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ABSTRACT

The "Art" of Big-Hole D r i l l i ng has been in a continual state of
evolution at the Nevada Test Site since the star t of underground tes t -
ing in 1961. Emplacement holes for nuclear devices are s t i l l being
d r i l l e d by the ro ta ry -d r i l l i ng process, but almost a l l the hardware
and systems have undergone many changes during the intervening years.

The current design of b i t s , cut ters, and other big-hole d r i l l i n g
hardware results fron: contributions of manufacturers and Test Site
personnel. The dual -s t r ing, a i r - l i f t , reverse-circulat ion system was
developed at the Test Si te. Necessity was real ly the Mother of th is
invention, but this c i rcu la t ion system is wortny of consideration
under almost any condit ion.

D r i l l r igs for Big Hole d r i l l i n g are usually adaptations of large
Oil-Well d r i l l r igs with minor modifications required to handle the
big bi ts and d r i l l i n g assemblies. Steel remains the favor i te shaft
l i n ing material , but a lo t of thought is being given to concrete
l in ings , especially precast concrete.

INTRODUCTION MASTER
The "Art" of Big Hole Drilling has been developed at the Nevada

Test Site as a part of the nation's nuclear testing program. Agree-
ments with the Soviet Union specify that the radioactive products of a
detonation shall not pass the national boundaries. Therefore, nuclear
experiments are conducted underground mostly in drilled shafts.
There have been more than 450 big holes drilled at the Test Site for
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' this purpose. These big holes were at least 48 inches in diameter
and 500 feet deep.

Twenty "Big Holes" were drilled in 1981, 64 inches to 96 inches in
diameter to an average depth of 1,590 feet. These holes were drilled
at a rate in excess of 100 feet per day and with a bottom offset of
only slightly over one foot per 1,000 feet of depth. This drilling
rate of 100 feet per day includes the actual drilling time, the time
required for trips and connections, as well as, time spent surveying
the hole. The bottom offset was determined by optical surveys of the
completed hole, whereby the bottom of the hole is located by surveying
from the surface with a theodolite.

This directional control was achieved by using the "plumb bob"
affect with the drilling assembly whereby only 40 percent of the
weight of the drilling assembly is used to drill the hole, the other
60 percent of the weight is used to keep the hole vertical.

The geology of the Nevada Test Site is almost entirely of volcanic
origin. There may be some sedementary material included in the allu-
vium, but the underlying formations are volcanic tuff. Compressive
strength of the hardest densely welded tuffs may run as high as 25,000
psi but the average compressive strength of the material drilled is
less than 4,000 psi.

Drilling costs are meaningful only when these costs are accompanied
with an explanation of the operational procedure and an indication of
incremental labor costs. Big Hole drilling costs at the Nevada Test
Site are contained in two reports. The first covers the surface hole,
and the second the remainder of the hole. The surface hole is nor-
mally drilled 120 feet deep with an auger. The hole is lined with
steel casing which is cemented in place. Costs of this surface hole
vary from $80,000.00 to $200,000.00, depending on the material being
drilled and the size of the casing. Zero Station drilling costs re-
flect the cost of drilling the hole from the bottom of the surface
hole to total depth. NTS Zero Station costs for uncased holes are
from $250.00 to $400.00 per foot. These costs reflect a drilling
crew labor cost of $240.00 per hour and certain operating conditions.
(1) Most rig moves are by skidding, therefore mobe and demobe costs
are minimal. (2) Cutter costs are controlled by retipping and re-
building cutters to extend cutter life. (3) Equipment cost approx-
imately equals normal rental rates.

Figure 1 is a one page history of the evolution of Big Hole
drilling tools and techniques at the Nevada Test Site. This pre-
sentation does not begin to indicate the difficulties that were en-
countered using various techniques and undersized equipment until the
current equipment and techniques were developed.
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EVOLUTION OF BIG HOLE DRILLING TOOLS & TECHNIQUES
REYNOLDS ELECTRICAL & ENGINEERING CO. INC

1961

u
I 2 3

THREE PASSES TO 36"
DIRECT CIRCULATION WITH MUD
A*l" AND 5 % £ ORILL PIPE

1966

1963

SINGLE flftSS TO 4 8 "
TANDEM MOLE -OPENERS
« V A P I TOOL JOINTS
DIRECT AIR-WATER
OETERGENT CIRCULATION

1967
MANDREL
WT 75,000'

HOLE OPENERS USED FOR
STABILIZATION. I I " ORILL
COLLARS WITH » \ ' A P 1
TOOL JOINTS. DIAMETERS
TO 6 4 "

PLATE BITS. DOUBLE
ORILL COLLARS. NEAR
BIT HOLLER REAMERS.
DIAMETERS TO M "

65

DUAL DRILL PIPE I
»5/S * « 64' AIR !
WATER CIRCULATION. I
MANDREL DRILL
COLLARS WITH
SPLIT WEIGHTS & •
INTEGRAL REAMERS.
PLATE BITS WITH
SEPARATOR FEATURE
DIAMETERS TO 120*

MANDREL
WT 70.000"

INTEGRAL STAGE
BITS ROLLER
STABILIZERS

1972

ff MANOREL ' 9 7 7

WT. SOO.OOO*

JOUAL ORILL PIPE

MANDREL
WT 50.000*

FLANGE CONNECTIONS
CEMENT FILLED DRILL
COLLARS. CIRCULATION
WITH AIR-FOAM
DIAMETERS TO « « "

WATER CIRCULATION
MANDREL DRILL
COLLARS WITH
SPLIT WEIGHTS ft
TOP, BOTTOM ft BIT
STABILIZERS. PLATE
BITS WITH SEPARATOR
FEATURE.
DIAMETERS TO 120"

DUAL ORILL PIPE
l33/t" « 7 " AIR
WATER CWCULATION.
MANOREL ORILL
COLLARS WITH
LARGER SPLIT
WEIGHTS a air
STABILIZER. PLfcTE
BIT WITH SEPARATOR
FEATURE
DIAMETERS TO 120"

Figure 1
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CIRCULATION SYSTEM

Pump on Compressor

-Drill Pip*

Drilled Shall -

The rate of penetration relates
to the efficiency of cleaning the
bottom of the hole which, in turn,
is a function of the circulation
system. Direct circulation, Figure
2, is normally used in Oil Well Cuttings t

Circulating

drilling. This system has been used "•{!?,l0
for Big Hole drilling but its use
is limited because of the huge vol-
umes of air or liquid required to
produce an acceptable annular velo-
city. Reverse circulation, in
which the flow is the reverse of
that shown in Figure 2, has been
used to a limited extent with air
pressure or air vacuum. Air pres-
sure reverse circulation results in
a pressure in the ennui us and in
the formation. This pressure must
be bled off each time a joint of
pipe is added to the string. Air
vacuum limits the circulation rate
because of the small amount of
pressure drop available to the
circulation system. Air vacuum is
susceptible to formation fluids and
requires extensive filtration equipment to protect the blowers that
provide the vacuum, but vacuum drilling does not disturb the forma-
tions being drilled.

"

DIRECT CIRCULATION

Figure 2

Most Big Hole drilling is done with a reverse circulation air lift
system as shown in Figure 3 or with a dual string circulation system
shown in Figure 4. Both systems use an air lift system to lift the
drilling fluid arid formation cuttings up the drill pipe. In the air
lift system, shown in Figure 3, the hole is kept full of fluid and air
is injected through tubing suspended inside the drill pipe. Fluid
circulation rates should equal or exceed 4,000 cfm. J. H. Allen (1)
recommends 7,000 cfm for .84" to 120" holes, however, shafts have been
drilled sucessfully with circulation rates of 2,000 cfm or less.

The dual string circulation system was developed at the Nevada
Test Site because formations would not support a hole full of fluid.
This system requires a special drill pipe which consists of a large
diameter drill pipe with an added inner string. Air and drilling
fluids are introduced into the drill pipe annul us and travel together
to the bit where they are essentially separated by gravity and cent-
rifugal force. The drilling fluid goes out the bit jets to clean out
the bottom of the hole. Air goes through the air jets and provides
the air lift. Circulation rates are much lower, in the order of 300
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to Pit
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AIR LIFT CIRCULATION

Figure 3

to 600 gpm.

-Tool Mud Jets

DUAL STRING CIRCULATION

Figure 4

Air lift pumping operates when the pressure due to the submergence
exceeds the pressure created by the aerated column of fluid inside the
casing. The mechanics of air lift pumping has been described by A. W.
Gibbs (2) and others (1)(3)(4). This system was defined for lifting
water, it must be modified for drilling fluids. It has been next to
impossible to get good correlation between actual operating conditions
and the conditions projected by Gibbs. More theoretical work and
experimentation needs to be done to define this operating system.

The dual string system requires more power than the conventional
air lift system. Operating pressures of the compressors and pumps
are much more than required on the air lift system. We feel that the
dual string system does a better job of cleaning the bottom of the
hole due to the effect of the high velocity water jets and the result-
ing turbulance they create.

SURFACE EQUIPMENT

Most Big Holes are drilled with large Oil Field type drill rigs,
usually with cnly minor modifications. These rigs must be equipped
with large heavy duty type rotary tables to supply the necessary drill
pipe torque. Rotary table failures were a part of the early history
of Big Hole drilling, however, the present 37-1/2" tables have been
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adequate for holes to 120" diameter. Rotary table supporting struc-
ture modifications are indicated since the table and supporting struc-
ture must be removed whenever the drilling assembly is pulled to
change the bit. Special equipment is required to make and break the
drill pipe tools joints. 13-3/8" drill pipe requires 100,000 ft. lbs.
of make up torque. The proposed 20" drill pipe will require at least
500,000 ft. lbs. of torque.

The Micon division of Hughes Tool Company has taken a different
approach to design a rig specifically for Big Hole drilling. This
rig has a top drive, instead of a rotary table, to rotate the drill
pipe and bit. The top drive also makes and breaks the tool joints
replacing the normal spinning and torqueing device(s) normally re-
quired on rotary type rigs. Unfortunately this machine pulls 30 foot
joints which must be layed down whereas an Oil Well type rig usually
pulls 90 foot stands which are racked in the derrick.

"Making and breaking the drill pipe tool joints presents a problem
in rotary table type rigs because of the high torque involved. Oil
Field practice is to spin the joint up with a chain and torque it
with drill pipe tongs. 13-3/8" drill pipe cannot be spun with a
chain. It can be spun with a rope but rope costs are high because of
frequent breakage. Spinning is best accomplished with casing tongs.
Only recently have drill pipe tongs been offered which were designed
for the torque required for 13-3/8" drill pipe. Self contained, hy-
draulically operated torque wrenches are available which make and
break tool joints more safely than with drill pipe tongs. Drill pipe
tongs are not suitable for 20" drill pipe, a self contained torque
wrench must be used.

DRILLING TOOLS

The drilling tools for a dual string circulation system are shown
in Figure 5. The swivel must be of adequate capacity and with a large
bore. Swivels designed to be used with 13-3/8" drill pipe have a
12-1/2" diameter bore and are available to a working capacity up to
700 tons. This swivel must be adapted to the dual string circulation.
This requires the addition of the inner string wash pipe, packing, and
gooseneck. The return flow of fluid, air, and cuttings is quite abra-
sive, particularly where the fluid is forced to change direction. A
1-inch replaceable rubber pad under the gooseneck cover absorbs the
impact of the returning fluid and cuttings with less wear than steel.

The inner string wash pipe is screwed into the swivel saver sub.
This connection has been designed so that the inner string can float
and seek the center of the packing. Torque is transmitted from the
rotary table to the drilling assembly through the square kelly and the
drill pipe, all units of which are equipped with an inner string. De-
tails of this inner string installation are shown in Figure 5. Also
shown are the details of the circulation system.
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BITS AND CUTTERS

Three examples of bit cutters are shown in Figures 6, 7, & 8.
Each is equipped with ball and roller bearings to take the radial and
thrust loads imposed during normal drilling operations. The seals are
critical components of any cutter. Bearing life is dictated by these
seals in that the bearing failure usually results from seal failure
which allows contamination of the lubricant with drilling fluid and
cuttings. The three illustrations show three of the basic types of .
cutter structures. The Reed cutter (Figure 6) has a so-called Mill
Tooth cutting structure. The Hughes-Mi con cutter (Figure 7) is equip-
ped with Tungsten Carbide Inserts distributed across the cutter peri-
phery. The Drilco-Smith cutter (Figure 8) is called a kerf cutter.
It has Tungsten Carbide Inserts located in rings with space between
the rings. One type of cutter, not shown, is the disc cutter offered
by the Robbins Company which is widely used in raise and tunnel
boring.
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BALL BECKING
371817

SEW. PROTECTION
RING- 7 0 4 5 7 5

BEARING JOURNAL
704917

QH
Cutter She! Assembly

.ROLLER BEARINGS
370790

SEAL PROTECTION
RING- 704574

SNAP RING
372010

~—BALL RETAINING
PLUG - 7 0 0 0 9 8

•M- TYPE CUTTER
SHELL

Figure 6 Figure 7

There is no mystery to the arrangement of cutters across the face
of the bit. (Figure 9) There must be at least one cutter for each
radial protion of the hole, that is, there must be full coverage.
The cutter locations should be balanced; obviously you don't want to
put all the cutters on one side. There should be extra guage cutters
to insure that the hole is kept at full diameter. Cutters should not
be placed at equal angles, this will contribute to bit bounce.

The location and sizing of the fluid jets is almost a case of by
guess and by go!ley. Current practice is to have one jet per cutter
and to have a total fluid jet area of approximately 2.75 sq. in. with
the ratio of fluid jet area to air jet area equal approximately 4:1.
Experience has shown that as the hole gets deeper, the jet ratio
should increase.

Figure 8 Figure 9
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CASING AND CEMENTING

The "State of the Art" liner material for big holes is steel. Al-
though concrete has been used to a limited extent, steel has predomi-
nated. The cost of these steel liners has made an adverse contribu-
tion to the economics of drilled shafts since the cost of a steel
liner, installed and cemented in place, can be as much as two thirds
the total cost of the shaft. Precast concrete would seem to represent
an economical alternative, particularly using high strength concrete.
(5) Shot creting might be considered if the shaft can be pumped dry.
(6) An interesting hybred was used in a shaft in Southern Canada.
This shaft was lined with prefabricated sections consisting of precast
concrete in a steel shell. The first section was closed with a hemi-
spherical head. As each section wes added the steel shell was welded
to the previous sections. Since the shaft was full of fluid, the
liner floated. Lowering was accomplished by pumping fluid into the
liner section. (7)

Cementing has, historically, been done by Oil Well Cementing Comp-
anies. This has been an unnecessary expense since these companies
pump a grout of cement and water whereas a sand cement grout is much
cheaper; it can be mixed in a rented portable batch plant and pumped
into the annulus outside the casing.

OPERATING PROCEDURES AND PARAMETERS

Surface holes are drilled with an auger rig, as indicated earlier.
Normal procedure is to auger a 104" diameter hole and ream the hole to
the desired finished diameter. Surface casing is set by a crane and
cemented in place with batch plant cement.

The 100 feet per day penetration rate at the Nevada Test Site is
achieved with drilling parameters somewhat different from cutter
manufacturer's recommendations. A 96" bit with 18 cutters will seldom
be loaded to more than 120,000 pounds and rotated as much as 22 rpm.
This equates to less than 7,000 pounds per cutter, whereas cutter
manufacturers recommend cutter loading at 20,000 to 30,000 pounds.
This lower cutter loading is acceptable because of the relatively
soft formations. The 22 rpm rotating speed is much higher than normal
recommendations. This speed has not adversely affected cutter life,
it does directly affect the penetration rate.

Bits are run no more than 100 hours and then pulled and changed.
This is done to prolong cutter life and to guard against the possibi-
lity of leaving a cutter in the hole. Mill tooth cutters are then re-
moved from the bit and retipped. Normally the cutters are retipped
twice and then disassembled for inspection. Bearings and seals are
replaced as necessary until the outer race in the cutter shell becomes
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damaged. Tungsten Carbide Insert cutters are relubricated after the
first run and reused. After the second run, they are disassembled
and repaired. Normal life for a mill tooth cutter is 4.4 runs or 260
hours, for TCI cutters 3.2 runs or 310 hours.

Rotating torque is less than predicted by cutter manufacturers.
Average recorded torque can be approximated by the following formula:

T = .05 WD

T = Torque in foot pounds

W = Weight on bit in pounds

D = Bit diameter in feet

Penetration rates have been as high as 12 feet per hour on a 96"
hole for prolonged periods of time. This equates to an excavation
rate of 600 cubic feet or 22.2 cubic yards per hour. This was
accomplished through a 7" inner string with 2,000 to 4,000 scfm of
air, depending on depth, and 400 gpm of water.

PROBLEMS AND SOLUTIONS

Two principal problems affect drilling operations at the Nevada
Test Site. The first problem, lost circulation formations, led to
the development of the dual string circulation system. Even so, it
is sometimes difficult to maintain the desired submergance to get dual
string circulation. This can usually be cured by use of lost circula-
tion materials but sometimes it is necessary to drill without proper
circulation.

The second, and major problem, involves hole sluffing. A consider-
able portion of the drilled hole is unsupported by hydrostatic pres-
sure, since drilling is accomplished with 200/300 feet of water in the
hole. Portions of this unsupported hole have been known to collapse
over the bit. The most successful procedure to recover the drilling
assembly, has been to pump fluid into the hole to the top of the fill
and fluidize the fill over the bit. Fortunately we have been able to
recover the drilling assembly during recent years using this proce-
dure. If sluffing is not too severe, drilling operations can procede
without further remedial action. In cases of severe sluffing, it has
been found necessary to plug the hole back with concrete to fill the
cavity and then redrill the hole.

CONCLUSIONS

Big Hole Drilling represents a "Stat of the Art" method of Blind
Shaft Construction. Holes to 180" diameter can be drilled, in most
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places, with the current 13-3/8" drill pipe and associated drillit.t
assemblies. Larger holes will require larger drilling tools. Twenty
(20") inch drill pipe and compatible drilling assemblies should be
sufficient for twenty (20) to twenty-four (24) foot shafts.

Shaft sinking is a hazzardous occupation. The accident rate is
high. Shaft drilling is much safer since the work is done from the
surface and no one goes into the shaft until it is completed.

Shaft drilling is much faster than conventional shaft sinking.
Penetration rates of 100 feet per day may not be achieved, but
drilling rates should always be ahead of the rates which result from
drilling, blasting, and mucking.

Shaft drilling is most adaptable to some areas that offer severe
problems to conventional shaft sinking methods. An area with severe
water problems would cause major problems to conventional shaft sink-
ing but no problems to shaft drilling. Water flows would be control-
led by keeping the hole full of fluid.

These comments were not designed to serve as a text for Big Hole
Drilling. Rather, they were intended to define the state of the art
for anyone who has a shaft to sink and provide him with some basic
information about the parameters of Big Hole Drilling.
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