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longer shaft for a given depth and (2) the complexity of additional stabi-
lizers and control mechanisms on the bit.

C.  TUNNEL BORING

An alternative to directional shallow-angle drilling is tunnel boring.
As with drilling, the mechanically bored tunnel yields a smooth wall, which is
easily lined. In most machines, a full circular cutting head is employed.
The cutting tools are mounted in an arrangement suitabie to excavate a tunnel
of the required diameter when the head is rotated against the working face. A
typical rock boring machine is shown in Figure 20, together with the ancillary
equipment necessary in an actual tunneling operation.

The machine body is mounted immediately behind the cutting head and
remains stationary while the cutting head excavates. The body incorporates a
mechanism to maintain its stationary position during excavation and to move
itself and the cutting head forward to continue the excavation. The machine
body also contains the mechanical equipment to provide the necessary thrust
and torque transmitted through the cutting head to the cutters.

DRIVE MOTOR

CUTTERS CUTTING GRIPPER PADS CONVEYOR
HEAD BEARING

THRUST JACKS
TRANSFORMERS
SUPPORT LEG

CUTTING HEAD

SPROCKET WHEEL MESHES WITH

RING GEAR ON CUTTING HEAD ETEC-P9853-502

Figure 20. Rock Tunneling Machine and Ancillary Equipment
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The characteristics of tunneling machines are determined by the kind of
formation in which they are designed to operate. The material at Keahole
Point is expected to be hard rock (basalt) with a compressive strength of
250,000 psi. However, because of the crystalline structure of the lava, it is
expected to be drillable. Several different types of cutters have been
developed for working most efficiently in various formations (Figure 21).
With the exception of the disc cutter, the cutters are similar to the large
hole cutters described earlier. The single disc cutter consists of a disc-
shaped base mounted on a roller bearing with a replaceable cutting edge of
hardened steel around the disc. This cutter is commonly used in medium hard
rock. Disc cutters are also available in single- and double-row carbide for
extremely hard rock.

The Robbins Company of Seattle built one of the largest tunneling
machines yet used with a diameter of 38 ft 8 in. for driving the combined
diversion and power tunnels for Mangla Dam in Pakistan (Table 4). This
machine was later modified for driving two tunnels under the Mersey River in
England through wet sandstone crossed by several faults. The diameter was
reduced to 33 ft 11 in. While the first tunnel was being driven, the 16-ft-
diameter main bearing was replaced. The bearing probably failed because of
the damp environment. The motors and hydraulic equipment were relocated in
waterproof housings for protection against the large inflow of water.6

Wirth Corporation in Germany bored a 34.3-ft-diameter road tunnel in
Switzerland. The tunnel was bored in three steps:

] An 11-ft-diameter pilot was driven by one machine for the
entire lTength of the tunnel.

(] Another machine, with cutting heads in the form of concave
annular rings, then enlarged it to 22 ft in diameter.

(] Finally, a similar cutter head increased the excavation to its
full size.
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ETEC-P9853-503

Figure 21. Type of Rock Cutters
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TABLE 4 _
TYPICAL CHARACTERISTICS OF ROTARY FULL-FACE ROCK TUNNELING MACHINES
Cutting
Machine Head Cutting
, Diameter | Thrust Torque Head
Manufacturer | Project Location | (ft-in.) (1b) (1b+ft) | Horsepower
Robbins Mangla Dam, | 36-8 600,000 | 5,250,000 | 1,000
Pakistan
Mersey Road 33-112
Tunnels, England
Robbins Oso Tunnel, 10-2 372,000 | - 175,000 300
Colorado
Jarva Bay Area Rapid 20-0 2,200,000 660,000 825
Transit,
California
Ingehso]]-Rand Port Huron 18-4 1,500,000 500,000 750
Tunnel, Michigan
Hughes Navajo Irrigation| 19-10 900,000 -- 1,000
Project,
New Mexico
Dresser Navajo Irrigation| 20-6 1,080,000 703,000 720
Project,
New Mexico

3Same machine as for Mangla Dam, modified for smaller diameter

Atlas Copco machines worked on the Seikan tunnel in Japan, an undersea
railway 1ine under the 13.5-mile-wide strait between the islands of Honshu and
Hokkaido. One end passed through consolidated volcanic ash with a compressive
strength of 4400 psi; at the other end, the rock was andesite containing water-
laden faults.®

The use of tunneling machines has been extended to steeply sloping tun-
nels. In separate hydroelectric projects in Switzerland, tunnels were exca-
vated at angles of 33° and 42°. The tunnels were driven upward from the 1lower
end of a vertical shaft. The sloping tunnel was found to have a distinct
advantage over a horizontal tunnel for the removal of cuttings from the

féce.7
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One concern about a tunnel in the Keahole Point area is the presence of
water resulting from permeability and/or fissures and lava tubes. Tunnel
boring machines are normally manned: crews operate the machines and perform
maintenance in the tunnels. Mr. Friant of Robbins Company compared the tun-

- neling machines to small, moving machine shops. The crew for a large tunnel
boring machine consists of 12 operators in the tunnel with an additional 6
support personnel at the surface. However, the technology for a fully remote
tunneling machine appears to exist. The Robbins shaft reamer (Figure 19),
although operated in a vertical application, is essentially a forerunner of
the remote tunneling machine. Another boring machine, again operated in a
vertical attitude, was designed by Hughes Tool Company (Figure 22). The
machine was used for boring mine shafts of varying depths. The driveshaft was
rotated by hydraulic motors. The machine was prevented from rotating in the
bore by two horizontally placed anchor jacks that thrust against the walls of
the shaft. A vertical jack below the horizontal jacks provided downward
thrust on the core barrel and the cutters. The machine followed a pilot hole,
which also served as a conduit for removing the i:utt'ings.6 Although this
machine was manned, it appears that it could fairly easily be adapted to
remote operation.

Robbins felt that a manned 14-ft-diameter machine could be built for
about the same cost as a 10-ft-diameter machine. A 14-ft-diameter horizontal
tunnel was built in the Lake Michigqn area. The tunnel was 22,000 ft Tong and
cost $17,000,000, or about $800/ft.5 ETEC prepared an estimate for a 14-ft-
diameter, 5000-ft-long tunnel. The estimate, shown in Table 5, is for a
manned tunneling operation.

The development of an unmanned, remotely operated, underwater tunnel
boring machine is possible. Robbins estimated that a large-diameter (14-ft)
machine could probably be built for about $5,000,000 plus $5,000,000 for
development. However, as this would be a prototype, another $5,000,000 would
most 1ikely have to be invested to complete a production model. Such a
machine could probably tunnel at a rate of 50 ft/day, depending, of course, 6n
the geologic formation of the site.
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Figure 22. Hughes Mine Shaft Drilling Machine
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TABLE 5

ROM COST ESTIMATE FOR
14-ft-DIAMETER TUNNEL

' Cosg

Item ($100)
Engineering 1.0
Staging 0.5
Shipping 0.5
Machine 7.0
Crew® 2.0
Lining 2.0
Seaport 1.0
Completion 1.0
Total 15.0

3(20 men) (4 shifts/day)
(100 days) ($250/man shift) =
$2,000, 000

This is illustrated in Figure 23, which represents the costs of tunneling
10- and 25-ft-diameter shafts in basaltic lava (Keahole Point, Hawaii) and
carbonate sediment (Punta Tuna, Puerto Rico). Tunneling rates vary from 25 to
60 ft/day, respectively. For comparison, costs for 10- and 25-ft-diameter
above-bottom conduits are superimposed on the figure. The results indicate
that for conduits greater than 10 ft in diameter, tunneling may provide a
viable alternative for meeting the OTEC long-term cost goals.

D.  CASING

Once the shaft has been drilled to the desired depth, several options are
available to provide a permanent liner. Since the shaft is bored by rotating
equipment, a smooth wall is created. If cracks and fissures are present in
the surrounding strata, there may be communication between the shaft and the
ocean. In that situation, a casing should be installed to a depth sufficient
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Figure 23. Costs of 10- and 25-ft-Diameter CWPs

to ensure that the temperature of the water entering the shaft will be suffi-
ciently Tow. Since the shaft will be full of water, the casing does not have
to withstand hydrostatic collapse forces. The lower part of the shaft will be
left unlined or use a slotted casing to allow water to enter the shaft.

Most of the shaft liners installed in large shafts have been constructed
of steel. Sections of flat steel plate, ranging in thickness from 3/8 in. to
over 2 in., are rolled together into a cylindrical "can." Stiffener rings,
which are typically solid-steel bars of varying dimensions, are then welded at
an engineered spacing around the outside circumference of the cylindrical pipe
segments to increase their resistance to collapse from external compfessive
forces. This fabrication work is usually performed in a shop, and then either
20- or 40-ft-long segments of the liner are trucked to the shaft location. To
reduce the time required to install the complete liner system, liner segments
are sometimes welded together into 80-ft lengths at the job site during shaft

drillina operations.
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Either a Targe crane or the drill rig itself can be used to Tower the
liner into place. NTS estimates that 240 ft of 10-ft-diameter, 5/8-in.-thick
casing can be installed in 24 h.2 Tunneling machines are equipped with
hydraulic actuators that install the 1ining without interruption of the cut-
ting process. A shield supports the liner segments until the final segments
afe installed and thus provide the interlocking support that prevents collapse.

For larger-diameter shafts, the cost of fabricating a steel liner system
that is capable of withstanding hydrostatic collapse forces through its entire
depth can be very high. As an alternative to the fabricated steel liner, a .
system has been developed to install stacked-in-place precast concrete liner
segments (Figure 24). Each segment would typically be 10 to 15 ft high and
have a wall thickness of 10 to 24 in. A 14-ft-ID liner segment having a 2-ft
wall thickness would weigh about 75 tons. During shaft drilling operations,
the concrete sections can be cast and cured on the job site, using a mobile

CENTRALIZERS MAY
S ~\\..— BE ATTACHED AT
\ FOUR POINTS

GUIDE CABLE
BRACKETS

|-——18 ft-0 in.——-—l

| fe—15t-6 in. —| |

™

LINER RUNNING
TOOL PORTS

1™ BTG

15 ft-8 iN. —n

ETEC-9853-501

Figure 24. Typical Precast Concrete
Liner Segment
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batch plant to produce the concrete mixture. Geological and hydfo1ogica1 con-
ditions present at a given shaft site may require the use of extremely high-
strength concrete liner segments. Concrete having a compressive strength of
12,000 psi can readily be produced by using polymer or latex-type additives in
the concrete mix. Vibrators are used on the steel inner and outer forms to
ensure that the concrete is properly compacted, with no air pocket voids
present. A cage of reinforcing steel is cast within each segment to prevent
cracks caused by shrinkage or handling. Three steel ports are cast into the-
lower portion of each liner segment to mate with the retractable rams of the
liner running tool during the installation phase.

If, however, the rock is competent and little or no permeability occurs,
the hole can be 1ined in the area of water in-leakage, the shaft pumped dry,
and a decision made as to whether or not to tunnel. Even if there is no
significant influx of water, the shaft would require 1ining, perhaps shot-
crete, to maintain the hole and provide for the safety of personnel.
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V. DRILLING AND/OR TUNNELING CONCEPTS'

ETEC has identified five different concepts for drilling and/or tunneling
a cold water conduit for OTEC applications:

(] A vertical shaft with communication to the ocean via fissures,
lava tubes, or permeable lava

° A constant-angle slant-drilled shaft at an angle of approxi-
mately 20° from horizontal

® A shaft drilled along a curved path starting at a 45° angle and
approaching the seaport horizontally or at an upward angle

] A near-horizontal tunnel from the bottom of a vertical shaft
2300 ft deep

[ A tunnel at an angle of approximately 20° from horizontal; this
concept differs from the slant-drilled concept in the method of
producing the hole.

Since each concept is a function of the geologic, hydrologic, and geo-
mechanical properties of the area, a geologic model was first developed for
Keahole Point (Figure 25).8 The preliminary model identified five major
rock and sediment types: (1) pillow basalts, (2) pyroclastic debris,

(3) basalt lava flows, (4) basaltic dike complexes, and (5) carbonate
sediments or limestone.

Pillow lavas and pillow fragments of tholeiitic basalt make up the bulk
of the island mass. These pillow basalts erupted in intermediate to deep
water and probably had a fairly high initial permeability. This high ini-
tial permeability quite 1ikely has been reduced by compaction and chemical
alteration.

Pyroclastic debris mantels the older pillow basalts and represents a
transition from the deep submarine pillow basalts to subaerial flows. These
pyroclastics erupted in shallower water as the submarine volcano built toward
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Figure 25. Preliminary Geologic Model of
Keahole Point

the surface of tﬁe sea. Because of the reduced pressure, the hot lava con-
tacting the sea water resulted in steam explosions, which produced the pyro-
clastic debris and distributed it over the pillow basalts. No information on
the thickness of this unit for the Keahole Point area is available, but a well
on the eastern side of the island encountered about 538 ft of transition
rocks. Because the prevailing winds are from the east, it is likely that this
unit will be somewhat thicker on the western coast of the island. The high
initial permeability of this unit has probably been reduced by compaction and
chemical alteration.

The subaerial basalt (and minor amounts of other lavas such as trachyte)
make up the surface of the shield volcanos. The shields are built of many
very fluid lava flows. The thickness of these flows in the Keahole area is
unknown, but drilling on the eastern side of the island has revealed a cumula-
"tive thickness of about 1850 ft. Also revealed by drilling on the east side
is the fact that at least 1000 ft of subsidence has occurred, thus carrying
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some of the subaerial flows below sea level. The Keahole model indicates this
subsidence by showing some of the subaerial flows terminating below sea level.

The dikes are dense basalts that intruded into existing country rock,
possibly along preexisting fractures. The permeability of these rocks is
expected to be Tow. (They often act as barriers to ground water flow.)

Carbonate sediment mantles the shallow, submarine portion of the island.
This material is of less importance, in terms of mass relative to the other
rock types, but may be important with respect to its effect on any drilling or
tunneling operation just below the surface (e.g., if tunneling is used for the
warm water pipe).

A.  DRILLING A VERTICAL SHAFT

If communication to the ocean exists at depth (through pores, lava tubes,
or fissures), then the construction of a vertical shaft may be all that is
required to fulfill a cold water supply requirement. This is illustrated in
Figure 26. During the drilling process, the hole would have to be logged and
possibly tested to determine the influx of ocean water at various levels.
Casing will have to be installed to prevent warmer water at shallow depths
from entering the shaft (e.g., casing to a depth of 2000 ft, with either
slotted casing or no casing to 3000 ft).

B.  DRILLING AT A FIXED ANGLE FROM VERTICAL (Approximately 70°)

If the influx of cold water into a vertical shaft is insufficient, the
shaft must be drilled until the ocean bottom is penetrated below 2000 ft.
There is the possibility that a layer of coral exists between the various lava
flows or that lava tubes exist that follow the flows to sufficient depths. An
attempt could then be made to follow these flows or tubes. However, until a
careful survey has been made, it must be assumed that the hole must be drilled
through primarily lava formations with possible voids and fissures. This is
illustrated in Figure 27.
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Figure 26. Vertical Shaft with Communication to Ocean
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Figure 27. Drilling at a Fixed Angle from Vertical
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C. DRILLING ALONG A CURVED PATH

This method is basically a variation of the second method and may be a
real possibility if the catenary trajectory can be designed to minimize load-
ing and torque requirements. Drilling contractors (e.g., Santa Fe) consulted
thought it feasible to install casing for a 10-ft-diameter pipe so long as
angles increased at less than 1.5°/100 ft of depth. This concept is
illustrated in Figure 28.

ETEC-9853-507

Figure 28. Drilling Along a Curved Path

D.  TUNNELING FROM A VERTICAL SHAFT

This method, preferred by some of the drilling/tunneling industry experts
contacted, is similar to the approach proposed by Rockwell International
Hanford personnel for the Basalt Waste Isolation Project. The success of this
approach is highly dependent on a "dry" hole. The vertical shaft would have
to be cased, as necessary, to overcome any influx of ocean water. From the
bottom of the shaft, a tunnel would be bored until the ocean bottom is pene-
trated. The tunnel would slope up at a slight angle (approximately 3°). With
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the exception of the final penetration, the tunnel boring machine would be
manned. The machine is also capable of installing casing (either concrete or
steel) with Tittle delay in the boring operation.

As the ocean bottom is approached, a collection basin would be dug into
which the debris would fall as the final plug is blown by explosives to create
the opening to the ocean (seaport). An alternative to blasting would be to
drill from a dri11‘ship. This concept is shown in Figure 29.
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Figure 29. Tunneling From a Drilled Shaft

E.  TUNNELING FROM THE SURFACE AT A 20° ANGLE FROM HORIZONTAL

This approach could be used if the path of the tunnel passes through
competent rock with 1imited influx of seawater. An alternative approach would
be to develop a remotely operated underwater mining machine. Although no such
machine currently exists, it may be possible to combine certain drilling and
tunneling technology to develop such a machine. Robbins Company has built a
remotely operated drilling reamer that might be adapted to a tunneling machine
to provide the desired capability.
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In competent rock, no liner would be fequired. But in highly permeable
rock or if large fissures or lava tubes exist, 1ining would be required. This
is illustrated in Figure 30.

>4 <

ETEC-9853-509

Figure 30. Tunneling From the Surface at a 20° Angle
F. COMBINATIONS OF TUNNELING AND CONVENTIONAL PIPING TECHNIQUES

One possible combination is to drill or tunnel a hole to an intermediate
depth (600 to 1000 ft) and then to insert a pipe of nearly neutral buoyancy
through the hole that, when it exits the hole, forms a catenary to the desired
depth (greater than 2000 ft), as shown in Figure 31. The catenary eliminates
the need to know the bottom in detail.

The tunnel eliminates the need for trenching and backfilling in the
shallow zone. As pipe diameters get larger, dynamic loads increase rapidly,
and satisfactory deployment and anchoring become increasingly difficult for
surface-deployed pipes. Another use of a tunnel would be as a housing for
several pipes (e.g., the cold, warm, and mixed effluent pipes) in the shallow

zone,
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Figure 31. Drilled or Tunneled Shaft in Combination With a Buoyant Catenary
G. MIXED EFFLUENT DISCHARGE

The lava has been found to be very permeable from the surface to a depth
of 600 ft, a feature that has resulted in the widespread use of injection
wells. This feature makes the use of an injection well an immediate viable
option for the d15posfng of the mixed water effluent.

Each concept is based on several assumptions about the site (e.g., geol-
ogy and hydrology). At the surface, the lava is very porous and highly per-
meable. It is expected that communication to the ocean exists. However, it
is not known whether this communication exists at the depth required for cold
water collection (deeper than 2000 ft). Ultimately, the approach chosen and
the resultant design of the shaft (whether drilled or tunneled) will depend on
the geologic characteristics, hydrologic properties, and geomechanics charac-
terization of the lava deposits at Keahole Point.
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VI. CONCLUSIONS AND RECOMMENDATIONS

As bottom-mounted CWPs become larger, the costs increase exponentially,
making it impossible to meet the long-range OTEC cost goals while using con-
ventional technology. Tunneling and/or drilling offers a viable alternative
for providing water conduits that are capable of achieving the Tong-range cost
goals. For sizes greater than 10 ft in diameter, tunnels or large-diameter
shafts become cost effective.

The shafts need not be Timited to CWPs only. As shown in Figure 23, once
a machine has been developed, operating cost represents a relatively small
percentage of the overall cost. A machine could, therefofe, be developed for
a project and be used for cold and warm water conduits as well as mixed
disposal.

For warm water pipes, the shaft would-be located just below the seafloor,
where the possibility exists on the island of Hawaii that carbonate sediments
or rock may be interfingered with lava flows in the subsurface. This inter-
fingering is the result of the inperaction of several geologic processes
(e.g., eustatic sea level variation and isostatic crustal adjustment). The
thickness of.the sedimentary material will, among other factors, depend on the
sedimentation rate and the frequency of burial by lava f'Iows.9 Tunneling or
drilling through this relatively soft carbonate (hardness 3) is preferable toa
tunnel through basalt (hardness 5.5 to 6). The question thus becomes one of
the likelihood of such deposits being encountered at the propoéed site. For
the mixed discharge, another shaft would be required to handle the combined
cold and water effluents. An attractive alternative to the mixed water dis-
charge is to use injection wells. A vertical shaft in porous media obviates
the need for large off-shore piping systems and their inherent high costs and
risks.

As the technology is site specific, to design a tunnel or drilled hole
requires test hole drilling and/or geophysical surveys.
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Ideally, a 12-in. test Ho1e would be drilled, logged, and tested by pump-
ing the hole. This hole would provide information on lithologies and the
thicknesses of layers as well as the permeability of the rocks.

A second possibility would be to drill a small-diameter hole, similar to
a minerological exploration hole, to provide information on lithologies and
thickness. Such a hole could not be pump tested because of its small diam-
eter. The slim hole has the advantage of being less expensive ($380,000 to
$500,000) than a large-diameter test hole ($780,000).

Information on the structure of an area may also be obtained through
geophysical surveys. The geophysical methods include seismic refraction and
reflection surveys (commonly called seismic profiles), electrical resistivity
soundings, gravity surveys, and magnetic surveys.

The seismic reflection method of geophysical testing would yield the most
information. This method uses sound waves reflected from layers of different
sonic velocities to determine the material structure. Velocities increase
with density, water content, and compaction. The degree of reliability of
seismic velocity measurements improves above the ground water table and where
the difference in wave propagation velocity between two adjacent materials
increases. Seismic reflections are complicated if, as is expected at Keahole
Point, there are many cracks and fissures.

A second commonly used geophysical investigative tool is a resistivity
survey. The resistance a material has to the passage of an electrical current
depends on the chemical composition and degree of saturation of the material.
The resistivity method applies an electrical current to the ground through two
electrodes. The changes in potential across the known distances between these
electrodes are then used to help evaluate material types. Resistivity surveys
usually provide the most useful information when they are made in conjunction
with a seismic study.
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Geophysical methods have the advantages of being nondestructive and
relatively fast, and having a low unit cost (~$70,000). However, their
precision is usually also low and, hence, the results must be used with care.

An exploratory test hole at Keahole is absolutely necessary before any of
the drilling or tunnel boring concepts can be thoroughly evaluated. This test
hole should be 9 to‘12 in. in diameter and should be sunk at Teast 3000 ft
down. )

The test hole would have several purposes. It would
) Determine the precise geology at a selected site
. Determine the porosity and permeability of selected zones

8 Test the mixed effluent discharge concept.

Information from this exploration could then be provided to tunneling and
drilling contractors for further evaluation of the concepts.

5077E/jbv
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