

.

The Joy Serpentix Conveyor, based on a design developed in Germany, is

made by Joy Manufacturing Company for use in underground bedded deposits.
The Serpentix conveyor, in lengths from 200 to 400 feet, is supported from

a monorail anchored to the roof. Power to move the conveyor unit forward
and backward on the monorail is provided by a hydraulic power pack which
also move on the monorail. The special design of the Serpentix belt and its

supporting vertebrae spine assembly provide the flexibility required when
the belt assembly goes around a turn or around the pulleys at either end of
the assembly. The special belt design also allows the loaded and return
flights of the belt to travel in the same horizontal plane rather than over-
under as in conventional belt conveyors. The Serpentix belt is a series of
molded neoprene pieces bolted together with brackets attached to the con-
veyor drive chain at eight-inch intervals. Each neoprene piece has a con-

voluted shape the width of the belt to form a pan and provide flexibility.
This system is mechanically complex and expensive. It appears to have
little potential application in tunnel construction.
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The Joy Flexible Conveyor Train (FCT) is based on a molded troughed belt
system developed jointly by Joy Manufacturing Company and the B. F. Goodrich
Company. Two versions, one mounted on a series of rubber tired dolleys
(Figure 15) and the other monorail-mounted have been developed to the test
stage. The entire 400-foot FCT is self-propelled by multiple drive units
located at each end and at intermediate points. The molded "Serpentine"
belt has a heavy center section embedded with steel tension cables. The
side sections, which are troughed up from the center section at 45 degrees,
are fluted to allow the edges of the belt to stretch when it moves around
turns or passes over pulleys. The fluted sections of the belt are

reinforced with wire inserts to maintain the cross section when the

Courtesy Joy Manufacturing Company

FIGURE 15. FLEXIBLE CONVEYOR TRAIN, WHEEL MOUNTED

belt edge bears against the guide rollers. The belt is designed to operate

around horizontal curves down to 20-foot radius. At 600 fpm belt velocity
the capacity is about 700 tph of coal.

The monorail-mounted transfer conveyor (Figure 16) has been used for a

few short wall mining applications. It is a straight belt conveyor assembly
that rides on a roof-hung monorail and is suspended above the panel belt.

Installations have ranged in length from 100 to 200 feet, but the principle
seems to be capable of extension to much greater length for application to

straight tunnel projects. Or it could be developed as a series of suspended
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shorter sections of bridge conveyor to permit negotiating curves as proposed
in a Bureau of Mines Project (Reference 12, page 144) .

Several cascading conveyor systems were designed and built in the early
1950s and 1960s, but very few remain in operation. These systems covered
th^ range from the very expensive Moleveyor consisting of a string of

shuttle car-like conveyor units to the much simpler, manhandled portable
conveyor units of the Joy 2PC. However, in general the cascading systems
were characterized by many short lengths of conveyor (about 20 feet each)

,

many material transfer points, mechanical complexity, low capacity (about
400 tph maximum) , a high degree of mobility and flexibility, and high
investment and operating costs. There appear to be no features in these
systems of particular interest for application to tunnel construction.

Extension in Tunnels

Faddick and Martin (28) discuss the use of extensible conveyor systems
as a feeder system to a hydraulic muck transport system for tunnel construc-
tion. Their evaluation includes most of the systems reviewed by Cowan (11,

12) for coal mine applications. The conclusion was that a conveyor system
with an acceptable service life could be inexpensively custom designed from
available commercial components and provide the extensibility required for

continuous tunnel muck haulage.

Much less system mobility is required for conveyor extension for tunnel
construction than for coal mining. For multiple entry coal mining, the face
haulage system must have the ability to advance and retract repetitiously
up to 600 feet and to maneuver from one entry to another. To be practical,
the system must be self-propelled with speeds up to 80 feet per minute. For
tunnel construction, once the material handling system is extended it does
not need to be retracted (except for minor distances at the heading) , and
the maximum rate of extension is 6 feet per minute. The maximum rate pro-
jected for system installation (in the far term period) is 600 feet per day
(25 feet per hour) . Therefore, it is not necessary to pay for the mobility
designed into the coal mining systems. Belt conveyor extension concepts for

tunnel construction should strive for maximum simplicity and minimum cost.

A relatively simple, stationary belt storage and extension unit as shown
in Figure 17 might be adapted for tunnel application. The present maximum
capability of these units is about 500 feet of belt storage (250 feet
extension). However, there appears to be no fundamental principle to pre-
clude development of much larger units in the range of a few thousand feet
of belt storage. If a supply of belt sufficient for a five day advance of
the mole could be stored, belt sections could be spliced into the system
during the Saturday maintenance period. The average daily advance projected
for the far term period is 300 feet. This would require storage of 4000 to

5000 feet of belt to assure no shutdown during the week for belt addition.

A belt storage unit for about 500 feet of belt is about 70 feet long by
55 inches high by 76 inches wide (34) . The maximum unit required for tunnel

construction might be 400 feet long and 8 feet high. If this proved to be

impractical, two or more smaller units might be used in series.
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Courtesy of Dowty Meco Limited

FIGURE 17. BELT STORAGE AND EXTENSION UNIT
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The principles embodied in the bridge conveyor without the bridge
carrier (Figure 14) or in the monorail-mounted transfer conveyor (Figure 16)

appear adaptable in lower cost versions to meet the needs for short advance
and retraction, and system installation at the heading.

Cur,ves in Tunnels

The flexibility required for a material transport system for tunnel con-
struction is much less than that required for multiple entry coal mining.
In coal mining, the face haulage system must provide for forward and back-
ward movement around multiple, short radius (less than 20 feet) curves and
simultaneously for vertical movement to accommodate undulations and severe
pitch in the floor and roof. In urban mass transit tunnels, the minimum
radius curve is projected at 750 feet (1200-foot arc length for a 90 degree
curve) , and undulations and pitch in the tunnel are minimal.

Two developments, the garland idler (Figure 11) and the Serpentine belt

used in the Flexible Conveyor Train (Figure 15) , offer potential solutions
to the problem of negotiating curves during tunnel construction. The gar-

land idler has been used to guide a conventional belt around curves with
radii down to 1200 feet (35)

.

At least one manufacturer is investigating
application of garland idlers to curves of shorter radii. In addition to
improved belt guidance, these idlers can be mounted on structures that are

quick to assemble and disassemble, easy to transport, and simple to aline.
Quick release suspension is provided so faulty idlers can be dropped from
service while the belt continues to run.

The Serpentine belt has proven its ability to operate on a more complex

path than that required for urban transit tunnel construction. Cost reduc-
tions for the supporting structure should be achievable through design modi-
fication to meet the less stringent requirements of the tunnel situation.

The use of intermediate drives (Figures 12 and 13) to reduce belt
tension also could contribute to the solution of the problem of belt con-
veyors on curves.

CONCLUSIONS

The advances which have been made in belt conveyors for horizontal
transport of bulk materials have been in response to specific needs, primar-
ily for overland conveying and for coal haulage in underground mines.
The principal goals for overland conveying have been to increase system
capacity, increase the transport distance of a single-flight conveyor, and
to accommodate at lower cost the variable terrain of overland routes. This
has resulted in the development of higher strength belting which can be
operated at higher speeds, more powerful drive units, intermediate drive
units, flexible idler assemblies, the wire rope support system, and the
Cable Belt concept. Most of these advances also have been applied to main
haulage systems in mining operations.

Face haulage in multiple entry coal mines presented different goals,
specifically, a high degree of mobility and flexibility. This resulted in
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the development of highly mobile, but expensive integrated systems which are
generally overdesigned for the requirements of tunnel construction.

The application of a belt conveyor for transport of muck from the head-

ing to the shaft or portal during tunnel construction presents a set of
requirements different from those for overland conveying, face haulage of
coal or mainline haulage of mined materials. Most of these requirements are

less severe than their counterpart found in the other applications. It

should, therefore, be possible to accommodate these requirements by applying
(in less costly concepts) the principles used to meet the more severe
requirements of the other applications. If this approach can be used
successfully to solve the principal problems of system extension and oper-
ation around long radius curves, the application of a conveyor system for

muck haulage in tunnel construction will be an alternative open to the con-
tractor based on his preference and assessment of economic competitiveness.
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7. CONVEYORS FOR ELEVATING

STATE OF DEVELOPMENT

The earliest form of conveyor used for continuous elevating of bulk

materials is probably the bucket elevator. Apron conveyors which with
special deep bucket designs can elevate on incline angles up to 60 degrees,
also have been used in the steel and other heavy industries for many years.
More recently, conventional belt conveyors have been used but their appli-
cation has been limited by the low angle of rise and resulting long hori-
zontal distance required. Design modifications, new concepts and improve-
ments in materials have occurred which have made these systems more reliable
and extended their range of applications.

At the 1977 Keystone Workshop on Materials Handling for Tunnel
Construction (26) the panel reviewing elevators summarized the state of

application of bucket elevators and belt conveyors to tunnel construction as

follows;

In general there has been a reluctance among tunnel

contractors to utilize bucket elevators or elevating belt
conveyors for the removal of tunnel muck. Until recently,
the traditional method of muck removal has been by crane or
hoist. Two tunnel projects now under construction are

using bucket elevators for the first time in the industry.

Bucket elevators have been used in many industrial
applications. The construction industry poses a challenge
in that the material is not always a constant product. Long
tunnels intersect a variety of geological formations with
varying properties including varying moisture content. The
use of tunnel boring machines produces a more uniform end
product which is easily adapted to continuous handling
machinery.

Proper sizing of material is the prime factor and

materials from drill and blast operations could also be
removed by these systems if the material could be sized
correctly and efficiently.

Development of the bucket elevator for mucking has

been limited by the market. If the market were expanded,
many of the present day problems associated with the use
for tunneling would be solved by in-house development.
Industry is reluctant to spend money for research in

limited applications.

Present day technology offers capacity of 300 to

400 tons per hour for lifts to 250 feet. Technology is

available to increase these capabilities and lifts given
the proper incentive.
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Discharging of sticky material is the principal pro-
blem and has a questionable chance of being solved for clays
but a good chance for rock in the short term. This problem
is less severe in belt elevating systems.

All projects require careful investigation as to
whether substantially standard systems can be used.

Belt systems are available in slight variations uti-
lizing rubber belts of varying configurations. Flexowall,
Beltavators and others use different configurations to
accomplish the same function as bucket elevators. Sizing
of the material is also required.

In addition to the recent installation of bucket elevators for the

removal of tunnel muck, one tunnel contractor has installed an inclined
conventional belt system on a 300-foot lift to handle 1000 tons per hour of
muck from two moles operating simultaneously, and an inclined haulage belt
has been installed on a 15 degree rise to elevate ore 1,900 feet with two
3,700-foot flights.

Comments heard from industry sources during a series of interviews
conducted by Holmes & Narver, Inc. (33) and at the Keystone Workshop (91)

include;

a. An important requirement to be met by an elevating system for muck
haulage is to have the ability to handle a wide range of material
characteristics for a single application, that is, to be rather
insensitive to material properties.

b. A proper continuous material handling system should not require
continuous maintenance.

c. Muck haulage up the shaft is the most critical material handling
problem. A bucket elevator has possibilities for this application.

d. Exotic conveyor systems may prove to be economically advantageous
for vertical shaft haulage. Spiral conveyors may be developed that
can be installed at a lower cost than a headframe-skip combi-
nation. A Ferris wheel type bucket conveyor is at work on the
Desourdy project in Montreal.

e. The next cost-saving advance in material handling for tunneling may
be in continuous vertical haulage, but the track record that will

induce wide acceptance does not yet exist.

f. The limiting factors for present, continuous vertical haulage

systems are;

(1) Capacity of 300 to 400 tph.

(2) Lift height up to 250 feet.
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(3) Material density of about 110 pounds per cubic foot.

(4) Less than 15 percent of volume as maximum lumps of 8- inch size.

g. The chance of achieving, in the long term, double the current
capacity of continuous elevating systems appears to be good.

h. The muck particle size limits the application of all continuous
elevating systems. Unless sizing techniques are used so the con-
veying system is fed a uniform size material at a steady rate not
exceeding design capacity, continuous elevating systems cannot be
used for drill and shoot operations. Low profile crushing equip-
ment should be investigated.

BUCKET ELEVATORS

Conventional Bucket Elevators

Gumz (30) recently reviewed the fundamentals of conventional bucket
elevators with particular emphasis on their application to tunneling pro-
jects. Some of the highlights of his discussion follow.

All elevators are volumetric units so that for a given set of com-

ponents and speed of operation the volumetric capacity is constant. The
mass capacity (tonnage) , therefore, varies as the density of the material
being handled.

There are four basic types of bucket elevators but the Super-Capacity
elevator is best suited to muck handling for tunneling projects. The Super-
Capacity elevator with its extra large buckets mounted between two strands
of chain is suitable for handling lump sizes up to 8 inches while operating
at speeds in the range of 125 to 150 fpm. The buckets vary in width from
16 to 48 inches giving capacities from 325 tph to 1000 tph for material of
100 pounds per cubic foot density. Height ranges from 75 to 150 feet are in

industrial service.

The characteristics of the material to be handled are very important in

the selection of elevator components and types. Tunnel muck is not an

average bulk material and, therefore, requires consideration of special

materials of construction, speed and bucket design. Material sluggishness
or stickiness, often found in tunnel muck, can create difficult problems
with bucket elevators.

Maximum lump size is an important consideration in selecting bucket
size. A valid rule of thumb states that the maximum lump should not exceed
approximately two-thirds of the bucket projection, and that the bucket
length should be at least three times the maximum lump if the large lumps

constitute 10 percent or more of the material.

The continuously welded, dust tight, steel casing of the elevator is

self-supporting, that is, it transmits the entire load from the headshaft
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to the base of the elevator. This does not mean, however, that it is free
standing. The casing must be supported laterally at about 20-foot inter-
vals to maintain vertical alignment for proper operation.

The most critical component in determination of tonnage capacity and
lift height of a bucket elevator is the chain tension member. These chains
must have the tensile strength, fatigue life and reliability to provide the
optimum hours of service under full load with minimum downtime for mainte-
nance. The hardness of the chain particularly in the articulating joints
must be greater than that of the material being handled to assure long chain
life and good reliability.

Modern commercially available all steel chains are rated for about
20,000 pounds to achieve a minimum fatigue life of 40,000 hours.

A fixed load rating results in decreasing bucket size as the lift height
increases, to maintain a constant load on the chains. For constant speed
and material density, this means the capacity decreases as the lift height
increases. Since the chains are designed to wear out rather than break (the

ultimate strength far exceeds the load rating) additional capacity can be
obtained by reducing the rated life of the chain. That is, the chain can
carry a greater load but the fatigue life will be shortened. By limiting
the fatigue life of the chain to a single job (with adequate margin of
safety) , commercially available bucket elevators can be designed in a single
lift configuration for the lift heights and muck rates required for current
tunnel projects.

Attempts to increase capacity by enlarging the chain are self-defeating

as the mass of the chain becomes an ever larger portion of the load sup-
ported by the chain. However, through development of better materials and

fabrication techniques, a chain has been developed and a prototype tested
which established a working load of 50,000 pounds per strand. Commercial
production has not begun as the market for this more expensive chain has not
been identified.

Projected muck rates and lift heights for the far term period exceed the

capability of single lift bucket elevators with currently available
commercial chain. Elevating systems based on chain with higher rating, such

as the 50,000-pound prototype, or cascading elevators would be required to

meet the needs of the far term period. The use of cascading elevators is

undesirable because it places a transfer point and head-end drive unit near
the midpoint of the shaft (a difficult location for proper maintenance)

,

Another approach might be the development of an intermediate drive unit to
reduce chain tension.

Two bucket elevator installations have been made for muck lifting on

tunnel projects. One has a system design capacity of 300 tph (system capa-

bility of 400 tph) at 175-foot centers; the other, 250 tph design capacity
(350 tph capability) at 230-foot centers.

For a system with 36-inch buckets handling 110 pounds per cubic foot

material crushed to minus 8-inch, with the system expected to last for only
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one job, the capacity based on near term technology would be 600 tj* for a

center-to-center lift of 90 feet and 400 tph for a 250-foot lift. Far term
technology is anticipated to provide a capacity of 800 tph for a 200-foot
center-to-center lift.

The advantages of a bucket elevator for removing muck from a tunneling
operation are;

a. The material can be continuously handled, usually at a rate
exceeding, for relatively low lifts, other methods exclusive of the
belt conveyor.

b. The bucket elevator in a shaft brings the muck to the surface in
the shortest distance between the invert and the surface.

c. These machines are compact in cross section and take up a minimum
amount of room in the shaft, allowing for other lifting and lower-
ing functions to continue, while conveying the muck to the surface.

d. The horsepower per ton of material handled will be lower or com-
pare favorably with other means of haulage.

e. Additional excavation for equipment installation is minimal.

f. Capital costs of an elevator and its backup system will usually be

lower than other lifting methods within the height limitation of
the elevator.

g. The structurals, drive, and terminals will conceivably outlast the

tension members, so a given elevator could be rechained and either
lengthened or shortened (within limits) for use on another project.

Novel Bucket Elevator

A unique design for a true "bucket" elevator is shown in Figure 18.

This continuous unloader consists of an endless string of heavy duty steel
buckets connected by a wire rope passing through the center of each bucket.

Special sprockets are used to drive the string of buckets at high speed as

they dig into and fill with any free flowing material. The PACECO system
will handle 1800 tph with 24-inch buckets traveling at 600 fpm in free
flowing, free digging material.

Although the system was developed and is used for bulk carrier unload-
ing and stock pile reclaiming, a preliminary concept for lifting muck from a

shaft pocket has been initiated. Some potential difficulty with loading and

unloading this system can be anticipated due to the sticky, nonflowing
character of many muck piles. If satisfactory loading and unloading of

typical muck can be demonstrated, the system could eliminate the need for

the transfer and loading equipment required with a conventional bucket
elevator. Cost reductions probably could be obtained by elimination of some
of the mobility indicated in Figure 18.
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FIGURE 18. PACECO CONTINUOUS UNLOADER
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Consents from Industry

Comments regarding bucket elevators heard from industry representatives
during a series of interviews conducted by Holmes & Narver, Inc. (33) and at
the Keystone Workshop (91) include:

a. Bucket elevators work fine on dry material, but with wet material
and no special unloading features, the material is difficult to
unload. The uncertainty and variability of the material charac-
teristics make muck handling a doubtful application.

b. Bucket elevators were considered for the job but were rejected
because of the sticky muck to be handled. Sticky clay always
causes a headache.

c. All bucket elevator manufacturers have tried to produce slick
surfaces to solve the sticky material problem, but you must also
take care of the abrasion. Rappers have been tried to dislodge the

material. These attempts to solve the problems have been
uncoordinated in the industry.

d. The buckets could be "knuckled" over the head pulley to provide a

longer time for dumping while using a free release surface mate-
rial. Larger buckets could be used so the amount of material
sticking would be a smaller portion of the total load.

e. Bucket elevators are not good because there are too many mainte-
nance problems and maintenance costs are high.

f. The bucket elevator cannot handle large pieces. The feeding

equipment also causes problems.

g. Bucket elevators can handle lumps up to 10 inches if they are less

than 15 percent of the total material.

h. Everyone in the tunneling industry has talked about bucket

elevators and the problem of stigky material and other vague prob-

lems. The key to bucket elevator use is to install, apply and

maintain them properly, and to control the feed to the elevator. A
bucket elevator is not a good choice for a sticky material. The

elevator manufacturers are not sitting still. The state of the art

is advancing. They are looking at better materials to get bigger
capacities.

i. To obtain good performance from a bucket elevator it must be

installed, operated and maintained properly. Contractors often do

not do this. As much time should be allocated to material hand-

ling system maintenance as spent on the mole. Maintenance "musts"
include

:
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(1) Torque bolts to specified amount and retorque after run in.

(2) Control lump size in feed material.
1

(3) Do not operate with missing buckets.

(4) Keep the boot clean. The buckets are not designed to load out
|

of the boot.

I

(5) Provide maintenance when needed.
ii

'i

j. Using belt rather than chain as the transporting medium for a
||

bucket elevator seems impractical. So much steel cord would be
required in the belt that it would be difficult to get the attach-
ing bolts between the cords. Use of wire rope seems more practical
and should be investigated.

INCLINED CONVEYORS

Conveyors for elevating bulk materials on an incline are of two basic
types; those using chain as the transporting medium, and those based on a

j.

conveyor belt as the tension member.
|

Chain Driven Conveyors
j

There are two types of conveyor based on an endless chain to transmit
|

the motive power. One concept, known as an apron conveyor, is shown in one
j

of its various configurations in Figure 19. This concept has pans or

buckets supported on or between two endless chains which travel on wheels on
j

light weight rails. Apron conveyors have been in use for meiny years as
elevators and feeders in many types of industry. The bucket configurations !

have been used successfully on inclines up to 60 degrees. A 36-inch wide
|

conveyor handling 100-pounds-per-cubic-foot material would have a capacity
j

of about 500 tph on a 30-degree incline or 375 tph at 60 degrees. The
largest apron conveyor commonly used (60-inch width) has capacities of
800 tph at 30 degrees and 600 tph at 60 degrees. Maximum practical speeds i

for these conveyors are about 115 feet per minute.

The other basic type of chain conveyor uses a chain, usually single

strand, fitted with cross bars, plates or other conveying elements to drag
the bulk material through an open trough or an enclosed casing. The mate-
rial moves as a continuous mass at the same speed as the conveying
elements. The open trough drag chain conveyors are restricted to rela-

j

tively low angles of rise but the enclosed type is used extensively for

transport of fine mesh materials in horizontal, inclined or vertical atti-
!

tudes, or in combinations of attitude in a single system. These systems
have capacities up to 300 tph for a 23-inch conveyor.

The ruggedly constructed open trough conveyors are frequently used as

armored face conveyors for longwall coal mining. The enclosed drag con-

veyors are especially suitable for handling fine mesh materials that might
cause dusting problems with open conveyors. The transport distance
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Courtesy of Rexnord (68)

FIGURE 19. APRON CONVEYOR

and capacity of these conveyors is limited by the strength of the chain
tension members and practical maximum speeds around 200 feet per minute.
The all steel construction of apron and chain conveyors makes them suitable
for transporting materials at temperatures greater than those tolerated by
belt conveyors.

Due to the limitation imposed on capacity by practical speeds and chain
strength, the mechanical complexity, and cost, chain driven conveyors have
not been proposed for elevating tunnel muck from the invert to the surface.

However, apron conveyors have been installed as feeders for grizzlies on
tunneling jobs. Some have been considered unsatisfactory because of
excessive maintenance and dirtiness. This application is usually less than
100 feet in length with a rise less than 15 feet.

Belt Conveyors

Since the earliest applications of belt conveyors, attempts have been
made to use them for elevating bulk materials. The first attempts sup-
ported the conveyor by a straight rigid frame and raised the head pulley
until material began to tumble back down the incline. The limiting angle of
incline for most materials was found to be 15 to 18 degrees when conven-

tional troughed belts are used. For a 15-degree rise, the material is dis-

charged at a horizontal distance from the feed of 3.7 times the height of
rise.

To obtain greater angles of inclination, a heavy cover belt, traveling
at the same speed as the conveyor, was placed on the load (while being
elevated) to increase the friction coefficient and prevent sliding and

spillage of the material. The cover belt permitted elevating at an angle of
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45 degrees. This reduced the horizontal distance between the feed and
discharge points to about the height of the lift.

These steep-angle conveyor belts with angles between 35 and 38 degrees
were used for many years on bucket wheel excavators removing overburden for

surface mining operations (50) . They also have been used more recently in a

mobile bridge configuration operating at 40 to 45 degrees in open pit mining
operations. A 60-inch wide overlay belt system operating at 750 feet
per minute could elevate 6,000 tons of material per hour.

An overlay steep-angle conveyor belt has not been used for underground
excavation in the United States. However, a conventional belt installation
has been made in a 15-degree decline designed to lift 1400 tph of copper ore
from a depth of 1,900 feet in two flights of 3,700 feet each. These
1-1/8-inch thick by 42-inch wide belts driven by 1,800 horsepower motors can
operate at 662 feet per minute. The belt is hung from the back of the

decline with turnbuckles on 10-foot centers. Troughing idlers are on
10-foot centers and return idlers on 20-foot centers. The major reason for

hanging from the back is to facilitate spillage cleanup. There has been
very little spillage, mostly fines. No spray is needed for dust control
with the 6 percent moisture material handled. No material tends to roll or

slide downhill on the belt.

A conventional belt inclined conveyor, designed for 1000 tph, has been

installed in an 8x8-foot horseshoe, 20-degree decline. This system has a

36-inch wide belt fed from two moles operating simultaneously through a

rotary car dump, a vibratory apron feeder, a grizzly, a crusher and a feeder
belt. A large pocket, approximately 20x20x20 feet, was excavated to

accommodate this sizing and feed equipment.

Comments regarding inclined belt conveyors heard from industry sources
during a series of interviews conducted by Holmes & Narver, Inc. (33) or at
the Keystone Workshop (91) include:

a. Sinking a 15-degree decline is hazardous. We had one fatality and

several close calls. We probably would not sink another decline.

b. An inclined tunnel for an inclined belt system is quite expensive.

c. Although this tunnel contractor is using an inclined conveyor, he

probably would not use it on another job.

d. An inclined conveyor is a time-consuming and expensive instal-
lation. It requires sinking the decline, supporting the ground,
installation of the conveyor, and backfill after removal of the
conveyor

.

e.. Slant shafts should be considered for general tunnel support. They
could be used during construction for inclined transport of
materials.
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f. It is dreaming to think about putting in slant tunnels for metro-
politan sites. You cannot afford the real estate.

g. You cannot beat an inclined conveyor for vertical muck haul if the
right-of-way is available. The inclined tunnel could be used for a
permanent vent shaft.

h. If space is available and there is enough muck to warrant the
investment, an incline provides continuous haulage with the
dependability of a conveyor and the advantage of leaving the main
service shaft free for transport of men and materials.

i. In general, for coal mines, inclined conveyors on a 16- or
17-degree slope or inclined hoists are used for less than 600- to
700-foot depth. Vertical hoists are used for greater depth.

j. A rule of thumb is; Use a conveyor in a decline rather than a
hoist if the depth is less than 400 feet.

k. Several studies of conveyors in declines versus hoists in vertical
shafts have indicated that for less than 1500 feet use the decline;
for deeper than 1500 feet use the hoist.

l. At Lakeshore the decline conveyor beat the hoist on the basis of

economics for a depth of about 2000 feet and production of
10,000 to 15,000 tons per day.

FLEXOWALL CONVEYOR

A unique concept known as the Flexowall* conveyor, shown in Figure 20,

was introduced in 1963 to obtain steeper incline angles than practical with
conventional belts. This concept is based on a special belt design which
includes fluted sidewalls and cross walls or cleats to form pockets on the

belt. The cleats are bolted to the sidewalls and to rubber angles vulca-
nized to the belt. Splices are vulcanized to provide a very quiet running
belt.

Sidewalls from 2 to 16 inches can be used for various angles of incline

and capacities. With the 16-inch wall, which has been developed but not

introduced commercially, capacities in excess of 10,000 tph can be obtained.

The belts can be run at speeds up to 1000 feet per minute, but most instal-
lations run at only a few hundred feet per minute. Pretensioned steel cords

Registered tradename of the Flexowall Corporation (a Scholtz Company) , One
Heritage Park, Clinton, CT 06413.
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Courtesy of Flexowall Corporation

FIGURE 20. FLEXOWALL CONVEYOR
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are used as tension members in the base belting. The flat base belt
requires only flat idlers, eliminating the more expensive troughed idlers.

There are over 10,000 Flexowall belt installations around the world in a

wide variety of industries. The most frequent application is for ele-
vating material up an incline which can be up to 80 degrees. However, a

maximum incline of 45 degrees in usually recommended because the decrease in

capacity for steeper angles is not offset by the saving in conveyor belt
length. When horizontal space is at a premium, as in a shaft, steeper
angles might be economical. For an 80-degree incline the horizontal dis-
tance required is less than 18 percent of the rise.

Steeper inclines require higher sidewalls, closer spacing of the cleats
and wider belt to maintain capacity. Less incline means longer belt, more
supporting structure and more horizontal space. A design objective is to
balance these factors to achieve minimum cost.

A concept using a cover belt to permit very steep angles, up to
90 degrees, has been developed, but the system has not been tested suffi-
ciently for commercial introduction. Other developments include an improved
belt design which permits wider belts and increased capacity.

One disadvantage of the high quality Flexowall belt is its relatively
high cost ($115 to $500 dollars per foot) compared to conventional belts.

A typical Flexowall installation to handle limestone has a 54-inch wide
belt, with pockets 24x50x12 inches deep, running at 200 feet per minute to

elevate 500 tph of 90 Ib/cf material 50 feet on a 45-degree incline using a

50 horsepower drive. The 1-1/8-inch base belt is supported by single flat
load idlers on 20-inch centers and double flat return idlers at 40-inch
centers. Long flat slabs up to 16x8x4 inches can be handled. The only
problem encountered has been some loosening of side bolts during initial
operation.

SERPENTIX CONVEYOR

The Serpentix* shown in Figure 21 is a chain conveyor similar in

principal to the apron conveyor, that is, pans propelled by an endless chain
are supported and carried by rollers moving on a fixed guideway. However,
many differences in detail can be seen by comparing Figures 21 and 19. The
Serpentix is driven by a single link chain at the centerline of the con-
veyor rather than two roller chains; it has guide wheels as well as load
bearing wheels running in a channel; and the pans are made from molded

Serpentix Conveyor Corporation, 1550 South Pearl Street, Denver, CO 80210.
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Courtesy of Serpentix Conveyor Corporation

FIGURE 21. SERPENTIX CONVEYOR

i.
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rubber sections bolted together to form a continuous conveying surface.
These features give the Serpentix its unique capability of extreme flexi-
bility. A single section of Serpentix conveyor can make several continuous
short radius turns, climb steep inclines and side dump material at any point
along the route. This flexibility is the outstanding feature of the concept.

Over 600 installations of Serpentix conveyors have been made throughout
the world since its introduction more than 15 years ago. Most of these
installations have been relatively low capacity (less than 200 tph) , short
distance (less than 300 feet) systems with flexibility requirements which
only the Serpentix could meet.

The flexibility of the Serpentix permits it to make 180-degree turns in

a single plane, to turn in a radius as small as 7 feet and to climb on a
spiral with a slope as high as 40 degrees without load slippage. With
special pockets attached to the Serpentix belt, material can be lifted on
inclines from 60 degrees to nearly 90 degrees, but belts cannot be scraped
clean when cleats are attached. Plight lengths of about 1000 feet are the
longest practical.

Like other chain conveyors, the capacity, flight length, lift height,

and incline angle are interrelated and determined by the strength of the

chain. The largest Serpentix belt is 40 inches wide. This provides a

capacity of 700 tph when running horizontally at 210 fpm with 110 Ib/cf
material. The capacity is reduced about 50 percent when operating on a

60-degree incline. The belt speed is limited to less than 300 fpm by the

link chain drive.

Several years ago two Serpentix units capable of turning on a 400-foot

radius were installed on tunnel jobs to transport muck from the face to the

rail car loading points. Some difficulty with belt cleaning was encoun-

tered on one of the jobs due to the wet, muddy shale handled. Maintenance
costs resulting from loosening of bolted parts and wear of the chain, wheels

and runners were considered to be high.

The Serpentix is a special type of conveyor for special applications.

It cannot compete economically with conventional belts for routine require-

ments. It can be the solution to special problems where its capital cost

and maintenance cost can be justified. The capital cost ranges frcxn about

600 dollars per foot for a 24-inch width with a capacity of 150 tph

(110 Ibs/cf) to over 1000 dollars per foot for a 40- inch width with a

capacity of about 400 tph.

The estimated life of key components is relatively short compared to the

40.000-

hour design life for bucket elevator chain. For example, chain life

is estimated at 8000 hours minimum, load rollers are lubricated for

10.000-

hour life, and belt pan life is estimated to be 15,000 to

20,000 hours.
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The Serpentix concept is not considered to be fully developed.
Improvements are being developed for higher speed chain (up to 600 fpm) , to
reduce headroom required, and to reduce capital cost and maintenance.

THE BELTAVATOR

The Beltavator* shown in Figure 22 achieves the ultimate angle of
inclination (90 degrees) for elevating bulk materials, by applying the
principle of the cover belt, while using conventional conveyor belts. This
concept has evolved through a series of developments starting many years ago
with increased angles of inclination up to the maximum of about 18 degrees
for conventional belts (72) . This was followed by:

a. Cleated belts with side edges to prevent material from falling or
rolling back.

b. A cover belt on a cleated belt to allow steeper slope (used in the
cement industry)

.

c. A retainer belt used with a conventional belt to reduce cost while
allowing inclines up to 45 degrees.

d. The Loop Belt* using the retainer belt principle to elevate in the
form of a "C"

.

e. The Beltavator using the retainer belt principle to elevate on a

vertical path.

The Loop Belt, initially introduced commercially in 1971 for unloading
bulk carriers on the Great Lakes, has proven capable of handling up to
10,000 tph of iron ore pellets or limestone. One installation, with a

capacity of 7000 tph at a belt speed of 850 feet per minute uses a 78-inch
wide belt and an 84-inch cover belt (the cover belt is always 6 inches wider
than the carrying belt) . The 78-inch belt runs the entire 550-foot length
of the hold beneath a series of hoppers which dump through about 75 gates
onto the belt. At the end of the line of hoppers the 84-inch cover belt
covers the 78-inch belt thus holding the material between the two belts as

they move upward in a long radius "C" curve. The belts travelling in the
curve are held together by belt tension working against a series of slightly
troughed idlers, closely spaced over the entire inside arc of the "C" path.

At the top of the "C" , the material is transferred to the 84-inch belt which
dumps it through a chute onto a 60-inch belt mounted on a boom which can be

Tradename of the Stephens-Adamson Division, Allis Chalmers Company,

Franklin Street, Belleville, Ontario, Canada K8N5C8.
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Courtesy of Stephens-Adamson Division, Allis Chalmers Company

FIGURE 22. THE BELTAVATOR CONVEYOR
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swung through about 180 degrees to unload from either side of the ship.
Because of the high tension used to keep the belts sealed, substantial
structural members are needed on the inside of the "C" to resist the force
of the belt.

The horizontal distance required for intallation of the loop belt, when
designed on a half-circle "C" path, is at least one-half the height of
elevation. This horizontal distance can be shortened by flattening the back
of the "C" to form a "D" path but this does not decrease the amount of
structural support required. At best, when used in a shaft, the horizontal
space required and the structural support would completely block the center
segment of the shaft and would to some degree obstruct the side segments.
The Beltavator which requires much less structural support and horizontal
distance would leave most of the shaft area open for transport of men and
equ ipment

.

The Beltavator uses the same tension principle as the Loop Belt to

obtain belt sealing in the ingoing and outgoing arc sections of the travel
path. In the straight vertical path, belt sealing is obtained by two series
of side rollers (seen in the insert of Figure 22) which hold the belt edges
together. The lateral stiffness of the belts causes an inward force at the
centers of the belts. This holds the material between the belts so it does
not slip downward even when the movement of the loaded belt is stopped. The
decrease in lateral stiffness as the belt becomes wider (for a fixed belt
thickness) limits the Beltavator to about 30-inch belts (for belts of prac-
tical thickness) unless some form of external side supports are used at the
centerline of the belts.

Commercial application of the Beltavator has been limited although a

46-foot high demonstration unit with a 30-inch belt running at 650 feet per
minute has proven the working principles of the system, and the Loop Belts
unloading bulk materials from ships have handled millions of tons of mate-
rial with no replacement of parts or belts.

The height limitation for the Beltavator has not been demonstrated but
it is thought that with a 30-inch belt, 300 to 350 feet may be the prac-
tical limit. This would be adequate for the projected far term conditions.
A 30-inch Beltavator to elevate 450 tph up to 300 feet would cost about 600

dollars per foot of elevation. Higher capacities (up to 850 tph) could be
obtained for lower elevation distances and higher belt speeds.

The capacity of the Beltavator is about 80 percent of that for a hori-
zontal belt of the same width and belt speed. As the horizontal belt carries
about 81 percent of the material which can be placed on the belt based on the
angle of repose, the carrying capacity of the Beltavator is about 64 percent
of the theoretical capacity of the belt.

The Beltavator has successfully demonstrated the ability to handle wet,
sticky materials and lump sizes up to 8 or 10 inches. If oversize lumps
force the belt edges from between the side rollers, the load is spilled, but
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the belt is not damaged. About one hour per 25-foot length is required to

put the belt back in operation. Sticky clays and an 18-percent-moisture
copper concentrate have been handled without difficulty. The wettest rock
from a tunneling job should create no problem for the Beltavator.

If the horizontal run required is more than a few hundred feet, separate
belts should be used for the horizontal run and the Beltavator. This is

because the belt tension is much greater in the Beltavator than that required
for the horizontal run.

The sealed bearings of the Beltavator rollers have a design life of
30,000 hours. Although the maintenance cost of a Beltavator will probably
be slightly higher than a conventional horizontal belt system, it will
probably be less than for most other methods of lifting bulk materials.

CONCLUSIONS

Bucket elevators have difficulty releasing wet, sticky materials encoun-

tered in tunnel muck. They also are height-capacity limited for a single

flight by current commercial chain to something less than that projected for

the far term case. Conventional inclined belt conveyors require excavation
of long auxiliary inclined tunnels. Flexowall and Serpentix conveyors use

expensive special belts and the capacity of the Serpentix falls short of the

far term requirements.

The Beltavator appears to overcome most of these problems although its

ability to achieve the far term height-capacity requirement has not been
demonstrated.
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8. HYDRAULIC TRANSPORT SYSTEMS

OVERLAND SLURRY TRANSPORT

Hydraulic transport of solids is becoming widely accepted throughout the

world as a very efficient and economic method for continuously moving large
volumes of bulk solids long distances for long periods of time. For these
applications hydraulic systems are capital intensive with about 70 percent
of the costs related to capital investment. Thus, transport rates are
affected by the impact of inflation on the remaining 30 percent of costs less
than the effect on railroad rates which are over 50 percent inflation
sensitive.

The widespread interest in long distance slurry transport is based on

several years of successful operation of systems such as the 53-mile, 9-inch
diameter line installed in Tasmania in 1967 to carry 2.3 million tons of
magnetite concentrate per year and the Black Mesa coal system which has
transported 4.8 million tons per year since 1970 in an 18-inch diameter,
273 mile line.

One of the most recently constructed, and said to be the world's largest

capacity long distance slurry pipeline (76) , is the Samarco system trans-

porting 12 million tons per year (1400 tph) of iron ore concentrate slurry in

Brazil. This 246 mile, 20-inch line has a net elevation decrease of nearly
3300 feet from the mine to the terminal. The slurry is 62 to 65 percent
solids with particle size of 85 percent minus 325 mesh and 3 percent plus
200 mesh. The minimum velocity is 5.2 feet per second.

Other large systems in the planning stage include a 38-inch diameter line
to transport 25 million tons per year of coal for more than 1000 miles. In

most long distance applications, the solid particles are very small.

Fourteen mesh (about 1.5 mm) is a typical upper limit of particle size.

SLURRY TRANSPORT TECHNOLOGY

Wasp et al (86) have presented a thorough discussion of the technology

of slurry pipeline transportation. They give typical physical properties of
commercially transported minerals as shown in Table 19.

In each of these cases, slurry velocities slightly above 5 feet per

second (3.4 mph) are adequate to maintain a fairly uniform slurry concen-
tration (concentration ratio greater than 0.8) across the diameter of the

pipe thus assuring that the flow is homogeneous. The slurries are therefore
nonabrasive at the design velocities allowing use of carbon steel pipe with

no interior treatment. These slurries are also restartable; when the pipe-

line is shut down and the slurry settles it does not plug the line and pre-

vent restarting. From Table 19, it can be seen that the solids' specific
gravity is a major factor in determining the maximum particle size and

slurry concentration for the homogeneous flow. For a material such as

tunnel muck with a specific gravity about 2.6 to 2.7 the maximum particle

size is about one-eighth that for coal with a specific gravity about 1.4,
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TABLE 19. MINERAL PROPERTIES FOR HOMOGENEOUS SLURRY TRANSPORT

Mineral

Solids
Specific
Gravity

Maximum
Particle

(mm)

Ave. Slurry
Concentration
(% solids
by weight)

Coal 1.4 2.4 50

Limestone 2.7 0.3 70

Phosphate 3.2 0.3 65

Copper Concentrate 4.3 0.2 55

Iron Concentrate 4.9 0.14 60

The characteristics of nonabrasiveness, low velocity and power, low cost
pipe, and restar tability obtained with homogeneous slurries indicate the
economic advantages to be gained by forming slurries from fine particles.
However, with muck from a mole, which may have lumps up to 10 or 12 inches,
a reduction factor of nearly 1,000 would be required to obtain a top par-
ticle size of less than .3 mm. At least two, and more likely three, stages
of crushing would be required to achieve this reduction factor. Therefore,
the major portion of mole muck would need to be processed through one to
three large crushers to provide a homogeneous slurry. For slurry transport
in the heterogeneous region (concentration ratio less than 0.1) or in the
transition region between homogeneous and heterogeneous, the flow condi-
tions, particularly in horizontal pipes, become complicated due to the
influence of gravity on the particles. A solids concentration gradient
exists across the vertical axis of the pipe. This gradient becomes more
severe as the velocity is decreased until a layer of stationary or sliding
particles is deposited on the bottom of the pipe. The velocity at which
this occurs is called the "deposition velocity." At velocities below the
deposition velocity, a bed of solids builds up in the pipe and the friction
loss increases with the danger of plugging the pipeline. Thus, it is impor-
tant to be able to predict the deposition velocity with some accuracy. When
particles of mixed sizes make up the slurry, as would be the case for coarse
muck, the prediction of the critical deposition velocity becomes quite com-
plicated and unreliable leading to overdesign in an attempt to prevent
plugging and other operational difficulties.

STATUS OF SLURRY TRANSPORT

Miscoe (55) recently reviewed the development and status of hydraulic
transportation for coal mining. He mentioned that the first commercially
operated coal pipeline which operated for 10 years, was built in 1914.
This system transported 50 tph of 5-inch top size coal over a distance of
1750 feet through an 8-inch cast iron pipe at a concentration of 50 percent
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and a velocity of 4 feet per second. In commenting on long distance overland
slurry transport Miscoe states:

In general, a slurry pipeline becomes more economical than rail
haulage when significant lengths of upgraded or new track are
required, when cross country route is significantly shorter, or when
terrain is too rugged for railroads. Because fine grinding of the
transported material is required to achieve low transport velocities
with minimum settling and pipeline erosion, preparation and separa-
tion costs are very high; up to 40 percent of the capital cost of
the pipeline.

In regard to the problems facing slurry transport, Miscoe states:

The largest problem is the lack of engineering data for the design
of systems. Data have been accumulated for both fine and coarse
particle transport, but virtually all of it is kept as proprietary
information. For large particle transport, the theory is quite
complex and little has been accomplished in making design data
generally available.

Crushing the solids to fine sizes is undesirable for both mining and
tunnel excavation because of the cost for crushing at the origin and
for dewatering at the destination. Thus, accurate data for trans-
porting large particles (larger than about 1/8 of the transport pipe
diameter) have become increasingly desirable.

Oversizing of pump drives for conservative design is usual but can
be very expensive, and lack of knowledge about plugging can make the
system risky to operate.

The effects of particle size, high transport concentration, and
their interaction are very poorly understood. Most production
installations and research work on coal have involved moderate con-
centration levels of 30 percent by volume or less, and maximum par-
ticle sizes of one-fourth of the pipeline diameter or less. This
probably is frcxn fear of plugging the pipeline, which cannot be
tolerated in production installations and is frustrating in research
work. Most existing data indicate that headless increases as con-
centration increases up to about 30 percent. Headless, also

increases with particle size, but a large contribution to this head-

loss is due to the higher transport velocity required to keep the

particles in suspension. Above 30 percent, the available data do

not show clearly the rate at which headless increases, but a small
amount of evidence indicates that the increase in headless may level

off or even decline under certain conditions.

The worst part of the problem with pumps is that the actual

efficiency of performance is known accurately only for water and

for scxne fine particle slurries. No data are available for coarse
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particle slurries. Present guesses are that clear water efficiency
may be reduced by as much as 70 percent for particle size of 1/3

pipe diameter. Because even a 5 percent improvement at this level
would be significant, research is needed.

UNDERGROUND APPLICATION

Because of the volume of solids and water to be handled for application
to underground coal mining or tunnel excavation, the separator system must
be physically large, and because most separators depend on gravity in the
process, the vertical height is likely to be excessive. Also, the finer the
particles to be removed, the higher the cost. In the case of tunnel muck,
the cost can be justified only on the basis of preventing degradation of the
surface environment.

Erosion of the pipe walls can be a serious problem. At present, it is

expected that transport of the solids will be by "saltation" or "sliding bed"
motion to avoid the excessive wear, attrition, power, and cost associated
with high velocity. These two modes of transport cause the pipe wall to wear
thin in a period of time. Presently, this is combatted by rotating the pipe
until it is uniformly thin and then replacing it. Improved pipe materials
and linings are being developed which will reduce erosion problems and costs.

Among these are plastic pipes and basalt, urethane, and hardened steel
linings.

Leakage or rupture of hydraulic pipelines has more serious consequences
underground than in surface systems. Pressure sensors or flow sensors should
be attached in strategic locations and set to shut down the pumps and feeders
if the line pressure or flow should fall by a preset amount. In the case of
hydraulic hoists in deep shafts, safety measures must be given careful con-
sideration because of the high pressures involved, even when the pump is shut

down.

Plans for future work are many. A full scale mine haulage system for the

Hansa mine in Germany, was planned for operation in late 1977. This would
be the largest capacity system built to date. A research facility with 6-,

8-, and 10-inch pipelines, primarily for wear testing and pump development,
has been built recently in England. In Essen, West Germany, a pipeline test
facility is being built with six pipes ranging from 4 to 14 inches in dia-
meter to pump solids up to 4 inches in size. Tunnel muck as well as coal
will be studied because of the belief in the potential advantages of hydrau-
lic transport for tunnel construction. Also, in West Germany, the University
of Hanover is planning a large test facility with pipe diameters up to

20 inches. To provide data for the engineering design of hydraulic haulage
systems, the Bureau of Mines is constructing the Hydraulic Transport Research
Facility for completion in early 1979 at the Pittsburgh Mining and Safety
Research Center in Bruceton, Pennsylvania. Six-, 12-, and 18-inch pipeline
loops will be used to study run-of-mine coal and other minerals.

Dahl and Petry (15) recently presented an update report on the full

scale hydraulic transportation system installed by Consolidation Coal/
Continental Oil to carry coarse coal from the mine face to the preparation
plant at its Lover idge Mine near Fairmont, West Virginia. This system.
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expected to be in operation in May, 1978, is the result of six years of
extensive research and testing. It will service two continuous miners with
8-inch diameter flexible slurry hoses and one long wall section with a
14-inch diameter hose. All three flexible lines terminate in a special
design slurry collector-concentrator-feeder. From this point the combined
slurry is pumped through a rigid 12-inch steel pipeline about 900 feet
vertically to the surface and then 2.4 miles overland to a water separation
facility at the preparation plant. Solids are separated and the water clari-
fied for return to the mine. At the mining faces, the system accepts coal
in lumps larger than 12 inches, reduces it in a submerged crusher to a maxi-
mum size of 4 inches, combines it with water to make a slurry and injects it
into the hoses. The flexible-hose sections of the system are mounted on
wheels for extension and retraction up to 1,000 feet including following the
mining machines around corners.

The major advantage forecast for this system relates to health and safety
due to reduced amount of moving equipment, reduced danger of fire and dust
explosion, reduced handling of electric cables, and improved control of air-
borne dust and gas. In addition, a reduction in capital requirement compared
to the alternative of conveyors and rail transportation is anticipated.

Haas, et al (31) conducted tests on hydraulic transport of coarse coal

at high concentrations in a 4-inch pipeline loop. They concluded that coal

with a top particle size of 3/4 inch (18mm) can be successfully pumped in

a 4- inch pipeline at volume concentrations up to 25 to 35 percent. At

these concentrations coal slurries exhibit behavior characteristics of

heterogeneous-type slurries. They feel it is likely that 45 percent is the

upper limit for concentration with this size distribution of coal.

INDUSTRY COMMENTS

Comments on slurry transportation heard from industry sources during a

series of interviews conducted by Holmes & Narver, Inc. (33) and at the
Keystone Workshop (91) include;

a. Shields with bentonite slurry pumped into a sealed bulkhead behind

a cutting wheel have been proven feasible. The system moves the

muck to the surface in the bentonite suspension after screening out

the larger pieces of rock. The system is most adaptable to sands

and fine gravel, or sandstone that breaks down into fine components.

b. Pipeline transport has a hard time with large angular or irregular

pieces of rock. The wear on the pipeline is a large factor,

especially at elbows and fittings. Extending the line is no easy
task because the line should be empty first. The muck will settle

out of suspensicHi in the line if not continually moving. The volume

of the medium required is far greater than the amount of muck to be

transported. In order to remove a yard of muck, about 12 yards of

material must be handled. A plug in the line or a pump breakdown

can shut down the entire operation. Hydraulic pumping requires
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large settlement basins or separators at the surface followed by
rehandling with a dragline or clam.

c. The need for uniformity of geological conditions may be more
important for slurry transport than for alternative methods.

d. Efficient operation of a slurry transport system requires on-line
measurement. Instruments for slurry measurements with satisfactory
reliability and life in tunnel driving environments are not
available.

e. Prior work has been primarily for hoisting in relatively small
quantities. You run into problems when you try to increase
capacity.

f. Large particles get into problems with the theory. We need a better

feel for what goes on in the pump and the pipe, and need to reduce
the power required.

g. Greater than 40 percent concentration is required to reduce the

amount of water required. We don't know the theory for these higher
concentrations

.

h. The only time hydraulic pumping of muck from hard rock tunneling was
tried (at the Azotea tunnel) , it was a miserable failure. Improper
planning and design contributed to this failure.

i. The Consolidation Coal slurry system at the Lover idge mine handles

about 400 tph of less than 4-inch coal. It is the only commercial
underground coal slurry system in the United States. Most slurry
pipelines are used for mine or mill tailings disposal.

j . The cost of crushing hard rock for slurry transport will be very
large. It costs about 10 dollars per ton (about $175 per tunnel

foot in a 20-foot diameter tunnel) to crush muck down to pipeline
size.

k. You might be able to pump the muck out but it will cost more than

using muck boxes.

l. After many tests of materials in a hydraulic system transporting
coal, the wear was found to be less severe than had been antici-
pated. Reducing particle size in slurry systems reduces wear, but
if particle size is too small it creates a dewatering problem.

m. A pipeline system is 70 percent efficient for clear water and

70 percent of that (49%) for a slurry. We have no data for coarse
slurry efficiency. Long splinter pieces as found in mole muck can
cause plugging in the pipeline.

n. Muck could be pumped if the particle size is small enough, but most
of it would need to be ground to finer size. Then the solids
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and water need to be separated on the surface. The big problem with
hydraulic pumping is getting the fines out of the slurry.

o. Slurry transport of muck has been used successfully when tunneling
in St. Peter sandstone, a fine grained, weak, friable material.

CONCLUSIONS

Although slurry transport systems are widely accepted for continuous
transport of large volumes of small particle size bulk materials over long
distances with relatively steady feed rates, much work remains to be done to
develop the engineering data needed for design of systems to transport
reliably materials with large and variable particle size under conditions of
variable feed rate. Favorable economics of slurry transport under these
conditions for short term installations with relatively small volumes and
short distance have not been demonstrated. Low cost methods for separation
of fines from the slurry, typical of a wide range of rock tunnel muck remain
to be developed. Several programs are underway or planned to continue the
investigation of slurry transport.
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9 . PNEUMATIC TRANSPORT SYSTEMS

PRESENT APPLICATIONS

Pneumatic transport of low density materials, such as wood chips and

sawdust, and of finely granulated materials such as cement, lime, alumina
and other industrial materials has been well established in industry for

many years.

The conventional systems, represented by those of the Rader Companies,

Inc., and of The Ducon Company Incorporated, blow air through a circular
pipeline and feed the material to be transported into the moving airstream.
The material feed can be continuous through rotary feeders as in the Ducon
pneumatic systems (up to 36 tons per hour) and the Rader pneumatic system
(up to 1,300 tons per hour) or intermittent as in Ducon 's FLUO/veyor fluid
solids pump system (up to 15 tons per hour)

.

Kennedy Van Saun also makes continuous and intermittent feed systems of
conventional design for relatively low capacity conveying of pulverized
products. However, the KVS Air float systems use a different principle to

convey up to 1,300 tons per hour of pulverized material down an incline. In

this system, diffused air moving through a porous membrane, in a closed duct
or open trough, fluidizes the product, eliminating friction and allowing the

material to flow down the conveyor incline by gravity alone.

Some of the earliest pneumatic conveying systems for mining applications
were the pneumatic backfill stowing systems built by Markhaus and Co. Ltd.

for British and European collieries beginning in the 1930s.

Radmark Engineering, formed by Rader Pneumatics and Markhaus and Co.,

set out in 1966 to determine the suitability of equipment and methods
developed for the wood products industry and backfill stowing to the needs
of metal mining and construction activities. One of the first applications
tested was backfill stowing at Cominco's Sullivan Mine, Kimberley, British
Columbia (69) . Although some difficulty was encountered with early equip-
ment, particularly regarding wear in the feeder, the results were encourag-
ing and data obtained was sufficient to permit planning for future filling
of stopes. Some observations of interest made by Reynolds (69) as a result
of these tests are;

a. The air stream velocity varied with the feed, but had a nominal

rate in the order of 90 miles per hour. Particles up to the order
of 1-inch size became completely airborne and were relatively
motionless within the air stream. Larger particles tended to sink

to the bottom of the air stream and move with a rolling action in a

narrow track.

b. The system handled slightly more than 100 tons per hour (limited by
the feeder)

.
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c. In straight pipe, wear tended to be less in sections prior to the
stream reaching peak velocity. Most wear developed over a width of
less than 4 inches in the track of the large particles. By rotating
the whole blow pipe through six different positions at intervals of
50 hours or 5,000 tons per position it was possible to get a minimum
of 50,000 tons wear out of the pipe.

d. The feeder is estimated to be good for something in the order of
100,000 tons between major overhauls.

e. This system is simple in principle and flexible in application. It
requires a properly prepared and regulated feed. It is inherently
dusty. It is noisy, with levels in the order of 109 dBA at the
blower, 103 dBA at the feeder, and 107 dBA at the end of the blow
pipe. Commercial silencers are rated capable of reducing the noise
level to 85 dBA.

Another backfill stowing system, in operation since 1970, blows desert
sand down 1,200 feet and horizontally 200 to 1,200 feet to backfill the Kerr-
McGee Nuclear uranium mine at Ambrosia Lake, New Mexico (36) . This system
transports from 20 to 150 tons per hour of material (all less than 3-inch
with 60 percent less than 100 mesh) in a 10-inch oil-well pipe with 6,000
standard cfm of air at an inlet pressure of 6 to 9 psi. Two feeders are
used alternately, one in service and one in the shop for rebuilding after
each 15,000-20,000 tons of throughput. About 6 man-days are required for
rebuilding the feeder. Wear increases for finer material which gets between
the rotor tips and the side plates. The clearance between tips and side
plates should be kept to a minimum to reduce wear.

The most recent development of low pressure air conveying in the mining
industry is in the hoisting of coal and rock from underground mines to the

surface. The initial work, based on prior tests conveying tunnel muck about
800 feet laterally and 150 feet vertically at Edmonton, Canada, was performed
in 1972 and 1973 in conjunction with Cominco, Ltd. at the Sullivan Mine (77)

where tests were carried out to convey waste rock and ore (1/4" - 3" size) a

vertical distance of 308 feet at rates up to 40 tons per hour.

During 1973 and 1974 hoisting tests were run on dolomite and coal at the

Horden Colliery, South Durham area, England (77) . This system had a 50-foot
horizontal section at the bottom, a 1,268-foot vertical lift and a 150-foot
horizontal section at the top. The dolomite was crushed and screened to

2-inch maximum to simulate waste stone. Two sizes of coal were used

(+l/2"-l", and +l"-2") . Both test materials contained some pieces up to

4.5 inches. Washery rejects were tried but could not be handled because the

high clay content of this material started to build up in the pipe. Some of

the conclusions and recommendations reached are:

a. Two-inch dolomite was successfully conveyed 1,268 feet vertically

at rates up to 26.5 tons per hour at air pressures less than

20 psi.
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b. Coal was successfully conveyed 1,268 feet vertically at rates up to

50 tons per hour at air pressures less than 25 psi.

c. The floating velocity (the air velocity required to support a par-
ticle in the vertical pipe) is a major factor in the design of these
systems. Generally, as size and density of a particle increase,

the required horsepower per ton per hour per 100 feet of lift
increases.

d. The principles and engineering formula developed by Radmark can be

used to determine the requirements of hoisting systems with
reasonable accuracy.

e. Noise level around the system was reasonable below 18 psi but became
uncomfortable at pressures above 18 psi.

f. Screening of materials to positively limit the maximum size of

particle is advisable. Material should be produced with the
smallest particle size practical and economical in order to

minimize the power requirements.

In 1977, another test was run at the Shirebrook Colliery of the National
Coal Board in the North Derbyshire area, England (59) . This test demon-
strated hoisting 1,000 feet vertically in a 12-inch pipe of over 60 tons per

hour of run-of-mine coal sized to less than 1 inch with 8,000-10,000 cubic
feet per minute of compressed air at 14.5 psi introduced to the system from

a 700 hp positive displacement blower. At the end of a 180-foot surface
run, the material was discharged to a collection cyclone and taken by belt
to the coal preparation plant. This system includes acoustically tuned
silencers on the blower, and housing of the blower assembly and controls in

separate acoustically sealed chambers. Dust is controlled by water
injection.

The acceptance of pneumatic hoisting to provide an alternative means of

raising coal to the surface at collieries where the existing hoisting
facilities are working at full capacity is illustrated by the interest of

the National Coal Board in four additional major coal hoisting systems (66)

.

In a paper delivered at Pneumotransport IV in June 1978, Powell and

Whitfield (65) review applications of pneumatic conveying in the construc-
tion industry. These applications include two tunnel projects and ditch
backfilling for pipeline projects. Both tunnel projects were located in
Canada and demonstrated the potential for pneumatic transport of muck behind
a tunnel boring machine in a confined area. It is in the small diameter
(less than 12-foot diameter) tunnels where rail switching is difficult or

impossible that pneumatic transport offers a potential solution to the
problem of muck removal.

The first tests were conducted in tunnels being driven through shales,

sandstone, coal seams, preglacial sands and gravels, and glacial till at
Edmonton for storm water and sewers. These tunnels were provided with
36-inch diameter boreholes from the surface at 800-foot intervals which were
used for hoisting the muck. The blower assembly with an output of 5,800 cfm
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at 18 psi powered by a 500 hp electric motor, was housed in an acoustically
clad trailer for easy relocation to successive shafts or bore-holes. The
Radraark feeder, mounted on skids, was attached to the tunneling machine and
had capacity to handle all output from the mole. Both the air supply pipe-
line and the material transport line were connected to the feeder assembly
through telescoping pipe sections, allowing an advance of about 10 feet
before having to extend the pipelines. Two major problems became apparent;
the negotiation of sharp curves and the increase in size of cuttings from
the mole. When in shale, the feeder frequently jammed on pieces larger than
4 inches. A crusher mounted on the skid base and transfer of the equipment
from the 7-foot tunnel to a 12-foot tunnel solved these problems. In the
12-foot diam.eter tunnel, up to 17 tph were transported 800 feet horizontally
and 150 feet vertically.

The second application of pneumatic conveying of muck from a tunneling
machine in North America was at Halifax, Nova Scotia in 1973-74. The 8-foot
diameter tunnel was bored through rock with compressive strength varying
from 18,000 to 40,000 psi with advance rates from 2.5 to 10 feet per hour.
As in the Edmonton tunnels, the feeder was dragged behind the mole. No
crusher was needed due to the small particle size resulting from the hard
rock. Two blowers coupled in series were located on the surface. Each
blower was driven by a 500 hp motor to provide 6,300 cfm of air at a maximum
pressure of 27 psi through a 12-inch air line to the 10-inch material line.

The telescoping pipe sections allowed a 16.5-foot advance before having to
install additional pipe lengths. The system conveyed about 22 tph horizon-
tally 100 feet and vertically 200 feet. The time for shut down, retracting
the telescope, fitting additional lengths of pipe, and coupling up averaged
about 12 minutes.

It was concluded from these tests that there appears to be a good
application for this type transport system in tunnels of 8 to 14 feet dia-
meter where there is insufficient room for passing track, and that pneumatic
hoisting can be used for lifting muck to the surface when rail haulage is
used in the tunnel.

Caldwell (8) has pointed out technical problems which are inherent in
pneumatic conveying of rock. Included are;

a. Maintaining the velocity of rock particles to insure that they do

not settle to the bottom of a horizontal pipeline requires air
velocities on the order of 70 to 80 miles per hour.

b. Selection of a small pipe diameter results in high air friction,
a high solids loading of the air stream, and a consequent high
pressure drop for the system.

c. It is necessary that a large volume of air be gathered in at the

blower intake and compressed to the required system pressure. In

passing through the pipeline, the air loses pressure thus increas-
ing in volume and velocity. A system operating with a pressure
drop of 15 psi undergoes an approximate doubling of air velocity
reaching about 150 miles per hour at the exit; a 30 psi system would
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reach about 225 miles per hour. (These velocities can be reduced
by increasing the diameter of the pipe at points along the pipe
length.

)

d. Selection of a relatively large pipe diameter lessens the velocity
increase (but increases the volume of air required) and, therefore,
reduces the abrasive wear of the pipe. Most work to date has
involved system pressures around 10 psig.

e. The relatively high velocity of pneumatic conveying, when handling
rock, causes extreme abrasion of the conveying pipeline. The
degree of wear is influenced by the stone size. A 3-inch size

appears to be a reasonable limit. Since a pneumatic system must
have a reasonably uniform feed material, it becomes necessary in

mining and tunneling to introduce a crusher before the pneumatic
system feeder.

f. In vertical pneumatic transport, the minimum air velocity is very
much lower than for nonplugging horizontal transport. This results
in greatly reduced wear in vertical pipelines. An outstanding
example of a system in current operation is one in which 80 tons

per hour of coal are being vertically lifted 1,600 feet.

g. At the terminal of the transport system, a receiver hopper or bin

must be provided and the transport pipeline must be expanded before
entry to reduce the velocity of the stone particles. Surfaces in

the receiver subject to stone impingement must be lined with
abrasion resistant material. Dust control in the form of a pulse
jet bag filter or a scrubber must be provided.

h. The pneumatic conveying of rock requires more power than other
methods.

Konchesky, George and Craig (44, 45) performed tests on pneumatic
transport of coal using 2-, 4-, 6-, and 8-inch diameter horizontal pipe-
lines and a 50-foot long, 6-inch diameter vertical pipeline. They devel-
oped empirical equations for minimum air and power requirements which they
propose for use by extrapolation for design of larger and higher capacity
systems. For example, assuming a pressure drop of 20 psi and a pickup-to-
pipe area ratio of 3 to 1, extrapolation indicates that, at the expense of
1,080 theoretical horsepower, 7,300 actual cubic feet of air per minute
(17,200 standard cu ft per minute) would transport through 1,000 feet of

12-inch diameter pipe, 65 tons per hour vertically or 380 tons per hour
horizontally of 5-inch maximum coal (sp gr 1.4)

.

Faddick and Martin (28) made a literature survey to determine the
availability and reliability of correlations for estimating pressure drops
in pipes and fittings and estimating minimum transport velocities for pneu-
matic transport of solids. They reported the latest and most extensive
reference to be a series of course notes entitled, "The Principles and
Practice of Pneumatic Transport," authored by R. A. Duckworth. Faddick and
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Martin describe the technique, present the equations and graphs, and give an
illustration calculation using the method. They also make the following
observations:

a. Tunnel muck, being coarse and heavy, permits only a dilute
suspension to develop in pneumatic pipelines.

b. The minimum transport velocity (for the example used) is about
85 mph.

c. It is evident that the high power consumption of a pneumatic pipe-
line is the result of the high flowrate necessary to keep the
solids in suspension.

d. It is apparent that the theory of pneumatic flow of solids is at
least as complex as that of slurry flow.

Faddick and Martin (27) in giving the preliminary results of tests
conducted on pneumatic transport of rock, made the following observations;

a. A pneumatic pipeline system for tunnel muck conveyance is power
intensive and subject to high abrasive wear.

b. The specific power requirements are roughly 4 to 7 kw-hr per ton of
solids per 1,000 feet of pipe length.

c. For the muck types tested moisture content is a more important
variable than solids size and distribution.

d. Noise levels can range as high as 100 dBA in the vicinity of the
muck preparation unit and the blower.

Comments on pneumatic transport heard from industry sources during a

series of interviews conducted by Holmes & Narvef, Inc. (33) and at the
Keystone Workshop (91) include;

a. For the tonnage rates involved in tunneling, you can forqet
pneumatics.

b. Pneumatic transport has a very high power requirement due to the

fact that there is only about 6 percent solids in the air stream.
Pneumatic transport is very expensive.

c. Lifting costs could probably be cut 50 percent by using pneumatics.

d. A pneumatic system is a high pOwer user. It requires twice the

power of a mechanical system.

e. The feeder will probably be the ultimate factor limiting through-

put. At present, the largest feeder is designed for 200 tph;

feeders rated at 300 and 400 tph are on the drawing boards. The
eventual limits for pneumatic systems with current technology are
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probably 300 tph for 300 feet horizontally and 200 tph for
2,000 feet vertically.

f. Moisture content above about 5 percent is very bad for pneumatic
systems

.

g. The velocity required for lifting is only about 50 percent of that
for horizontal transport. Therefore, hoisting should have a low
erosion rate even for hard rock.

h. In an urban area, acoustics will be a problem. Covering pumps,

motors and muck-air separation equipment with acoustic material will
help but not eliminate the problem. A 100 tph system requires a

blower with an 800 hp motor which will make a lot of noise.

i. A crusher probably would not be required behind a mole in hard rock.

j. The current problems associated with pneumatic conveying of tunnel

muck are; 1) distance limitation, 2) abrasive wear on pipe and
feeder, 3) power consumption, 4) capacity limitation, 5) not proven
for handling clay and certain other materials.

k. It can be anticipated that high power consumption in a pneumatic
conveying system is inherent.

CONCLUSIONS

Pneumatic transport of bulk materials has been demonstrated to be

practical and economically competitive for specific applications such as

transport of low density or finely divided materials, backfill stowing, and

hoisting of coal in special situations. The high velocities required to
suspend large, dense particles accelerate pipe wear and cause high power

consumption. Transport of large, dense particles in the tonnage range
projected for the far term period has not been demonstrated. The problems
caused by sticky materials encountered in many tunnel mucks (including rock)

have not been investigated.
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10. ESTIMATING METHODOLOGY

BACKGROUND

Since 1969, several cost estimating models based on various techniques
have been developed for estimating the cost of tunnel construction. Each
of these models was developed for a specific purpose; therefore, the methods
used, the detail of input data, and the expected accuracy of costs derived
vary from model to model. The eight available methodologies were reviewed
by Foster, Toporoff, et al., in a report dated January, 1977 (29). Follow-
ing is a synopsis of their findings.

Techniques presently available are of three general types; Type I

employs detailed analysis. Type II uses comparative analysis, and Type III
is based on probability analysis.

In Type I estimates, the project cost is developed by definition of the
construction method and detailed computation of costs. The construction
method to be employed is combined with data on the geometry and geology of
the tunnel to derive labor, materials, and equipment quantities and costs
from a predetermined data base. Adjustments are then made for a variety of
factors, such as regional location of the job, cost escalation, competitive
position, and desire to win the job. Finally, costs are added for items
such as insurance, contingency, overhead, and profit. This basic technique,
represented by the Foster-Miller estimating system, is typically used with
variations of detail by tunneling contractors in preparing their competitive
bids.

Type II estimates derive a cost of tunnel construction by using
historical data from previously constructed tunnels to establish unit costs
for the various major construction elements. These costs are then used to

prepare curves or equations from which the cost of proposed tunnels can be
determined once the geometry and geology are known. This is the most fre-
quently used technique for cost studies. The Harza programs (COHART for

hard rock and COSTUN for all types of tunnel construction) , the General
Research Corporation (GRC) model, the Bechtel method, the unit price tech-
nique, and the Singstad, Kehart, November and Hurka (SKNH) method are all

examples of this approach. Although the method is perhaps suitable
(depending on the details of the specific model) for planning calculations,
it is not accepted by contractors for use other than as a quick check on

the reasonableness of bid estimates.

Both the Harza programs (COHART and COSTUN) were intended to provide a

basis for evaluating the cost effectiveness and usefulness of research pro-

grams and new technology. A special feature of the program is that costs

are computed from stored cost equations developed from empirical data, field

experience, and typical labor crew structures. However, among the costs not

computed are mobilization/demobilization costs, power consumption, repairs,
and downtime.
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The GRC model is a performance and cost simulator for tunneling in rock
which might be used by planners and researchers as an aid in analyzing
relative cost and performance of existing and proposed tunneling methods.
However, the model does not take into account unanticipated breakdowns of
equipment or changes in geology. This omission has a considerable effect
on advance rate and sizing of material handling equipment.

The Bechtel method is based on the concept of building total costs from
basic construction operations. However, the use of averaged bid prices at
a given site to establish operation costs is subject to some question, as
the average quoted by the three lowest bidders may bear little resemblance
to actual costs.

The unit price estimating technique and the SKNH method (which is based
on a unit cost per linear foot of a typical rapid transit tunnel) are flex-
ible and simple to use. They have proven acceptable for quick budget esti-
mates when little input data is available, but due to lack of detail and
limited accuracy they are unsuitable for comparison of alternative con-
struction methods.

The Type III technique, based on probability analysis, is designed to

evaluate the effects of uncertainties in geology and in the performance of
men and equipment on construction schedules and costs. The Massachusetts
Institute of Technology (MIT) model is a computer based simulation of the
tunnel construction process in rock, based on probability analysis. Mate-
rial handling is not identified as a major component of construction.
Little emphasis is placed on detailed cost data, relying instead on major
classifications. There is a danger that insight into the significance of
the results may be obscured by the large volume of outputs generated.

In conclusion, Foster, Toporoff, et al (29) , state that the available
cost estimating systems in use have important shortcomings which detract
from their accuracy. They therefore combined features from several of the
existing techniques to develop a system they believe to be unique.

The Underground Technology Development Corporation (UTDC) system (29)

is closely related to the Foster-Miller technique and has a framework for

cost development similar to that employed in contractor cost estimates. Job
costs are broken down into basic components such as site preparation, dewa-
tering, excavation, lining, etc. A set of conditions (size, shape, length,
geology, depth) is prescribed for the tunnel and a construction approach is

selected. Methods and equipment to be used with the selected approach are
then defined. Labor, equipment, and materials rates and costs are stored
in a data bank and combined with the labor, equipment, and materials quan-
tities associated with the methods and equipment selected. Also included
in the data bank will be information about the support crews required for
initial lining and muck haulage which will match the characteristics of the

excavation method selected. Data bank storage will contain some infor-
mation which changes very slowly with time and other information such as
wage rates and equipment costs which change more rapidly. Updated costs

can be inserted easily.
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The output of the initial calculations is the "base cost" of a tunnel
built by the chosen construction method in the prescribed geological envi-
ronment with average site conditions. This base cost must be corrected by
applying factors related to the site, the region, and the time frame of the
construction. These corrections are made by inputting identifier information
which calls out the appropriate factors from the data bank.

A similar approach (determining a base cost and applying correction
factors) is used for each of the basic components of the job. The sum of
these corrected base costs gives the total direct cost which is combined
with the indirect costs (obtained from the data bank) to obtain the total
project cost.

One characteristic of this system of interest to planners and others
who may not have strong construction backgrounds is its heavy reliance upon
data bank information which can be updated by current construction
information.

SELECTION OF ESTIMATING METHOD

The Type III estimating technique, based on probability analysis, is not
suitable for the needs of the current study because it was developed for a

different purpose, specifically, to evaluate the effects of uncertainties
in geology and in the performance of men and equipment on construction
schedules and costs.

Although some of the Type II cost models (specifically COSTDN and GRC)

would appear to have been intended for evaluation of alternative approaches
to such construction functions as material transport, the cost elements and/
or cost impacts omitted or overlooked render them questionable regarding
accuracy for consideration of all costs and cost impacts for comparison of
alternative material transport systems. The other Type II techniques
(Bechtel, unit price, and SKNH) appear to be too inaccurate and nonspecific
regarding detailed cost elements to be of value for comparison of alter-
native material transport systems. All of the Type II methods which depend
upon historical cost data suffer from the lack of cost records which spe-
cifically identify material handling costs and the doubt cast upon the

limited data so identified. Also no historical cost data exist for untried
material handling systems.

The principal value of the Type I models (Foster-Miller and UTDC) to the

evaluation of alternative material handling systems would be the avail-
ability of a relevant data bank stored in computer files and a documented
computer program for use of the data bank and related cost model. The UTD
system (29)

,

in its present form and stage of development, is limited to

soft ground tunneling and no documented computer program is available. It

was, therefore, not selected for use in the current study.

The cost estimating method selected for this study is a modificati<xi of

a basic approach frequently used by professional tunneling cost estimators
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in preparing competitive bids. The particular model used has been developed
by Mr. P. E. (Joe) Sperry* over several years of professional application.

This proven estimating technique, which is generally accepted by tunnel con-
tractors, was modified by Mr. Sperry specifically for this study to identify
and separate the material handling costs. The routine was then computerized
to reduce human error in calculation and to ease the burden of multiple and
repetitious estimates.

It is common practice in developing joint venture bids for each major
participant in the joint venture to develop an independent project cost
estimate. These estimates are then compared with each other (and often with
estimates made by independent consultants) in a contractors' joint venture
bid comparison meeting. This comparison results in a joint venture agreed
project cost which becomes the basis for the joint venture bid. To verify
the soundness of the Sperry estimating system, a comparison was made between
the estimates obtained by using this system and the joint venture agreed
figure for the ten most recent bid estimates prepared with the Sperry sys-

tem. The contract amount of these ten projects was $697 million. The sum
of the ten estimates obtained with the Sperry system was 0.2 percent lower

than the sum of the joint venture agreed costs. The average estimate was

0.44 percent higher than the average joint venture agreed cost. The Sperry
estimates ranged from 8.5 percent higher than the corresponding joint ven-
ture agreed cost to 13.7 percent lower. Three to six independent estimates
were included in each bid comparison meeting.

In addition to its proven accuracy, the Sperry method offers the

following advantages:

a. Specific jobs are defined in considerable detail including job

schedule, work schedules, excavation method and rate, ground sup-
port requirements, material handling methods for all materials,
time cycles for intermittent operations, and other similar details.

b. Any phase of a job can be included or excluded as desired.

c. Effects on the job schedule and cost of equipment downtime and
other delays are included.

d. Most costs are developed from single item prices and rates which
are individually indexed to a consistent time frame. (1978

dollars were used.)

e. Cost data can be used in whatever form is available.

f. Material handling costs are separated from other job costs.

g. Costs for alternative material handling systems can be easily
introduced.

*P. E. (Joe) Sperry, Tunnel Consultant, 21318 Las Pilas Road, Woodland
Hills, California, 91364.
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h. Indirect impacts (reduced or increased ventilation, for example)
of alternative material handling systems are included and charged
to the material handling system.

i. Base cases using conventional material handling systems for which
accurate costs are known are used as a point of departure for
estimating costs of alternative material handling systems.

j. The system is easily understood with little training.

k. The system routine was readily computerized.

l. Output sheets generated by the computer are easy to read and
manually check.

DESCRIPTION OF ESTIMATING METHOD

The estimating method used for this evaluation of material handling
systems consists of six basic steps;

a. Define project

b. Plan project

c. Define work crews and work-day cost

d. Define equipment requirements, including capital and operating
costs

e. Determine indirect costs

f. Merge work plan and unit costs to derive job cost.

The data flow for the assembly of job cost and examples of the input

work sheets are illustrated in Appendix B.

Project Definition

Specific values for project parameters are selected. These include:

a. Length of tunnel reach and total length of tunnel

b. Access shaft dimensions

c. Excavation method used

d. Excavation production characteristics

e. Initial ground support requirements and quantities of materials
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f. Horizontal materials handling method used and equipment required

g. Materials lifting method and equipment

Some of this information is derived from the project plan (schedule,

work cycles and project delays caused by equipment downtime) , so the first
two steps are iterative and must be developed together.

For all projects included in this study, it is assumed that twenty
percent of the tunnel will require 270-degree steel sets, twenty percent
will require epoxy bolts, and sixty percent will require expansion bolts.

Project Plan

The project plan is derived from the definition of project equipment
and the assessment of delays caused by equipment downtime. The plan
includes both the work cycles for intermittent material handling equipment
and the job schedule, which is determined by:

a. Excavation time and estimates of time required for initial develop-
ment excavation (dr ill-and-shoot)

b. Equipment installation and erection

c. Mole relocation

d. Equipment removal

e. Job demobilization and cleanup

The schedule determines the work periods for the various work crews.

The excavation time is determined from the moling time based on an
average penetration rate (determined by the assumed geology and state of
technology in the time frame of interest) plus time added for delays. The
delays considered include:

a. Time for resetting the mole after each penetration

b. Delays caused by bad ground (set placement)

c. Delays caused by material handling system extension

d. Delays caused by ventilation system extension

e. Delays caused by power cable extension

f. Delays caused by shift change

g. Delays caused by mole startup
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h. Slowdowns when working on curves

i. Downtime for cutter replacement

j. Downtime for repairs to mole

k. Downtime for repairs to material handling system

l. Downtime for repairs to drills

m. Other miscellaneous downtime

Not included in the project plans for this study are shaft sinking,
final concrete lining, and cleanup and moveout following final lining.
These were excluded because they are performed independently of the tunnel
excavation and remain constant for all projects considered.

Work Crews

The composition of shift work crews (3 shifts per day) is determined
for excavation and support, and for materials handling at the heading, at
the shaft and on the surface. A crew for removal of the fanline at the end
of the job is also determined. Shift wage rates for each labor category
are determined from basic hourly rates (Washington, D.C., rates at January,
1978, were used) by correcting for premium hours for shift change, lunch
and underground travel, and for rate differentials for work at the shaft or

underground. It is assumed that each crew works a full, continuous 8-hour
shift. It is necessary to pay premium rates (time and a half) for .5 hour
for shift overlap, .5 hour for working through the normal lunch period, and
.5 hour for travel to and from the heading.

Daily labor costs per labor category are then determined by multiplying

the shift labor rates by the number of shifts per day worked by each cate-
gory. Summing the daily costs per crew member gives the crew cost per work
day.

Equipment Operation and Maintenance

Equipment cost per day of operation is developed on an item-by-item

basis for repair labor and for parts and supplies (including power) by

applying hourly rates to the hours of operation per day for each equipment

item. The daily costs are then summed for the equipment complement for

excavation and support and for materials handling.

Development Excavation

The cost for excavation of the initial development area is compiled by

defining the basic development area and any auxiliary development area
required by the particular material handling systems chosen, by planning the

excavation, by defining the work crews and equipment requirements, and by

determining daily costs as described in the previous paragraphs. Drill-and-
shoot excavation and muck transport by load-haul-dump units are assumed for

development excavation.
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Saturday Maintenance

The cost of crews for Saturday maintenance is developed for the excavation
equipment and for the material handling equipment using the same procedure
described for equipment operation and maintenance.

Plant and Equipment

The capital cost and related costs (erection, removal, and freight) of
all plant and equipment items are determined on an item-by-item basis. The
capital costs charged to the job are derived from the purchase cost by sub-
tracting a salvage value determined from the estimated equipment life in a
tunneling environment. Typical equipment life values are shown in Table 20.

These values were obtained from the Associated General Contractors' Manual (1)

or were estimated by an experienced tunnelingengineer.* * Purchase costs were
obtained for the estimate from manufacturers or by escalating to January,
1978, purchase costs from recent bid preparations.

The major categories of plant and equipment items are:

a. Other than material handling:

Buildings and yard

Utilities

Rock drills

Tunnel and shaft machines

General

b. Material handling:

Utilities

Lifting

Rubber tire vehicles

Rail (or other) haulage system

Tunnel and shaft machines

Indirect Costs

Indirect costs (overhead labor, miscellaneous job expense, insurance and

taxes) are calculated using computation sheets illustrated in Appendix B.

*Mr. P. E. (Joe) Sperry, Tunnel Consultant, 21318 Las Pilas Road, Woodland
Hills, California, 91364
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Compilation of Costs

The job costs are compiled into nonmaterial handling costs and material
handling costs for each of the three major cost categories (direct cost,
plant and equipment, and indirect costs) and for the total job, by the
computerized cost model described in Appendix B.

TABLE 20. PLANT & EQUIPMENT SALVAGE BASIS

Description Source

Life

Equipment
(Hours)

Plant
(Jobs)

Air Tools S 2

Buildings S - 4

Compressors, Electric A 14,000 -

Compressors, Diesel A 12,000
Conveyors A 8,000 -

Crane, Crawler A 15,000 -

Crane, Hydraulic A 11,000 -

Crushers A 11,000 -

Drills A 4,000 -

Electric Equipment S - 4

Feeders A 4,000 -

Hoist, Man A 12,000 -

Hoist, Muck A 12,000 -

Hoist, Headframe S - 4

Locomotive < 1ST A 8,000 -

> 1ST A 10,000 -

Mole S 8,000 -

Office Equipment, Phones S - 2

Pneumatic Blower A 10,000 -

Pumps, Slurry, Electric A 5,000 -

Pumps, Water, Electric A 7,000 -

Rail, Switches S - 4

Rail Cars, Muck (Other) A 12,000 (5)

Screening Plant A 7,000 -

Stower S 8,000 -

Surveying Equipment S - 5

Ties, Steel S - 3

Ties, Wood S - 1

Tools S - 3

Trailing, Floor S 6,000 -

Truck, Surface A 7,000 -

Truck, Underground S 5,000 -

Utility Pipe & Valves S - 2

Vent Fans A 10,000 -

Lasers & Stands S - 2

Vehicles (Autos & Pickups) S - 3

Welders
^ - i

S - 4

Sources; A = AGC Manual, S = Sperry
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11. ESTIMATES FOR CONVENTIONAL SYSTEMS

Although some contractors have tried nonconventional muck transport
systems such as pipelines, bucket elevators and belt conveyors, by far the
largest number of urban transit tunnels are dug using a dual rail (single
track) system for horizontal transport of materials and a crane or hoist for
lifting when access to the tunnel is through a shaft. These conventional
systems are well established in the tunneling industry. Their designs have
evolved over many years of application in tunneling and mining environments.

Project cost estimates were made using conventional material handling
systems for the near term and far term cases to serve as a point of depar-
ture and basis for comparison when nonconventional material handling systems
are introduced as alternatives in the project plan.

PROJECT DESCRIPTION

The tunnel construction projects consist of two parallel tunnels each
10,000 feet long (near term), or each 40,000 feet long (far term). Access
to the tunnels is through a service shaft to be used as a ventilation shaft
for the completed subway system. The shaft is 30 feet in diameter by
100 feet deep for the near term case and 45 feet in diameter by 200 feet
deep in the far term case.

Tunnel excavation in each case is by moling. In the near term case, a

1200-horsepower mole penetrates at an average rate of 2 inches per minute
(ipm) , 10 feet per hour (fph) , with occasional maximum penetrations of
3 ipm (15 fph), producing an average advance rate (production rate) of
118 feet per 24-hour day during the excavation period. In the far term
case, a 4000-horsepower mole penetrates at an average rate of 5 ipm
(25 fph) , with occasional maximum rates of 7 ipm (35 fph) , to produce an

average advance rate of 313 fpd.

Rock bolts on 4-foot centers and steel sets on 5-foot centers over

270 degrees of the tunnel circumference are used for ground support in

various segments of the tunnels. This requires 800 sets in 4000 tunnel
feet, 8000 epoxy bolts (8 per row) in 4000 tunnel feet, and 18,000 expansion
bolts (16 per row) in 12,000 tunnel feet for the near term case; and four

times these quantities for the far term case. In the near term case, pneu-
matic drills are used for setting rock bolts. Ganged hydraulic drills are

assumed for the far term case.

Delays imposed on the mole, both scheduled and unscheduled, reduce the

mole availability to 88 percent and the mole utilization to 49 percent of

the excavation period for the near term case and to 89 and 52 percent,

respectively, for the far term case. These delays are summarized in

Table 21. It should be noted that in both the near term and far term cases

the tunnel feet total excavated by moling is less than the total project
tunnel feet because 560 feet of tunnel are excavated by the drill-and-shoot
method during construction of the underground development area. Muck is

transported by load-haul-dump (LHD) units during this phase. It is

apparent, from the increased penetration rates and reduced delay times
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per unit of tunnel, that significant advances in tunneling technology are
assumed for the far term time period.

In both the near term and far term cases, trailing equipment consisting
of a balanced floor with car shifter, is used for loading muck in the muck
cars from the loading conveyor. The material transport system must be
designed to accommodate muck production at the maximum penetration rate to
avoid delay of the mole by the material transport system.

In the near term case, 25-ton locomotives (180 hp) pulling six 20-cubic-
yard muck cars per train on single-track, 75-pound rails and steel ties are
used for horizontal transport. Special flat cars and man-haul cars are pro-
vided for incoming materials and personnel. Six switches are used to con-
trol the near-shaft traffic and train switching at the heading. Two
locomotives and three trains are required. The outbound trains, loaded with
120 loose cubic yards (about 155 tons) of muck, travel at 12.5 miles per
hour (1100 feet per minute) . Inbound trains, empty except for ground support
materials and supplies, travel at 17 miles per hour (1500 fpm) . One minute
is allowed for switching at the heading and two minutes at the shaft. Four
minutes per car (24 minutes per train) are required for muck box dumping.
Thus, car filling (23 minutes/train, 6-foot mole advance) and dumping con-
trol the haulage cycle for the maximum reach of 10,000 feet. While the mole
is regripping, an empty train is spotted at the heading, and the loaded
train is pulled onto the mainline track. The loaded train travels to the
shaft (9 minutes) and into the unloading station. The empty train travels
through the switches (2 minutes) and to the heading (7 minutes) where it has
a six minute wait before it can be moved into the loading position. For all

reaches less than 10,000 feet as the tunnel is being excavated, the wait
period is longer than six minutes. Thus, there will always be one train
(without locomotive) at the heading for loading, one train and locomotive
at the shaft for unloading and one train and locomotive on haul or waiting.
One spare locomotive and two spare muck cars are provided to avoid delay
during equipment repair.

For the far term case with its much higher penetration rate and much

longer maximum reach, traffic on the rail system could become complex. To
keep the number of trains at a manageable ^ level, ten larger cars of

25-cubic-yard capacity are used per train. It also is assumed that the
trains operate at 20 miles per hour (1760 fpm) loaded with 325 tons of muck
and 27 mph (2400 fpm) empty. To attain these speeds, higher quality track-

age and maintenance than are the current common practice will be required.
These trains will hold the muck produced by two advance cycles of the mole,
requiring 21 minutes of moling at 35 feet per minute. Allowances of 1 min-
ute for switching at the heading, 2 minutes for switching at the shaft, and
4 minutes per pair of cars for dumping (using a balanced hoist) were made.

(This will require advances over present technology.) For reaches less than
17,000 feet, one locomotive and train will be required at the shaft for

dumping (20 minutes) , one locomotive and train on haul, and one train with-
out locomotive at the heading for loading. As the reaches extend beyond
17,000 feet, it will be necessary to add, another locomotive and train
on haul and a California switch for train passing. The California switch
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will be moved ahead as the heading advances until it is at 20,000 feet when
the end of the tunnel is reached. Thus, the maximum rail equipment required
is two locomotives and trains on haul, one locomotive and train at the
shaft, one train at the heading and a California switch, all operating on
single-track, 90-pound rail with steel ties. The locomotives are 45-ton
(580 hp) for mainline haulage and 30-ton (180 hp) for switching at the
shaft. One spare locomotive of each size and two spare muck cars are pro-
vided. Six conventional switches are required to meet switching require-
ments at the shaft and heading.

There is very little train waiting time in the long term transport
cycle, and the time allowances and speeds assumed may be difficult to
achieve consistently. Therefore, near the end of the reach when moling at
the maximum penetration rate, the mole could experience some delay due to
the material transport system. Careful synchronization of all rail system
operations would be required to avoid such delays.

Muck lifting for the near term case is performed by a 75-ton crane
lifting 20-cubic-yard lift-off boxes along guides at 350 feet per minute
with a single part line. Four minutes per box are allowed for the hoisting
cycle. For the far term case, a 500-horsepower hoist with a headframe,
lift-off boxes in balance, guides, a dump scroll and automatic controls is

used to unload two muck boxes every four minutes. In both cases, a man-
hoist and a 12-ton hydraulic yard crane are provided,

COSTS

Costs are compiled in three major categories (direct cost, plant and

equipment, and indirect cost) for each case. Within each category, the costs
are separated into materials handling costs and costs other than materials
handling. Direct materials handling costs associated with tunnel excavation
represent about 35 percent of the total direct costs. The major elements of
materials handling direct cost are the subcontract for surface disposal of
muck and direct labor costs. The muck disposal contract represents 32 per-
cent of the total direct material handling costs for the near term case and
49 percent for the far term case. Direct labor for material handling is

46 percent (near term) or 28 percent (far term) of the total direct material
handling cost.

Direct labor for excavation, ground support, and material handling (the

largest element of direct cost) represents 38 percent (near term) and

23 percent (far term) of the total direct costs. This illustrates the

increased labor productivity of the far term case. Other direct costs are
equipment maintenance and operation expense, supplies, and materials for
ground support.

Direct Labor

The direct labor cost is derived by developing 24-hour-day work crews

for each major operation and applying a wage rate per shift to the number of

man-shifts worked by each labor classification. The cost of direct labor
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crews is summarized for the near term and far term cases in Table 22. The
direct labor cost is obtained by multiplying the appropriate crew cost per
day by the number of days required (obtained from the schedule) to accom-
plish a specific task. For example, excavation and support (and the associ-
ated materials handling) require 164 work days in the near term case but
254 , days in the far term case. Moving the mole to the second reach requires
31 days in either case. The material handling system also is moved during
this period and the full crew is paid for the entire period for personnel
stability, even though the material handling system could probably be moved
in less time. There are 33 days of Saturday maintenance in the near term
and 51 days in the far term.

Equipment Maintenance and Operation Expense

The direct cost for equipment M&O expense includes maintenance labor and
parts and supplies (including power and fuel) for maintenance and operation.
(Operating labor is included under direct labor rather than equipment M&O.)
The M&O cost per day for each function is derived by determining the hours
of operation per day for each piece of equipment used for the function and
multiplying by unit rates for repair labor and for parts and supplies. The
M&O daily costs are summarized in Table 23 for the near term and far term
cases. The project total M&O cost is obtained by multiplying the daily cost
of the function by the days required for the function.

Plant and Equipment

The second major cost category, plant and equipment, includes the

purchase cost less salvage for each piece of equipment and other capital
items, the cost of shipping to the site, erection cost, and cost to remove
and ship out. These costs, developed on an item-by-item basis, are sum-

marized in Table 24 by categories. Both the original purchase cost and the

total project cost including shipping, installation, and removal are shown.

It can be observed that the capital investment in the material handling

system, if new equipment is purchased, is $1.76 million (about 32 percent
of total plant and equipment) for the near term case and $4 million
(37 percent of total plant and equipment) for the far term. Considering
salvage, shipping, installation, and removal, the material handling system
capital charges to the project are $646,000 and $1.8 million, respectively.

Indirect Costs

Indirect costs are those expenses which cannot be correlated with
specific construction operations and must, therefore, be charged to the job
as a v^ole. These costs include supervisory, engineering, and office labor,

and supplies, services, fees, insurance, and taxes. The cost of operation
of vehicles assigned to overhead personnel also is included. Insurance and

taxes which are directly related to plant and equipment are charged to the

material handling and nonmaterial-handling systems as appropriate. Indirect

costs are summarized in Table 25 for the near term and far term cases.
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TABLE 25. INDIRECT COSTS

Job Cost, Thousand Dollars

Cost Element Near Term Far Term

OVERHEAD LABOR

Supervisory 296 406

Engineering 265 353

Office 176 239

Taxes and Insurance 140 190

Move In 28 28

Vehicle Operation 29 37

TOTAL OVERHEAD LABOR 934 1,254

MISCELLANEOUS JOB EXPENSE

Supplies 60 78

Services 239 395

Fees 10 12

Entertainment, Travel and
Miscellaneous 47 47

TOTAL MISCELLANEOUS EXPENSE 356 532

INSURANCE AND TAXES, OTHER THAN
MATERIAL HANDLING

Automotive Insurance 4 6

Builders Risk Insurance 30 87

Contractual Liability Insurance 180 435

Mole Transportation Insurance 27 30

Fidelity Insurance 1 1

Plant and Equipment Insurance 33 56

Medical Insurance 35 48

Plant and Equipment Tax 16 28

Sales Tax 272 604

TOTAL INSURANCE AND TAX, OTHER
THAN MATERIAL HANDLING 598 1,295
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TABLE 25 (continued)

Job Cost, Thousand Dollars

Cost Element Near Term Far Term

INSURANCE AND TAXES, MATERIALS
HANDLING

Plant and Equipment Insurance 16 34

Plant and Equipment Tax 8 17

Sales Tax 103 247

TOTAL INSURANCE AND TAX, MH 127 298

GRAND TOTAL, INDIRECT COST 2,015 3,379

COMPUTER COSTING

The cost elements for projects using conventional rail for

horizontal transport and crane or hoist for lifting were entered into
the computer which compiled a total project cost by the procedure
outlined in Appendix B. The cost summaries for the near term and far

term cases are presented in Tables 26 and 27. The costs per tunnel
foot for the near and far term cases are 504 and 315 dollars per

foot, respectively.

MINIMUM MATERIAL HANDLING SYSTEM

When alternative conveyor muck handling systems are substituted
for the conventional rail systems, a supplementary intermittent
system is required to transport the inflow of equipment, materials,
supplies, and personnel and the outflow of personnel, waste and
equipment for repair. An estimate, based on the use of a 5-ton supply

truck operating in the tunnel, was developed as a minimum cost system
to be used in conjunction with a conveyor horizontal transport system
for either the near term or far term cases. The estimate for this

supplementary system, designated the minimum materials handling
system, is summarized in Table 28.
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TABLE 28. MINIMUM MATERIALS HANDLING SYSTEM COSTS

Cost Element Cost

DIRECT LABOR Manshifts $/Shift $/Day

Drivers, Supply 3 X $140 = $420
Yard Crane Operator 1 X 115 = 115

Labor Foreman 1 X 88 = 88

Laborer 1 X 84 = 84

Driver, Flatbed Truck 1 X 75 = 75

TOTAL DIRECT LABOR 7 782

Dollars/Day

EQUIPMENT MAINTENANCE Repair Labor Parts & Supplies
AND OPERATION

Supply Truck, 5 T 84 229

Yard Crane, 10 T 20 32

Man Hoist 19 11

Flatbed Truck 20 55

TOTAL EQUIPMENT M&O 143 327

Thousand Dollars

EQUIPMENT COST Purchase Job Total

Man Hoist 43 25

Yard Crane 55 23

Flatbed Truck 25 15
Supply Trucks, 2 94 78

TOTAL EQUIPMENT COST 217 141
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12. ESTIMATES FOR CONVEYOR SYSTEMS

Many types of conveyors, as described in Sections 6 and 7, have been
used successfully for horizontal transport and elevation of bulk materials
in mining, construction, and process industry applications. Conveyors are
characterized by a continuously moving, looped carrier medium, such as a
belt or a chain, adapted to hold and move the bulk material placed on it.

The carrier medium is moved by drives placed at either or both ends of the
loop, or at intermediate points along the loop. Special adaptors, such as
cleats, sidewalls, pockets or buckets, are often attached to the carrier
medium to provide load capacity, particularly when the application is for
elevating material. The bucket elevator is an example v^ich provides ver-
tical lifting. Long distance (greater than a few hundred feet) horizontal
transport of material by conveyor is most practical by some form of belt
conveyor. Modifications of belt conveyors have been developed which allow
materials to be elevated on very steep grades and even vertically.

Cost estimates were made separately for horizontal transport by conveyor
and for lifting of material by several conveyor types.

HORIZONTAL TRANSPORT

System Description

Cost estimates were developed for the base case conditions for both the

near term and far term tunneling projects described in Section 2, but with
conveyor systems rather than rail systems for the horizontal transport of

muck. A crane (near term) or hoist (far term) system is used for vertical
lifting of muck, but a belt conveyor or bucket elevator system could be

substituted without severe cost impact. Rubber tired vehicles were selected
for horizontal transport of men and incoming material. This selection was
made upon the realization that installation costs for a light rail system
would make overall system costs too high.

The systems are assumed to employ a continuously extended conveyor belt
with delays for belt addition only. A single belt bank unit is installed
near the shaft. This unit feeds out belt as the tail pulley is pulled along
by the mole. Intermediate drives are added as required to provide enough
power and to limit belt tension cxi a belt extending the entire length of the
tunnel. The continuous extension capability requires that the system sup-

ports be installed without stopping the conveyor operation, so the cost of a

special tail pulley assembly v^ich, in concept, provides a protected work
space for this function is included in the estimates.

The conveyor support concept is the wire rope mounted type. The con-

veyor design in the curved section is not defined, but could incorporate any

combination of concepts described in Section 6.

Sizing of system power units was accomplished by applying equations
cited in references 10 and 32a. In all cases, liberal design allowances
were made to cover inefficiencies and off-design characteristics.
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This conveyor system concept employs some equipment modifications which
have not been fully developed or tested in the capacity or size ranges of
interest. To differentiate from current technology systems applied in the
same situations, these systems are designated "long term technology."

Estimating Assumptions

It is important to note the qualifying assumptions made relative to

operating costs and manning and equipment costs for the conveyor equipment
and the assumptions regarding the ability to negotiate curves. In effect,

the capital and operating costs of conveyors used in construction projects
(although poorly documented, the only data available) are high enough to

preclude the use of conveyors in tunneling. Similarly, the use of a seg-
mented conveyor system to negotiate curves would add to the system costs to

an extent that would practically preclude the use of conveyors in tunneling
projects, particularly where any type of curve is involved.

Thus, the estimates made must ultimately be interpreted by the concerned
user. The estimates are probably best interpreted as being optimistically
low but representative of those required for conveyor systems which approach
competitiveness with rail systems. For example, the equipment costs are
representative of (a) conveyors in straight tunnels, or (b) conveyor systems
which have solved the problem of negotiating curves without segmenting the

systems or adding significantly to the cost of the intermediate equipment in

the curved sections. Operating costs include rates which are much higher

than those in mining applications of conveyors. Nevertheless, they assume
that the using tunnelers are highly familiar with and experienced in the

application and use of conveyors. Specifically, the estimates include

little allowances for downtime due to belt failures, and a relatively low

maintenance rate on drives and other mechanical and electrical components.
Another example is that the fineness of the muck is assumed to be con-
trolled, and situations which cause the generation of large, belt-damaging
lumps are precluded.

These assumptions are equivalent to saying that for conveyors to be used
successfully and competitively they must be used in a proper situation and
installed and operated with a degree of skill which is consistent with other
industries where conveyors are used.

Equipment Cost Estimates

Belt Costs . Belt costs are directly proportional to the length and width of
the belt, once the general type and quality of belt is determined. A basic
belt cost was established from a quote for a high quality heavy duty belt
produced by a leading supplier. For 30" belt widths, the cost is

$14 per foot of belt (or $28/ft conveyor)

.

Intermediate Equipment . The cost of intermediate equipment was established
from an estimate provided by designers of wire rope supported conveyors.
Wire rope was added as a separate item. In addition, the use of special
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supports to fit the tunnel wall required the addition of a special bracket,
which was added as a separate item. Since such a bracket is likely to sim-
plify the normal stands provided with a wire rope system the costs are pro-
bably on the high side, making the estimate conservative. Costs on a dollar
per running foot of conveyor basis are:

$/Foot

Idlers, return rollers 20

and support brackets
Wire rope 4

Tunnel wall support 4.25

Drives . The conveyor drive unit includes motor, gear boxes or other trans-
missions, pulleys, frame, and switch gear. It is expected that a tunnel
conveyor system would have a hydraulic drive. Suppliers claim that this
type of drive is cost competitive with electromechanical systems, so cost-
ing should not be affected by this determination. Horsepower is an effec-
tive measure of drive costs. Some representative quotes from suppliers are
as follows:

$

50 28,000
200 53,000
500 145,000

Other horsepower sizes were estimated from this information.

Belt Bank Units . Cost estimates were obtained from fabricators. The cost

per foot of belt stored goes up modestly after the purchase of the basic
unit. Cost estimates are as follows:

Storage Capacity
(Conveyor Lengh Unit Cost

in Feet) (Dollars)

150 30,000

250 35,000

450 50,000 (projected)

550 55,000 (projected)

Large storage units were used in order to minimize interruptions for adding

belt.

Conveyor Units . Conveyor units such as those used to bridge from the mole

to the mainline conveyor and frcan the mainline conveyor to the hoist were

estimated from unit length costs obtained from industry. The rule of thumb

applied is $6 per foot per inch of width. For a 36-inch width conveyor the

cost is $216 per foot of length.
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Electrical and Controls . Costs were added to the electrical system for

large sized cable, transformers, and expansion of surface installations. A
lump sum amount was added for supervisory controls and interlocks.

Other System Components . Other system components were estimated using data

frorii suppliers for similar hardware or an engineering judgment for concepts
without precedent.

Labor and Operating Cost Estimates

There are three general categories of costs in this area:

a. System extension crew costs.

b. Assigned crew maintenance costs.

c. Hourly operating costs, including energy, shop maintenance, and
parts.

Because of the lack of historical data and the conceptual nature of the

system, there is a significant degree of judgment associated with estimates
in each area. The maintenance performed by the assigned crew must be care-
fully weighed against maintenance costs included in the hourly operating
costs. Hourly operating cost data are believed to include both costs; to
include these costs in duplicate could distort the entire estimate.

Extension Crews. The near term case includes 1/2 man for extension. One
idler support assembly, and four idlers would be installed every two hours.
If necessary, the man would be aided by the mechanic.

The far term case requires that an idler support and idlers be installed
every forty minutes. Accordingly, the extension crew is expanded to

1 1/2 men, supported by bull gang and mechanic labor as required. An
electrician is also available for one shift.

Assigned Mechanics . The near term case assigns one mechanic full time, and
bull gang labor half time. The far term case expands this crew to

1 1/2 mechanics and a full-time bull gang laborer.

Hourly Operating Costs . The cost estimates include the following hourly
operating costs for combined conveyor units.

Repair Labor Parts & Supplies

$/Hr $/Day (12 Hrs ) $/Hr $/Day (12 hrs)

Near Term 30

Far Term 60

360

720

40 480

80 960

The labor costs can be readily translated back into crew size to gauge the

labor intensity of these overall operations. The far term case assumes a
more optimistic level of conveyor performance in keeping with improved
design, operation and knowledge of use over a period of developments.
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other Cost Impacts

The conveyor system must be highly available and cannot contribute
significantly to delays in the overall excavation process. Any delays
extend direct cost almost proportionally to time delay. On a cost-per-
day-of-delay basis, this amounts to $14,000 per day in the near term case
and $23,000 per day in the far term case.

There are two primary factors contributing to delay: (a) unexpected
downtime, or unavailability, and (b) delays due to predictable action, such
as belt addition in the case of conveyors. An estimated 5% downtime is
included to cover the unexpected.

In the near term case, rather than stand the added cost associated with
delays for belt additions, a large belt bank was used so that belt addition
could usually be made on Saturdays. Under these assumptions, delays attri-
buted to the conveyor systems are equivalent to the delays associated with
the rail system. For the far term case, advance rates of over 300 feet per
day create the necessity for adding belt every few days. The activity
associated with adding belt is assumed to take two hours. Without taking
advantage of scheduling, this could cause delays of 320 hours, or 13 days
(2 hrs X 160 extensions) . The estimate was made based on scheduling belt
extensions concurrent with mole cutter changes, and taking advantage of
Saturdays for extensions when possible. This results in an added 6-day
delay, compared with rail, for the far term conveyor case.

Computer Costing

The data elements and assembly procedure for costing a tunnel construc-
tion project by use of the computer program are summarized in Appendix B.

The major cost elements developed by the methods indicated and other cost
data were entered into the computer, which produced the cost summaries for

the near term and far term cases presented in Tables 29 and 30.

The costs per tunnel foot for the near and far term horizontal conveyor
cases are $502 and $318 per tunnel foot, respectively.

CONVEYORS FOR LIFTING

Systems Description

Cost estimates were developed for projects employing five conveyor
system types suitable for lifting muck as alternatives for the crane or

hoist used for this function in the base cases. The material handling
system concepts were developed by substituting one of the conveyor types for

the crane used for muck elevating in the near term case, and for the hoist
used for this functicai in the far term case. In each case the conveyor lift

system receives muck at the same point in the tunnel and deposits it in the
same hopper (located on the surface) as that used for the base case crane or

hoist, which gives a direct comparison of the lifting alternatives.
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A crane is included in each concept to provide for vertical transport of

equipment, incoming materials and oversize muck. Horizontal transport of
muck and materials is by rail systems identical to those in the near term
and far term base cases.

The alternative conveyor lift systems used are:

a. Inclined belt conveyor

b. Steep conveyor (Flexowall)

c. Spiral conveyor (Serpentix)

d. Covered belt conveyor (Beltavator)

e. Bucket elevator

The trade names given for the non-conventional systems are to help
identify the concept. These conveyor types are described in Section 7. A
variation of the covered belt conveyor, known as the Loop Belt, was not
included because the manufacturer considered it to be non-competitive with
the Beltavator at the relatively low tonnage rates and conditions of the

projects defined.

All the conveyor systems, including the bucket elevator, require a rail

car dump system, a means of screening to remove oversize lumps, and pro-
visions for converting the intermittent delivery of muck from the rail cars
to the continuous and uniform feed required by the conveyors. The costs of
this equipment are included in the estimates. The estimates assume that
only a very small portion of the muck produced by the mole is too large to
be handled by the conveyors and that the major portion can be handled by any
of the conveyor types or the bucket elevator without crushing.

The following costs are affected by the substitution of alternative lift

systems for muck removal:

a. Development excavation

b. Operating crew for lift system

c. Operating cost

d. Bquipnent cost

e. Equipment installation, dismantling and freight

f. Scheduled excavation days (if availability varies)

Starting Chamber

The development excavation size and details of the configuration may
need to be changed to accommodate each of the conveyor lift systems. In
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some cases, an auxiliary shaft may be required. The impact on the develop-
ment excavation area must be considered separately for each concept, but all
concepts require excavation of a pit for the rail car dump and muck screen-
ing operations. This is estimated to be a pit of 3x3x4 yards or 36 cubic
yards of excavation.

Inclined Conveyor . The inclined conveyor using a conventional belt requires
an auxiliary slant shaft, which normally is not part of the final tunnel
system, although it could be used for many purposes such as ventilation or
access. A shaft at least 8x8 feet is required for maintenance access. The
length of the shaft depends on the angle of slope and the depth of the tun-
nel. The permissible angle depends on the muck properties. The maximum
angle is normally 18 degrees. For costing purposes, a conservative angle of
15 degrees was used. Hence, the length of the sloped shaft is about four
times the depth from the tunnel invert to the surface.

It is assumed that no excavated pit is required to support the inclined
conveyor system. The slant shaft lengths and excavated volumes used for
costing purposes are:

a. 100-foot tunnel depth (near term)

400 feet, 1,000 cubic yards.

b. 200-foot tunnel depth (far term)

800 feet, 2,000 cubic yards.

Depending on project circumstances, this shaft may be useful for access

purposes, or backfilled at the end of the project. It is assumed to be
backfilled in the estimate.

Steep Conveyor . Conveyor systems such as the Plexowall that use a special

belt can be used at angles up to 70 degrees. As the slope increases, the
carrying capacity of the belt (for given width) decreases so there is a

tradeoff between slope angle and other factors. A 45 degree slope is con-
servative for an uncovered belt. This reduces the length of a sloped shaft
to 1.4 times the tunnel depth. The use of a separate slant shaft leaves the
entire service shaft open for general support. No pit is required to feed
this type system.

For costing purposes, an 8x8-foot sloped shaft is assumed, resulting in

the following lengths and excavation volumes:

a. 100-foot tunnel depth (near term)

141 feet, 333 cubic yards.
b. 200-foot tunnel depth (far term)

282 feet, 666 cubic yards.

Spiral Conveyor . The availability of conveyors that can turn tight hori-

zontal curves opens the possibility of using a spiral conveyor to lift muck
through a shaft. If the conveyor spirals up the wall of the service shaft,

the shaft would require enlargement to 35 feet in diameter (5 feet larger

than normal for the near term case) to avoid excessive reduction of shaft
space. This would add approximately 75 cubic yards to the excavation for
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the near term case, but none to the long term case, which assumes that a

larger shaft is available for the transit system.

Covered Belt Conveyor . Systems that use two synchronized parallel conven-
tional belts to form a pocket for vertical transport of material have been
demonstrated. These systems have the potential for use in conventional
shafts without additional shaft or pit excavation.

Bucket Elevator . The bucket elevator has been demonstrated for muck lifting
in a conventional service shaft with minimum disruption of the shaft space
for other uses. The bucket elevator installation has a pit below the normal
service tunnel floor for gravity filling of the buckets. Therefore, in
addition to the 36-cubic-yard excavation required for rail car dumping, the
bucket elevator has an excavation 10 yards deep by 2 yards wide by 3 yards
long, or 60 cubic yards, for elevator filling.

Operating Crews

The crane and hoist systems used in the basic rail/hoist concepts require
the following manning totals for three-shift operation.

Crane Hoist
(400 tph ) (900 tph)

Bottom Man

Top Man
Operator
Oiler

The crane system requires more top and bottom men because it lifts muck

boxes from the rail trucks and dumps them at the surface. This requires two
bottom men per shift to attach the lifting device to the muck boxes and one
top man per shift to assist the operator with dumping. The hoist either
engages the muck boxes automatically or receives the muck directly from an

automatic rail car dump and dumps automatically by means of a skip guideway.
Thus, the hoist top man and bottcsn man are used for one shift only to handle
incoming materials. The oiler is required on each shift by work rules.

When continuous conveyor systems are introduced for muck lifting, a crane

is still required for handling incoming materials and equipment transport
during one shift per day. This requires the basic crane crew, consisting
of crane operator, top man, bottom man, and oiler. In addition, an operator

is provided on each shift to monitor the muck lift system, and a bull gang
laborer is provided on one shift for daily muck cleanup around transfer
points. Thus, the total crew for materials and muck lifting operations is:
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All Systems
(400 and 900 tph)

Crane Operator 1

Bottom Man 1

Top Man 1

Oiler 1

Conveyor Operator 3

Bull Gang Laborer 1

This crew is the same size as for the 900 tph hoist system, but in most
cases the work load per man will be very light, which offers the possibil-
ity of crew reduction by careful work scheduling, if work rules do not
interfere.

Operating Costs

Operating costs are not well known for new systems and are often dif-

ficult to estimate with accuracy. However, some costs such as electrical
energy costs, can be reliably calculated.

Energy . For the lift systems operating at reasonable efficiencies energy

costs are calculated as follows:

Peak
Tonnage
( ton/hr

)

Average
Tonnage
( ton/hr

)

Lift
Height
(ft)

Energy Cost

($.06 kw hr)

($/hr)

Near Term 400 250 160 41 $ 2.46

Long Term 900 640 260 168 $10.08

Assumptions for calculations:

a. Maximum tonnage rate is used; this is conservative because most
motors draw power proportional to work expended.

b. Uses 1 kw per hp to allow for inefficiencies; results in a

.74 efficiency factor.

c. Energy costs multiplied by mole time (hours/day) for daily costs.

Lubrication . Lubrication costs are fairly insignificant for conveyor systems
with sealed bearings. The estimates include $. 60/hr (near term) and $2. 00/hr
(long term) for this purpose.

Repair Labor . The following repair labor costs are used in the estimates.
They are based on a comparison of the relative complexity of the equipment
with known systems.
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Cost/Operatinq Hour

Near Term Long Term

Inclined Belt Conveyor
Steep Conveyor Belt
Spiral Conveyor
Covered Belt Conveyor
Bucket Elevator

$2.00 $ 4.00
2.00 4.00
5.00 10.00
4.00 8.00
4.00 8.00

Repair Parts. The estimates assume that parts costs for a project are
10 percent of the equipment purchase price. The following repair parts costs
are based on the plant and equipment costs developed in the next section.

Dollars/Hour

Near Term Far Term

Inclined Belt Conveyor
Steep Conveyor
Spiral Conveyor
Covered Belt Conveyor
Bucket Elevator

6.15 10,91
6.16 16.81

19.09 22.82
6.16 22.82
6.16 20.62

Plant and Equipment Cost

The plant and equipment costs are based on information from suppliers.

The reliability of the costs used varies from system to system. In all

cases, the costs should be considered as "ball park", without the benefit of
bid competition and refined engineering.

Bucket Elevator

The costs for car dump, and screen and feed units are included in all the

estimates to account for the transfer of muck between the intermittent rail
haul system and the continuous lifting system. The source is a quote from a

supplier.

Thousand Dollars

Near Term (400 tph)

Far Term (900 tph)

Basic
Elevator

Car Screen &

Dump Feed

165 100 55

360 139 150

Inclined Conveyor . The inclined conveyor system rises to the surface

through a 25 percent slope, inclined shaft and extends above the surface at

the same slope to reach a height of 60 feet at the top of the receiving
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hopper. The following equipment cost estimates include the subsurface
above surface (including supporting structure) portions of the system.
These estimates can be compared to an estimate of $300 per foot for an
inclined conveyor installed recently an a tunneling job.

Near Term Case

Intermediate Equipment, subsurface
$100/ft X 400 ft = 40,000

Intermediate Equipment, above surface
$216/ft X 240 ft = 51,840

Drives - Two 50 hp @ $14,000 = 28,00

119,840

Total (640 ft) $178. 25/ft

Far Term Case

Intermediate Equipment, subsurface
$120/ft X 800 ft = 96,000

Intermediate Equipment, above surface
$252/ft X 240 ft = 60,480

Drives - Two 150 hp @ 58,000 = 116,000

272,480

Total (1,040 ft) $26 2/ft

steep Conveyor. Belt c»sts are much higher for this system than for a

conventional conveyor. The system, however, is much shorter because of its
steeper angle. The near term case length is 225 feet and the far term case
length is 366 feet, including the 60-foot elevation above the surface.

System costs are estimated to be:

Near Term

Belt: 2 X 225 X $130/ft 58,500

Other Intermediate Equipment $100/ft 22,500

Drive - One 70 hp (special) 40,000

$121,000
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Far Term

Belt: 2 x 366 x $428/ft 313,297

Other Intermediate Equipment $100/ft 36,600

Drive - One 350 hp (special) 70 ,000

$419,896

Spiral Conveyor. The source is an engineering estimate from the
manufacturer

.

Near term case $315,000

Far term case 510,000

Covered Belt Conveyor. The source is an engineering estimate from the
manufacturer

.

Near term case $127,000

Far term case 200,000

Availability Factor

Muck hoisting by crane or hoist is estimated to contribute delay time of
about .005 hours per tunnel foot (about 5% of the mole time) to the total
delay time of the mole. It is anticipated that properly operating, contin-
uous lift systems would cause slightly less delay time.

The following arbitrary predictions of unavailability were used for

estimating the costs of the conveyor systems;

Unavailability

Inclined Belt Conveyor 3%

Steep Conveyors 4%

Spiral Conveyor 4%

Covered Belt Conveyor 4%

Bucket Elevators 4%

Since the differences between these unavailabilities and the 5% baseline

system cause only small cost savings, they do not play a significant role in

the cost evaluation, although each day of delay adds $14,000 (near term) or

$23,000 (far term) to the cost of the project.

Computer Costing

The data elements and assembly procedure for costing a tunnel construc-
tion job by use of the computer program are summarized in Appendix B. The
major cost elements developed by the methods indicated and other cost data
were entered into the computer, which produced the cost summaries for the
near term and far term cases presented in Tables 32 through 41.
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The costs per tunnel foot for the near term and far term conveyor lifting
cases are summarized in Table 31.

TABLE 31. PROJECT COSTS WITH CONVEYOR LIFTING

DOLLARS PER TUNNEL FOOT

CONVEYOR TYPE Near Term Far Term

Inclined Belt Conveyor 504 316

Steel Conveyor 500 317

Spiral Conveyor 505 317

Covered Belt Conveyor 498 314

Bucket Elevator 502 314
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13. ESTIMATES FOR HYDRAULIC SYSTEMS

The transportation of solid materials in slurry form through pipelines
has been successfully applied to the movement of material, particularly coal,

in overland transport and mining operations. Using hydraulic transport in

tunneling has been suggested frequently as a promising muck transport method.

SYSTEM DESCRIPTION

The first problem encountered in conceptualizing hydraulic transport
systems is a practical means for transporting muck from the mole into the
hydraulic loader at the rates envisioned for the near term and far term
cases. Each time the loader is moved forward to keep up with the advancing
mole, the pipeline must either be drained, or filled with water to displace
the slurry. Additional pipes must be installed along with shutoff valves and

pumps. Also, if the pipeline is filled with water during the time new pipe
sections are being added, additional valves suitably placed may be needed to

prevent flooding. In view of the amount of time required for these oper-
ations, it was concluded that they should be performed on Saturday (when

moling is not in progress) or at times when excavation is halted for some
other reason.

The average and upper limit advance rates for the five-workday week were
taken as indicated in Table 42.

TABLE 42. WEEKLY ADVANCE RATE

TIME PERIOD ADVANCE
(Tunnel FeetA^eek)

Average Upper Limit
1

Near Term 600 1,200 1

i

Far Term 1,500 3,000

In order to sustain these weekly average advance rates and provide for

weeks when the advance is more than average, an extensible conveyor system
would be installed between the mole and the hydraulic system loader to carry
muck for distances up to the upper limit of weekly advance. The conveyor
system selected is supported on an overhead monorail and estimated to cost
$500 per foot.

At the start of moling 100-foot conveyor sections and a hoist will be

used to transport muck without the hydraulic system. After penetrating a

distance sufficient to accommodate the extensible conveyor, the hydraulic
system would be installed. Figure 23 shows the positions of the loader,
extensible conveyor and mole on Mondays and Fridays. On Saturday the
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pipes, pump, loader and crusher are moved from the Friday to the Monday
configuration.

In the near term case, straight extensible conveyor sections up to

1500 feet long mounted on either wall brackets or a monorail will be used
in sections of the tunnel that are not curved. In the curved tunnel sec-

tions, conveyor sections 100 feet long will be placed in series to round the
turn. In the far term case, it is assumed that a flexible conveyor mounted
on a monorail will be available for use as the extensible conveyor and will
function in both straight and curved segments of the tunnel.

In both the near term and far term cases, the extensible conveyor system
feeds a fixed conveyor through a tripper and chute. The fixed conveyor
feeds a series of two grizzlies which separates the oversize muck into a

rock box, the mid-size through a crusher, and the undersize to the slurry
mixing tank with the crushed rock. After being mixed, the slurry enters a

high pressure system and is pumped the length of the tunnel and up a shaft
to the surface. Booster pumps placed along the line compensate for the

friction losses. At the surface, a dewatering unit with dewatering screens

and hydrocyclones separates the solids from the liquid and stores the solids
in a surge tank for surface transport to a disposal site. The liquid, with
water added to compensate for losses, is returned to the mixing tank through
a separate pipeline. Although the volume rate of the return line is less

than the volume rate in the slurry line, no significant economies could be
found by using a pipe with a smaller diameter or pumps with less horsepower
in the return system. Because of this, and in order to simplify logistics
and maintenance, pipes of the same diameter and pumps of the same type and
size were used in both the slurry line and return line.

SLURRY CHARACTERISTICS

Before sizing the pipeline and pumps, the engineering characteristics
of the muck, slurry and return liquid must be determined. The specific
gravity of the muck particles will, in practice, depend upon the nature of

the rock and will generally vary from section to section of the tunnel. The
value for specific gravity is an important parameter because with higher
specific gravity, higher slurry velocity and associated higher pump power
are needed to keep the solid particles from settling to the bottom of the

pipeline and inhibiting the flow. As a representative value, muck with a

specific gravity of 2.65 and negligible moisture content was used.

Consideration was also given to the concentration of solids in the
slurry. This concentration is usually expressed as percent solids by
weight, C^, and percent solids by volume, C^. If the slurry is excessively
dilute, pumps with large capacities and pipes with large diameters are
needed to handle the volume flowing in the pipeline. The costs of such a

system would be high. On the other hand, if the slurry is excessively con-
centrated, the frictional forces rising at the liquid/pipe boundary become
excessively high, and the costs of pumps and power become great. A best
design point intermediate between the two extremes always exists for these
slurries, with the exact location of the best compromise depending upon many
factors such as the muck characteristics, availability and cost of water,
and cost of electric power. As a reasonable compromise a concentration by
weight of 45% was selected.
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with the value for the specific gravity of the muck and concentration
by weight in the slurry defined, other engineering parameters can be derived
by the following equations (53)

:

C
V

X

S
m

S

13.1

13.2

where = specific gravity of slurry

= percent solids by weight

S = specific gravity of the muck (2.65)

= percent solids by volume

The numerical values found for the slurry specific gravity, and slurry

percent solids by volume, C^, were 1.39 and 23.6 percent, respectively.
These values, along with data for other quantities, are summarized in
Table 43.

The volume flow rate of the solids was calculated from the relation

F = 3.9933 ^ 13.3
m S

where F = flow rate of muck in gallons per minute

W = muck rate in tons per hour

3.9933 = a conversion constant with dimensions of gallons per minute
divided by tons per hours.

The volume flow rate of the slurry was calculated from the relation

F
F = X 100 13.4
s c

V

where = flow rate of the slurry in gallons per minute
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The numerical values for these quantities are summarized on lines 6, 1 , and
8 of Table 43.

RETURN LIQUID

The return liquid comes in part from the slurry after processing through
a dewatering unit and in part from additional water added to compensate for
the water removed with the muck. Faddick and Martin (25) have outlined a

method for developing return water that is almost free of muck and has a

specific gravity of 1.0 and values of and equal to zero. These
values were adopted for the return water.

The flow rate of the return liquid, in gallons per minute, is

calculated from the relation

F^ = F - F 13.5
L s m

SLURRY VELOCITY

Slurries with large, dense, solid particles that settle when the velocity
is low, require turbulence to keep the particles suspended. In situations

where particles are small and the concentration of solids is almost homog-

eneous, the operation is efficient. This mode of operation is used for long-
distance pipelines but is generally not achievable in tunnel applications
where particles have high specific gravity and coarse mesh size. Under these

conditions particles tend to settle to the bottom of the pipe. High velocity
and high turbulence are required to keep the particles in suspension. When a

slurry system operates at a velocity below the critical one, the particles
tend to collect along the bottom of the pipe, which may lead to pipeline
plugging. This critical velocity, V^, is given by the relation (53)

where F = dimensionless constant, equal to 1.4 for large
particles (53)

D = pipe diameter (inches)

g = acceleration of gravity (32.2 ft/sec )

= specific gravity of the liquid

S = specific gravity of the solids
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The slurry velocity can be calculated from the volume flow rates and must
exceed the critical velocity. Table 44 contains, as a function of pipe
diameter, data for the critical velocity, V^, and the slurry throughput
velocity, Vg, for the near and far term cases. As can be seen from the
table, pipe diameters of 9 inches or less for the near term and 12 inches
or less for the far term cases will satisfy the requirement that Vg exceed
V^. Pipe diameters of 8 and 12 inches were selected for the near and far

term cases, giving a velocity of 16.3 feet per second in both cases.

TABLE 44. CRITICAL VELOCITY AND THRUPUT VELOCITY

Pipe
Diameter
(Inches)

Critical
Velocity, V^

(ft/sec)

Thruput Velocity, Vc., (ft/sec)

Near Term

(2555.2 gpm)

Far Term

(5749.2 gpm)

7 11.022 21.303 47.931

8 11.783 16.310 36.697

9 12.496 12.887 28.995

10 13.174 10.436 23.486

11 13.817 8.627 19.410

12 14.432 7.249 16.310

13 15.021 6.176 13.897

14 15.588 5.326 11.983

RETURN LIQUID VELOCITY

For practical purposes, all solid particles have been removed from the

return liquid. Therefore, the critical velocity is zero. The velocity of
the return liquid (see Table 43, line 11) was determined from the volume
flow rate and the pipe cross sectional area.

FRICTIONAL LOSSES

Fluids flow in pipes because the pressure gradient overcomes the

frictional losses of the flowing fluid. In the region of turbulent flow,

the frictional loss and pressure gradients are a rapidly increasing function
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of velocity. The Darcy-Weisback equation (7) is used frequently to
calculate frictional losses and takes the form

_ 6fv^L
gD 13.7

where H = pressure loss in feet of head for the liquid flowing

f = friction factor, feet loss/foot pipe

L = pipe length in feet

V = liquid velocity in feet per second

D = pipe diameter in inches

g = acceleration of gravity (32.2 ft/sec )

Excepting f, the quantities in equation 13-7 are readily determined from

the dimensions of the pipeline and the volume flow rate. Two methods of
estimating values for f are presented here. The frictional losses, static
head and pump head will all be expressed in units of feet head of slurry in

the slurry line and as feet head of water in the return line.

Graphical Method for Estimating Friction Factor

The graphical method used is based upon material provided by Brown (5)

and Moody (56). To use Figure 24 one needs the Reynolds number. Re, and

the relative pipe roughness, e/D. The Reynolds number is given by the
well known relation

Dvp
Re =

P

where p = density D = pipe diameter

p = viscosity V = fluid velocity

Since Re is dimensionless, the equation is valid in any consistent set of

units. The relative pipe roughness is given by the empirical relation

£ ^ 1.8 X 10~^

D ~ D

Data applicable to the near and far term cases are presented in

Table 45. These data are based upon a fluid with the viscosity of water
(1.1 cp)

;

a reasonable value for the return liquid. The slurry will have a

higher value, but how much higher is a matter of speculation.
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Dallavalle (17) observed a curious fact regarding slurries; that for all
substances studied a nearly linear relation existed between solids
concentration by volume, C^, and the apparent viscosity in the range of
between 0 and 25 percent. Above this region the viscosity increased rapidly
with increasing concentration of solids. His observation was one of the
determinants used in this work for selecting a value for near 23 percent.
Some of his published curves suggest a value for viscosity of about 10 cp
would be more typical for the slurry than 1.1. If this were the case, then
the Reynolds number for the flow would be smaller by a factor of 9, and the
friction factor increased to 0.018 to 0.020 as read on Figure 24. This
would tend to increase the number of pumps and pumping power required.

TABLE 45. FRICTION FACTOR

Near Term Far Term

Slurry
Pipeline

Return
Pipeline

Slurry
Pipeline

Return
Pipeline

Fluid Density

(Ibs/ft^)

86.5 62.4 86.5 62.4

Pipe Diameter (in) 8.0 8,0 12.0 12.0

Velocity (ft/sec) 16.31 12.46 16.31 12.46

Reynolds Number
( |d = 1.1 cp)

1.3x10® 6.9x10® 1.9x10® 1.4x10®

Relative Pipe Roughness
(Commercial Steel), e/D

2.3x10"^ 2.3x10"^ 1.5x10"^ 1.5x10“^

Friction Factor .0154 .0155 .0141 .0141

Friction Head Loss
(ft liquid/ft pipe)

.0954 .0560 .0582 .0337

Williams and Hazen Relation

The Williams-Hazen formulation (7) for the friction head loss has been
used widely and often in the convenient form

H/L = 0.002083
1 lOOV /

'

1 \

\ c y \
. D^.8®55;

13.8
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Where H/L = friction head loss (ft head/ft pipe)

C = constant expressing pipe roughness

V = flow rate (USGPM)

D = inside pipe diameter (inches)

For new weld or seamless steel pipe C is 140. Using the values pre-
viously determined for C, V, and D, the friction factor and head loss can

be calculated from equations 13-8 and 13-7. The total head loss (line 17,

Table 43) is the frictional head loss plus the static head loss (gain for

return line) for the rise to the surface.

Comparison of Methods for Estimating Head Loss

The head losses determined by the Williams-Hazen and graphical methods
are summarized in Table 46 and compared to the values obtained from the Moody
graph (Figure 24) for a hypothetical slurry with viscosity of 10 cp. The

graphical head losses for water are less than 6 percent greater than calcu-
lated by the Williams-Hazen relation. Increasing the viscosity to 10 cp
increases the head loss about 24 percent. In order not to penalize the

hydraulic systems because of some unknown discrepancy in estimating head
loss, the smaller value (that for water) for each pipeline was used in deter-
mining the pump requirements and pipeline system costs. This procedure under

estimates friction losses, the number of slurry pumps, and the cost of the

hydraulic systems.

TABLE 46. COMPARISON OF HEAD LOSS

Head Loss per Foot

Near Term Far Term

Method of
Calculating
Friction Loss

Slurry
Pipeline

Return
Pipeline

Slurry
Pipeline

Return
Pipeline

Williams-Hazen .09084 .055198 .056607 .034412

Graphical for Water

(
(J.= 1.1 cp)

.0954 .0560 .0582 .0337

Graphical for Slurry
( hL = 10 cp)

.118 .0560 .0722 .0337

It should be emphasized that the computation of frictional head loss in

horizontal and vertical pipes and static head in vertical pipes is not an
exact science. In practice, before a slurry line is designed, tests are
conducted to determine experimentally the engineering parameters required
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to design an operational system. Here, the work has proceeded with published
equations and average values for parameters without the benefit of tests.

VERTICAL LIFT

In vertical lift, the particles move upward more slowly than the liquid
flows, because the particles settle under the influence of gravity. Since
the continuity of flow of both the liquid and the solids is maintained
throughout the pipe, the concentration of solids increases in vertical lift
sections in comparison with that in horizontal sections. The procedures
commonly used to correct for settling involve the distribution of particle
size and drag coefficients. This level of detail would be required in
designing an installation, but is not needed in this feasibility work. The
problem of settling was resolved by providing about 50 percent excess
lifting head at the base of the vertical pipeline segment.

PUMPS

Pumps are required in sufficient number to overcome the frictional and

static head losses (line 17, Table 43). For study purposes, two sizes of
centrifugal pumps, one for the near term case and one for the far term case,
were selected with characteristics provided by Warman International, Inc.,

as shown on Figure 25. The pumps and controls are recessed into the walls
of the tunnel to maintain an open passage through the tunnel.

The pressure heads developed with water flowing at the estimated
throughput rates would be 190 feet for the near term case with the 8/6 FAH
pump and 212 feet for the far term case with the 12/10 GAH pump. Pressure
heads of this magnitude would be developed on the return line, for the

return liquid has characteristics approximately that of water. On the

slurry line, the head ratings (HR) of the pumps are degraded by a factor

0.5990 (see Figure 26) for the muck specific gravity of 2.65, so that pumps
on the slurry line develop heads of 114 and 121 feet for the near and far

term cases. With these head ratings and specific gravity of 1.389 for the

slurry, the pump pressures are 69 and 75 psi, respectively.

The vertical lift exceeds the head developed by one centrifugal pump,

so two pumps were used in series, appropriately placed along the tunnel.

In an actual design, greater consideration would be given to using
reciprocating pumps to provide the head necessary for the vertical lift.

However, the cost savings (if any) would be small in comparison with the

overall costs and would be barely observable in the final costs. For this
reason, centrifugal pumps were used.

Table 47 compares the number of pumps required based on the Moody
graphical method using water and slurry viscosities, and on the Williams-

Hazen equation. The higher viscosity (10 cp) requires 20 percent more pumps
than required if the viscosity of water is assumed. Costs for the hydraulic
systems were based on the smaller number of pumps.
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TABLE 47. PUMPS REQUIRED

Number of Pumps

Near Term Far
I

Term
|

1

Method of

Calculating
Friction Loss

Slurry
Pipeline

Return
Pipeline

Slurry
Pipeline

Return
|

Pipeline
|

Graphical
(water) 10 3 21

i

6

Williams-Hazen 10 3 21 6
1

Graphical
(Slurry) 12 3 25 6

SURFACE EQUIPMENT

The surface pipeline equipment consists primarily of a dewatering unit
to separate the solids from the liquid, and equipment to process the liquid
to a water quality adequate for return to the loader. Faddick and Martin
(24, 25) studied a number of systems for accomplishing this task. Their
systems for coarse slurries involved vibrating screens, hydrocyclones, rub-
ber screens, thickeners, tanks, pumps, and motors. Figure 27 contains a

reproduction of their general flow sheet and Figure 28 shows their numerical
calculations of the flow for a dewatering system processing 45 percent by

weight slurry containing 382 tons per hour of solids (reasonably close to

the near term case) . With this equipment the dewatered muck is in a form
suitable for surface transport and the liquid is suitable for redyeing.

A system somewhat similar to that postulated by Faddick and Martin was

scaled up in size to meet the muck and slurry rates of the near and far term

cases.

INBOUND TRANSPORT SYSTEM

A minimal rail system was assumed to be installed to carry men,

supplies, and equipment from the shaft to the heading. The equipment,
manpower, and costs associated with this system were derived from those
presented in Section 11.

A special rail car with a small crane would be required to handle the

hydraulic pipe. Since no such vehicle is currently in operation, this would

be a new type of vehicle.

13-13



13-14



PUMP HEAD AND EFFICIENCY RATIOS FOR OPERATION ON SLURRY.

300 200 150 100 72 52 36 25 II 14 10 7 5 B.S.S. MESH

Source: Me Elvain, R. E.

FIGURE 26

, (53 )

,

Skillings' Mining Review,

. PUMP HEAD AND EFFICIENCY RATIOS

FOR OPERATION ON SLURRY

Jan. 26, 1974

13-15



Slurry

from tunnel

Source

13-16



From Tunnel
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FIGURE 28. MATERIAL BALANCE FOR SLURRY SURFACE EQUIPMENT
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COSTS

Equipment Costs

The major elements of the hydraulic system including loaders, pipe,
pumps, and dewatering units were costed on the basis of data provided by
Faddick and Martin (24, 25) with a factor of 1.6 applied to the 1974 costs
for escallation to 1978. Table 48 summarizes the costing for the equipment.

Personnel Costs

The major elements of manpower costs are:

a. Pay scale for each job classification

b. Number of men assigned to each job classification

c. Number of shifts that each job is manned over the entire job
duration.

Although many of the job titles for the hydraulic systems are usually not
found on tunnel projects, the type of work is similar to other jobs that are
familiar in the field. A set of job titles was prepared for the positions
needed to operate the hydraulic equipment and a pay scale assigned on the
basis of similarity to an existing job. Other men were added to fill the

more usual jobs, like operating the rail line, and pay scales assigned to

them. Table 49 shows the jobs by title, the rate per shift for each job, and
the number of men in each job.

The rail system will transport equipment and supplies into the tunnel and

transport equipment out. The amount of traffic can be handled on one shift

on week days, so only one crew is provided for the rail and crane systems
during the week. The hydraulic system will operate three shifts per day so
three crews are provided for this operation.

On Saturdays, manpower will be needed on three shifts to extend the pipe-

line, move the loader and install pumps. The Saturday crew is larger for the

hydraulic system than that selected for rail and conveyor systems.

The crew to remove the hydraulic pipeline and the fan line after the

excavation is finished is larger than the crew required to remove the fan

line alone for other systems.

Moling Time and Job Duration

The number of moling hours was estimated from the number of tunnel feet

and the average penetration rate, and the total excavation duration from the

moling time plus the delay times.

The estimates for the moling and delay times for the near term and far

term hydraulic pipeline systems using a conveyor system between the mole and
the pipeline feed are summarized in Table 50,
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other Costs

The electric power system for the hydraulic pumps constitutes a sub-

stantial cost, as large amounts of power will be required to operate the

system continuously and provide the additional power required to overcome
startup inertia. The costs incurred in establishing and operating the
electric power system are itemized separately in the cost estimate and allo-
cated entirely to the material handling system. The power costs were esti-
mated as $0.06 per horsepower hour for the horsepower requirement from line
25 of Table 43 assuming that, averaged over the period of excavation, half

the maximum number of pumps would operate. The electrical power installation
costs were scaled from the cost estimates prepared for the base case, basing
the material handling power requirements was examined for the near term

upon the total peak horsepower requirements from line 26 of Table 43, and
ratioed in proportion to the peak power required for the mole.

Computer Costing

The elements of data for costing the job with a computer program are

discussed in Appendix B. The major cost elements developed by the methods
indicated were entered into the computer, which produced the cost breakdown
for the near and far term cases as summarized in Tables 51 and 52. The costs
per tunnel foot for the near and far term hydraulic cases are $596 and $383
per tunnel foot, respectively.

PNEUMATIC-HYDRAULIC SYSTEM

An alternative to the conveyor system for transporting muck from the mole
to the hydraulic feed point is a pneumatic system. This alternative case was
examined for the near term by two costing methods without making direct cost
estimates for a 400 tph pneumatic-hydraulic system:

a. Costs were scaled-up from an estimate previously made for a 220 tph
pneumatic-hydraulic system.

b. The cost difference was obtained for two 400 tph systems, one with
a conveyor transporting muck 1000 feet horizontally and feeding a

pneumatic lift, and the other with pneumatic transport 1000 feet
horizontally and feeding a pneumatic lift (see Section 14)

.

Both methods gave results that were in close agreement, differing by
about 3 percent. The job cost using the pneumatic-hydraulic system appears
to be about 6 percent higher than that using the conveyor-hydraulic system.

Paddick (22) has observed that pneumatic and hydraulic pipeline systems would
be more attractive, both technically and economically, if the two systems
were used independently.
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TABLE 50. MOLING AND DELAY TIMES
(Hydraulic System)

Time (hours)

'1 Near Far
I tern Term Term

Moling 1944 3178
Reset 108 221
Rock Support; Bolts 0 0

Sets 400 427
Materials Handling; Derail 4 0

Connect Vertical Shafts 0 0

Pipe Extensions 0 0

Reset Conveyors 0 0

Pump Line 39 100
Ventilation 39 79
Power ; Add Cable 54 78

Outages 8 24
Cutters 97 159
Repairs; Mole 389 636

Material Handling 194 318
Drills 58 95
Other 19 32

Shift Change 156 254
Miscellaneous 456 480

Total Time 3965 6081

Total Time (Days) 165 253
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14. ESTIMATES FOR PNEUMATIC SYSTEMS

Coal, wood chips, and other industrial substances have been transported
successfully by pneumatic systems. Radmark Engineering, Inc., installed
pneumatic muck transporting systems in tunnels in Edmonton and Halifax (67)

.

These precedents make pneumatic transport of interest as a candidate for muck
transport in future tunnel operations. Therefore, the feasibility of pneu-
matic transport was explored under the conditions of the near term and far

term time periods defined for this study.

Two sets of input data for the computer costing program were developed.
One set is based on extrapolation of the flow equations developed by
Konchesky, George and Craig (44, 45), and cost data provided by Faddick and
Martin (24) , updated for escalation. The other data are provided by Radmark
Engineering, Inc. (67a) from computer calculations based on a proprietary
model and cost data in use for current system pricing. The Radmark data and
discussion are provided at the end of this section.

SYSTEM DESCRIPTION

The pneumatic system accepts the muck from the mole without intermediate

surge storage, at rates up to 400 and 900 tons per hour in the near and far

term cases, respectively (Figure 29) . In this arrangement, the grizzlies,
crusher, stower and blower are mounted on sleds or wheeled platforms and
dragged forward by the mole. The Radmark arrangement places the blowers on
the surface. This reduces the underground noise and eliminates the need to

extend the electric cable for the blowers. However, power cable extension
will be required for the stower and preparation equipment. Placing the
blowers on the surface requires that an air feed pipe be provided from the

blower to the stower and that it be extended as the mole advances. Added
power is required to pump the air through the feed pipe.

Conveyors carry the muck to grizzlies that separate any +12-inch rocks

into a rock box, the -12 to +2. 5 -inch muck to a crusher and the -2.5 material
to the loader-stower. An alternative would be to crush to about 1-inch top
size to reduce the wear on the stower, but the cost of crushing would
increase. For many rock types, the mole would produce particles small
enough not to require crushing, thus eliminating the grizzlies and crusher
if consistency of the rock type can be assured. The Radmark concept assumes
this condition and does not use a crusher.

The relatively small number of large rocks are either transported by rail

out of the tunnel or broken with a sledge hammer or hydraulic breaker and

passed through the crusher. The crusher, processing up to 50 percent of the

muck, delivers a product with a fineness of -2.5 inches (Radmark assumes
-2 inches) . The pneumatic stower injects the muck into the pressurized sys-
tem that transports horizontally to a vertical bore hole or small shaft for

transport to the surface (Figure 30)

.

On the surface, the muck particles and
the dust are removed from the air stream and loaded onto trucks for hauling
to the disposal site.
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FIGURE 29. PNEUMATIC SYSTEM FEED ARRANGEMENT

FIGURE 30. PNEUMATIC SYSTEM PIPE PROFILE

(Height of lift, H, is 120 and 220 feet in near and far term cases respectively.



A telescoping extensible pipe section 90 feet long, located downstream

of the stower, provides the flexibility needed to keep the major part of the

pipeline stationary while the mole advances, dragging the stower and blower

along with it. The presently available Radmark design for telescoping sec-

tions is 15 feet long; therefore, 7 sections would be required. Faddick and

Martin tested two of these sections in series without difficulty but feel

that 7 sections may be excessive due to the guide system necessary to main-

tain alignment and for curve negotiation (23) . Perhaps 4 sections could be

used. Longer individual sections, up 20 or 40 feet, may be possible but

they do not exist presently. At the completion of the maximum excavation,

the telescoping pipe sections are retracted, the rails extended and, with
the help of a special rail mounted pipe handling car, new sections of pipe

are installed to close the gap between the end of the pipe and the

telescoping section.

The average advance rate is projected to be 600 feet per week for the

near term case and 1500 feet per week for the far term case. Fourteen-inch
bore holes (or shafts up to 6-foot diameter for the Radmark concept) are

prepositioned every 500 feet (near term) and 1000 feet (far term) in the two

cases. If the mole advances past a bore hole during the week, then on the

following Saturday the pneumatic pipe is disassembled, the old bore hole
grouted for abandonment, and the pneumatic pipe connected to the next hole.

In this way the horizontal transport is kept to a maximum of about 1000 feet

or less in both the near term and far term cases. It will frequently be

necessary to stop the moling and change the pipe arrangement to a new bore
hole during the week for the long term case.

The inbound material is transported by a minimal rail system scaled down

from the one described in Section 11. Lightweight track will be adequate to

carry the light inbound load. Without the need for numerous muck cars, the

outbound traffic will be comparatively light.

Pneumatic pipe, elbows and equipment in the line are subjected to the

abrasive action of the muck particles. The velocity of the air and entrained
particles increases at an approximately uniform rate along the pipe due to

decreasing pressure and reaches the highest velocity near the exit. Wear is

associated with velocity and the resulting turbulence. Experience with pneu-
matic pipe indicates that by rotating pipes to distribute wear about
50,000 tons of muck can be transported through a pipe section before abandon-
ment (69). Radmark estimates life of 100,000 tons for Esser pipe handling a

mixture of shales and sandstone (67a). This is equivalent to 200,000 tons
of material excavated if an extending pipeline is used since each length of
pipe is in use only one-half the time. However, such pneumatic systems func-
tion at pressures of 10 psig or less, and the velocities, turbulence and wear
are substantially less than for the conditions derived from the Konchesky
equations. Wear in the vertical section should not be a problem because this

pipe is used for a limited time only, and then grouted and abandoned after
transporting less than 25,000 tons. However, the horizontal sections and the
elbows will be in use until they wear out. Engineering data relating wear
rates to particle velocity or air turbulence are not available at present in
the velocity range indicated by the Konchesky equations, so the feasibility
of using pipe for these large tonnages and high velocities is uncertain.
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Although the pipe wear may be a serious problem, the wear could be more or

less evenly distributed over all pipe sections by reversing the order of
installation of pipe sections as the system is moved from one borehole to the
next. With this arrangement, each pipe segment is in place half the time.
Since each pipe section is assumed to be capable of transporting 50,000 tons,
and since the muck is excavated at the rate of 25 tons per foot of tunnel
length, the 1000 feet of pipe sections in the horizontal segments must be
completely replaced every 4000 tunnel feet. Allowing for extra replacements,
6000 feet of pipe are planned for the near term case and 22,000 feet of pipe
for the far term case. All the boreholes are prepared beforehand along the
right of way, and cased to a depth short of the crown of the tunnel so the
cutters will not damage the pipe. When the mole reaches and passes the
position of the borehole, handwork is needed to clear away the entrance to
the pipe and make room for a quick connect device. The borehole is

eventually grouted and abandoned.

The air-solids separation system must be mobile so that the entire system
can be moved from one borehole to the next in a period of one day. The
equipment would be mounted on trailers or in vans that could be pulled by a

tractor over city streets. Two major components, one to separate large par-
ticles and the other to control dust, would be needed. There are several
techniques applicable to each requirement, including pneumatic cyclone, set-
tling chamber, scrubber, and baghouse. Within the limits of this study, no
design was prepared and only a cursory investigation conducted to ascertain
the feasibility and relative economy of the various types of equipment.
Rather than conduct a lengthy analysis to select specific types of equipment,
funds for this equipment were included in the cost estimate by specifying the

generic type of equipment for solids separation and dust control.

The noise from the blowers and crusher if underground will be excessive

unless special precautions are taken to control the emission of sound. As a

minimum, these components must be surrounded to the greatest extent possible
by sound absorbing material.

SYSTEM SIZING

Pneumatic systems currently operate with thruput rates considerably less

than projected for the muck rates of advanced moles. At present (1978)

Stowers for 300 tons per hour are in design, but none this large has been
tested, so there are no experimentally proven engineering data for design at

400 or 900 tons per hour.

Two sets of equations for transport of bulk materials by pneumatic

systems have been published. One set developed by Konchesky, George and

Craig in 1975 (44,45) was derived by regression analysis of extensive data

measured at the U.S. Bureau of Mines' Morgantown Research Center on hori-

zontal and vertical pipelines transporting coal and rock. Among the several

hundred tests reported in their papers, the highest thruput rate was 57.45

tons per hour. This rate of material, with a specific gravity of 1.42, was

transported through a 6—inch pipe with a pressure of 25.3 psia and an air

flow rate of 1388 actual cfm. Konchesky, George, and Craig determined the

analytical form of their pneumatic pipeline equations by graphical
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analysis of the data and then calculated the numerical value of the
coefficients by statistical methods.

The other set of equations (including graphical representation of

relationships) was developed by Professor R. A. Duckworth and presented at a

short course at the University of Kentucky in June 1977. These equations and
graphs with sample calculations have been published by Faddick and Martin in

Section 5 of Report No. UMTA-MA-06-0025-78-4 entitled "The Transportation of

Tunnel Muck by Pipeline" (28) . The approach presented by Professor Duckworth
has been studied by Dr. Faddick (23) and found to be theoretically sound.

The approach was tested on the pneumatic pipeline prototype at the Colorado
School of Mines and a satisfactory correlation obtained. Using the

Duckworth relationships and the conditions of the six cases calculated by

Radmark (67a), Faddick (23) calculated the overall pressure drops. The

results obtained verified the validity of the Radmark values of pressure
drop.

In discussing the Konchesky equations (44, 45), Faddick (23) points out
that

a.

b.

c.

the ratio of pickup area to pipe area is included as a term in the

equation for horizontal flow

the air rate
D^) and

is indicated to be proportional to D2.352 (rather than

the pressure drop equation bears no resemblance to the established
Darcy-Weisbach equation.

These and other considerations cast doubt on the theoretical basis for

the equations used to describe the physical phenomenon even though the

equations are a good representation of the measured data. Without a sound

theoretical basis for scale-up, extrapolation far from the data range should
be approached with caution.

To obtain a comparison of the Konchesky and Duckworth methods (repre-

sented by the Radmark design data) , and the impact on system costs, the
Konchesky equations were used to size the pipes and blowers for the pipe
profile of Figure 30. The numerical data obtained from these calculations
are contained in Table 53. The major differences in the data obtained by the
two methods (comparison of Tables 53 and 71) is the much larger pipe diameter
of Table 71 (20 and 30 inches vs 12 inches) and the much less power (2400 and

4800 hp vs 4060 and 11,200 hp) and pressure (11 and 12 psi vs 48 and
101 psi) of Table 71.

An estimate of the air and muck velocity near the pipe outlet was

obtained by calculating the volume rate of air at standard conditions, adding
the volume rate of the solids and dividing by the pipe cross-sectional area.

Although this velocity will not correspond exactly to the velocity at the
outlet, it provides an unambiguous criterion for selecting a pipe cross-
sectional area. Figure 31 shows this velocity as a function of diameter with
a thruput of 400 tons per hour. A minimum velocity is indicated for a pipe
diameter of 12 inches. For this reason a 12- inch pipe was selected. A
similar curve for 900 tons per hour indicates a minimum for a 13- inch pipe,
so a standard 12-inch pipe also was selected for this case.
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FIGURE 31. VELOCITY OF AIR AND MUCK NEAR PIPE EXIT

(Throughput 400 tons per hour; underground horizontal distance
1000 feet; lift 120 feet)

The theoretical horsepower can be converted to the horsepower input of
the compressor (brake horsepower) by applying corrections for losses from
various sources. The losses vary with equipment design, speed, ratio of
compression and other factors. For pressures of 48.2 and 101.3 psi, the

ratios of theoretical to brake horsepower are approximately 0.82 and 0.78,
respectively, for the near and far term cases, giving for the brake horse-
power values of 4,060 and 11,200 (Table 53). The pressures obtained are much
higher than normally used for pneumatic conveying and could present problems.

The velocity of the air and the fine muck, will be in the vicinity of

600 feet per second in the near term and 1,000 feet per second in the far

term cases. Velocities of these magnitudes, close to sonic velocity, would
be difficult to control in the separator and present formidable problems of
pipe wear. In practice pneumatic pipelines are designed with a small dia-
meter pipe in the upstream region and a larger diameter in the downstream
region, so that the air and solids flow at reasonable velocities. Procedures
for matching boundary conditions in a pipeline with varying diameters has not

been found in the open literature. Further, there is no adequate theoretical
foundation available upon which to build a method for such calculations.



The Konchesky equations were developed empirically and do not suggest a

method.

Due to the complex relationship between velocity, system loading and

power input, and the lack of engineering data in the range of interest,

extensive engineering and testing would be required to verify the system
design.

COSTS

Equipment Costs

The major elements of the pneumatic system include conveyors, grizzlies,
blowers, stower, drive assembly, telescoping assembly pipes, and the air-
solids separation unit. The major equipment items, costed from data provided
by Faddick and Martin (24) with a factor of 1.6 for escalation, are summa-
rized in Table 54. The cost data provided by Radmark Engineering is given
in Table 71.

The cost of pneumatic pipe is found in the cost estimate in two places.
The first thousand feet of pipe and fittings are used in the initial instal-
lation and charged to the plant and equipment account. The remainder of the

pipe replaces worn-out pipe sections and enters as an O&M cost.

Due to wear of the feeder tips and side-jaw liners, the feeders will
function from about a week to 3 weeks before being replaced for repair.
Allowing a reasonable amount of time for this repair and allowing for spare
Stowers, a total of up to five stowers is required to keep one in continuous
operation.

Boreholes

Costs for the boreholes include drilling, lining, temporary capping, and
grouting for abandonment. These costs, shown in Table 55, are engineering
estimates derived from current practice in the United States.

TABLE 55. BOREHOLE COSTS
(14-inch diameter hole)

Depth
(Feet)

Inside
Diameter
of Pipe
(Inches)

Number
of

Holes

Cost
Per Hole
(Dollars)

Near Term 100 12 34 13,153

Far Term 200 12 74 44,711

The blowers require substantial electric power, cable extensions to keep
up with the advancing tunnel face and noise suppression equipment. Electric
power for the blower was priced at $0.06 per horsepower-hour. The cost to

14-9
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TABLE 57. MOLING AND DELAY TIMES

(Pneumatic System)

Time (Hours)

Item Near Term Far Term

Moling 1944 3278

Reset 108 221

Rock Support, Bolts 0 0

Sets 400 427

Materials Handling, Derail 10 16

Connect Vertical Shaft 24 0

Pipe Extensions 167 199

Reset Conveyors 0 0

Pump Line 0 0

Ventilation 39 79

Power, Add Cable 54 78

Outages 16 24

Cutters 97 159

Repairs, Mole 389 636

Material Handling 194 286

Drills 58 95

Other 19 32

Shift Change 156 238

Miscellaneous 456 480

Total Time 4,131 6,148

Total Time (Days) 172 256

14-11



purchase and install the electrical components to supply the blower was

scaled up from the cost of the utilities for the base case, based upon the
ratio of blower horsepower to mole horsepower.

Personnel Costs

A set of job titles for the personnel operating the pneumatic system was
prepared, the job compared with existing jobs, and wages assigned on the
basis of similarity. Table 56 lists the jobs by title, the rate per shift,
the number of personnel assigned per shift and assigned to Saturday mainte-
nance, and the number of personnel needed to remove the fan line and
pneumatic lines.

MOLING TIME AND JOB DURATION

The moling time for the pneumatic system is assumed to be the same as for

the hydraulic system. The estimated hours lost due to delays differ somewhat
for the two systems as seen by comparing Table 49 with Table 57, which con-
tains data relevant to delays and total scheduled hours for the pneumatic
system.

COMPUTER COSTING

The elements of data for costing the job with a computer program are

discussed in Appendix B* The major elements developed by the methods indi-
cated were entered into the computer, which produced the cost breakdowns for

the near and far term cases as summarized in Tables 58 through 61. The costs
per tunnel foot for the near and far term pneumatic cases are $576 and $391
per tunnel foot, respectively, using the Konchesky approach, and $559 and
$393, respectively, using the Radmark data. This close agreement is the
result of decreases in some cost elements, but increases in others.

CONVEYOR-PNEUMATIC SYSTEM

Another potential application of pneumatic lifting would be in combina-
tion with a conveyor for horizontal muck transport. In this hybrid system
the muck would be transported by extensible conveyor from the mole to the

feed preparation equipment for the pneumatic system and then lifted verti-
cally in a pipe within a borehole to the surface for eventual disposal.

Since it is envisioned that the conveyor will be reset to a new borehole

once a week as a part of Saturday maintenance, the conveyor maximum length

was set equal to the maximum weekly advance distances of 1200 and 3000 feet
(Section 13) for the near and far term cases. One major problem associated
with conveyors is a means for negotiating curves in the tunnel. In the near
term case, two separate conveyor types are needed; one type for the straight

section and another for the curved parts of the tunnel. The conveyor for the
straight section trails behind the mole supported on either wall brackets or

monorail. On Mondays the crusher and stower are in place near the mole and
the conveyor trails to the rear. A tripper feeds the muck fran the exten-
sible conveyor onto a fixed conveyor leading to a chute. As the mole
advances, it drags the conveyor forward. The tripper and loading systems
remain stationary. By Friday, the mole has advanced and'dragged the

14-12
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extensible conveyor forward so that the tripper is located at some inter-

mediate point along the conveyor. On the weekend, the tripper, fixed con-
veyors, chutes, loader and other pieces of equipment are moved forward to the

next borehole. During the week, the wall brackets or monorail must be
extended to keep pace with the mole.

It is projected that the extensible conveyor, which will be available in

the near term time period, will perform satisfactorily only in the straight
sections of the tunnel. In the curved portions a set of 12 conveyor units,

each 100 feet in length, will carry the muck around the curve.

The installation and maintenance of the monorail sections or the 100-foot

sections will require the services of the equivalent of one man working three
shifts per day.

It is reasonable to assume that, with the projected advances in the

state of the art, a flexible conveyor mounted on a monorail with the capabil-
ity of functioning in both the curved and straight sections of the tunnel
will be available in the far term time period. The tripper, fixed conveyor,
and pneumatic system in the far term case will function in a manner similar
to that described for the near term case. The installation and maintenance
of the monorail will require the services of three men on each work shift.

The pneumatic portion of the system was sized with the Konchesky
equations and by Radmark Engineering for the profile shown in Figure 32. In

the tunnel, a 50-foot horizontal pipe section provides a length for accel-
eration before entering an elbow to the straight lifting section. The muck
is transported vertically to a point 20 feet above the ground, then through
another elbow into a 30-foot straight section leading to the muck-air
separator.

Table 62 summarizes the numerical values (calculated by the Konchesky
equations) of the major parameters for the pneumatic lift system and compares
them to the values for the pneumatic horizontal transport and lift system.
Note that the air flow rate and power are similar for three of the cases, but
significantly less for the near term pneumatic lifting case. This difference
can be traced to the smaller diameter pipe (10-inch) that can be used in this

case. If a 12-inch pipe had been selected here, an air volume rate of
10,051 cfm and theoretical power of 1075 hp would have been required, values
more in line with the other cases.

Values calculated by Radmark Engineering for lifting only are given in

Table 71, cases 5 and 6.

Costs

The costing procedure used for the pneumatic lifting system is similar
to that used for the pneumatic system discussed previously. Table 63 summa-
rizes the equipment costs as based largely upon the costing data provided by
Faddick and Martin (24)

.

Costs provided by Radmark Engineering are given in
Table 71.
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FIGURE 32. PNEUMATIC LIFT SYSTEM PROFILE

The cost of the near term conveyor system contains funds for the conveyor

section used in the straight parts of the tunnel, the 12 units of 100 feet
length each for the curved parts, a small fixed conveyor and a chute. The
conveyor for the straight section is costed at $300 per foot including
brackets to be mounted on the wall. The 100-foot units were costed at $150
per foot. Adding the costs for the chutes, fixed conveyors, and fixtures,
brings the average cost of the combined system to $500 per foot. Estimates
for equipment and other materials for the far term flexible conveyor also
came to $500 per foot.

Moling Time and Job Duration

The moling time, delay times, and total job duration for the conveyor-
pneumatic systems are assumed to be the same as for the pneumatic system
summarized in Table 57.

Computer Costing

The computer costing for this system was conducted in a manner similar
to that for the other systems. The summary sheets are displayed in Tables 64

through 67. The costs per tunnel foot are $541 and $357 for the near and far

term cases based on the Konchesky equations, and $536 and $361, respectively,
based on the Radmark Engineering data. The close agreement is the result of
cost decreases in some cost elements being offset by increases in other cost
elements.
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RAIL - PNEUMATIC SYSTEM

Computer cost estimates were made for material handling systems using
rail for horizontal transport and pneumatic conveying for lifting muck to the
surface. Costs were obtained for these systems by substituting pneumatic
lift systems for the crane or hoist of the base cases. Only cost estimates
based on data provided by Radmark Engineering (Table 71, cases 5 and 6) were
made for rail-pneumatic systems.

The computer summary sheets are displayed in Tables 68 and 69. The costs

per tunnel foot are $559 and $342 for the near and far term cases,
respectively.

RADMARK DESIGN AND COSTS

The following discussion and data are provided by Radmark
Engineering, Inc. (67a)

.

System Design Calculations

The calculations to determine the air volume and operating pressure

requirements for each of the six cases, are obtained from a computer program
based on proprietary information. When these have been calculated, the
blower capacity, pipeline diameter and selection of rotating air lock feeder
are determine. Although the results are for hypothetical study only, the

same care has been taken in selecting the equipment as if these were to be
included in a commercial quotation for which a Radmark written guarantee is

provided.

The following information forms the basis of each calculation;

1. Maximum particle size of 2" at 165 Ibs/cubic ft

2. Average particle thickness .37"

3. Elevation at sea level

4. Inlet and discharge silencers fitted to the blower

5. Expanding air line where required

6. Discharge to cyclone

Cases 5 and 6 are for lifting only with system capacities of 400 tph and
900 tph respectively. Cases 1 through 4 are for 1000 feet of underground
horizontal transport and lifting to the surface for system capacities of
50 tph, 100 tph, 400 tph and 900 tph respectively.

Equipment Selection and Costs

The component parts that make up the pneumatic systems proposed for each

of the six cases are based on units that are commercially available. No
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items which would have to be especially designed, or for which no previous
experience has been gained have been included. The pipelines, rotating air
lock feeders and blowers are currently in use in pneumatic conveying systems
handling large abrasive rocks, ore and coal. Costs quoted are present day
costs, FOB Portland, Oregon.

Blowers - Low pressure air is supplied by Roots type blowers powered by
electric motors. For the air requirements in Cases 3, 4, 5, and 6, the
blowers will have to be coupled in parallel as there is no one blower avail-
able to supply the quantity of air required. Blowers are located on the
surface. I

Each blower assembly will consist of the components indicated with costs i

given in Table 70.

ij

TABLE 70. BLOWER ASSEMBLY COMPONENT COSTS
|j

Source: Radmark Engineering, Inc. (67a)

Case

Component 1 2 3,4,5, & 6

Peabody-Holmes Roots type blower
Model 71 HR 80 22,000 22,000 22,000

Electric motor, 1760 rpm, 4160V
3ph 60 Hz OOP

(550hp)

10,200
(700hp)

14,000
(800hp)

15,500

Motor starter 5000V Airbreak contactor
with primary fusible disconnect 5,000 5,500 6,000

Gear reducer 1.86/1 ratio, complete
with couplings 3,800 4,300 4,300

Base to accommodate blower, motor and
gear reducer, fabricated from steel sections 3,200 3,200 3,200

Inlet silencer & filter 4,000 4,500 5,000

Discharge silencer 5,000 5,500 6,000

Total Cost of Blower Assembly (1978 dollars) 53,200 59,000 62,000

Feeders - The material is introduced into the pipeline with a Radmark
rotating airlock feeder. These units are manufactured from abrasion resis-
tant steels, have adjustable sidejaws and pressurized end housings. The jaw
liners and rotor tips are replaceable. The rotor is powered by a hydraulic
motor, instantly reversible. The whole unit is mounted on a skid base for

towing by the tunneling machine, with the bottom flanges contoured to suit
the tunnel diameter. Various sizes of Radmark feeders are available.
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Power Pack - Hydraulic power for the feeder motor is supplied from a power

pack. The hydraulic pump, electric motor, tank and necessary directional and
relief valves are mounted on a skid base, either attached to, or integral
with, the Radmark feeder skid base. A control console with motor starter,
pressure gauges, pressure sensing switches and forward-off-reverse control
is mounted over the power pack. The size of power pack is related to the
feeder size.

Material Conveying Pipeline (Esser Duplex) - The material conveying pipeline
is manufactured from two steel plates, rolled and welded longitudinally. The
inner surface is hardened following fabrication, to a hardness of 650-700
Brinell. The pipe size is selected according to the quantity of material and
air volume to be handled. Individual pipe lengths of from 11 to 25 feet are
available, the lengths depending on several factors such as room for handling
within the tunnel, weight, and advance required before closing down the sys-
tem to extend. Telescopic pipe sections, manufactured from two pipe sections
with a sealing gland, allow the feeder assembly to move forward continuously.
When fully extended, the outbye flange of the telescope is uncoupled, the
telescope retracted and an additional pipe length inserted.

Elbows are supplied in 15-degree segments with replaceable steel liners.
Two are required for each system, from the tunnel to the shaft and on the
surface from the shaft to the discharge cyclone.

Air Conveying Pipeline - It is assumed that the blower will be located on the

surface, and the pressurized air conducted from there to the Radmark feeder
in light section steel pipes. A telescope is also required in this line.
The elbows are fabricated and have mounting brackets.

Cyclone - To control dust and noise at the delivery of the conveying pipe-
line, the material is directed into a cyclone. These units are fitted with
replaceable steel liner plates and supported on a steel framework for direct
discharge into trucks.

Systems Costs - The capital costs and system descriptions for the six cases

estimated are summarized in Table 71. The estimated life of system com-
ponents (useful in estimating salvage values) is given in Table 72.

Operating Costs

The major operating costs are for personnel, power and replacement of

equipment components and parts. Estimated frequency of replacement and cost
per replacement for components and parts are indicated in Table 73.

Personnel - Regardless of the size of the pneumatic conveying system, only

one operator is required to run the feeder. His main duties include the

reporting of any mechanical defect or extraneous noise to the maintenance
people, the reversal of the feeder should an oversize rock jam the rotor, and
periodic checking of the operating pressure to ensure the system is not over-
loading. An operator can be trained within one week, and this is classified
as a semi-skilled occupation.
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RTL

600

600

1150'

,20"

20"

1200'

,24"

24"
200"

Case

2

Cost

59.0 47.0 12.9 59.6
6.4

36.0
1.0

12.3

234.2
2342

Descr

iption

100 120

1,000

30

8,418 13.86

1
0 700hp

RTL

200

200

1150'

,10"

10"

1200'

,12"

12" 84"

Case

1

Cost 53.2 27.6 11.5 59.6
6.4

36.0
1.0

12.3
207.6

4151

Descr

iption

50
120

1,000

30

6,920 11.45

1
e 550hp

RTL

100

100

1150',

10"

10"

1200’

,12"

12" 84"

Item

1

System

Capacity,

tph

2

Lift

Distance,

ft

3

Horizontal

Distance

Underground,

ft

4

Horizontal

Distance

on

Surface,

ft

5

Free

Air,

cfm

6

Net

Pressure,

psi

7

Blowers,

Peabody-

Holmes

Roots

type,

model

71HR80

8

Feeder,

Radmark

model

RTL

9

Power

Pack,

Radmark

type

10

Esser

Pipe

(length,

i.d.)

11

Esser

90-deg.

Elbows

,

two

12

Steel

Pipe

(length,

i.d.)

13

Steel

90-deg.

Elbows

,

two

14

Cyclone,

Radmark

15

Total

Cost,

K
$

16

Total

Cost

$/tph

\

I
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TABLE 72. ESTIMATED LIFE FOR PNEUMATIC SYSTEM COMPONENTS

Item Life Conditions

Blower

years
20 Intake filters kept in good condition.

Intake air is clean, dust free.

Power Pack 10 Oil, oil filters and seals on pump unit
changed at regular intervals.

Feeder 10 Replace wear items as required.

Cyclone 20 Liners replaced as required.

Esser Duplex Pipe
Coal, Shale,
Mudstone
Sandstone
Very Abrasive Rock

tons

120,000
80,000
50,000

Life depends on tons conveyed, abrasiveness
and type of rock, and location in pipeline.
Tonnage given for horizontal pipe rotated
120 degrees, every month. Vertical pipe life
is 5-8 times that of horizontal pipe.

TABLE 73. PARTS REPLACEMENT COST FOR PNEUMATIC SYSTEM
(Material: Mixture of Shales & Sandstone)

Item Cost per
Replacement

Replacement
Frequency

(tons excav.)

Feeder
Replace rotor tips, side-jaws

liners and packing; grease and
reassemble

$12,000 60,000

Replace injector tee, infeed
chute, pipe connections $ 8,000 120,000

Cyclone
Replace tiles in high wear area $ 200 20,000

Esser Elbows
Replace backing tiles in high
wear area

$ 150 20,000

Esser Duplex Pipe
(Horizontal pipe with flanges

in extending system)

(heavy wall)

in i.d.

10

20

30

30

$/ft
52

170

220

317

200,000

200,000
200,000
200,000
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f

An operator is not normally required to oversee the blowers, but in the

larger systems, with three and six blowers in parallel, it may be advisable. i

Maintenance of the feeder is undertaken by a mechanic for approximately

one hour each shift. He checks the gap between the rotor tips and the jaws,
and if necessary adjusts the latter to reduce air blowback. The packing is '

also checked for leakage. Unless there are adjustments to be made, it is not
necessary for the system to be stopped during the whole hour of the inspec-
tion. In fact, it is more advantageous to have the system operating.

j.

The addition of pipes into the air and material conveying pipelines is j

undertaken by two men (assuming lifting tackle is available to lower the l|

pipes into place when the telescope has been retracted) . The feeder operator
|

and one other can perform this task. Previous experience indicates that it f
takes approximately 12 minutes to extend both pipelines, using quick release

|

clamps of Radmark design.

Power - The power cost for operating each system will depend on the unit cost I

for electric power at the tunnel site, maximum demand penalties, etc. The
horsepower of each blower has been given, from which can be calculated the

power consumption. It must be remembered however, that only when the system
is operating at the final length, and handling the designed throughput at

this length, will there be a full power demand for the blower motors.

The power pack electric motors will be near fully loaded when the feeders
are running. :
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15. COMPARISON OF SYSTEMS

Cost estimates were made for tunneling jobs employing eleven different
material handling systems for muck transport. For each material handling
system, a job estimate was developed for conditions defined for the near term
(1980-1990) time period and for the far term (1990+) time period. Thus,

twenty-two cases were evaluated with variation of job size (20,000 and

80,000 tunnel feet), tunnel reach (10,000 and 40,000 feet), mole penetration
rate (3 and 7 inches per minute, maximum) , daily average advance rate (120

and 300 feet per day) , underground horizontal muck transport method, and
method of muck lifting from the tunnel to the surface. In addition two
different sources were used to derive input design and cost data for pneu-
matic transport. In all cases where a continuous method of horizontal trans-
port of muck was used, an intermittent horizontal transport method was also
provided for underground haulage of men, materials, and supplies. In all

cases, a manlift was provided in the shaft for personnel and a crane is used

for lowering equipment, materials, and supplies through the shaft. Thus,

all estimates include a complete material handling system suitable for all
material handling requirements of the job.

TUNNEL JOB COSTS

The tunnel job costs obtained are summarized in Table 74. From this
table, the following observations can be made;

1. A significant cost saving (about 35%) is indicated by increasing

the average advance rate from 120 to 300 feet per day with a

concurrent 4-fold increase in project size and tunnel reach.

2. The probability of major cost reduction in tunnel job cost resulting

from substitution of alternative material handling system elements
for the conventional railroad, crane or hoist of the base case
appears to be small.

3. The variation in job cost resulting from introduction of various
types of conveyors into the system is about 1.4 percent for the

near term and 1.25 percent for the far term.

4. Substitution of pneumatic or hydraulic elements into the base case
system appears to increase the job cost from 7 to 18 percent for

the near term and 13 to 22 percent for the far term.

Improved perception of the job costs can be obtained by rearrangement of
the computer output to provide Tables 75 through 78. In these tables, the

job cost elements which are independent of the type of material handling
system have been separated from those cost elements which vary with the muck
transport system type. The nonvariable costs which are dependent only on the
size of the job (assuming consistent methods of excavation and ground sup-
port) are the cost of all non-material-handling functions and the cost of

tunnel muck disposal, which is assumed to be subcontracted at $3.00 per yard
for surface haulage and disposal. If the computer output shows a variation
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TABLE 74. TUNNEL JOB COST

Various Muck Transport Systems

Muck Transport Mode
Job Cost, $10^ Cost per

Tunnel Foot, $/ft

Horizontal Lifting
Near Term
20,000 TF

Far Term
80,000 TF Near Term Far Term

Rail Crane/Hoist 10.08 25.17 504 315

Conveyor Crane/Hoist 10.05 25.46 502 318

Conveyor Pneumatic 10.83

(10.72)

28.55

(28.84)

541

(536)

357

(361)

Pneumatic Pneumatic 11.51
(11.17)

31.27

(31.48)

576

(559)

387

(393)

Hydraulic Hydraulic 11.92 30.68 596 383

Rail Covered Belt 9.95 25.10 498 314

Rail Steep
Conveyor 10.01 25.40 500 317

Rail Bucket
Elevator 10.04 25.14 502 314

Rail Inclined
Conveyor 10.07 25.28 504 316

Rail Spiral
Conveyor 10.09 25.39 505 317

Rail Pneumatic (11.18) (27.37) (559) (342)

Note: 1. Discrepancies between the job cost and cost per tunnel

foot are due to rounding of numbers. The costs per tunnel

foot reported are those calculated by the computer.

2. TF = Feet of tunnel length.

3. Numbers in parentheses are based on design and cost data

provided by Radmark Engineering.
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in the non-material-handling cost element, it is adjusted to the value of the

base case by adding a positive or negative cost to the variable material
handling element identified as "job impacts." This is justified, since any
variation in the excavation, ground support or overhead costs resulting from
substitution of material handling system elements should be considered a cost
of the material handling system.

The material handling costs which vary from system to system include

direct operating labor, operation and maintenance, in and out costs, insur-
ance and taxes, development excavation, job impacts, and the portion of the

material handling equipment purchase cost which is charged to the job.

Direct operating labor includes the cost of the work crews for operation of

the material transport system during tunnel excavation (164 WD, NT; 254 WD,

FT; Base Case);* the cost of the same crew during the 31-workday period (NT

and FT) in which the mole and other equipment are moved from the first to the
second tunnel bore; and incidental overtime costs. The crews include those
required at the heading, at the shaft, and on the surface.

Operation and maintenance includes labor for material handling equipment
repair, maintenance parts and supplies, and energy cost during materials
transport, Saturday maintenance and movement of the mole. Some incidental
overtime also is included. In and out costs include crane rental for

raising and lowering materials through the shaft during installation and

removal of equipment, freight for shipment of material handling equipment to
and from the site, and labor for erection and removal of material handling
equipment.

Insurance and taxes include the insurance premium for the duration of the

job on the value of the material handling equipment and the sales and
inventory taxes on this equipment.

The cost of excavation of the initial development area is allocated
primarily to the non-material-handling cost element since it is required to
initiate the tunnel excavation. However, some material handling systems may
require a development area larger than the basic development area. If this

is the case, the cost of the additional development excavation including the

cost of boreholes or shafts used for pipe systems is charged to the material
handling variable costs, since it is a result of the selection of that par-
ticular system. The development excavation cost includes the cost of direct
labor for the dr ill-and-shoot crew including a load-haul-dump operator, the

shaft crew including a crane operator and front end loader operator, equip-
ment operation and maintenance costs, and the subcontract cost for muck
disposal.

The sum of these variable material handling costs and the variable job

impacts gives the total material handling cost other than costs for capital
items (the amortized cost charged to the job for material handling equipment.)

*WD = work days, NT = near term, FT = far term



The selection of the portion of equipment cost to be charged to

the job is a matter of judgment and will vary from job to job. This selec-
tion can have a large effect on the cost of the material handling system
since the equipment purchase cost ranges from about .9 to 2 times the sum of
the other material handling costs.

The capital items cost charged to the job is the sum of item-by-item
costs derived by subtracting an estimated salvage value from the estimated
equipment purchase cost. Thus, the total material handling variable cost is
the sum of the material handling costs other than capital items and the
amortized capital items cost. Since the capital items cost charged to the job
is highly judgmental and will differ from contractor to contractor, it is
beneficial to display the job costs under the two extreme assumptions of (a)

no salvage value for the material handling equipment at job completion, that
is, the entire cost of the material handling equipment is charged to a single
job, and (b) the material handling equipment does not depreciate during the
job, that is, the contractor can resell it for the same price that he paid
for it and does not charge any of the purchase price to the job. These cost
items are shown in Tables 75 through 78.

COST VS. SALVAGE VALUE

An improved visual comparison of the job costs can be obtained by

plotting the data of Tables 75 through 78 as explained by Figure 33. In this
graphic display, the total job cost in millions of dollars is plotted versus
the total material handling system salvage value in percent. The nonvariable
job costs are indicated by the dashed horizontal line labeled "non-material-
handling plus tunnel muck disposal." The difference between the cost at this

line and the right-hand ordinate of the total system cost is the material
handling variable cost other than capital items, since for 100 percent
salvage, no capital cost is charged to the job. The difference between the

right-hand ordinate and the left-hand ordinate of the total job cost is the

purchase cost (capital cost) of the material handling system. The difference
between the right-hand ordinate and the value of total job cost read at any

desired percent salvage is the amortized material handling system cost
charged to the job. Thus, the total job cost for any assumed salvage value
(or depreciation) of the material handling system can be obtained from the

graph.

The cost data derived from the job estimates for the near term cases are

plotted in Figures 34 and 35, and for the far term cases in Figures 36 and

37. The ordinate scale has been expanded in Figures 35 and 37 to provide
improved resoluticsi of the closely grouped job costs. The ticks at the right

and left borders of Figures 35 and 37 represent the range of job costs
(except for pneumatic lifting) in Figures 35 and 37, respectively.

It can be observed that the systems with hydraulic and pneumatic elements

show higher job costs and generally higher purchase costs (steeper slope of

job cost line) , higher capital job charges, and higher noncapital costs

(higher job cost at 100% salvage) . In some cases, the capital cost charged

to the job is increased by the lower salvage value associated with the

system. But in no case would an increased salvage value (up to 90% salvage)

make the system competitive with the systems not using the hydraulic or
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FIGURE 33. TUNNEL JOB COST, TYPICAL
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pneumatic elements. One factor contributing to the high capital cost of the
pneumatic and hydraulic systems is the use of a rail system for horizontal
transport of incoming materials. A rail system was judged to be necessary
to transport and install the horizontal pipe sections and large equipment.
When the conveyor system is used for horizontal muck transport, a special
rubber-tired vehicle was judged to be adequate for incoming materials, since
conveyor support elements are relatively small.

It is of interest to note that the pneumatic system appears to provide a
lower job cost for the near term case than provided by the hydraulic system
but the pneumatic system loses this advantage for the far term case. This
is due primarily to the much larger amount of expendable pipe {a noncapital
item) and the number of bore holes required for the far term pneumatic case.

VARIABLE MATERIAL HANDLING COSTS

To obtain improved visibility of the relative magnitudes and comparison
of the material handling costs, the variable costs including the amortized
capital costs have been plotted as bar charts in Figures 38 through 41.

Expanded cost scales have been used in Figures 39 and 41 to obtain better
resolution for the comparison of lifting systems. The narrow range of
variable costs for the lifting systems (except pneumatic) is indicated by the
ticks at the right borders on Figures 38 and 40 for the near term and far

term cases, respectively.

The job impact cost, which increases the total job cost in some cases and

reduces the total job cost in other cases (indicated by downward pointing
arrows on the bar chart) is quite small and has only a minor effect on the

relative cost of the systems.

The category of insurance and taxes consists of three components: an

insurance premium paid on the average value during the job of the materials
handling equipment, an inventory tax on the average value of the equipment,
and a sales tax on the purchase cost of parts, supplies, and equipment. The
sales tax is the largest component (about 75-80 percent) of insurance and

taxes, so this item tends to vary with the purchase cost of the equipment.

In and out costs are roughly the same for all systems, but reflect the

somewhat higher cost of installation of a hoist system (Figure 40) and the
lower installation cost for a crane (Figures 38 and 40)

.

Development excavation costs vary from zero for the hydraulic systems
(Figures 38 and 40) to about 40 percent of the total variable costs for the

far term conveyor-pneumatic case. This increased cost for development

excavation in the pneumatic cases (Figures 38 and 40) is due to the large

number of cased bore holes used to transport muck to the surface. The larger

development excavation costs shown for the inclined conveyor and steep con-

veyor systems (Figures 39 and 40) are due to excavation of inclined shafts
for the conveyor systems.

A significant portion of the operation and maintenance cost of those

systems using rail for horizontal muck transport (particularly the far term
case) is the cost of operation of the ventilation system required for the
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locomotives. When continuous systems are used for horizontal muck transport,

the ventilation requirement is reduced to that required for operations at the

heading. The ventilation required at the heading is also adequate for the
locomotives or rubber-tired vehicles used for transporting incoming mate-
rials. Therefore, no cost for ventilation system operation is charged to

the material handling system. However, when a pneumatic system is used for
horizontal muck transport, the cost of operation of the stower and blower
and the cost of replacement pipe and fittings more than offset the cost

savings from elimination of the ventilation cost. If a hydraulic system is

used, it is the cost of operation of the pumps that more than offsets the

ventilation cost savings. The net result is a large increase in the opera-
tion and maintenance cost (particularly in the far term case) when pipeline
systems are used for horizontal muck transport (Figures 38 and 40)

The cost of direct operating labor, which is one of the major cost
elements (particularly for the near term cases) , is increased when crane,

hoist, or rail systems are used. This is due, in part, to work rules
associated with these equipment types.

The amortized capital costs charged to the job are significantly larger

for the pipeline systems than for the conveyor or rail systems. This is due
in part to the smaller salvage values (55 to 70 percent. Figures 34 and 36)

assigned to these systems compared to those (70 to 80 percent. Figures 35

and 37) of the conveyor, rail, hoist, and crane systems. The major factor,
however, is the much larger equipment purchase cost; for the hydraulic system
it is more than 2.5 times the base case (Tables 75 and 77)

.

COMPARISON OF CONVEYOR AND RAIL SYSTEMS

Even with optimistic guidelines for estimating the conveyor system costs,
the use of conveyor systems for horizontal transport of muck does not offer
an obvious cost advantage over the baseline rail system (Figures 34 and 36)

.

On the other hand, the performance conditions and labor productivity assumed
for the far term rail/hoist system may be considered to be optimistic.
Therefore, it can be concluded only that the two systems may be competitive.
The capital cost of the conveyor system is greater than that for the rail
system in both the near term and far term cases. This reflects the fact that
a rubber-tired vehicle system to transport incoming materials is provided
with the conveyor system.

Both conveyor and rail systems are recognized as high capacity systems.

Either can handle up to 10,000 tons per hour without difficulty in surface
applications. Thus, 400 tph or 900 tph systems are only beginning to use the

capabilities of the concepts. However, with the single travel path and con-
fines of a tunnel, the traffic required on a rail system can become a problem
(complexity and safety) as the travel distance and muck rate increase long

before the surface capabilities of the system are reached. The operating
stress under increased distance and muck rate appears to be less for a con-
veyor system, assuming that the problem of system extension can be solved and
that the rubber tired vehicle system does not become overloaded. Thus, the

conveyor system might become more competitive if excavation breakthroughs
occur resulting in muck production rates of 1800 to 3000 tph.
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Conveyor systems, in general, have a high investment cost which is

proportional to the reach of the tunnel. This cost must be closely con-
trolled if the conveyor is to be competitive with a rail system. As can be
seen from Figure 34 and 36, multiple job use (high salvage value) of the
conveyor system is essential for it to be competitive with the rail system.

It is difficult to predict crew requirements and operating costs for
conveyors in the tunneling environment. For the system to be competitive
these costs must not be greater than those for conveyors used in fixed mine
installations. The estimate for the conveyor system demonstrates the disad-
vantage of using a single application (muck only) system for muck transport,
which also requires a separately manned system for incoming materials. The
cost of this system for incoming materials must be offset by cost savings
from the muck transport system.

The cost of material handling per unit of muck removed is reduced
significantly by increased job size and capacity of the material handling
system. Comparison of the near term and far term rail systems shows the far

term material handling cost to be 2.2 times that for the near term. However,
four times the quantity of muck is transported in the far term case. Thus,

the unit cost of material handling in the near term case is about 1.8 times
that in the far term case even though the average distance of muck transport
is 4 times greater in the far term case. This reduced cost (about 7-fold on

a ton-mile basis) in the far term case is due primarily to improved
utilization of men and equipment.

COMPARISON OF LIFTING SYSTEMS

Figures 39 and 41 show the results of cost estimates for various lifting

systems. The costs shown represent all the variable costs for the total
material handling system including the horizontal transport of muck and

incoming materials. In all cases, horizontal transport is by rail, and the

cost for horizontal transport for a given time period (near term or far term)

is the same regardless of the type of lifting system used. Thus, differences
in costs shown on either chart represent the differences in the costs of the

lifting systems.

From Figures 39 and 41 and Tables 76 and 78, it can be observed that;

a. Indicated potential cost reductions from the base cases (crane/

hoist) are small, less than $130,000 near term and less than
$70,000 far term.

b. The maximum cost reductions are about 6 percent (near term) and 1.4

percent (far term) of the variable costs, and only 1.3 percent (near

term) and 0.3 percent (far term) of the total job cost.

c. The maximum cost reductions represent a saving of about $6.50 per

foot of tunnel for the near term and about $0.87 per foot of tunnel

for the far term.
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d. The use of a pneumatic lift system substantially increases the

material handling cost.

e. In the near term case, all systems except the spiral conveyor and
pneumatic system show potential savings over the crane system; in

the far term case, only the bucket elevator and covered belt systems
show potential savings.

In summary, it can be observed that although some alternative lifting
systems appear to be competitive with the conventional crane or hoist
systems, major cost reductions should not be anticipated. However, if a com-
petitive alternative system were used for all or some of the muck lifting
requirement, the stress on the capability of the intermittent lifting system
would be relieved, particularly during periods of peak demand, thus giving
greater assurance of reduced delays caused by the lifting system.

One of the major benefits obtained from the cost estimates is the

insight provided to the cost factors which affect the job cost. For example,
comparison of equipment costs can be obtained from Figures 35 and 37.

For the near term case (Figure 35)

,

the purchase cost of equipment (slope

of line) for all alternatives is essentially the same except for the pneu-
matic system, the spiral conveyor and the crane, which have higher purchase
costs, with the spiral conveyor exceeding the crane and the pneumatic system
exceeding the spiral conveyor. It is also observed that a higher salvage
value has been derived for the crane than for any of the alternative systems,

and that all the alternative system salvage values are essentially the same
except for the pneumatic system which is lower. This higher salvage value

for the crane system causes the amortized equipment cost charged to the job

to be less than for any of the alternatives (Table 78)

,

even though the
equipment purchase cost is greater than that for most alternatives. If the

salvage value for the alternative systems could be improved to equal that of
the crane system, their competitive position (except pneumatic) would be

improved. For example, the covered belt system job cost would be reduced by
about $2.30 per tunnel foot; a total saving of $8.80 per tunnel foot compared
to the crane system.

For the far term case (Figure 37, Table 78), the equipment purchase costs

are more nearly the same, with the spiral conveyor being the only system more
costly than the hoist. There is also insignificant difference in the salvage
values derived.

In and out costs (about equally divided between shipping charges and

installaticxi and removal costs) are in the range of 55 to 75 percent of the
amortized cost of the equipment. This provides an incentive to develop
equipment which can be easily installed and removed at minimum cost.

The incremental cost of development excavation over that for the basic
rail system is quite small except for those systems requiring separate
inclined shafts (steep conveyor and inclined conveyor) . The incremental

development excavaticai for the inclined conveyor increases the job cost by
$12 per tunnel foot in the near term case and $4 per tunnel foot for the far

term case. This indicates that if the inclined shaft required for the
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lifting system were part of the basic tunnel design (to be used as a
ventilation shaft or station access shaft, for example) so its cost became
part of the nonvariable job cost, the inclined conveyor system would become
the least costly, in both the near term and far term cases.

The largest single cost element is the direct operating labor cost. This
cost varies from 35 to 42 percent of the total variable cost for the near
term 'case and 30 to 32 percent for the far term case. The following
observations can be made:

a. The estimates include a significant material handling crew working
on the surface. This cost element is the same for all cases.

b. When a continuous muck lifting system is used, a crane and related
crew are required for incoming materials.

c. The largest crew size is required for the crane system. All other
systems require about the same smaller crew size.

d. Qiergy costs for all lifting systems except pneumatic are about the

same and are relatively insignificant.

e. Costs for parts and repair labor account for a large part of the

operation and maintenance costs, which represent 15 to 25 percent
of the variable costs. These costs are difficult to estimate for

untried systems because of the lack of experience data for these

systems in the tunneling environment.

f. High availability factors for all equipment that can delay the job

are important, since the daily cost of direct labor only is about
$8,700 for the near term case and $10,900 for the long term case.

Indirect costs make the delay penalty significantly larger.

CONSIDERATIONS OTHER THAN COST

Equipment Versatility and Simplicity

Considerations other than job cost are usually important to the

contractor in his selection of equipmoit. One of these caisiderations is

the versatility of the equipment for application to other jobs (not neces-
sarily tunneling) which the ccxitractor may have or anticipate getting. The
evaluation of the versatility of a particular equipment type will vary from
contractor to contractor depending on the needs of each, but a listing from
the most versatile to the least versatile might be as follows:

Crane
Rubber-tired vehicle
Rail-locomotive
Horizontal conveyor
Inclined conveyor

Hoist
Spiral conveyor
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I

Covered belt conveyor
j' Steep conveyor

j

Bucket elevator
Hydraulic pipeline
Pneumatic pipeline

I

A contractor might be more reluctant to make a large investment in

j

equipment at the bottom of the list than at the top.

Another form of versatility sought by the ccxi tractor is the ability of

the material handling system to adjust to the material flow rate. Since the

,j

system is designed for the peak flow rate (or near the peak) , it will be

j
carrying less than its design capacity most of the time. A system which can

]
accommodate this reduced flow rate with reduced operating cost is desirable.
The intermittent systems (rail, rubber-tired, crane, hoist) have the greatest
versatility in this regard. The hydraulic system is the least versatile,
since a minimum critical velocity of water must be maintained to keep the

! solids in suspension. This results in a nearly constant operating cost
regardless of the rate of material transported. Conveyors have some flexi-
bility in this regard since the speed can be varied and the power requirement
is to some degree load following. The power required by pneumatic pipelines

j

is also load dependent.

j

The ability to add to existing equipment to extend the transport distance

I
is also an important consideration. The extension of rail and rubber-tired
vehicle systems is the simplest; the hydraulic system is the most difficult.

j
The ability to accommodate equipment failure with minimum interruption

'j

of material flow should also be considered. The rail system appears to be

I

best in this regard; hydraulic, pneumatic or conveyor systems are the worst.
.1

i Simplicity of the total material transport system reduces the variety of
! operator skills required and the cost of spare parts and maintenance oper-

I

ations. The simplest total systems are those using the least number of

I
transport modes with a minimum of supporting equipment and intermodal mate-

!: rial transfers required. The simplicity of individual equipment components

ij
also contributes to overall system simplicity.

Final Liner InstallatiCTi

i

Common present practice is to install a final concrete lining in urban

j

transit tunnels after completion of the tunnel excavation. This is accom-
plished by starting the placemoit of concrete at the end of the tunnel reach

^
and working back to the service shaft. This approach provides for delivery

i

of concrete over the existing rail system and eliminates any need to work
It through the newly-lined segment of the tunnel.

If a rail system is not used during tunnel excavatioi, one would need to
' be installed for final liner installation or another means of concrete

delivery would need to be used. Rubber-tired vehicles are generally consid-

I

ered unacceptable because of the large cross sectional area of conventional

;}

k
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transit mix trucks and the high cost of specially designed vehicles (at

present not designed or developed) . Even if such vehicles were developed,
the traffic flow required would appear to create a hazardous situation,
particularly in a tunnel with circular cross section.

Concrete has been transported for construction jobs by conveyor belt and
it is conceivable that a conveyor belt system used for muck removal might be
run in reverse to deliver concrete if the distance and time on the conveyor
was short enough to avoid initial set of the concrete. Boreholes might be
used at frequent intervals to pump concrete down to the tunnel where it

could be delivered by conveyor or pumping. This would reduce the transit
time. It appears unlikely that any part of the hydraulic or pneumatic system
(other than boreholes) could be used for delivery of concrete for final liner
placement. If precast concrete segments, installed at the time of excava-
tion, are used as the final liner, the problem of post-excavation material
handling is eliminated, but the transport of the liner segments is added
during the excavation period.

Tunnels with Steep Grades

If gravity assisted acceleration/deceleration transit systems become a

reality of the future, tunnel excavation and muck transport on 10 percent
climbing and declining grades would become necessary. These sloping tunnel

sections would be about 1000 feet long at the exits from and entrances to
stations. Thus, for stations spaced 4000 feet apart, about 50 percent of

the tunneling would be on a 10 percent grade. For a mole making a

continuous bore of 10,000 feet or longer, the moling profile would be:

decline 1000 feet, level 2000 feet, rise 1000 feet, level through the next
station location, decline 1000 feet, and repeat the profile pattern to the

end of the contracted reach.

With this profile for material transport it seems almost certain that the

preferred strategy would be to remove muck to the surface at each station
location rather than at a single access shaft, as is the present common
practice. This implies that a system with minimum installation, removal and
moving costs should be chosen for muck lifting. It also implies a horizontal
muck transport system no longer than the maximum distance between stations
and a system that can be moved ahead easily.

Rail systems are normally limited to grades of about 4 percent due to the
limitation of the steel-on-steel tractive force. A traction assist system
would be required to provide the necessary power on climbing grades and con-
trol the rate of descent on declining grades. In addition, a fail-safe
breaking system would be required in the event of power failure while climb-
ing or descending. Two approaches which have been used for many years for

transport on steep grades are cable drive systems and cog (rack and pinion)
drive systems. Cable drive systems can be either intermittent, powered by a

drum or friction hoist, or continuous, powered by a bull wheel and continuous
loop cable. In either case, for the loads involved, the travel rate would
be relatively slow (5 mph or less) and the large size drive equipment
required underground would add significantly to the congestion. Double
tracking might be required on all grades due to the low travel rate.
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The cogged rail system appears to have advantages over the cable system

for this application even though it too is limited in speed to about 3 to 5

mph. If the system is double tracked on the grades, a continuous flow of

muck trains could be maintained to avoid delaying the mole. More trains

would need to be used than in the conventional case to compensate for the

slower average rate of travel. The cog system would not require special
operators at the grades as would be required by the cable system, and

relocation of the cog system appears to be less costly than for the cable
system.

A locomotive with cog drive and a positive action rail gripping brake

system is estimated to cost about 40 percent more than a conventional loco-
motive, and the gear rack required for the track is estimated to cost about

$20 per foot.

Grades of 10 percent cause no particular problems for conveyor,

hydraulic, or pneumatic systems. However, additional power would be required

to lift the muck from the greater depths reached by the profiled tunnel. The
rubber-tired vehicles used for incoming materials with the conveyor system
and perhaps with the hydraulic and pneumatic systems would have no difficulty
with the 10 percent grades, but special provision might be required for fail-
safe brakes.

Very rough cost estimates indicate that the material handling costs might
be increased by about 10 percent if conveyor is used, about 15 percent if

hydraulic or pneumatic is used, and perhaps 20 percent if rail is used.

ALTERNATIVE STRATEGIES

The typical strategy for mole excavation of twin tube tunnels with shaft

access is to establish a construction support yard on the surface at the

shaft and haul all muck from the heading to the support yard, where it is

loaded into trucks for surface disposal. The twin bores are excavated in
series with the mole penetrating the full length of the contracted reach in

the first bore before being backed out to the shaft for excavation of the
second bore. Thus, enough material transport equipment must be purchased to
extend the full length of the contracted reach and, on the average, this
equipment is used only about half the time. The muck lifting equipment is

installed at the shaft and left in place throughout the excavation period.

Typically, tunnels of 10,000 feet or more in length pass through or by

the location of one or more stations or ventilation shafts. Also, tunnels
connecting the twin tubes are provided at intervals to reduce the "piston
effect" during use of the subway. These characteristics of the subway tunnel
design offer the opportunity for alternative material handling strategies
during excavation.

Short Haul Muck Transport

One possible alternative to underground muck transport the full length
of the tunnel reach, would be to move the muck lifting system forward to
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shaft oc station locations as excavation proceeds. This would allow the

purchase of less equipment for muck transport and reduce the material trans-
port system operating cost, since the average ton of muck would be trans-
ported a shorter distance underground.

Preliminary cost estimates indicate the possibility of a net reduction
in matierial handling costs if this approach is used under certain conditions.
These conditions include the assumptions that:

a. The project design calls for ventilation shafts or stations spaced
fairly uniformly throughout the contract reach so that the cost of
providing access at these intermediate points would not be charged
to material handling.

b. Excavation for access at intermediate points is performed prior to

mole excavation so that the access openings would be available when
needed.

c. The principal construction yard will remain at its original location
to avoid the cost of relocation.

d. Surface disruptions caused by equipment installation and truck

loading at several points along the tunnel route will be acceptable.

e. The muck lifting system is designed to be portable to keep the

relocation cost small.

The cost elements which would be reduced by this approach are:

a. Amortized capital charged to the job.

b. Insurance and taxes associated with the material handling equipment.

c. Operation and maintenance costs.

d. Direct operating labor.

For this approach to be viable, the cost reductions must exceed the cost

increases due to:

a. Dismantling, moving, and reinstalling the muck lifting systems,
including the aboveground equipment.

b. Dismantling, moving, and reinstalling any support equipment, such

as dumpers and loaders associated with the horizontal transport

equipment.

c. Delays caused by the relocation of equipment.
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Rough cost comparisons indicate that net cost reductions might reach $20

per tunnel foot for design capacities of 400 tph and about $8 per tunnel foot
for capacities of 900 tph, if two sets of equipment or highly portable
lifting equipment are used to avoid job delays.

Cross Feeding Between Tunnels

Another approach which has been mentioned is to leave the muck transport
system in place after the first bore is completed and, during evacuation of
the second bore, transport muck from the heading back to the closest cross
bore for transfer to the main haul system in the first bore. This would
avoid relocation of the main haul equipment for excavation of the second
bore. Cursory examination indicates little incentive for this approach since
there is no apparent reduction in amortized equipment cost or operation and

maintenance cost. In fact, equipment cost would appear to be slightly higher
due to the added length of conveyor used in the second bore to reach the

cross bore, the equipment required in the cross bore, and the equipment at
the two transfer points at the ends of the cross bore. In addition to the
addition of two transfer points, which is undesirable, this approach would
interfere with material transport during installation of the final liner,

and prevent removal of the rail system as the final liner was put in place.

If it were necessary to charge the cost of the cross bores to material
handling, the concept is almost certain to show no net cost reduction.

EFFECT OF TUNNEL LENGTH ON COST

The major differences between the near term and far term cases which
affect material handling cost are tunnel length, depth of tunnel, and advance
rate (which determines the material flow rate) . These three parameters
changed simultaneously from the near term to far term cases, thus obscuring
the effect cxi cost of any one of them.

To obtain an indication of the effect of tunnel length on the cost of
horizontal transport of material, a parametric comparison was made using the

near term (400 tph, 10,000-foot reach, 100 feet deep) and far term (900 tph,
40,000-foot reach, 200 feet deep) cases as a basis for cost estimates.
Analysis of the basic estimates indicates that the cost elements fall in

three categories;

1. Fixed costs that are essentially independent of tunnel reach and

job duration (development costs, heading and shaft equipment, in
and out costs, etc.).

2. Length variables that are almost directly proportional to tunnel
reach (equipment extended along the tunnel reach, related costs,

etc . )

.

3. Complex variables that change with tunnel reach and job duration,
which is determined by advance rate (operating and maintenance
crews, energy cost, etc.).
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The basic cost estimates were adjusted by removing the material lifting
costs to eliminate the tunnel depth variable. A parametric curve was devel-
oped for a capacity of 400 tph by adjusting the estimate for a 20,000-foot
tunnel (2 reaches of 10,000 feet each) upward in increments of 20,000 feet
of tunnel to a maximum of 80,000 tunnel feet (2 reaches of 40,000 feet each).
These adjustments were made by a careful review of the length-var iable and
complex-variable costs of the base case (10,000-foot reach) and applying
appropriate cost increases to each cost element. A similar procedure was
applied to derive a parametric curve for a capacity of 900 tph by applying
appropriate cost reductions to the cost elements of the base case
(40,000-foot reach). This procedure was applied to derive curves for both
rail haulage and conveyor haulage with rubber-tired vehicles for incoming
materials. The results are shown in Figure 42.

While making interpretations of these curves, it should be kept in mind
that:

a. System designs are not necessarily optimal and different degrees of

optimism may be present in the designs for different capacities and
modes of transport.

b. Differences are present in the degree of technological development
assumed for the lower capacity and higher capacity cases.

c. To avoid the need for more detailed estimates, linear approximations

were used in extending cost estimates from the base cases.

d. Variations in minor cost factors, such as taxes, insurance, mole

movement, and job impacts, were not included in the cost
adjustments.

The following observations can be made from Figure 42;

a. For short reaches (less than 20,000 feet) and low capacities (400

tph) , the cost of horizontal transport by rail or conveyor appears

to be about equal (within the limit of error of the estimates)

b. For longer reaches (above 25,000 feet) and low capacity, the cost

of transport by conveyor becomes significantly greater (about 28

percent at 40,000 feet) than by rail.

c. For reaches less than 30,000 feet and high capacities (900 tph),

conveyor transport appears to be less costly than train (about 13

percent at 20,000 feet, and 21 percent at 10,000 feet).

d. For very long reaches (above 34,000 feet) and high capacity, rail

transport becomes less costly than conveyor.
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e. In general, rail is less costly than conveyor for long reaches,
with the preference for rail increasing as the reach becomes longer
and the capacity becomes less. Conversely, the preference for

conveyor becomes greater for shorter reaches and high capacities.

f. If the length of reach defined by job specifications does not
increase as rapidly as the increase in penetration rate, the use of
conveyor transport will become more favorable in the future.

g. The cost of muck transport per tunnel foot decreases significantly
as the length of reach increases, except when low capacity conveyors
are used in long reaches.

h. High capacity material handling costs more than low capacity if the

reaches are less than about 20,000 feet. This may be an indication
that increasing the penetration rate without defining longer reaches
is not desirable.

TUNNEL DIAMETER AND MUCK RATE

If the tunnel diameter is changed but the penetration rate is unchanged
the muck rate will change proportionally to the square of the diameter.
Thus a 56 percent increase in muck rate will result from a 25 percent
increase in diameter (20 feet to 25 feet) and a 44 percent decrease in muck
rate will result from a 25 percent decrease of diameter (20 feet to 15 feet)

.

The material transport cost would be expected to increase with increased
muck rate and decrease with reduced muck rate if penetration rate and length
of reach are held constant. However, an examination of the cost estimating
data for the base cases (rail and conveyor) indicates that the material
transport cost is less sensitive, in short reach tunnels, to variations in

muck rate due to diameter change than those due to penetration rate change.
This is due, in part, to the following considerations:

a. Due to the low utilization of men and equipment, there is only small

variation in crews or hourly operating cost with changes in the
capacity of the system.

b. The net equipment cost changes very little with small capacity
changes as long as the advance rate and length of reach remains
constant.

c. Increased muck rate due to increased tunnel diameter is accompanied
by an increase in working space and reduced congestion. Increased

muck rate due to increased penetration rate is accompanied by a need
for more rapid extension of the transport system and decreased job

duration.

Although the muck rate decreases more rapidly than the diameter as

smaller tunnels are excavated, it can be anticipated that a diameter is

reached (perhaps around 15 feet) where the problems of congestion and the
cost of reduced size equipment cause the cost of muck transport per tunnel
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foot to rise, even though the quantity of muck is less. The effect would seem
to be more pronounced in longer reaches. Increased muck rate due to

increased penetration rate in small tunnels, particularly for long reaches
where train passing is required, would result in high cost of material han-
dling per tunnel foot. Under these circumstances, conveyors might compete
more favorably with trains than in the larger tunnels.

In making comparisons between the effects on cost of different muck

rates, the cause of the changed muck rate must be kept in mind, since other
changes of job condition which also affect cost are associated with changes
in tunnel diameter and changes in penetration rate.
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16. RESEARCH AND DEVELOPMENT PROGRAM

The magnitude of a development program directed toward a specific goal
should be commensurate with the benefit expected from achievement of that
goal. The research and development program for improvement of material han-
dling in urban tunneling has two goals: (1) to reduce the cost of tunneling
by substitution of a more cost effective material handling system and (2) to
assure that the material handling system will not become the limiting factor
on the rate of excavation. The benefit expected from achieving these goals
can be measured in dollars by estimating the reduced cost per linear foot of
tunnel and applying this cost saving to the number of feet of tunnel
anticipated for a specified time period.

Table 5 indicates that in the 25-year period from 1976 to 2000, tunneling
in rock may be anticipated as 687,000 linear feet of tunnel for rapid transit
systems and 1,755,000 linear feet for other applications such as water and
sewer. Thus, less than 2.5-million tunnel feet of rock tunneling are antici-
pated for an average of less than 100,000 feet per year. These numbers could
be high considering the rising cost of tunneling and the present thinking
regarding mass transit systems.

Table 74 indicates a cost reduction in the near term case of 2 dollars
per tunnel foot by substituting a conveyor/crane system for the conventional
rail/crane system and a reduction of 6 dollars per tunnel foot by using a

rail/covered belt system. If it is assumed that these cost savings are
additive for a system using a conveyor/covered belt system, the maximum
anticipated saving by substitution of material handling systems is 8 dollars
a tunnel foot. This would produce a total saving of about 20 million dollars
in a 25-year period. Since less than 25 percent of this saving would accrue
to rapid transit tunnels, it is apparent that only the most modest develop-
ment expenditure could be justified on this basis alone.

However, if it is assumed that the excavation rates (and hence job size)

projected for the far term case would not be achieved without improvements
in the material handling system, then the potential benefits become much
greater. Table 74 indicates a cost reduction of about 190 dollars per tunnel
foot for the far term case compared to the near term case. If it is assumed
that less than one-half of this saving would be realized without a systematic
development program to improve the material handling system, then the poten-
tial benefit frcm the development program becomes about 10 million dollars
per year. About 2.5 million dollars per year would accrue to the urban mass

transit tunnels. This potential benefit might justify an annual expenditure
of something less than 1.5 million dollars per year in the interest of mass
transit tunnels. If additional funding were obtained from other sources

which would benefit from the reduced cost of tunneling, a more intensive
program might be justified.

PROBLEMS AND R&D NEEDS

During discussions with manufaturers and contractors (33) and as a result

of workshop panel deliberations (26) many specific problems and areas needing

improvement were identified for the various material transport systems.



These suggested research and development needs are listed and briefly
discussed in the following subsections.

1. General Items for R&D

a. Market Identification. (Determination of the market for material

transport equipment designed for tunneling needs.)

The need for a good understanding of the potential market for a product

before industry can risk substantial R&D funds in its development was men-
tioned frequently. A market survey should be conducted to identify the

market potential for the various transport modes if developed to meet the
needs of urban tunneling. Specific situations in which a particular trans-
port mode might find application should be identified. For example, slurry
transport would be particularly suited to situations where hydraulic excava-
tion or bentonite moling was the preferred excavation method. The investiga-
tion should extend beyond urban tunneling to include tunneling for other
applications and potential applications of the equipment in other fields such

as mining, general construction and manufacturing industry. For industry to

contribute significantly to the R&D effort, a continuous and long term market
must be identified.

b. Ground Support Installation. (Study of the handling and installa-
tion of initial ground support.)

Several contractors identified the installation of initial ground support
materials as a major cause of job delay. Handling and installation of these
materials at the heading is an entirely different problem than the transport
of materials to and from the heading. Very little systematic attention has
been given to this problem. An in-depth study might identify improved
methods for handling and installing these materials.

c. Crusher. (Development of a low profile, small size, large capacity
breaker-feeder.

)

The control and reduction of lump size is an important consideration
for all continuous material transport systems. Most rock crushers of ade-
quate capacity are large in size. Lower profile and smaller size are needed
for equipment to be used in the heading.

d. Intermodal Transfer. (Study of intermodal transfer and surge
storage problems.)

The benefit from development of improved transport modes will be reduced
if problems exist at points of intermodal transfer. These problems for

various combinations of transport mode (horizontal and vertical) should be
identified and solutions sought.

e. Transport Equipment Designs. (Review of material transport equip-
ment designs with the objective of making them simpler, more rugged
and less costly.)
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Many contractors feel that systems tend to become too complex and
delicate for the tunnel environment. A review of designs might reveal low
cost methods of improving ruggedness and system reliability and availability.

f. Handbook. (Development of a handbook of good practice for materials
handling in tunneling.)

There is some feeling that many of the material transport problems could
be eliminated by better job planning and improved selection and installation
of transport equipment. A handbook of good practice was suggested as a

possible means of improving job planning and execution. Development of such
a handbook should lean heavily on the experience of tunneling contractors.

g. Tunnel Alignment. (Investigation of the potential for cost
reduction and problems associated with short radius curves in
tunnel alignment.)

Most urban tunnels tend to follow the alignment of surface streets to
take advantage of public right-of-way. In many cases this causes the tunnel
to have short radius curves which slows down the tunneling process. This
problem should be investigated with the objective of developing urban tunnel
alignments without short radius curves.

2. Conventional Rail Haulage

The Keystone Workshop panel for rail haulage concluded that there are no
problems which would limit rail haulage up to 800 tph on grades of 5 percent
or less provided diesel locomotives are used.

a. Derailment. (Study of derailment causes and solutions.)

Derailment was identified as one of the major problems for conventional
underground rail haulage. A detailed study of causes and solutions including
the roadbed, rolling stock, climber p>oints, switches, rail spreading and
speed, would contribute to a reduction in downtime caused by the rail haulage
system. This study would also determine the true downtime caused by derail-
ment and the potential savings resulting from its elimination.

b. Ventilation. (Study of ventilation requirements related to use of

diesel power and alternative power sources.)

Schedule 24 sets arbitrary ventilation requirements for various equip-
ments. There is some feeling among contractors that a ventilation require-

ment based on a performance specification would be more beneficial. The

Keystone Workshop panel concluded that prohibition of diesel power would
greatly increase the cost of tunneling, and the frequency and severity of

accidents. The speed and flexibility of diesel power are considered to be

very important. The question of diesel power and adequate ventilation should

be investigated in cooperation with groups presently considering the

question.

c. Live Axles. (Investigation of the use of live axles rather than

dead axles on rail cars used in tunneling.)
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Based on practices and experience of conunercial railroads, there is some

feeling that use of live axles rather than dead axles, as is now the practice
in tunneling and mining, might reduce wear and derailments, and permit
increased speed. This question should be investigated in theory and by
demonstration, taking full advantage of prior work of the ASME comittee
investigating wheel-rail interface problems.

d. Locomotives. (Investigation of improvements in underground
locomotives.

)

There is some feeling that the design of underground locomotives, which
has changed very little over many years, could be improved. For example, the
wheel base may be too short, an 8-wheel configuration might be better, and a

locomotive with smaller cross section might be developed without decreasing
power. The potential for improvements in underground locomotives should be
investigated.

e. Muck Cars. (Investigation of problems of dumping muck cars and
feeding to elevating transport mode.)

One of the biggest problems with muck cars is clean dumping when sticky
materials are hauled. This problem remains unsolved although contractors
have been harassed by it for many years. An investigation of the problems
of dumping muck cars and muck boxes of various types and feeding to various
elevating transport modes could yield potential solutions to this old pro-
blem. This study might be a part of the broader investigation of intermodal
transfer problems.

f. Skip Cartridge. (Improvements in the skip cartridge for dumping
muck boxes.)

The most common method of elevating muck from shallow tunnels is the

crane lifted muck box. Skip cartridges have been developed to speed up the
process of engaging and disengaging the muck box. There appears to be room
for improvement in the design of most of these devices. A study to develop
an optimized design for a skip cartridge could significantly reduce the cycle
time for this mode of elevating and provide an elevating method adequate for
many excavation situations.

g. Muck Size and Shape. (Development of improved methods or equipment
for handling a wide variety of muck sizes and shapes while loading
rail cars.)

Rail transport can handle a wide range of muck sizes and shapes without
difficulty. However, the loading equipment is often adversely affected by
these variables. Improved method or equipment for loading muck cars would
contribute to better reliability for the horizontal transport mode. (This
problem is common to all horizontal transport modes.)

h. Reliability. (Study of rail system reliability including causes of
failure and corrective action methods.)
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A reliability study of the rail haulage system would identify the weak
links in the system so they could be corrected before becoming acute as the
requirements for the system become more severe.

i. Track Laying. (Development of improved methods for track laying
behind mole and during replacement.)

As the rate of advance of the mole increases it will become more
difficult to lay track in pace with the advance. A study of improved methods
(such as prefabrication of track sections) of track installation could solve
this problem before it becomes critical.

j. Wear. (Determination of causes of and corrective action for

excessive wear of climbing points, wheels, track and bearings.)

Excessive wear of wheel, track, bearings, climbing points and switches
contributes to the operating and maintenance cost of a rail haulage system.
A study of causes and corrective action could reduce these costs.

k. Safety. (Investigation of the impact on safety of increased train
speed and frequency.)

Safety is a prime consideration in tunneling. As the advance rate

increases requiring more trains traveling at higher speed, hazards will
increase unless proper precautionary measures are taken. A study of the

impact on safety of increased train speed and frequency should be initiated
before the problem occurs.

l. Super Grades. (Investigation of problems and their solutions
associated with grades greater than 4 percent, including power
assist methods and control of runaways.)

If the gravity assist urban transit systems are adopted, tunneling will
be required through profiles with grades up to 10 percent. The material
handling problems associated with these grades would need to be investigated
in detail before undertaking tunneling under these conditions.

3. Hoisting

The Keystone Workshop panel for hoisting felt that the equipment and

application technology presently available is adequate for present day mining
and construction shaft hoisting but that there appears to be a problem of
distribution of this knowledge especially in the area of shallow shaft
hoisting. The Holmes & Narver, Inc. survey indicates a feeling among tunnel
contractors that hoisting through the shaft is or will become the limiting

factor for material handling in tunnels greater than 15 feet in diameter.

a. Survey of Hoisting. (Survey of the state of the art for hoisting

in shallow shafts including problems of design, equipment selection
and application.

)

A survey of hoisting (in greater detail than the present study) should

include a review of existing methods and equipment (cranes, conventional



hoists, hydraulic hoists) in shallow shafts (less than 500 feet) ; design
requirement for tunneling application; safety considerations; economics of
hoisting (manning, capital and operating costs, productivity); current,
pending and needed legislation; and future needs.

b. Loading and Dumping. (Study of loading and dumping for hoisting.)

Loading and dumping, particularly if the material is sticky, can become

a severe problem and extend the cycle time. When muck boxes are lifted,

engaging and disengaging the box is a major element of the cycle time. These
problems should be investigated in detail to reduce their impact on the time
cycle and on delays in the tunneling job.

c. Increased Line Speed. (Investigation of the impact of increasing
line speed or cranes.)

Cranes operate with line speeds of about 160 fpm. Hoists use much

greater line speeds. An investigation of the impacts on horsepower, torque
converters, lagging, rope and cost of increasing line speed to 300 fpm should
be undertaken to identify the potential for increasing capacity.

d. Optimized Design. (Development of optimized design for

hoisting system in shallow shafts.)

A design for a hoisting system optimized to the requirements for shallow
shafts should be developed based on the principles common to cranes and
hoists rather than as a modification of designs for other applications.

e. Distribution of Knowledge. (Distribution of knowledge of
capabilities of hoisting systems for shallow shafts.)

This task could take any one of several forms. It could be a onetime
effort to broadcast the present capabilities of cranes and hoists for shallow
shaft hoisting (perhaps the report of the survey of hoisting) , or it could

be a continuing effort to keep contractors aware of developments in hoisting
with emphasis on shallow shafts. It could be expanded to include develop-
ments in elevating (continuous methods) as well as hoisting (intermittent)

.

4 . Rubber Tire Haulage

A major concern of the Keystone Workshop panel on rubber tire haulage was

the possibility of restricting the use of diesel power in underground con-
struction. It was felt that the lack of diesel power would put a severe
limitation on the value of rubber tire vehicles underground and would con-
tribute significantly to increased costs of underground construction. With
exception of the ventilation problem, the panel felt there are no technical
limitations on rubber tire haulage fulfilling its role in underground
construction.

a. Regulations. (Study of government regulations, including
ventilation requirements, regarding use of diesel power
underground.

)
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A study of government regulations (federal and state levels )

,

with
emphasis on ventilation requirements, and their impact and restrictions on
the use of diesel power underground should be initiated. This study, which
could be combined with a similar study for rail haulage, should take full
advantage of work being done in this area by technical societies and industry
groups.

b. Pallet Transport Vehicle. (Development of concept for pallet
transport vehicle.)

If a continuous system is used to transport muck away from the heading,
an intermittent system will still be required to transport materials and men
to the heading. A conventional rail system becomes expensive for the
relatively small material flow rates required. A rubber tire system using
existing equipment designs is restricted by too little room at the heading
for turnaround, too little room for passing in the tunnel and the curved
contour of the tunnel floor. One solution to the problems might be a rubber
tire vehicle designed specifically for tunneling requirements, including the
use of preloaded pallets to maximize the use of the powered vehicles and
eliminate the need for passing in the tunnel. Development of a detailed
concept for this vehicle would be the first step in its development.

c. Invert Preparation. (Study of requirements and methods for invert
preparation for rubber tire haulage.)

An alternative to development of a vehicle for operation on a curved
surface would be to flatten the tunnel floor to provide an acceptable road-
way. This might be done by filling the invert with muck from the TBM or by

use of portable, reusable road base segments made of concrete or steel. The
feasibility and economics of these alternatives should be investigated and

compared to the develoment of a vehicle to operate on a curved floor. (Even

if a flat road surface is prepared, a special vehicle would need to be
developed to overcome the turning and passing problems.)

5. Horizontal Belt Conveyors

The major problems with the use of belt conveyors for horizontal
transport in tunnels, identified by the Keystone Workshop panel for belt
conveyors and through industry interviews, are negotiating curves, extending
the conveyor system, transfer points, and obtaining a suitable uniform feed

material.

a. Conveyor Belts. (Survey of recent improvements in belt design and

fabrication in relation to requirements for tunneling.)

The design and fabrication of conveyor belting have made significant

advances in recent years. A survey (in greater detail than the present
study) of available belting material and assessment of its ability to meet

the severe requirements of tunneling (present and future) would be a first

step in overcoming existing problems.

b. Garland Idlers. (Study of application of garland idler principle

to short radius curves.)
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The use of garland idlers has made it possible to negotiate long radius
curves with conventional conveyor belts. A study (theoretical and demon-
stration) to investigate the application of this principle to shorter radius
curves, down to 200 feet, should be initiated.

c. Intermediate Drives. (Investigation of intermediate drives to

reduce belt tension for negotiating curves down to 200-foot radius.)

Low belt tension enhances the ability to negotiate curves. Intermediate
drives should be investigated as a means of reducing belt tension at curves.

Reducing the size of the intermediate drive should also be investigated.

d. Serpentine Belt. (Investigation of Serpentine belt concept for

curves of radius greater than 200 feet.)

The Serpentine belt in its present form has the ability to negotiate

curves. However, the system is very expensive because of the extreme mobil-
ity and flexibility designed into it. The potential use of this belt with a

low cost supporting structure designed for tunneling requirements
should be investigated. This approach would introduce material transfer
points at the curve since the belt would probably be too expensive to use on
long, straight runs.

e. Belt Storage. (Development of large belt storage and extension
units.

)

Belt storage and extension units for up to 500 feet of belt have been
operated successfully. There appears to be no technical reason why the
capacity of these units could not be increased significantly. These units
might provide the solution to the problem of conveyor system extension if
used in tunneling. The development of large storage units (up to 5,000 feet
of belt) should be investigated, including the addition of new belt and the
advancement of the tail pulley. This investigation would include design
studies and demonstration of operating units. Demonstration of storage units
should be confined to sizes only slightly larger than required by the advance
rates achievable.

f. Reliability. (Study of conveyor system reliability to decrease
downtime.

)

A reliability study, including failure mode and effect, and main-
tainability analysis would contribute to decreased downtime of the system
which represents delay time for the tunneling job since there is no redun-
dancy in the conveyor system. Similar reliability studies would be
beneficial to other material transport modes.

g. Installation. (Develoment of concept for low cost installation and
removal of conveyor in tunnel.)

The time duration for the use of a conveyor on a tunneling project in a

single location is relatively short. Therefore, a rapid, low cost means
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of installation and removal is desirable. A study and demonstration of con-
cepts for rapid installation and removal would contribute to the potential
use of conveyors.

h. Auxiliary Equipment. (Study problems of transfer points, belt
cleaning and lump size control, including in-line crushing.)

Auxiliary equipment such as that used at transfer points (plows,

trippers, shock absorbers), belt cleaners, and lump size control equipment
(grizzlies, crushers) can become the controlling factor in the conveyor sys-
tem throughput. Transfer point equipment and belt cleaners are used with the
muck car loading conveyor, so studies to improve this equipment should be

initiated regardless of the potential of conveyors for horizontal haulage.
Lump size control equipment may be required for any continuous system so it

could be investigated in a broader program. Other problems at transfer
points should also be studied in detail.

i. Cover Belt. (Investigate potential for use of cover belt principle
to negotiate curves.)

The principle of the cover belt might offer a solution to negotiating
corners if the belt "sandwich" could be rotated 90 degrees before entering
the curve. The Loop Belt or Beltavator principle might then carry the mate-
rial around the curve. Theoretical study and demonstration would be required
for this concept.

6 . Elevating

The Keystone Workshop panel on elevators recognized the principal problem
as the capability of systems to handle a broad mix of materials, particularly
to cope with the severe problems related to sticky materials. It was the

consensus that this problem is less severe in belt type elevating systems.
Proper sizing of materials was recognized as a limiting factor on the use of

these systems.

a. Material Discharge. (Investigation of free release of sticky,

sluggish material from bucket elevators, muck boxes, skips and

belts.

)

The discharge or release of sluggish or sticky material from the carrier

medium is a problem with muck boxes, skips, bucket elevators and belts. Many
attempts have been made to solve this problem, but a systematic, coordinated

program has not been undertaken. Such a program should be initiated and

carried through the demonstration phase. The causes (including effect of

moisture and excessive fines) , improved designs, and use of new materials

should be included.

b. Bucket Elevator Capacity. (Investigation of methods for increasing

height and capacity of bucket elevator.)

With presently available commercial technology bucket elevator capacity

and height are limited to less than that required for the far term case.

Higher strength chain has been developed but not commercialized, and alter-

native tension members such as wire rope have been suggested. These
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approaches should be investigated as possible means of increasing the height
and capacity limitation of bucket elevators.

c. Improved Casing. (Develop improved casing for bucket elevator.)

It has been suggested that a round rather than rectangular casing for

bucket' elevators might provide better access for maintenance at lower cost.

The cost of shaft installations also might be reduced by supporting the load

at the top rather than transmitting it to the base through the casing.
Improved design to reduce cost should be sought.

d. Knuckle Wheel. (Development of concept for a demonstration of

"knuckle" wheel on bucket elevator to improve discharge of
materials.

)

A "knuckle" wheel concept to bend the buckets further around the head
wheel thus providing longer discharge time and more positive discharge action
has been suggested as a possible solution to the material discharge problem.
This concept should be developed in detail sufficient for a demonstration
unit to be built and tested. A simple solution to the discharge problem
would enhance the use of bucket elevators in present day tunneling.

e. Intermediate Drive. (Development of concept for intermediate drive

to increase height limitation of bucket elevator.)

It has been suggested that an intermediate drive at about the midpoint
height of a bucket elevator would reduce the deadweight on the tension mem-
bers thus permitting the height to be extended. A general concept exists but
it has not been developed to the fabrication stage. This concept should be
developed and tested.

f. Bucket Elevator Demonstration. (Demonstration on the job of
improved bucket elevator concepts developed.)

Concepts for increasing height and capacity which appear to offer the

best solutions after design and test should be demonstrated under on-the-job
conditions by installation and use at an on-going job.

g. Variable Materials. (Investigation of problems associated with
handling highly variable material in bucket elevator.)

The variability of the characteristics of muck has been identified as a

major problem in the use of continuous elevating systems. This problem
should be investigated to determine the range of muck characteristics
(including frequency of oversize pieces), the impact on the handling equip-
ment, and potential corrective actions.

h. Beltavator Demonstration. (Demonstration of present Beltavator at
height of interest for tunneling and at increased speeds.)

A Beltavator demonstration unit approximately 45 feet in height exists
as an aboveground, free standing unit. Demonstrations should be run on this
unit with typical "problem" mucks. The use of increased speeds should also
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be tested. If successful, a demonstration unit should be constructed in a

shaft at an active jobsite and tests run under job conditions.

i. High Capacity Beltavator. (Investigation of lateral stiffening and
increased strength of belt to increase capacity of Beltavator.)

It has been suggested that the capacity of the present Beltavator is

limited by the lateral stiffness of the belts. An investigation should be
initiated to determine the potential for increased capacity by increasing
lateral stiffness and longitudinal strength of the belt. If this approach
appears favorable, demonstration belt should be fabricated and tested.

j. Improved Beltavator Demonstration. (Demonstration of improved
models of Beltavator.)

As improved (higher capacity and greater height) Beltavators are demon-
strated in pilot tests, they should be constructed in a shaft and run under
job conditions.

k. Vertical Flexowall. (Study of vertical conveying with Flexowall
concept.

)

A study should be made of the potential for vertical conveying with the

Flexowall concept. Present Flexowall systems can convey on inclines up to
80 degrees but capacity decreases rapidly for inclines greater than
45 degrees. Special cleat designs and the use of a cover belt to increase
capacity for vertical transport should be investigated.

l. Flexowall Demonstration. (Demonstration of Flexowall concepts for

vertical conveying.)

As potentially favorable vertical Flexowall concepts are developed
through the prototype test, they should be installed in a shaft at an active
job for demonstration under job conditions.

m. Installation. (Develop concepts for low costs rapid installation
and removal of bucket elevator, Beltavator, and Flexowall.)

If concepts for bucket elevators, Beltavators and Flexowall are demon-

strated to be practical for future elevating of muck, the designs should
be reviewed in an attempt to reduce the time required and cost for instal-
lation and removal of the systems.

n. High Capacity Serpentix. (Investigate the potential for increased
capacity of Serpentix conveyors.)

The capacity of the Serpentix conveyor is limited by the travel speed of

the chain driven Serpentix belt. The potential for increasing the capacity
of a spiral Serpentix by increasing speed could be investigated.
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7 . Slurry Transport

The Keystone Workshop panel for slurry pipeline transport stated that the

experience of the panel indicates very low unit transportation costs for
slurry pipelines. The panel felt that recent development of better feeders,
pumps, pipe and separators for other applications and further development of
engineering data and equipment will permit increased utilization of hydraulic
transportation for tunnel construction.

a. Engineering Data. (Development of improved engineering data for

hydraulic transport.)

Considerable engineering data have been developed for slurry transport
of bulk materials. Most of these data are for small particle size with
narrow distribution range. Some data have been developed for large particles
but much of it is held proprietary by commercial organizations. A major
impediment to the design of slurry systems for muck transport is the lack of

data in the range of particle size distributions, material densities, and
slurry concentrations of interest for tunneling. Work has been initiated

recently at Government laboratories to develop data in these ranges but the
principal emphasis is on the transport of coal.

b. Slurry Pumps. (Development of improved slurry pumps in range of
interest for tunneling.)

Slurry pumps are felt to be adequate for present needs but improvement
may be needed for future requirements. Studies leading to optimum pump
designs for the conditions and ranges of interest for tunneling should be

initiated.

c. Handling-Feeding System. (Development of an integrated system for

muck handling between the mole and the pipeline.)

Relatively little attention has been given to the handling and processing

of the muck between the mole and the pipeline. Studies leading to an
integrated handling-feeding system (separating, crushing, feeding) should be
initiated.

d. Solids Separation. (Development of integrated optimum system for

separation of solids from slurry.)

One of the problems confronting the application of slurry transport to

muck removal is the separation of the solids from the slurry. Although the
separation of suspended solids from slurries has been practiced for many

years for cleanup of industrial and municipal wastewaters, and the separation
of muck from the slurry resulting from hydraulic excavation in St. Peter

sandstone has been successfully demonstrated, techniques for accomplishing
this separation satisfactorily and without unacceptable cost for the range

of muck materials which might be encountered have not been demonstrated. The
development of an integrated system for solids-fluid separation suitable for

a wide variety of muck types would be required before general acceptance of
this transport mode.
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e. Instrumentation. (Development of improved instrumentation for
slurry pipeline.)

Efficient operation of a slurry transport system requires on-line
measurements. Instruments with reliability and life satisfactory for tunnel
driving environments and for slurry measurements are not available. The
development of these instruments would be required before general
acceptance of the transport mode.

f. System Extension. (Development of improved method of slurry pipe-
line extension to reduce delay time.)

The slurry system developed for application to coal mine face haulage
uses large (10 inch) diameter hoses to gain flexibility for extension and
retraction of the system. Use is made of side drifts to store the hose loops
when not fully extended. The practicality of hose or other means of exten-
sion in a tunnel where side drifts are not available should be evaluated.
An extension system suitable for in-tunnel use would need to be demonstrated
before general acceptance of slurry transport for muck removal.

g. Wear. (Investigation of wear and erosion of equipment and pipe when
handling tunnel muck.)

Inadequate data are available on the wear and erosion of pipeline and
equipment when handling slurry with the characeristics produced by various
tunnel mucks and large particle sizes. Tests should be conducted with muck
materials in the particle size and flow velocity ranges of interest to muck
transport. Cost savings could be realized by cooperative programs with
existing slurry research efforts.

8. Pneumatic Transport

The Keystone Workshop panel on pneumatic pipeline concluded that it can
be anticipated that high power consumption in a pneumatic conveying system
is inherent. It further concluded that continued improvements in metallurgy,
design of components and maintenance will result in less abrasive wear and
more acceptable running costs.

a. Demonstration of Current Equipment. (Demonstration of pneumatic
transport of tunnel muck at maximum rate of available feeder
equipment.

)

Current pneumatic feeder equipment is designed for capacities up to

200 tph. This equipment should be tested up to its full capacity using muck-
like material as the feed. Emphasis should be on elevating up to 300 feet.

b. High Capacity Feeder. (Development of feeder for up to 400 tph

system.

)

A high capacity feeder (up to 400 tph) should be developed. A design for

this feeder has been initiated by industry.
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c. Handling and Feeder System. (Development of integrated handling and

feeder system for high capacity.)

Following successful demonstration of a high capacity feeder, an
integrated muck preparation and feeder system should be designed and demon-
strated for high capacities (up to 400 tph)

.

d. High Capacity Demonstration. (Demonstration of pneumatic transport
of tunnel muck at rate of 400 tph.)

Pneumatic transport of tunnel muck at rates up to 400 tph should be

demonstrated. Emphasis should be on elevating up to 300 feet.

e. Discharge Separation System. (Development of integrated discharge
separation system.)

The separation of the solids from the air stream at discharge is not

anticipated to be a major problem, except when sticky materials are involved.
However, development of integrated discharge separation systems would need

to keep pace with the development of higher capacity feeders. The severity
of problems with dust, noise and sticky materials would be determined during
these studies.

f. Wear. (Investigation of wear for all materials with potential for

pipe and fittings.)

Excessive wear of pipe and fittings is sometimes a problem with pneumatic
transport. Tests to determine wear characteristics of some materials when
transporting rock have been initiated. Longer term tests to evaluate all
materials with potential would need to be conducted to develop adequate
engineering data.

g. Dense Phase Transport. (Investigation of dense phase pneumatic
transport.

)

High pressure (or dense phase) closed loop pneumatic systems with
pressure drops less than 10 psi have been suggested as a means of reducing
particle velocity and pipe wear while extending the practical distance for

material transport. No work is being done in this area at the present time
and very little, if any, has been done in the past. This effort should begin
with theoretical analysis and proceed to small scale test and demonstration.

h. Sticky Materials. (Investigation of problems in handling sticky
and wet materials.)

The problems associated with handling sticky and wet materials in

pneumatic systems should be carefully evaluated. This effort should precede
the development of high capacity systems for muck handling.

MATERIAL HANDLING R&D PROGRAM

A material handling research, development, test and demonstration
program adopted to assure that the material transport capability of the
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tunneling system will keep ahead of the material flow requirements should be
based on the following goals:

a. To offer early solutions to the most imminent problems.

b. To offer the greatest probability of problem solution at minimum
cost.

c. To offer solutions to the most serious problems.

d. To offer solutions to problems anticipated for the far term period
as well as the near term.

e. To take maximum advantage of ongoing related R&D efforts so as to
avoid duplication of effort.

f. To attack those problems which appear least likely to be solved in
a timely manner by manufacturers or contractors.

For example, early attention in the program should be given to problems
which presently delay projects or are anticipated to cause delays in the near
future. These include problems with lifting through the shaft, problems
associated with rail haulage, and material handling problems associated with
installation of initial ground support. Early solutions at minimum cost, at
least for the near term, can often be found by upgrading the systems pres-
ently in use rather than embarking on time consuming and costly development
of new systems or adaptation of systems from other applications which would
require major modifications or extensions of system capability.

Emphasis should be placed on the most serious problems, for example,

those that become progressively worse as the material transport requirements
increase and those that completely shut down the job. Potential solutions
for problems in the near term should be evaluated for their potential to meet
the requirements of the far term. A material transport concept that may look
good for the near term but would require major extrapolation beyond its

demonstrated capability to meet the requirements of the far term should
receive less attention than one that looks equally good for the near term and
requires only minor extrapolation for the far term.

A concept that is being investigated in ongoing R&D programs is a less

likely candidate for funding than a concept that offers an equally attractive
solution but is unfunded. The ongoing R&D programs should be systematically

monitored and the results evaluated in relation to the problem of concern.

In view of the uncertainties inherent in research and development

efforts, it is prudent to pursue more than one concept as a solution to a

specific problem, particularly in the early phase of a program. The results

obtained from early phase efforts will provide a basis for reduction, expan-
sion, or elimination of future program tasks. It may be desirable to add new

tasks as the program progresses. If two or more concepts appear equally
attractive throughout the development program, alternatives will be available
for contractor choice. Flexibility in the program should be maintained,

keeping in mind that the program objectives are to assure that material
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handling does not become the controlling factor on the rate of face advance
and to reduce material handling cost; not the development of material
handling systems per se.

Because of the wide variability of conditions of tunneling projects,

there may be special situations in which a solution selected for the general
situation is not the best. Other concepts which appear to be better solu-
tions for these special situations should be developed if the extent of
potential application justifies the cost of development.

With the above objectives in mind, an assessment was made of the

potential R&D items of the preceding section. A list of program tasks with

priorities and estimated funding was developed as displayed in Table 79. In

this table the item numbers correspond to the subsection designations of the

preceding section. The costs indicated are order-of-magnitude, based on a

preliminary appraisal of the scope of work implied by the preceding item-by-
item discussion of the potential tasks.

First priority for the near term is given to continuous systems for

elevating, to problems related to rail haulage, and to ground support instal-
lation. Continuous systems are felt to be preferred over intermittent sys-
tems for lifting muck in the far term. The Beltavator principle has been
demonstrated but tests have not been made using typical tunnel muck, nor has
the system been demonstrated in a tunneling environment, although it appears
to have good potential for this application. The Flexowall system has been
proven at inclines up to 70 degrees but has not been demonstrated for ver-
tical elevating. If it is proven for vertical elevating its application for

muck elevating would be enhanced. The bucket elevator has been demonstrated
in the tunneling environment. The major problem is indicated to be discharge
of sticky material. The major problems with rail haulage are ventilation,
system reliability and extension of quality track.

The technical feasibility of transporting rock with a pneumatic system
has been demonstrated. Before larger scale tests are conducted the question
of handling, discharging and recovering sticky material should be addressed.

Hoisting (by crane and hoist) is well established in the tunneling
industry. There is some feeling that the full capability of these systems
is not realized or used by the industry.

The use of conveyors for horizontal transport of muck depends on a

solution to the problem of curves and on the development of a special rubber
tire vehicle for incoming material transport. Garland idlers may offer a

solution to the curve problem and invert preparation is a factor in

development of a rubber tire vehicle.

Unless satisfactory, low cost methods are available for separation of the

solids from the slurry, much of the appeal of hydraulic transport of muck is

lost.

The intermediate term and far term tasks continue the development of
systems (assuming earlier tasks produce favorable results) through full scale
demonstrations on a tunneling project. Slurry transport is given a low
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TABLE 79. MATERIAL HANDLING R&D PROGRAM TASKS

(Cost Estimated in Thousands of 1978 Dollars)

Item
Number Task

Priority

1 2 3

NEAR TERM (1-3 Years)
6h Beltavator Demonstration 350
6k,

1

Vertical Flexowall 350
6ad,2e Material Discharge 600
2b, 4a Regulations & Ventilation 250
2h,a,c Rail System Reliability 275

lb Initial Ground Support 125
2i Track Laying 80

8h Sticky Material in Pneumatic System 150

Ih Market Identification 130
ig Tunnel Alignment 100
3a,b,2f Survey of Hoisting 250
5b Garland Idlers 400
4c Invert Preparation 75

8e Pneumatic Discharge System 150

2j Rail System Wear 100

6g Material Variability in Elevating 80

5a Conveyor Belt Design 50

3c Crane Line Speed 50

7d Slurry Solids Separation 500

TOTAL NEAR TERM 2,030 1,105 930

INTERMEDIATE TERM (4-10 years)
3d Optimum Hoisting System 150

3e Distribution of Hoisting Knowledge 200

2g Muck Car Loading 250

6b,

e

Bucket Elevator Capacity 900
6i Beltavator Capacity 250

5e Belt Storage & Extension 300

5c Belt Intermediate Drive 150

4b Pallet Transport Vehicle 100

6j Beltavator (Improved) Demonstration 400

6c Bucket Elevator Casing 50

6f Bucket Elevator (Improved) Demonstration 400

2k Rail System Safety 50

5g Conveyor Installation 300

5d Serpentine Belt for Curves 500

Ic Breaker-Feeder 900

Id Wear in Pneumatic System 900

2d Locomotive Design 100

6m Elevator Installation 180

8a Pneumatic Demonstration 300

If Material Transport Handbook 300

5h Conveyor Auxiliary Equipment 300

7a Slurry Engineering Data 300

7f Slurry Pipeline Extension 900
6n High Speed Serpentix 500

TOTAL INTERMEDIATE TERM 2,300 3,000 3,230

FAR TERM (More than 10 years)
5f Conveyor System Reliability 100

8b Pneumatic Feeder (High Capacity) 200

8c Pneumatic Handling - Feeder System
(High Capacity) 150

8d Pneumatic Demonstration (High Capacity) 600

7g Wear in Slurry System 900

7c Slurry Handling - Feeder System 400

7e Slurry Instrumentation 400

7b Slurry Pumps 900

le Design Review 300

5i Cover Belt for Curves 400

21 Rail on Steep Grades 400

Pallet Vehicle Demonstration 600

TOTAL FAR TERM 1,650 2,500 1,100

TOTAL PROGRAM 5,980 6,605 5,260
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priority because several programs to develop basic engineering data are in

progress, and the problems of system extension and solids separation should
be solved before considering the slurry system as a viable solution for muck
transport in general.

In summary, the program gives major emphasis to lifting muck by

continuous mechanical methods and to horizontal transport of muck by upgraded
rail haulage. The full potential of intermittent hoisting should be devel-
oped particularly for the intermediate term. Investigation of belt conveyors
based on recently developed belt technology is recommended as a backup system
to rail haulage. Monitoring and assessment of the results from ongoing
development programs for pipeline systems are recommended and better defini-
tion of the feed and discharge end problems for transport of tunnel muck
should be developed.

Cost estimates for first, second, and third priority tasks are cast in

the form of a schedule in Figure 80. Reallocation between tasks is antici-
pated as new data is developed from the early phase tasks.

APPROACH TO R&D PROGRAM

A major objective of the approach developed for execution of a program
for improvement of material handling in urban tunneling should be to obtain
maximum participation of equipment manufacturers and tunnel contractors.
However, it should be recognized that the incentive for financial partici-
pation of manufacturers and contractors is determined by their analysis of

the potential return on investment. For a relatively small and uncertain
market with little growth potential, the incentive is small for a manufac-
turer to invest in innovation or product modification to meet the needs of
that market. The incentive for a contractor to make the investment and take

the risk associated with the use of unproven equipment is usually limited to

the return he anticipates from one or two jobs since successful innovations
are quickly recognized throughout the industry. The major incentive for

improving material handling methods for tunneling lies with the owner, that

is, the public. Therefore, the major cost of these improvements must be
borne by the public.

To obtain the desired participation by manufacturers and contractors it

will be necessary to develop working relationships such that the financial
commitment and risk to the manufacturers and contractors are commensurate
with their incentives.

One arrangement which might be used for on-the-job demonstration of new

equipment would be to install the new equipment in parallel with conventional
equipment. In the event of malfunction of the new equipment, the conven-
tional equipment could be used without job interruption. The cost of the new
equipment installation and operation would be paid by public funding with
possible participation (by the manufacturer) for capital cost of equipment.
The contractual agreement would minimize the risk to the manufacturer and
contractor

.
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Another possibility would be to establish the infrastructure for system

testing at an existing government facility so systems could be tested in a

simulated tunneling environment before they were sufficiently proven for
on-the-job demonstration.

Urban mass transit tunneling represents only a portion of the possible
applications of material handling systems developed for its needs. When
other potential applications can be identified, shared funding of development
efforts should be sought.

Many complex questions are involved in government-industry-contractor
team efforts. These questions should be investigated early in the R&D pro-
gram to identify satisfactory arrangements for maximum participation by
manufacturers and contractors.
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APPENDIX A

THE COST MODEL

The tunneling cost model is based on a cost estimating procedure used by

professional tunnel construction estimators for the preparation of competi-
tive bids for contractors. With the exception of some indirect costs which
do not change with alternative material handling systems, the model includes
all costs for excavation and initial ground support of a dual-tube tunnel
primarily in medium or hard rock. It does not include costs for:

a. Construction of stations or terminals.

b. Construction of access or vent shafts unless constructed solely for

use by the material handling system.

c. Construction of adits, connecting links, pockets or rooms unless
directly related to the material handling system.

d. Installation of final lining, subsequent to excavation and initial

support.

The cost model assembles a total job cost from a description of the job
(Figure B-1) , a schedule (Figure B-2) and primary cost elements such as labor
rates, purchase cost of equipment, supplies and materials, equipment salvage
values, and labor hours expended, and indirect costs such as office expenses,
insurance and taxes. Figure B-3 shows the principal cost categories and the

process of assembly into the total job cost. The number ”1" in the upper
left corner of several boxes indicates that this is information appearing on
the "Total Job Cost Summary" sheet, page 1 of the estimate. The other num-
bers, from 3 1 to 10 2, indicate the type of table which contains the infor-

mation on subsequent pages in the estimate. These table identification
numbers appear in the lower right corner of the estimate sheets produced by
the computer program.

Project costs have been divided into costs for materials handling and

costs for non-mater ials-handling functions (excavation and installation of
initial ground support) . Within each of these divisions are three main
subdivisions:

1. Direct Costs

2. Plant and Equipment

3. Indirect Costs
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Direct costs include the cost of

a. labor crews including equipment operators for excavation and

,
installation of ground support (Sheet 1 1) and materials handling
(Sheet 1 2)

b. crews for Saturday maintenance of excavation, installation and
materials handling equipment (Sheet 4 1)

c. repair labor, and parts and supplies (including fuel and electric
power) for operation and maintenance of excavation, installation
and materials handling equipment during the normal work week
(Sheet 2 1)

d. the crew for removal of the fanline after completion of
excavation (Sheet 1 3)

e. the development excavation (Sheet 5 1) needed for installation
and startup of the mole and materials handling system.

The development excavation costs include the costs of

a. the dr ill-and-shoot excavation crews (Sheet 1 4)

b. the shaft operation crews during development excavation
(Sheet 1 5)

c. the cost of equipment repair labor (Sheet 2 1)

d. the cost of parts and supplies (including fuel and electric
power) for equipment operation and maintenance (Sheet 2 1)

e. the cost of muck disposal by contracted haulage (Sheet 5 1)

.

Daily crew costs are developed (Sheets 1 1 through 1 5) from shift

rates for each job position in a crew and the number of man-shifts worked
per day by that position. The shift rates are developed from base hourly
rates with additional time at overtime rates added as required (illus-

trated by Figure B-4b)

.

The daily repair labor costs, and parts and supplies costs for

equipment operation and maintenance are derived (Sheets 2 1 through 2 3)

from hourly costs for each item of equipment and the number of hours per

day that the equipment item operates.

The Direct Cost Summary (Sheet 2 1) collects and sums the above costs.

In addition, costs for purchase of ground support materials, maintenance
tools and supplies, general small tools and supplies, incidental overtime,
and subcontract disposal of muck are entered directly on the Direct Cost
Summary Sheet. Detail sheets that support these and other cost items are

illustrated in Figures B-5a, b, c.
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The Plant and Equipment Cost Summary (Sheet 6 0) , accumulates and
totals the portion of the equipment and facilities purchase costs which
is charged to the job, the shipping charges for moving equipment to and
away from the job, and labor costs for erection and removal of equipment
and facilities. These are developed on detail sheets for

a. Buildings and Yard (6 1)

b. Utilities (6 2 and 6 3)

c. Lifting Equipment (6 4)

d. Rubber Tired Haulage Equipment (6 5)

e. Horizontal Transport Equipment (6 6)

f. Rock Drilling Equipment (6 7)

g- Tunnel Boring Machine (6 8)

h. Trailing Equipment behind the mole (6 9

i. General Vehicles and Equipment 6 10)

The portion of the purchase cost for an equipment item which is

charged to the job is determined by subtracting a salvage value from the

purchase cost. The salvage value is obtained by applying to the purchase
cost a salvage percentage based on the AGC Contractors' Equipment Manual
(1) or by assigning a judgmental percentage.

Indirect costs summarized on the Total Job Cost Summary (Sheet 1)

include Overhead Labor (7 1) , Miscellaneous Expense (9 1) , and Insurance
and Taxes (10 1 and 10 2) . Costs accumulated on these sheets are based
on computation sheets illustrated in Figures B-6a, b, c, d,.
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APPENDIX B

Aghazudeh, Kioumars

Altman, Donald C,

Anderson, Hayden

Atherton, Buck

Barth, Gary

Beerkircher, Gary D.

Boisen, Brad

Brown, Scott L.

Brown, William F.

Butler, Gilbert

INTERVIEW PARTICIPANTS

Tunnel Manager
Horn Construction Co.
6110 Executive Blvd
Rockville, MD 20852

General Manager

Serpentix Conveyor Corporation
1550 South Peal Street
Denver, CO 80210

Project Manager
Fruin Colnon Corporation
4805 N. Lane
P.O. Box 5786
Bethesda, MD 20014

Vice President
J. F. Shea Construction Company
4720 Montgomery Lane
Bethesda, MD 20014

G. B. Enterprises
42 South Holman Way
Golden, CO 80401

Product Manager, Hoists
Rexnord
P.O. Box 383
Milwaukee, WI 53201

Vice President
Terrametrics
16027 West 5th Avenue
Golden, CO 80401

Manager Marine Sales

Stephens-Adamson, Inc.
Ridgeway Avenue
Aurora, IL 60507

Sr. Sales Application Engineer
Rexnord
P.O. Box 383
Milwaukee, WI 53201

UMTA
2100 Second Street, S.W.

Washingon, DC 20590
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Cox, Kenneth C. Civil Engineer
U.S. Bureau of Mines
4800 Forbes Avenue
Pittsburgh, PA 15213

Dagnall, C. R. Manager
Bucyrus-Erie Company
P.O. Box 56

South Milwaukee, WI 53172

Dahmen, Neil Sales Engineer

The Robbins Company
650 S. Orcas Street
Seattle, WA 98108

Durham, Robert E. Regional Manager
Stephens-Adamson, Inc.

5132 N. Walnut Grove
San Gabriel, CA 91776

Elliot, Walter Consultant
12090 W. 18th Drive
Lakewood, CO 80215

Faddick, Robert R. Associate Professor
Basic Engineering Department
Colorado School of Mines
Golden, CO 80401

Fenner, R. R. District Manager
Joy Manufacturing Co.

4985 Colorado Blvd.

Denver, CO 80216

Goodwin, Dan James McHugh Construction Co
5540 Wisconsin Avenue, N.W.
Chevy Chase, MD 20014

Grant, Elton Project Manager
Clevcon (S&M) Construction
P.O. Box 1292
Rochester, NY 14601

Gumz, William H. Product Manager

Rexnord
4701 West Greenfield Avenue
Milwaukee, WI 53214

Heilbron, H. M. , Jr. Project Manager
Granite-Groves
6603 Central Avenue
Seat Pleasant, MD 20027
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Hendricks, Robert S. Vice President
J.S. Redpath Limited
Casa Grande, AZ 85222

Jones, Robert Haulage Superintendent

Henderson Mine
Empire, CO 80438

Kenzie, J. D. Project Manager
S&M Construction Co.
Rosslyn, VA 22209

Knight, Gail B. S. A. Healy Company
1845 Market Street
Camp Hill, PA 17011

Lehman, Richard Chief Engineer
J. F. Shea Construction Co.
Walnut, CA 91789

Lundstedt, Tom Sales Engineer
The Robbins Company
650 S. Orcas Street
Seattle, WA 98108

Malina, George Project Manager

Healy-Ball-Greenfield
Washington, DC

Martin, James M. Basic Engineering Department
Colorado School of Mines
Golden, CO 80401

Martin, Tom Senior Engineer
J. F. Shea Construction Company
4720 Montgomery Lane
Bethesda, MD 20014

Mayo, Robert S. Consultant
P.O. Box 1413

Lancaster, PA 17604

McFarland, Russel K. UMTA
2100 Second Street, S.W.
Washington, DC 20590

Mixon, E. 0. Project Manager

Kenney Construction Co.
7555 McCormick, Blvd.
Skokie, IL 60076
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Moore, Edward General Manager
York Canyon Mine
Kaiser Steel Corporation
P.O. Box 1107
Raton, MM 87740

^

Moran, Ray D. President
Moran Engineering Sales Co.

825 W. Washington Blvd.
Montebello, CA 90640

Musso, Alfred 686 W. California
Pasadena, CA 91105

Murphy, Eugene G. Project Manager
J. F. Shea Company
P.O. Box 1739

Parker, AZ 85344

Nasiatka, Thomas M. Staff Engineer

Bureau of Mines
2401 "E" Street, N.W.
Washington, DC 20241

Paulson, Ray Project Manager
Peter Kiewit Sons

P.O. Box 248
Georgetown, CO 80444

Pelitier, Leo Master Mechanic
Morr ison-Knudsen
1725 "K" Street N.W.
Washington, DC 31101

Pinkerton, Dale President

Polaris Crane & Equipment Company
5445 Dahlia
Commerce City, CO 80022

Provost, Allan G. Vice President
Harrison Western Corporation
1208 Quail Street
Denver, CO 80215

Salmon, John Project Manager
S. A. Healy Company
Box 11

McCook, IL 60525

Sanderson, Gerald D. Product Manager

Box 5900 Franklin Street
Belleville, Ontario
Canada K8N 5C8
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Savage, Loren Tunnel Division Manager
Harrison Western Corporation
1208 Quail Street
Denver, CO 80225

Schroeder, Carl T. Marketing Manager
Rexnord
P.O. Box 383

Milwaukee, WI 53201

Scott, Gale G. Manager of Marketing
Box 5900, Franklin Street
Belleville, Ontario
Canada K8N 5C8

Tanner, E. J. District Manager
Long-Airdox Company
Finleyville, PA

Tierney, Michael P. 710 Miller Court
Denver, CO 80215

Torre, D. C. Vice President
Long-Airdox Company
P.O. Box 331
Oak Hill, WV 25901

Traylor, Glen Vice President
Traylor Bros., Inc.

P.O. Box 5165
Evansville, IN 47715

Tufaro, Steve Project Engineer
S. A. Healy Company
Box 11

McCook, IL 60525

Van Lingen, Edward Manufacturing Manager

Serpentix Conveyor Corporation
1550 South Pearl Street
Denver, CO 80210

Wawzyniak, David Project Manager
James McHugh Construction Co.

666 E. Rand Road
Mt. Prospect, IL 60056

Wenger, William Project Engineer
S&M Construction Co.

Rosslyn, VA 22209



Wightman, W. D. Toby Vice President
Underground Technology

Development Corp.
8425 Frye Road
Alexandria, VA 22309

Wilhelm, George Assistant General Manager
Hecla Mining Company
Casa Grande, AZ 85222

Williams, George Manager

Fruin Colnon Corporation
4805 North Lane
P.O. Box 5786

Bethesda, MD 20014

Zick, Paul Project Engineer

J. F. Shea Company
P.O. Box 1739
Parker, AZ 85344
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APPENDIX C

REPORT OF NEW TECHNOLOGY

The findings of this contract as reported herein, are primarily based
upon the utilization of commercial materials handling equipment.

The purpose of this study is a state-of-the-art of materials handling
in tunneling as well as developing a cost estimation model based
upon techniques using various materials handling systems. The basic
technology of the conventional haulage systems such as rail, crane, and

hoist, was determined to be fairly adequate, however, this report
identifies fifty-five problems for potential research and development
programs. The emphasis of these programs are the lifting of muck
by continuous mechanical methods and the horizontal transport of muck
by upgraded rail haulage. Other areas of research are the investigation
of belt conveyance based on recently developed belt technology and to

monitor and assess the ongoing development for pipeline systems.

Through proper evaluation of alternative methods of materials handling
systems applied to modern tunneling technology in the urban environment,
the increasing economics factors of tunnel construction can be minimized.
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