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3.0 TECHNICAL REPORT SUMMARY 

Under this Phase I of a planned three phase research pro- 
ject a novel horizontal rock drilling method was conceived and developed. 
Hardware was produced and assembled to provide tests of methods and develop- 
ment of criteria for long-horizontal probe drilling machines.   The ultimate 
purpose of the holes to be drilled is to provide safer conditions by giUing 
advanced knowledge of potential hazards in underground excavation, particularly 
in tunneling, and to assist in more economical advanced planning. 

This Phase I is to provide a test drill concept, procure 
and assemble test drilling equipment and prepare an initial test site.   Phase 
II will be to test the concept anu arrive at a design criteria.   Phase III will 
include design procurement and test of a prototype drill for underground use. 

Specifically the goal of this Phase I of the research pro- 
gram is to develop a probe drill for rapid underground excavation for tunnel 
boring machines (TBM) working in moderately strong and high strength rock. 
Moderately strong rock (MSR) for this purpose has been defined as that with 
a uniaxial compressive strength of 10,000 to 20,000 psi.   High strength rock 
(HSR) has been defined as that of 20,000 to 30,000 psi compressive strength. 
Of course there are a few tunnels driven in very high strength rock of above 
30,000 psi and many soft ground tunnels in materials weaker than 10,000 psi. 
This research is not directed toward problems in these areas but may assist 
in the ultimate solution of probing in these stronger and weaker materials. 

The current work developed a drill to make a hole 4 inches 
in diameter and 1000 feet deep.   The drill is capable of occasional coring 
the formation as required.   The instantaneous drilling rate for any drilling 
combination should be about triple that which can be achieved by todays 
TBMs.   This means that the maximum production rate of the probe drill has 
as its goal a production of 90 feet per 8 hour shift in HSR and 168 feet per 
shift in MSR. 

The drill is instrumented sufficiently to record data for 
selecting the best combination of thrust, RPM, and fluid or air flow rates and 
pressures.   The ultimate drill must be compact enough to cause a very minimum 
of interference to the normal tunneling progress.   It must be compatible with 
available power sources and should not cause any detrimental effect on the 
tunnel environment.   The test drill components and methods were selected with 
this ultimate space and environment limitation in mind. 

Until this research project, the two best ways to drill long 
holes horizontally in rock were wire line core drilling, where samples are 
required, or down hole percussion drills for full or open holes.   The best 
shift production rate for wire line core drills is about 40 to 60 feet depending 
on rock hardness and other conditions.   Down hole percussion drills are much 
faster on an instantaneous basis but the net production rate would have been 
even slower in deep holes.   This is because to change to coring would require 
withdrawing of the tool and disconnecting each rod.   This is very time consuming. 
It appeared that before the state of the art provided drills or methods with a 
production rate of not more than one third to one half that required. 
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A new method of handling 1000 feet of drill rod in a single 
piece was conceived.   This is a method of storing the rod in a pipe on the 
tunnel floor or in a previously drilled hole behind the drill when the drill is 
set up in an alcove alongside the tunnel.   This method provides a ne/v concept 
in circulating fluid (air or water) through the storage pipe and into the open 
end of the drill rod stored in it.   This eliminates the use of a traveling drilling 
hose and the swivel as well as the time consuming job of handling them and 
the individual pieces of pipe as drills are advanced or withdrawn.   Drills can 
be withdrawn to change drilling methods or to replace worn out bits very rapidly 
by another device designed and built on this project.   This is a rapid rod 
extractor with which two powered-counter rotating wheels are clamped to the 
rod and drive it in or out of the storage pipe or hole at the rate of 150 feet 
per minute. 

The 35 H.P. rotary-hollow-spindle drill rig and tools and 
instruments were assembled at a shop in Burlingame, California.   The first 
test site for "shake down" tests was arranged for and prepared at Granite 
Rock Company's quarry at Aromas California approximately 100 miles south 
of San Francisco. 
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4.0        INTRODUCTION 

It has been recognized that rapid excavation techniques developing 
for underground tunneling, are creating a need to have much better methods 
of sampling materials ahead of boring machines.   These same techniques 
might be used for pre-job estimating.   Such pre-job information should 
provide much more intelligent bidding for tunnel work and, therefore, 
result in an ultimate savings to the public who must pay for the growing 
demands for increased public works underground. 

Probe holes ahead of construction or in advance of tunnel boring 
machines could provide information on potential hazards of bad roof 
conditions, gas or water.   Discovery of bad conditions in advance by 
probing will permit orderely preparation for these bad conditions.   It will 
not be necessary to take a continuous core but short sections of core at 
some regular spacing, or at any obvious change in conditions indicated 
by the drill instrumentation, are desirable. 

Generally there are two types of ground conditions for tunneling 
with many sub-types under these two broad classifications.   The two 
broad classes are "hard rock" and "soft ground" tunnels.   Rock tunnels 
usually are considered to include those which cannot be cut with drag 
bits.   They require either rolling cutter bits on a boring machine or the 
use of explosives in conventional tunneling.   There are two classes of 
rock tunnels and they are MSR and HSR as described in paragraph 3. 
This study is restricted to these types of rock tunnels as opposed to 
soft ground which usually require a shield and sometimes even air 
pressure to retain flowing ground. 

It was recognized that one of the more difficult problems in probe 
hole drilling is going to be hole direction control.   Tools to provide 
straight holes were included in the plans. 

Insofar as was possible, commercially available drilling units and 
methods were used in the systems selected.   This required a minimum ex- 
tension of the art; although ideas were borrowed from several divergent 
disciplines (oil well drilling, mining and construction) and they were com- 
bined in a unique assembly.   These innovations included new method of 
drill rod extraction and handling and a new method of fluid circulation 
which were introduced with the equipment and design provided by this 
Phase I effort. 
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5.0        TECHNICAL DISCUSSION 

5.1 Problem Description 

Until 1955 most tunnels in rock for public works and 
military installations were driven with use of explosives.   This   hree-cycle 
operation, of drilling, blasting and loading, produced tunnels under good 
conditions at rates of 50 to 100 feet per three-shift day. 

During the early part of the 1950 decade, a century 
of effort to provide a mechanical tunnel-boring machine began to bear 
fruit.   By 1965 tunneling machines were beginning to show signs of success 
at five or more sites in this country and abroad.   There was a clear in- 
dication that, where these machines could be used, the production rate 
could often double or triple that made by drilling and blasting.   It was 
not uncommon for tunneling machines to make 200 and 300 feet per day 
and to sustain this over several days.   About 60 machines have now been 
successful.   More than half of the new tunnel jobs started today use 
boring machines or such machines are considered very seriously in their 
planning.    (7)* 

The machines are increasing their productive capacity 
and reliability in those types of rock for which they originally were success- 
ful.   They are extending their application to stronger rock types for which 
they were not considered a few years ago.   In the beginning, they were not 
considered seriously for HSR, due to slow penetration and primarily to high 
cutter costs.   The maximum rock-strength limit has been raised from 20,000 
psi a few years ago to at least 25,000 psi and there have been some claims 
of success of machines used in 35,000 psi strength rock.   The early diameter 
range limits of 8 feet minimum and 20 feet maximum have been extended at 
both ends.   The minimum length of two miles, to justify a machine was a 
result of capital expenditure outlay, and is no longer universally valid as 
more and more used machines become available, or machines can be projected 
for use on more than one job. 

The rapid acceptance of machines and the developing 
need for more and more underground construction has introduced several 
problems.   These problems include: material handling; ground support; 
guidance; and environmental protection.   In addition to these problems both 
the owner and the contractor need vastly superior methods of predicting 
geological conditions.   These improved prediction methods are required 
both in pre-job planning and as the job progresses.   They are needed to 
show the extent and kind of ground support required.   Prediction methods 
are needed to show potential hazards of prolific water flow or dangerous 
gas.   Improved geological prediction methods for pre-job planning will 
provide more realistic bidding as well as better prices and fewer costly 
post-job claims resulting from badly-predicted conditions. 

*NOTE - Numbers alone in parenthesis refer to list of references. 
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Precisely this project addresses itself to providing 
a drill which will sample, from a horizontal hole up to 1000 feet in depth. 
The drill could be used in pre-job planning by sampling from each available 
potential tunnel adit.   Normally, however, it will be used in conjunction 
with a tunnel-boring machine during operation. 

The sample borer must not interfere with, or should 
cause a minimum delay to, the boring machine.   It should be capable of 
taking adequate samples at reasonable intervals along the length of the 
bore hole.   It should be able to drill in damp or dry conditions. 

The drill should be usable in a tunnel of 10 to 20 
feet in diameter or larger.   It would be acceptable to provide a system 
requiring alcoves in the side of the tunnel at about 1,000 foot long- 
itudinal intervals but these should not be large nor should they require 
extensive labor to install. 

Tentative specifications for the drill were set by 
the investigating team in discussions with the technical monitor.   These 
were that it should have as a goal, generally, the following characteristics: 

1. Drill a hole which would provide intermittent 
cores from which at least one inch cubes of 
rock could be cut. 

2. Require no more than 6 foot by 6 foot lateral 
displacement in or alongside the tunnel with 
no dimensional limitation on setup space 
along the tunnel line. 

3. Drill at double the current production rate of 
tunnel-boring machines under good conditions 
which will be assumed to be 90 feet of probe 
hole per day in HSR and 168 per day in MSR. 

4. Be capable of taking 5-foot cores at the end 
of each 45 feet of full hole drilling which 
will provide 10 feet total cores per 100 feet 
of drill hole and produce those drilling rates 
described in (3) above; but when change in 
drilling rate or cuttings returns or other vari- 
able indicates a drastic change in geological 
conditions, the system will provide a means 
for more frequent core recovery at some reduction 
in drilling rate.   This reduction in rate would 
be more or less proportional to the loss in 
production rate per shift caused to the tunnel- 
boring machine. 

5. Not add significant amounts of dust, water, 
gas heat or noise to the tunnel environment. 
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6.     Be adaptable to being powered by an electric 
, motor but recognizing that the outdoor test 

machine can be powered by gasoline engines 
for preliminary open-air tests in quarries. 

\ 5.2 |      Difficulties Anticipated , \ 
1 

5.2.1 Drilling Rate Difficulty 

Small diameter core holes have been drilled 
horizontally to ös great as 1900 foot depth.   This was done at Pennsylvönia 
Turnpike tunnel.   There are no records of drilling speed on this job.   Con- 
versations with experienced core drillers (including one who worked on the 
kbove Turnpike job) indicate that deep holes, using current state of the art, 
are much slower than will be required for the tunnfeling machine probe.   One 
of the principal reasons for the slowness is time ibst in rod handling, in con- 
ventional drilling or in pumping in, and retrieving, and withdrawing wire 
line inner barrels, in wire line drilling.   Drilling rate in production is, 
therefore, one of the major difficulties. 

i 

5.2.2 Hole Direction Difficulty 

It will be essential that the probe drill hole be 
straight lin most cases.   This means that any change in hole direction of 
more than a few feet in 1,000 feet will cause either inaccurate information 
or interference with the boring machine or both.   This is much better 
direction control than underground exploration or blast hole drilleifs 
normally attempt with horizontal holes.   Hole deviation is caused' by 
changes in rock, gravity, action of (or reaction to) the bit and bending 

\   of drill rod.   Adequate hole direction control may bo very difficult to 
1   obtain. 

\ \ 
5.2.3 Machine Spa^ce and Environment Difficulty 

Mechanically-bored tunnels 1 for the most part, 
have been 10 to 20 feet in diameter.   The probe drilling must start at the       , 
area near the face, which usually is quite crowded with haulage, ventilation 
or boring equipment. \Crew meinbers. While few in number when compared 
to conventional tunneling, are concentrated in this area.   A very real     , 
problem, then, will be to make a drill which will use very little lateral 
space.   It must not produce adverse effects on the tunnel environment by 
jdischarge of drill-generated dust, mud, hea\ excessive noise or noxious 
gas, but these are believed to be controllable to acceptable limits with 
techniques being Considered. 

\ 
5.2.4 Cuttings Removal Difficulty 

There is very little or practically no experience 
in cleaning cutting Jrom very deep horizontal holes'by the use of air 
circulation.   Effects of loss of fluid circulation to broken or pervious 
ground must be evaluated and possibly eliminated. I 

\ \ I \ 

-     \ 
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5.2.5 Cost Effect Difficulty 

It is believed that the overall effect of this tunnel 
research will be in an ultimate reduction in tunnel cost through better planning, 
possible with advanced knowledge of conditions.   Together with safety this is 
one of the major goals of the research as the public is the buyer of many tunnels, 
At Jhe same time it is recognized that a new operation may result and the cost 
ot that additional operation should be minimized by the research if possible 
This means that the capital equipment cost, labor requirements and supplies' 
effort     reaSOnably low-   The system should not delay the main tunnel driving 

5.2.6 Data Reliability Difficulty 

. The data retrieved by the probe drill must be com- 
plete and accurate enough to predict severe problems such as broken rock 
gas or water.   Broken rock could cause collapse of the probe holb and loss 
of tools.   Poor core recovery or loss of circulation  of drillinq fluid also 
could result. 

Rock may be so badly broken that it will not support 
itself even in a small bore hole.   If such a condition exists one of the reasons 
for the probe hole is satisfied.   This is determination of very bad ground ex- 
istance.   This may not answer the needed information on gas or water but even 
their potential may be indicated by such ground. 

Water could cause hazards to personnel or to some 
tools such as in-hole percussion drills.   It could create some problems at the 
drill site in t^ie tunnel if it issues from the hole in high volume pressure or 
temperature. \ ^ «ou.c vi 

Gas, such as methane, could create explosive 
problems in or out of the hole being bored or in sufficient volumes could 
cause axphyxiation to those near the hole. 

,, ..    ., ,/ Gas or water pressures, volumes and their ipaclflc 
sources will be difficult to measure or locate. The measurement may r^vme 
the application of hole packers such as those which have been developed bv 
the Bureau of Mines for this purpose in methane.  (10) 

6-0 DRILL METHODS CONSinFRFD 

6.1 Drill Methods - General 

' Proven drill methods, as well as the so-called "novel" or     ' 
exotic" methods (1) were tabulated and analyzed.   This analysis included 

the preparation of a matrix of drilling methods with values listed for each of 
the important parameters.   A practical analysis of the potential capability 
of each method, for the problem as discussed in Section 5, was used in the 
final selection.    (Table 1 and 2) 

This section of the report briefly reviews the drill method 
considerations and the conclusions that were made. (2) (3) (4) (5) (6) & (8). 
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Drill Method Selection 
" 

DRILL METHOD Diamond Rolling 
Cutter 

Percussion Turbine In-hole 
Motor 

Thermal Water 
Jets Core Plug Rea. Rotary In- 

Hole 

PARAMETER 

A- Thruat Needs 100 80 10 SO SO 90 SO SO 100 100 
B- Hole Size 100 100 40 100 60 70 SO 80 90 60 
C- Depth Capability 100 100 100 30 10 90 100 100 80 90 
D- Power Needs SO 40 90 30 30 40 30 30 SO SO 
E- Coring Ability 100 0 20 20 10 40 SO SO 0 0 

F- Pen. Rate HSR" 70 60 70 90 100 100 80 80 80 40 
G- Pen .Rate MSR* SO SO 90 90 70 70 80 80 40 80 
H-Eqpt. Compactness 90 80 40 90 70 80 80 80 60 60 
I- Skill Required 70 70 70 80 60 60 40 40 SO 40 
I- Economics 80 70 90 40 40 70 50 60 40 40 

K- Direction Stability 60 60 90 40 40 70 70 70 80 80 
L- Safety 100 100 100 100 100 100 100 100 40 SO 
M- Direction Control 60 60 80 SO SO 60 90 90 80 80 
N- Adaptability to 

Rock Changes 30 90 100 100 90 100 80 80 SO 60 
O- Operation Delays 60 100 100 100 100 100 100 100 100 100 
P- State of 

Technology 90 90 100 100 60 70 60 70 60 SO 

GRAND TOTAL 1260 11S0 1170 1110 940 1210 1110 1160 960 980 

Total Coring MSR* 1190 NA 1100 1020 740 1110 1030 1080 NA NA 

Total Coring HSR" 1210 NA 1080 1020 870 1140 1030 1080 NA NA 

Total Full Hole MSR* 1090 1090 1080 1000 820 1070 980 1020 880 940 

Total Full Hole HSR- j 1110 1100 1060 1000 ' 
1 

860 1200 980 1020 920 900 

• Medium Strength Rock 
•*   Hard Strength Rock 
NOTE:  Rated 0-100 with 100 best 

Table 1 
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6.2 Diamond Rotary Drilling 

Detailed information on horizontal diamond drilling of long 
holes is just about nonexistent in the literature.   Information or advice 
solicited from those experienced in the field (and experience in deep 
horizontal hole drilling is limited) indicated a wide range of probable 
production rates.   These drillers also varied widely in estimate of ability 
to control hole direction or had to be very vague as written records are 
not available. 

Some diamond drilling proponents made assurances that 
the best way to get production with diamond bits was with the core-type bit 
They were almost unanimous in recommending wire-line coring techniques 
even though cores would not be required all the way.   Their reason was 
that, in their opinion, coring is two to three times as fast   as full hole 
drilling and bits are much cheaper.   The wireline technique is required 
because rod handling for other types of coring is extremely slow (until 
the development of techniques first tried on this project). 

Unfortunately it was very difficult to get any shift 
production rate estimating figures from the printed literature.   Several 
Bureau of Mines publications gave good information on instantaneous 
rates, theoretical horsepower, ate.   It is hoped that the proposed field 
work on this project will give future investigators a foundation of data 
from which probe drilling production rate forecasts can be made for 
diamond rotary drilling under different conditions. 

At best it appears that diamond drilling, in its fastest 
form, will not be fast enough.   Other methods had to be studied.   It was 
recognized that diamond core drilling probably is the only drilling method 
to get satisfactory rock samples in a probe hole.   The method chosen for 
"speed" or production drilling, therefore, must be compatible with diamond 
rotary drilling. 

In choosing the size of diamond core drill bits and rods, 
four very important considerations were: 

1. Speed of drilling 

2. Core of usable size (from which one inch cube 
could be cut) 

3. Getting a rod large enough to provide the recuired 
torque in the horizontal holes 1, 000 feet deep. 
This size of rod had to pass drilling fluid (inside 
and out) for different drilling methods at reasonable 
pressure losses. 

Based on experience and recommendations of several persons 
knowledgeable in this field, the "B" size wireline rod was chosen for the 
coring intervals and as a satisfactory size for other drilling methods. 
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6.3 Rotary (Rolling Cutter) Drilling 

The potential of rolling cutter bit drilling and requirements 
for such a drill have been defined quite well in the literature.   It is known 
that these bits perform much better in diameters double the 3 to 5 inch 
range under consideration for this study.   This performance increases with 
size increase in a more or less direct line ratio of hole sizes.   In open- 
pit quarries, for example, bit economy may be improved by 50% or more 
by increasing from a 6-1/4 inch bit to a 9 inch diameter bit. 

Unfortunately while the large-size holes may be drilled 
cheaper with rolling cutter bits (and sometimes faster for an overall average 
drilling rate from sharp to dull bit) they also require a much larger drill 
rig because of the high thrust requirement. 

The higher cost of the larger rig might be justified for 
this work.   On the other hand, it is quite within reason to expect that a 
rig to drill an economical hole, with rolling cutter bits, will be too large 
to work within the confines of a 12 to 20 foot diameter bored tunnel and 
still permit boring operations to proceed.   In a research project such as 
this ail methods which appear to have a chance must be proven or dis- 
proven with documented field results. 

It has been decided that a 4-1/4 inch rolling cutter bit 
will be tried.   Rolling cutter bits are made for casing sizes and the standard 
bit sizes in this range in inches are: 3-7/8; 4-1/4; 4-3/4; 5-5/8; 6-1/4; 
etc.   The size chosen, therefore, may not be an aven inch or half-inch 
diameter as can be selected for other drilling methods. 

For rolling cutter bits of 4-1/4 inch size, thrust of 4,000 
to 5,000 pounds per inch of bit diameter is recommended for hard rock. 
Above 6-3/4 inch diameter, this thrust requirement may be increased to 
6,000 pounds per inch of diameter.   These bits should be rotated at 40 
to 60 rpm. 

When using water or light mud, in rotary drilling vertical 
holes, the fluid circulation should be enough to provide an annulus rising 
velocity of about 100 to 125 feet per minute.   When using air or gas, 3,000 
to 5,000 feet per minute vertical annulus velocity is recommended.   There 
is no really good published data available on fluid (gas or liquid) requirements 
for drilling horizontal holes in rock.   Some laboratory experiments indicate 
that much higher velocities, or about three times as much as in a vertical 
pipe are required to transport cuttings in a horizontal pipe.   Field results, 
however, indicate that much less than this increase in ratio is required in 
a small hole, which includes a rotating drill rod.   Presumably the revolving 
rod stirs up the cuttings and keeps them in suspension, so that a lower 
velocity than that theoretically indicated may be adequate. 

It is recognized that any drill rig provided for this service 
must be small.   It is doubtful that such a small rig can be provided, from 
those commercially available, which will produce 20,000-pound thrust 
required for a 4-inch hole.   A drill of such capacity and size might be 
developed if research indicates that it is needed. 
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The Japanese are working on a drill which is similar and 
fie ne

ftn
axme \ime very dissimilar. (9)   Their goal is a drill for much deeper 

(15,000 feet) capability.   Their ground is much softer (less than 10,000 psi) 
They are not coring hut only checking water inflow.   Their 400 HP rig is about 
10 times as powerful as that proposed in this study and requires a chamber 
149 feet long, 6 feet high and 27 feet wide, 5 0% higher and 5 times as wide 
and 5 times as long as the chamber required for the drill being designed in 
the program. 

6.4 Percussion Drilling 

Percussion is the fastest and best method to drill holes 
of less than 5-inch diameter in all types of moderately-hard and hard rock 
Many laboratory tests have shown that hard rock can be drilled by percussion 
drills at instantaneous penetration rates of two to three feet per minute.   This 
can be misleading as production figures must be discounted from the high 
figures projected from instantaneous rates produced under laboratory conditions 
Contractcrs figur 3 production in the order of one foot per minute rather than the ' 
laboratory indicted potential of three feet per minute.   It does not really matter 
whether the roc1   is MSR or HSR in potential production drilling rates, accordinq 
to the practical experts in this field. 

Depth of hole is important to percussion drilling.   The 
traditional percussion drills, which pound on one end of the steel with the 
bit on the other end, start losing effectiveness in holes of beyond 100- 
foot depth and would be useless in holes of 500 feet or more, or ev°n be- 
yond 200 feet. 

.       . Fortunately a down-hole percussion drill recently has been 
developed in the size range required for this project.   This 3.5-inch-diameter 
by 4-foot-long tool will drill a 4 or 4.5 inch-diameter hole.   Its penetration 
rate is virtually unaffected by depths up to the 1,000 foot depth of this pro- 
ject. 

Manufacturers of down-hole drills estimate 30 feet per hour in 
MSR and 15 to 20 feet per hour in HSR.   Such penetration rates are approximately 
double those for tunnel-boring machines in these kinds of rock and, therefore 
would be a satisfactory solution to this project. 

The 3.5 inch percussion tool requires 300 cfm of 100 psi 
air to operate but may need more to clean a horizontal hole. 

... Percussion drills have another advantage and that is, unlike 
rolling cutter bits, they require very little thrust.   As a matter of fact too 
much thrust may be detrimental.   High thrust is going to be difficult for the 
last 500 feet of the 1,000 foot horizontal holes.   The percussion drills are 
compatible with diamond drilling in low thrust requirement.   The two methods 
are not compatible in RRM ranges as percussion drills need 15 to 20 rpm, 
whereas diamond drilling may require 300 to as high as 800 rpm 
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There is some question as to whether air will be as good 
as water for removal of cuttings in a horizontal hole.   If this research 
proves that water or mud is required, then existing percussion tools will 
not work.   Much time and money has been spent trying to develop a mud- 
driven percussion drill.   Most of this research has been by oil companies 
and their suppliers.   The activity slowed down considerably about 1955 
when it became apparent that the sintered tungsten carbide insert bit had 
solved, to an acceptable level, the hard rock drilling problem in oil wells. 
If it were found that such a drill, using water, were required it might be 
developed by picking up some of those abandoned research projects.   Those 
who were active in the field included:   Hughes Tool Company, Shell Oil, 
Gulf Oil, Southwest Research, Batelle Memorial Institute, and independent 
inventors such ^is Bassinger and Bodine.   It should be pointed out that 
most of these efforts were discouraging and even with costs of $500,000, 
research tools seldom lasted longer than 25 hours. 

6.5 Turbine Dulling 

Turbines and in-hole positive-displacement motors were 
considered.   Mud turbines are accepted tools and used for non-routine 
jobs in oil wells such as hole straightening or hole deflecting.   Turbines 
are not made in small enough diameters to be of use in this project. 

In-hole solid displacement mud motors (which also run 
on air) serve the same purpose as turbines, are used for the same applica- 
tion, and are made in 3.5 inch (or smaller) diameter.   The best-known 
in-hole fluid positive displacement motor is the Dyna-Drill which is a 
Moyno pump modified to be a drill motor. 

One advantage of an in-hole motor would be that it would 
eliminate one piece of equipment in the tunnel and that is the part of 
the drill required to rotate the drill rod.   Another advantage is that it would 
lend itself to being adapted to hole-deflection tools better than a system 
which has a revolving drill stem.   A third possible advantage is that it 
would reduce wear on the drill rod. 

Some disadvantages of the in-hole drill are: 

1. It might require a high pressure and volume mud 
system or several hundred gallons per minute 
at more than 500 psi. 

2. The stationary (nonrevolving) drill stem might not 
keep cuttings in suspension for transport.   If 
the rods must be rotated for cuttings return, the 
in-hole motor does no good in hole direction. 

3. Maintenance costs are reported to be very high 
on the in-hole motors. 

4. The motors must produce higher rotary speed to 
the tools than could be accepted by some of 
the candidate drill methods such as percussion 
drills for hard rock. 
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6.6 Novel ("Exotic") Drill Methods 

All so-called novel or "exotic" drill methods were 
passed over for this project and the reasons are given briefly below. 

Rock-destroying methods, depending on thermal shock 
or evaporation, include the heat sources such as Kersone torches, lasers, 
and electron beams.   None of these were selected because of one or 
more of the following reasons: 

1. There is a variation in effect of different rock 
to such shock.   Some respond well and some 
badly. 

2. These methods produce bad effects on the 
tunnel environment of either heat or noxious 
^ases in most cases. 

3. Thermal methods are not conducive to sam- 
pling or coring techniques. 

4. Thermally-produced holes are notoriously bad 
for having rough or undulating walls and this 
would add to the anticipated problem of cut- 
tings removal in horizontal holes. 

5. Thermal methods, other than the kerosene 
torch method, will require considerable re- 
search and development far beyond the scope 
of this project. 

Impingement of solid pellets was not selected as a novel 
method, because research is not far enough advanced for use in this study. 

High-pressure water jets are being studied and may be 
useful some day.   None of the tools currently in research will be at a 
level of development required for field testing by the time they are re- 
quired for this project.   It is unlikely that they will be good for coring. 

No ultra-sonic drills are anticipated to be ready within 
one or two years for evaluation of this project. 

There is a possibility that future research beyond the scope 
of this project, may develop new methods of coring or extend the capability 
of some existing methods to use in this field.   For example, during the 
1960 decade, considerable laboratory work was done trying to develop a 
drill for astronauts to use on the moon.   Such unusual approaches as per- 
cussion drills use for coring were tried. 
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6.7 Drill Method Conclusions 

After a careful analysis of the possibilities, the following 
three methods were chosen for detailed analysis in the project: 

1. Rolling cutter bits of 4.25 inch diameter and 
air or water circulation will be tried, varying 
RPM, thrust and water flow rates. 

2. Diamond coring will be tried, varying thrust 
RPM, and fluid rates. This will be with "B" 
size rods, barrels and bits. 

3. A down-hole percussion drill will be tried, 
varying RPM and thrust. 

Generally speaking the range of the variables will be 
selected as the test proceeds.   It if becomes obvious that any drilling 
technique will not work in the rock under test, then with data to substantiate 
this conclusion, the testers may abandon any process.   It would be waste- 
ful to run the full gammut of variables, if complete failure of the method 
can be projected from available data at any time.   Such failures, if they 
occur, will be documented. 

Several methods were considered for drilling the horizontal 
holes, particularly for handling the drill rod.   It was recognized that it 
may be essential to drill these holes either very rapidly on week ends or 
off shifts; on the other hand, it may be desirable to do them to one side 
of the tunnel so as not to interfere with the tunnel-boring machine. 

The rather new method of storing the drill rods - in a storage 
pipe strung out behind the drining machine - was decided upon     In this 
case it was decided to store the "B" type drill rod in an "N" sized casing 
This 1000' of casing would be strung out behind the drilling machine on the 
floor of a quarry test site; but in a tunnel it might be the hole behind the 
machine.   This hole would have been drilled previously, to probe ahead of 
the boring machine.   A cap will be put on the rear end of the storage pipe- 
a conventional stuffing box with a 90° Tee will be put on the forward end' 
of the storage casing.   Air or water will be pumped into the Tee and will 
enter the open rearward end of the stored drill rod in the storage casing. 
It will then pass forward through the drill to cool and clean the bit and 
carry the cuttings back out.    (Figures .1 & 2) 

_.        . A casing will be set into the surface hole to be drilled. 
This short piece of 5 inch diameter casing will have a Victaulic quick- 
opening connector for the stuffing box.   This will permit its removal so 
that large tools can be inserted ahead of the stuffing box. 
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Return air or water will discharge from the Tee of the for- 
ward stuffing box into a hose for discharge intolhe mud pit or dfst collector. 

HHii r-^ * ^     > t drinin9 machine which applies thrust by gripping the 
drill rod and rotating it while it pushes it forward was selected     This hollow- 
^ t m

t
achine

f
was sPeci^d to have a hydraulic-drive mSor so that 

accurate torque fiqures might be recorded or computed during this test 

XZ%?T (Ar8 ^ ^ POSSibility 0f ^ infi^ " vari- 

built.   This hydraulically-driven tool pulls the drill rod from the hole or 
re-inserts it in a hole at a rate of almost 150 feet per minute     It accomplishes 
this by gripping the drill rod between two counter-driven rota in" wheeTs 

rSd/^Äg^s 4   f^'e)31360 t0 the appr0ximate circular sh^e ofThe drtll 

■ r.  .   C°mpetitive Prices were obtained on all major equipment 
'n tablet ^ SUPP3ierS 0f the Principal equipment are ^höwn 

7.0 INSTRUM ENTATIQNT 

, ,, .     j The difficulty of instrumenting field drilling tests was 
fn Jh r^co

19
nized from the beginning.   In addition to the many variations 

in the drilling process, experience has shown that nature can present so 
many variations in rock conditions that instrumentation is very complex 
Drilling researchers must add to these problems, the problems of dirt arid 
frequent weather difficulties.   It was felt, however, that effort must be 
no..ih?«     TTent and record as much data with mechanical means as 
S^ data for field d^^g and excavation 

variables.   These^aTe? deCided that ^ ^ ^ be made t0 reCOrd seven 

A. RPM 

B. Penetration Rate 

C. Hydraulic Motor Pressure 

D. Hydraulic Motor Fluid Volume 

E. Mud Volume (where applicable) 

F. Mud Pressure 

G. Thrust 
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The three pressure recording (C, F & G) will be recorded 
on a single circular chart on an American Pressure Ghuge. 

The penetration rate and RPM will be shown by the influence 
on an Airpax magnetic pickup through a response from a rack gear for a pene- 
tration rate and a circular gear for the rotating speed.   Thf se will send their 
signals into a Rustrak recorder. 

The mud gallons per minute and hydraulic fluid gallons per 
minute ai„ aho recorded from a signal given by a flow meter. 

The Rustrak recorders are run hy two 12-volt automobile 
batteries.   The American Pressure Gauge recorder is a windup clock. 

8.0        TEST SITE 

Several test sites were examined or considered in all parts 
of the U.S.   The contract called for appraisal of the equipment in two kinds 
of rock.    Briefly, these rock classes are MSR and HSR previously defined. 
After reviewing several test sites for rock, weather, labor and travel con- 
ditions, two general areas were selected for closer study.   These were: 
California and the Virginia and West Virginia or Central Appalachian areas. 

California had the principal advantage of being close to 
the home office of the investigators and, therefore, would require less 
travel expense, and fewer administrative problems caused by distance. 
It had the disadvantage of having very few active rock quarries, however, 
in good solid homogenous rock.   Most of the large California aggregate producers 
are near the coastal metropolitan areas and either get their material from 
a gravel deposit or from rock which 'tas been rather badly shattered by re- 
cent earthquake movements.   California had the disadvantage of high union 
labor wage rates and possible restrictive practices which could cause some 
delays or higher costs to a research test program. 

What appeared to be a good hard rock test site was selected 
at Aromas, California.   This was a Granite Rock Company's quarry.   It is 
about 100 miles south of San Francisco.   Early advice was that although the 
rock was broken, they had rather good experience in not losing holes because 
of circulation problems.   It was also shown by tests to be very high strength 
rock and is highly rated for aggregate.   Mr. John Green, Manager and his 
staff at Aromas were most helpful in getting set-up. 

Very generous offers for field testing rights also were made 
by several quarry operators in the Virginia area.   These included an ofier of 
help from Mr. James Hill of Superior Stone Company; Mr. Charles Luck of 
Luck Industries in Virginia; and an offer of a site at an underground limestone 
quarry in Fort Springs, West Virginia by Mr. William Ruby of Acme Limestone 
Company.   In California, Mr. Orville Johnson at Kaiser's Clayton quarry felt 
that he could arrange for us to test at an upper level there.   At the latter site, 
the ground space conditions were not as good for a test layout as were those 
at Aromas.   Test site pictures are shown in Figures 7 & 8. 
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EQUIPMENT 

Drill Rig 

Water Pump 

Drill Rod 

Casing 

Hoist 

Percussion Drill 

Rod Extractor 

Core Barrel 

Recorders 

Magnetic Pickup 

Stuffing Boxes 

Pressure Gage 

PRINCIPAL EQUIPMENT 

SOURCE 

MODEL MANUFACTURER 

40CL Sprague & Kenwood 

(35 GPM) Longyear 

BQU Longyear 

NW Longyear 

750 Sprague & Kenwood 

DHD14 Ingersoll Rand 

- Jacobs 

BQU Longyear 

- Rustrak 

- AirPax 

BRod Longyear 

- American 

TABLE 3 
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9o0 EQUIPMENT ASSEMBLY 

for this purpose at eAAuf™"1**1 * a marSham"* "*' '"Bed 

is the basic unit    ™! ff a9Ue and
1,
Heaw°°ä 40 CL Skid-mounted 40 hp drlil rig 

=s^sS»SS5r^~^^ 
provides pressure ÄSthÄ^0 PUmP; Whl0h d'lves the rotaIY head, 
run the h^ÄSÄ^aÄ ^dfr^tee ^TsTer 

Their Model 750 is to tats^Äv"^Unf^ fr0m SPraSUe and Henwood- 

able supplies during Phase II? bitS Wl11 be 0rdered ai- c^s™- 

purchased     This a-t^^n^11"^0 ?HP 14 down hole Percussion drill was 
100 psi? diameter tool requires air at about 300CFM at 

factured by Renstrom^Geafpn r0teXtraCt0r V?t desl9ned ^ J^obs and manu- 
Motor. Renstrorn Gear Co-   I* is powered by an M5A Mitsubishi hydraulic 

Air compressors will be rented for field tests. 

-30- 



10.0 REFERENCES 

1 - Maurer, William C "Novel Drilling Techniques" Pergamon Press 
114 Pages - 1968. 

2 - Paone James, Schmidt R. L. Lunar Drilling Proceedings of The 
Sixth Meeting of Working Group on Extraterrestrial Resources, 
NASA SP - 177, February 1968, 
PP 107 - 117 

3 - Paone James, Dick Madson and William E. Bruce, Drillability 
Studies - Laboratory Percussive Drilling, U.S. Bureau of Mines 
RI7300 1969 - 22 PP. 

4 - Paone James, William E. Bruce and Pauline R. Virciglio, 
Drillability Studies Statistical Regression Analysis of Diamond 
Drilling, U.S. Bureau of Mines RI6880,  1966 - 29PP. 

5 - Selim, A. Aly and William E. Bruce, Predicition of Peuetration 
Rate for Percussive Drilling, U.S. Bureau of Mines RI7396 , 
1970 - PP. 21 

6 - Schmidt, Robert L. Diamonds Flunk on Lunar Hammer-Drill, 
Drilling - DCW Magazine Dec.  1970 - 3 PP. 

7 - Williamson T. N.  "Tunneling Machines of Today and Tomorrow". 
Highway Research Record No. 339 
National Research Council National 
Academy of Sciences and Engineering 
- 1970 - PP 19 - 25 

8 - Woo, W. George, J. Bensko, L. Lindelof and Paone.   "A 
Lunar Drill Concept" Industrial Diamond Revolution Technical 
Conference - 1967 
1967 - PP 257 - 274 

9 - Tanaka, Tomoharu,  "Seikan Undersea Tunnel" Civil Engineering 
in Japan 1970 -  Japan Society Civil Engineers. 
PP 1 - 11   

10 - Hadden J.D. and Joseph Cervik, Design and Development of Drill 
Equipment.   Bureau of Mines Methane Control Program Technical 
Progress Report - 11 
May 1969, 11 Pages 

-31- 


