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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT

electromagnetic unit 1bf
foot min
foot pound (force) nT
gallon per minute psi
horsepower psig
inch r/min
inch per minute V ac

pound force

minute

nanotesla

pound per square inch

pound per square inch, gauge
revolution per minute

volt, alternating current




ACCURATE DIRECTIONAL BOREHOLE DRILLING: A CASE STUDY AT
NAVAJO DAM, NEW MEXICO

By S. J. Kravits,' A. Sainato,? and G. L. Finfinger®

ABSTRACT

This report describes a project conducted by the Bureau of Mines in
which the accurate directional drilling of a borehole was demonstrated
with the objective of intercepting a designated target. The project was
conducted at Navajo Dam in northern New Mexico at the request of the Bu-
reau of Reclamation. Borehole survey and drill logs are provided in an
appendix.

The trajectory of the demonstration borehole was designed to intercept
a 5-ft-radius target at the final or "punchout" distance of 885 ft. The
elevation of the borehole at this distance was within the target; the
borehole punchout coordinates were 8.81 ft southwest of the target. As
a result of the demonstrated accuracy, the Bureau of Reclamation has
contracted the accurate drilling of boreholes as long as 600 ft from the
inside of a short tunnel, to control water seepage in the right abut-
ment. This resulted in a substantial cost savings compared to the orig-
inal plan of constructing a longer tunnel and drilling 150-ft boreholes.

1Mining engineer.
2Mining engineering technician.

3Supervisory geologist.
Pittsburgh Research Center, Bureau of Mines, Pittsburgh, PA.




INTRODUCTION

The Bureau of Reclamation, U.S. Depart-
ment of the Interior, requested the Bu-
reau of Mines, through Interagency Agree-
ment No. 1409-0070-1212, to demonstrate
the accuracy of directional drilling a
near—horizontal borehole to intercept a

designated target. The Bureau of Recla-
mation's objective was to determine
the feasibility of using accurately

drilled boreholes to control water seep-
age through open joints in bedrock foun-
dations of embankment dams.

The Bureau of Mines has researched and
demonstrated accurate directional drill-
ing as part of its methane control pro-
gram (l:g).4 In 1979, a directional
surface borehole was drilled using an
in-hole motor® to a measured depth of

1,595 ft, maintaining an arc of 6° per
100 ft and coming within 3 ft of inter-
cepting the Pittsburgh Coalbed 1,012 ft

below the surface. Five horizontal meth-
ane drainage boreholes were then drilled
from the surface borehole, totaling 9,544

ft.

The Bureau has also demonstrated drill-
ing accuracy in drilling long horizontal
methane drainage boreholes in underground
coal mines. Methane drainage boreholes
have been drilled to depths greater than
2,000 ft, maintaining vertical borehole
trajectory within the coalbed (approxi-
mately 6 ft) while controlling horizontal
trajectory as desired to prevent inter-
ception by future mining (2-3).
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TEST SITE

Navajo Dam is a zoned embankment struc-
ture in northern New Mexico, 39 miles
east of Farmington, NM, and about 35
miles southeast of Durango, CO (fig. 1).

It is one of the key structures of the
Colorado River Storage Project, regu-
lating the flows of the San Juan River
and providing storage for Navajo Indian
Irrigation Project. It also provides
a facility for recreation and fish and
wildlife conservation. Navajo Dam,

constructed from 1958 to 1963, is approx-
imately 400 ft in structural height,
3,600 ft 1in crest length, 30 ft in top
width, and 2,500 ft in maximum base width
(4). The right abutment of the dam was
chosen for the loaction of the demonstra-
tion borehole, with designed punchout
occurring near the top of the spillway
(figs. 2-3).

2Underlined numbers in parentheses re-
fer to items in the list of references
preceding the appendix.

SThe term in-hole is synonymous with
downhole. The authors feel in-hole is
more descriptively accurate when borehole
trajectory is near horizontal.



DRILLING EQUIPMENT

A Diamant Boart® DBH 700 hydraulic core
drill and a 2-7/8-in-0D high-torque, non-
magnetic in-hole motor manufactured by
Slimdril, Inc., were used to drill the
borehole. The in-hole motor was equipped
with a bent housing and two 3-1/2-in-0D
polycrystalline diamond cutter bits (used
separately), one manufactured by Longyear
and one by Slimdril, Inc.

®Reference to specific equipment does
not imply endorsement by the Bureau of
Mines.
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FIGURE 1.—Navajo Dam location map. Adapted from
Bureau of Reclamation map.

HYDRAULIC DRILL

components of the Diamant
are the drill itself,
(fig. 4).

The main
Boart DBH 700 unit
control panel, and power unit
To drill the demonstration borehole, the
drill was positioned horizontally. The
power unit 1s equipped with two hydraulic
radial piston pumps, one for thrust and
one for rotation, both powered by a sin-

gle 40-hp, 440-V ac electric motor.
IN-HOLE MOTOR

The 2-7/8-in-0D high-torque in-hole mo-
tor is a positive-displacement hydraulic
motor that rotates the drill bit without
rotating the drill string. The 1in-hole
motor converts the hydraulic horsepower
generated by the flow of the drilling
fluid (water) under pressure into torque
and into the rotational speed or mechani-
cal power that drives the drill bit (5).
The components of the high-torque motor
are identified in figure 5.

When drilling fluid 1is pumped through
the drill string and the in-hole motor at
rates of 30 to 70 gal/min at differential
pressures of 250 to 625 psig, the helical
stainless steel rotor rotates 1inside the
rubber molded stator. The range of Slim-
dril operating parameters 1is shown 1in
figure 6; the actual parameters applied
are listed in table A-1 (appendix). Ro-
tation of the drive shaft, positioned
within the bearing package, 1is trans-
mitted by the flex—-coupling, converting
the eccentric rotary motion of the heli-
cal rotor to concentric motion. The
drive sub is connected to the drive shaft
and is the only rotating external compo-
nent of the in-hole motor. The drill bit
is fastened to the drive sub. Two 3-1/2-
in-0D polycrystalline diamond cutter
bits, one each from Longyear and Slim—
dril, Inc., were equally used to drill
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FIGURE 3.—Navajo Dam demonstration borehoie drill site.
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FIGURE 4.—A, Hydraulic drill; B, control panel. Power unit not shown.
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FIGURE 5.—In-hole motor schematic. Stator, rotor and exterior nousing are nonmagnetic. Bearing package and drive sub
are magnetic.

the demonstration borehole (fig. 7). BOREHOLE TRAJECTORY CONTROL DEVICES
Polycrystalline diamond cutter bits are

recommended for use with 1in-hole motors Various types of devices can be wused
because they are designed to operate at with in-hole motors to control borehole
high rotating speeds for extended peri- trajectory. These include bent housings,
ods. The demonstration borehole's hori- bent subs, eccentric subs, and deflection

zontal and vertical borehole trajectories shoes. An in-hole motor equipped with a
were controlled during in-hole motor 2° bent housing is shown in figure 8.

drilling by using control devices.
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FIGURE 7.—Polycrystalline diamond cutter bits.

While drilling, there 1s continuous
contact between the convex side of the
bent housing and the wall of the bore-

hole; this is commonly called side force.
The resultant reaction of the side force
exerted on the wall of the borehole is a
force exerted on the bit 1in the opposite
direction or 180° away (fig. 9). The di-
rection of the force exerted on the bit

FIGURE 8.—In-hole motor equipped with a 2° bent housing.

direction and is
trajectory will
settings and
vertical and
shown 1in

is called tool face

the direction borehole
follow. Various tool face
their effects on borehole

horizontal trajectories are
figure 10.
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FIGURE 9.—Side force diagram. Above in-hole motor equipped with bent housing; below, side force
schematic.

Deflection rates pertaining to known deflection rates would be wused to peri-
tool face settings are rates at which odically project or estimate bit position
borehole inclination and azimuth (bear- 16 ft ahead of the current survey depth
ing) change or deflect during drilling. and to decide what tool face setting
The rate of change in borehole inclina- should be applied to the next drilling
tion 1is the wvertical deflection rate; interval 1in order to maintain desired
the horizontal deflection rate 1is the borehole trajectory. Vertical and hori-
rate of change in azimuth. Established =zontal deflection rates are determined by
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FIGURE 10.—Various tool face settings and their effects on borehole trajectory. Black arrow depicts tool face setting of 45°
right, which would result in borehole trajectory building inclination and azimuth turning right (east).

observing the change in inclination and
azimuth from the previous to the current
borehole survey depth. For example, re-
ferring to the third page of table A-2,
the vertical and horizontal deflection
rates observed from survey depths 449 to
459 ft were 0.09°/ft (0.9° during 10-ft
interval) and 0.19°/ft (east 1is posi-
tive), respectively. A tool face setting
of 60° to 80° right was applied using a
2° bent housing while drilling from 445
to 475 ft. When the survey was conducted
at 459 ft, the bit depth was 475 ft. To
project the inclination at the bit depth
of 475 ft, the established vertical de-
flection rate of 0.09°/ft was multiplied
by 16 ft and added to the surveyed incli-
nation at 459 ft. This resulted 1in a
projected inclination of 101.8°, The
azimuth at the bit depth was projected to
be 343.0° by multiplying the horizontal
deflection rate of 0.19°/ft by 16 ft and

adding the azimuth surveyed at 459 ft of

340.0°., The projected inclination and
azimuth at 475 ft were close to the ac-
tual results surveyed later at 479 ft

(table A-2). Angle averaging, which is a
surveying calculation method, was used to
calculate projected coordinates and ele-
vation at the bit (2, 6). Established
deflection rates pertaining to tool face
settings and bent housing used are pro-
vided later in the text.

Tool face directions are changed by
turning the drill string clockwise with
pipe wrenches to a position 0° to 180°

left or right from the centerline along
the top of the boring. Borehole inclina-
tion, azimuth, and tool face direction
were continuously monitored and adjusted
to achieve directional control or to
maintain the desired horizontal and ver-
tical borehole trajectories.



SURVEYING EQUIPMENT AND PROCEDURES

SINGLE-SHOT SURVEY INSTRUMENT

An NL Sperry-Sun type B 120° magnetic
directional single-shot survey instrument
was used during drilling to monitor bore-
hole inclination, bearing, and tool face
direction (fig. 11). The essential ele-
ments of the survey instrument are

the compass, inclination unit, batteries
and film loading mechanism, lens and
lamp holder, and mechanical timer that

controls the electrical circuits and il-
luminates the compass—inclination unit at
a preset time to record the pertinent
data on a film disk (7).

O
1

—— i -

To conduct a survey, the mechanical
timer of the survey instrument is set and
the instrument 1is loaded with a film
disk. The 1loaded survey instrument is
placed in its protective casing and
inserted in the hollow drill rod. It is
pumped with water to the back end of the
in-hole motor, where it aligns with the
orienting sub. The film disk 1is exposed
at a preset time, after which the instru-
ment is retrieved by a wireline attached
to the protective casing. The retrieved
instrument is removed from its protective
casing, and the film disk 1is removed,
developed, and read (fig. 12).

——

8
i

Scale, in

FIGURE 11.—Single-shot directional survey instrument.

Tool face scribe line

Bull's-eye crosshairs

inclinagtion numbers

Horizontal inclination lines

FIGURE 12.—Reading developed survey film disk.
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SURVEYING ACCURACY

drilling accuracy 1is pri-
marily dependent on borehole surveying
accuracy. Factors that influence bore-
hole accuracy 1include 1inherent accuracy
of the survey instrument, magnetic drill
string interference, survey frequency or
interval, and the calculation technique
used to compute borehole coordinates and
elevation.

The NL Sperry-Sun

Directional

type B 120° direc—
tional single-shot survey instrument was
used to monitor borehole inclination,
bearing, and tool face orientation. The
manufacturer's specified tolerance 1in
measuring bearing for a recently cali-
brated compass (survey instrument) is
+0.5°. Furthermore, the resolution in
reading the photographed compass bearing
on the film disk is a random *0.5°. Con-
sequently, a potential error of *1° ex-
ists in measuring borehole bearings using
the subject survey instrument. The accu-
racy in surveying for inclination wusing
the subject survey instrument is *0.12°,
Wolff and deWardt (8) state that, for a
compass unit in good condition, a gener-
ally accepted systematic accuray is #1°,
Compass units measure magnetic north and
require a declination correction to ob-
tain true north. Wolff and deWardt sug-
gest that declination corrections ob-
tained from charts may be dincorrect to
$0.5. The National Geophysical Data Cen-
ter, Boulder, CO, or the U.S. Geological
Survey, Reston, VA, can supply an accu-
rate declination correction if provided
with drill site (collar) coordinates and
elevation. The declination correction at
Navajo Dam drill site was 12° E *13 min.

Random misalignment of the survey hard-
ware and instrument within the drill
g

string with respect to the borehole 1is
another possible source of error in bore-
hole surveying for bearing and inclina-
tion (fig. 13). The magnitude of this
source of error 1is difficult to deter-
mine; Wolff and deWardt (8) estimate it
at approximately 0.2 to *0.5°.

Compass-type surveying instruments
sense only the direction of the 1local
magnetic field vector and therefore are

subject to systematic drill string inter-

ference. To reduce drill string inter-
ference, compass—type survey instruments
must be properly spaced inside adequate
lengths of nonmagnetic drill collar
(NMDC). The NMDC used to drill the dem—
onstration borehole consisted of a non-

magnetic in-hole motor (nonmagnetic ro-
tor and housing 12 ft in length, bearing
package and bit made of magnetic material

2 ft 1in length) and 100 ft of NQ-size
wireline nonmagnetic stainless steel
drill rod. Previous Bureau experience

in directional drilling long horizontal

boreholes 1in coal for methane drainage
has shown that compass spacing of 20 ft
above the bottom end of 100 ft of NMDC

sufficliently reduces drill string inter-
ference. NL Sperry-Sun has completed se-
lection charts as guides for estimating
compass spacing based on geographical
location (horizontal component of the
earth's magnetic field intensity varies
with location), borehole inclination, and
bearing, as indicated in figure 14 (9).
Based on the selection chart shown for
the Navajo Dam location, uncorrected
bearing of N 10° W, and inclination of
90°, the compass should be located 20 ft
from the bottom of the NMDC. While con-
ducting a borehole survey, the NL Sperry-
Sun single-shot was placed 13 ft from the
bottom of the NMDC, or 16 ft from the

FIGURE 13.—Survey hardware. A, snubber; B, centralizing pumpdown washers; C, muleshoe.
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bit. Although this spacing was 7 ft less
than the estimated compass spacings, hav-
ing the compass closer to the bit en-
hanced the accuray in projecting the cur-
rent position of the bit from the survey
position.

Two related factors that affect bore-
hole surveying accuracy are surveying
frequency and the surveying calculation
technique used to determine borehole co-
ordinates and elevation. It 1s generally
accepted that regardless of calculation
technique applied, short survey intervals
will result in 1increased accuracy (10).
Borehole surveys were conducted at 10-ft
drilling intervals at Navajo Dam. Of the
dozen or so surveying calculation tech-
niques available, balanced tangential,
radius of curvature, minimum curvature,
and angle averaging are generally ac-
cepted as providing similar and accept-
able results (10). A radius of curvature
program adapted for a Hewlett Packard 15C
calculator was used to calculate borehole
coordinates and elevation. Angle averag-
ing was used periodically to check the
radius of curvature results.

PLANNING THE BOREHOLE

The borehole starting coordinates were
N 19,567.69, E 52,697.69; elevation at

the collar was 5,933.53 ft. The desig-
nated 'punchout" was to occur within a
5-ft radius of N 20,447.31, E 52,709.41

at an elevation of 6,049.03 ft (figs. 15-
16). The 1location of the borehole was
determined after considering the geology
of the right abutment and the constraints
that specific geologic features would im-
pose on the placement of the borehole.
The abutment in the vicinity of the bore-—
hole consists predominantly of coarse—to-
medium—grained sandstone with interbedded
shale and siltstone (fig. 15). The sand-
stone 1is comprised mostly of very hard
angular quartz grains weakly to moderate-
ly cemented having an unconfined compres-
sive strength of less than 6,900 psi (4).
The weak nature of the sandstone's inter-—
granular material indicated that the rock
would probably drill easily even though
the sandstone's quartz grains were very
hard and abrasive. Rock outcrops within
the right abutment contain both vertical

and horizontal joints. Unfortunately,
the exact locations of the joints could
not be determined because of thin soil
cover, and thus the borehole trajectory
could not be planned to avoid intercept-
ing them. However, the borehole was de—
signed to avoid intercepting the sand-
filled joint shown 1in figure 15. The
elevation at the bottom of the sand-
filled joint was estimated to be 5,950
ft, or about 16.5 ft above the collar of
the borehole. To prevent drilling into
the joint, the first 250 ft of the demon-
stration borehole was to be drilled keep-
ing borehole elevation near the elevation
of the collar, or 5,933 ft. Drilling was
to continue from 250 to 340 ft, by apply-
ing maximum build and tool face direc-
tions of 0° to 20° right and left (fig.
10). A desired increase 1in borehole in-
clination from 90.0° (horizontal inclina-
tion) to 101.0° (11.0° above horizontal)
would result at 300 to 340 ft. Borehole
inclination was then to be maintained at
or near 101.0° to borehole completion in
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to 1Intercept the target eleva-
While maintaining desired verti-
cal trajectory as mentioned, an attempt
was to be made to maintain departure
within 2 ft east or west from the planned
straight-line collar to punchout trajec—
tory (fig. 16). The departure of the

order
tion.

DIRECTIONAL DRILLING THE

Several bent housings were wused to
drill the demonstration borehole; the 2°
bent housing was the most effective in
controlling vertical and horizontal tra-
jectories (fig. 8). Before discussing
the effectiveness of the bent housings,
the drilling of the borehole's vertical
and horizontal trajectories 1s briefly
described.

The first 250 ft of the
drilled maintaining elevation near the
collar elevation as planned (fig. 17).
Drilling continued to a depth of 495 ft
without developing the necessary increase
in vertical borehole trajectory. Conse-
quently, the borehole was abandoned 1in
order to start a new borehole within the
initial borehole at a depth of 289 ft.
After the new borehole was started at 289
ft, drilling continued to borehole com—
pletion at 885 ft, maintaining desired
vertical trajectory.

borehole were

straight-line collar to pun
tory having a bearing of N

was calculated and appears
table A-2, This informati
used continuously during

monitor deviation from the

13

chout trajec-
0°~45'-00" E

in appendix
on would be
drilling to
desired bore-

hole departure.
DEMONSTRATION BOREHOLE

Horizontal borehole trajectory during
the first 250 ft of the borehole was
maintained to within 2.5 ft of the de-
sired departure. (Table A-2 gives the
actual borehole survey log and desired
borehole departures.) As drilling con-
tinued from 250 ft to 495 ft, horizontal
borehole trajectory deviated from the de-
sired course. After the new borehole was
started at 289 ft, horizontal trajectory
of the new borehole was maintained close
to the desired course to borehole comple-
tion, according to borehole surveys (fig.
18).

EFFECTIVENESS IN CONTROLLING
BOREHOLE TRAJECTORY

The 1/2° bent housing with pad was used
to drill the initial borehole to a depth
of 455 ft (fig. 19). Although the de-
sired vertical and horizontal borehole

Target elevation,
6,044-6,054 ft
T T T

130———— T T 1
1201
110
100}
90
80
70
60
50

TTTIj T 717 T

KEY
* Surveyed elevation station
of Initial borehole

2 Surveyed elevation station

ELEVATION, ft

T 17 T T lllll!f?‘llfﬁ

HE|

Punchout elevation, 6,047.53 ft_.

40 of new borehole, sidetracked

30+ from initial borehole

20

10" Collar elevation, 5,933.53 ft

ol &

-10 14J_LJ_Lxll111Jllllllll\|111L11L4|1ll|11|11¥
0 100 200 300 400 500 600 700 800 900

HORIZONTAL DEPTH, ft

FIGURE 17.—Vertical section of demonstration borehole.
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DEPARTURE, ft
T

@®
T

Actual punchout\?

Actual punchout, measured
8.8l ft southwest from
target —

Westerly
boundary of 5-ft-
radius target

10—
F Surveyed b=
12— punchout, .&j
1 KACtEE'MMW -3 o E
14 Lo oy TR gy e T T e | 20 14
o 100 200 300 400 500 600 700 800 900 &
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FIGURE 18.—Plan view of demonstration borehole. Abandoned borehole from 279 to 495 ft not shown. Before drilling of side-
tracked borehole began at 289 ft, initial borehole resurveyed from 89 to 279 ft at 30-ft intervals as shown.

6
1

Scale, in

FIGURE 19.—Various bent housings. Top to bottom: 2° bent housing on in-hole motor, slip-on shoe, 1° bent housing with pad,

1/2° bent housing with pad.

trajectories were maintained to a depth
of 250 ft, the vertical and horizontal
deflection rates were 1nconsistent and
unpredictable. Drilling continued to a
depth of 455 ft without success in bring-
ing the vertical and horizontal borehole
trajectories to the desired course. The
inconsistent deflection rates causing
poor trajectory control resulted from a

lack of sufficient side force being gen-
erated while using the 1/2° bent housing.
The weak nature of the sandstone's inter-
granular material 1s believed to have ne-
gated any potential side force generated
by the 1/2° bent housing. At a depth of
455 ft, the drill string and in—hole mo-
tor were pulled out of the borehole to
replace the 1/2° housing with a 1° bent



housing, after it became apparent that
the necessary 1increase in elevation of
112 ft and change in departure of 14 ft
east required to intercept the target
could not be accomplished using the 1/2°
bent housing.

Drilling continued from 455 ft to a
depth of 495 ft using the 1° bent housing
with pad (fig. 19). Even though the ver-
tical deflection rates were more consis-—
tent when compared to the 1/2° bent hous-
ing, the horizontal borehole trajectory
continued west instead of east. At the
survey depth of 479 ft (bit depth of 495
ft), the borehole was calculated to be
16.8 ft west of the target departure and
96.0 ft below target elevation. Conse-
quently, it was decided to abandon the
borehole and to sidetrack or start a new
borehole from within the initial borehole
at a depth of 289 ft. As with the 1/2°
bent housing, the 1° bent housing appar-—
ently failed to generate sufficlent side
force to control borehole trajectory.

To accommodate the sidetrack at a depth
of 289 ft, enough drill rod was removed
from the borehole to position the drill
bit at a depth of 275 ft, to begin the
sidetrack. The sidetracking procedure

has been described in a previous Bureau
of Mines publication (2). Using the in-
hole motor equipped with the 1° bent
housing, the sidetrack was started at a

depth of 275 ft and completed at a bore-
hole depth of 289 ft (fig. 17). The ini-
tial borehole was also resurveyed from
89 to 289 ft, primarily for bearing, af-
ter replacing a defective muleshoe and
centralizing pumpdown washers that were
believed to have caused error in measur-
ing borehole bearing (table A-2, figure

13).
Drilling of the new borehole resumed
from 289 ft to a depth of 385 ft after

the 1° housing was replaced with a 2°
housing equipped with a slip-on shoe (po-
sitioned on the in-hole motor at the apex
of the 2° bent housing) (fig. 19). De-
sired borehole inclination and elevation
were attained at a depth of 329 ft after
only 40 ft of drilling with the 2° hous-
ing and slip-on shoe and were maintained
thereafter. By referring to the actual
borehole survey 1log and the desired

15

borehole departures in table A-2, it can
be seen that horizontal trajectory was
returned to and controlled within 2 ft of
the desired borehole departure (fig. 18).
Control on both vertical and horizontal
borehole trajectories was accomplished
for the first time because the tool face
settings resulted in predictable and con-
sistent deflection rates. While drilling
with the 2° housing and slip-on shoe,
compared to the previous bent housings,
the side force generated was great enough
to overcome the weak nature of the sand-
stone's intergranular material. Although
directional control had improved, the
slip-on shoe frequently got stuck in the
borehole while drilling, causing the
average penetration rate to decrease to
7 in/min from 21 in/min with the previous
housings. Therefore, at a depth of 385
ft, the drill rods and in-hole motor were
removed from the borehole to remove the
slip—on shoe from the 2° bent housing.

The demonstration borehole was com—
pleted to the final borehole depth of
885 ft using the 2° bent housing without
the slip-on shoe (figures 8 and 19). Ac-
tual deflection rates were consistent and
predictable for directional control with
the 2° housing (table 1). The horizontal
borehole trajectory was maintained within
2 ft east or west of the designed trajec-
tory except for a short interval around
500 ft (fig. 18). Borehole elevation or
vertical trajectory increased at an aver-
age rate of 1.98 ft per 10 ft drilled,
maintaining an average borehole inclina-
tion of approximately 101.0° to success-
fully intercept the designated target
elevation (fig. 17).

BOREHOLE PUNCHOUT AND INVESTIGATING
ERROR IN AZIMUTH

The actual demonstration punchout depth
was 885 ft at elevation 6,047.53, 1.50 ft
below target center and 8.81 ft south-
west of the target perimeter or 13.81 ft
southwest of target center (fig. 20).
The targeted punchout was to occur within
a 5-ft radius with center coordinates
of N 20,447.31, E 52,709.41 at elevation
6,049.03 ft. The calculations from the
NL Sperry-Sun surveys showed the punchout
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TABLE l. - Measured deflection rates using 2° bent housing,

degrees per foot

Change in inclination Change in bearing
Tool face setting (vertical)' (horizontal)?
Range Average Range Average
Right:
20° to 40°..... +0.09 +0.09 0.19R-0.27R 0.23R
40° to 60°..... | +0.00 to +.11 +.06 +02R- .41R .15R
60° to 80°..... +.01 to +.12 +.06 .08R- .36R .19R
80° to 100°.... -.07 to +.08 -.01 .09R- .49R . 18R
100° to 120°... -0.2 to -.06 -.04 NAp . 13R
120° to 140°... -.07 to -.10 -.08 .01R- .13R .07R
140° to 160°... NAp -.06 NAp .03R
Left:
0° to 20°2.....| -.03 to +.09| -.03 | .30L- .lIR .12L
40° to 60°..... -.0l to +.06 +,05 .52L- .00R .15L
60° to 80°..... -.12 to +.06 -.02 .40L- .02L .25L
80° to 100°.... -.12 to +.04 -.04 +13L- .59L .36L
100° to 120°... NAp -.13 NAp .07L
120° to 140°... -.07 to -.20 -.12 .53L- .0IR «24L
140° to 160°... NAp -.16 NAp .11R

NAp Not applicable.

'+ Increase (buildup); - decrease (drop).

2R Right (east); L Left (west).
SLeft tool face settings were
borehole depth. During that

bit thrust of >7,000 1b was

quently, drilling penetration

decreased.
to be at elevation 6,047.14 ft 1.89 ft
below the target center, and at coordi-
nates N 20,439.96, E 52,710.80, 1.4 ft
northeast of the target center. The ele-
vation error between the actual and cal-
culated punchout was 0.39 ft, which was
well within the accuracy of the survey

instrument. The coordinate error between
the actual and calculated punchout was
15.20 ft (figures 18 and 20), which was
within the 1° accuracy of the survey in-
strument in measuring bearing.

Investigation into calculating system—
atic compass error caused by drill string
interference has indicated that a possi-
ble error of 0.30° E was imposed on the
compass (l1). Applying the equation de-
veloped by Blythe and Callas (l1) for es-—
timating compass spacing,

not

applied from 805- to 885-ft

C =

where C

F

and E

drilling interval,
readily
rates and deflection magnitudes

sin

the necessary
available. Conse-

=V ((F/H)(sin (I) sin (E))),

o

compass correction, °,

net forces affecting compass,
EMU,

horizontal component of
earth's magnetic field inten-
sity (23,300 nT or 0.0233 EMU
at Navajo Dam, according to
the National Geophysical Data
Center),

borehole inclination, 95°,
compass reading, 350°.

PL / (DL)2 + PU / (DU)2,
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FIGURE 20.—Borehole punchout.

where PL = lower pole strength, esti- A final punchout departure of 52,706.16 E
mated at 100 EMU, was calculated by applying the compass

error correction to the previously sur-

PU = upper pole strength, esti- veyed borehole bearings. This departure

mated at 1,000 EMU, is 4.61 ft closer to the actual punchout

as compared to not applying the compass

DL = compass distance from lower correction. Although caution must be

pole, 400 cm, used when calculating compass correction

caused by drill string interference, be-

and DU = compass distance from upper cause pole strengths cannot be measured
pole, 3,020 cm. precisely and are not constant, the cal-

culation in this application’ would have
C = -0.30° (correction of 0.30° W). increased borehole punchout accuracy.
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CONCLUSIONS

The demonstration borehole was direc-
tionally drilled to a final depth of 885
ft, where punchout occurred. Final bore-
hole elevation was well within the tar-
get; borehole punchout coordinates were
8.81 ft southwest of the target. Bore-
holes can only be directionally drilled
within the accuracy of the borehole sur-—-
vey system used. The NL Sperry-Sun type
B 120° single-shot directional survey in-
strument is accurate to within 1° bearing
and 0.24° inclination. The borehole-
surveyed punchout, relative to the land-
surveyed actual punchout, was within the

instrument. The 2° bent housing was the
most effective in maintaining directional
control of the vertical and horizontal
borehole trajectories.

As a result of the demonstrated bore-—
hole drilling accuracy, the original plan
of constructing a long tunnel under the
right abutment of Navajo Dam and drilling
150-ft boreholes from inside the tunnel
to control water seepage was abandoned.
The Bureau of Reclamation has instead
contracted the construction of a shorter
tunnel and the accurate drilling of bore-
holes as long as 600 ft, resulting in a

accuracy of the NL Sperry-Sun survey substantial cost savings to the taxpayer.
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