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INSTR~ffiNTATION FOR GRANITE TEST NO. 1

by

Bert R. Dennis and Robert M. Potter

ABSTRACT

Initial measurements to evaluate the feasibility of extract
ing energy from hot-dry rock in Precambrian basement (granite),
employing hydraulic-fracturing techniques, were explored in the
LASL Granite Test Hole No.1. Following a series of hydrology
experiments in the 785-m-depth (2575-ft) hole, preparations "ere
made to instrument a series of hole-pressurization and hydrau
lic-fracturing experiments. The instrumentation was designed to
~easure breakdown pressure, crack-extension pressure, and shut-in
pressure for each fracture and to determine principle tectonic
stresses, breakdown stress for hydraulic fracturing, and leak-off
rate for fracturing fluid.

INTRODUCTION

The Los Alamos Scientific Laboratory has in

itiated a program for the research and development

of geothermal energy. The Jemez Mountains in

north-central New Mexico have been selected for

initial experiments in the development of a man

made geothermal-energy system. The region of the

Valles Caldera in the heart of the Jemez Mountains

was the scene of volcanic activity as recently as
140,000 to 50,000 years ago.

Preliminary investigations indicated that

very hot rock exists at moderate depth throughout

the area. To verify temperature extrapolations and

to investigate directly the structure and proper

ties of the Precambrian-basement rock, Granite Test

Hole No.1 (GT-l) was drilled on the west side of

the Caldera to a depth of 785 m (2575 ft).2

After drilling, hydrological tests were rnade

on the hole. These tests confirmed the very Imr

mean permeability of the granite basement, and its

ability to contain water at pressures up to 900 psi

above hydrostatic. A straddle-type packer was used

to isolate portions of the hole and to introduce

hydraulic pressure to the borehole walls be~feen

the upper and lower parts of the packer.

REQUIRED INSTR~NTATION

Following hydrology experiments in Granite

Test Hole No.1, preparations "ere made to instru

ment a series of hole-pressurization and hydraulic

fracturing experiments. * The instrumentation was

designed to measure breakdo,m pressure of the rock,

crack-extension pressure,and shut-in pressures for

each fracture and to determine principal tectonic

stresses, breillcdm'll stress for hydraulic fracturing,

and leak-off rate of the fracturing fluid. Two

pressure measurements were to be recorded-the pri

mary measurement being made downhole in the pres

surized zone. As a backup, a second pressure trans

ducer recorded fluid pressure in the borehole at

the ground surface. The dm'llhole pressure trans

ducer "ras installed in the pipe string below a shut

off valve. This valve ,TaS designed to actuate at

breakdo,m pressures, thus preventing excessive post

breakdo,m crack gravrth. Surface pressure ",ould then

be bled off until the shut-off valve equalized (at

initial formation shut-in pressure), allm,ing crack

extension to be controlled.

A three-component geophone was located on the

downhole side of the bottom straddle packer imme

diately below the pressurized region. The geophone

*The series of experiments were initiated in early 1973.
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package was designed to be mounted securely to the

bottom packer, thus insuring mechanical coupling

into the openhole rock formation. The geophone

would hopefully monitor acoustic signals generated

by the cracking events and help determine the fea

sibility of mapping crack extensions employing

triangulation techniques. The dmvnhole geophone

would also provide a time correlation for a seismic

array deployed at the surface. This surface array

would monitor seismic background of the experimental

area before and during the fracturing experiments.

It was planned that the close-in surface array

might detect an acoustic signal generated by the

elastic strain-energy release that occurs when the

rock fractured. The detection of the acoustic

signals from both the dmvnhole package and the sur

face array would possibly permit mapping of the

hydraulic fracture as it grew.

LIMITATIONS

Several initial limitations concerning dmvn

hole instrumentation were anticipated, and every

effort was made to minimize foreseeable problems.

The temperature in the zone of interest reached

100°C. This temperature caused no serious threat

to the transducers (the pressure gauge was rated at

148.9°C (300°F) and the geophones rated at 148.9°C

(300°F), but could affect operation of any dmvnhole

electronics employed to boost low-level signals or

drive long signal lines to the surface recording

equipment. In view of more severe temperature

limitations that would be encountered in future

test holes, it was decided to employ electronics at

the surface recording station. The electronic

apparatus selected has been proven to adequately

measure low-level signals over long-signal lines

with excellent common-mode (noise) rejection and

gain/linearity characteristics.

A second problem anticipated in the dmvnhole

measurements concerned the static head pressure of

the hydraulic fluid that completely filled the

hole. This resulted in the design of transducer

housings, and all electrical connections, to with

stand the head pressure to prevent water from in

truding into the instrumentation cables. The pres

sure gauge was mounted on an offset subassembly

(Fig. 1) located just above the top straddle
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packer and below the shut-off valve seating nipple

Because its location imposed stringent size re

quirements, the transducer housing connector assem

bly had to be especially machined (Fig. 2).

INSTRUMENTATION DATA

The instrumentation cable used for downhole

measurements was a high-grade, low-impedance,

16.2-ohms/30rm (16.2-ohms/1000-ft) cable contain

ing three individually shielded hTisted pairs of

22-gauge-Copper stranded wire. The z-fold, ~~lar

tape shield wrapped around each pair included a

drain wire. A tough Marlastic 101 jacket housed

the pair~and the dmvnhole end was terminated with

a molded and sealed marine connector. The overall

outside diameter of this cable was 8 mm (5/16 in.).

The cable did not employ steel armour normally

used in logging cable. Assuming the uncased hole

to be perfectly straight, clearance after cable

installation was only 3 mm (1/8 in.).

The cable was connected to the dmmhole-in

strument package at the surface and was reeled off

as the hydraulic tubing was lowered into the hole.

The cable I'Tas strapped to the tubing ,ri th steel

hose clamps at selected intervals. The first 29.3

m (96 ft) of downhole cable was inserted into flex

ible-aluminum conduit for added protection against

a casing shoe, 'Thich was knoln1 from previous log

ging runs to be protruding into the open portion

of the hole. Continuity checks were carefully

made at a number of intervals during insertion to

assure that the transducer and cable remained oper

ational,because it was realized that a failure of

the downhole instrumentation during insertion would

cost an additional round trip of the tubing.

The downhole-geophone package was threaded

into a specially designed subassembly inserted

into the bottom packer to insure positive coupling

with the surrounding rock formation. It I·Tas nec

essary to run the geophone cable up through the

packer assembly and out of the tubing via a sealed

feedthrough (Fig. 3). It was also necessary, al

though undesirable, to splice the cable at the up

hole side of this feed through. Field splice kits

employing a sealing epoxy and moulded boots proved

successful.



A second triaxial geophone, identical to the

downhole package, was mounted as a backup system at

the surface some 30 m (85 ft) south of the granite

test hole by imbedding the instrument in the frozen

ground.

Data acquisition and recording equipment was

installed in a 6-m (20-ft) by 2.4-m (8-ft) trailer

located several meters from the wellhead. The data

acquisition electronics included B & F Model 2460

signal conditioners, Astrodata Model 886 wide-band

differential amplifiers, an Ampex CPIOO magnetic

tape recorder and an eight-channel Technirite 888

direct-write strip-chart recorder. Auxiliary equip

ment included two John Fluke Model 8300A digital

voltmeters, a Tektronix 556 dual-beam oscilliscope

and a Systron Donner 8110 time-code generator (Fig.

4). The on-line strip-chart recorder was used pri

marily for initial small fracture experiments.

Data were recorded on magnetic tape during the

large "Halliburton" fractures.

CHRONOLOGICAL ORDER OF EXPERIMENTS

The series of chronological events summarized

in this report will cover only those experiments in

which either downhole-and/or surface-electronic

measurements were significant in determining the

success (or failure) of the hydraulic fracture

attempts. On February 28, the downhole pressure

transducer and subassembly carrier was pressure

checked at the surface to 206.7 bars (3000 psi) in

34.45 bars (500 psi) increments. The following day,

the transducer assembly was mounted on the straddle

packer assembly and lowered into the hole in prep

aration for the first fracture experiment. The

pressure transducer was checked about one-third of

the way into the hole and found to be equilibrating

to hydrostatic pressure. It was surmised that the

additional machining of the gauge-housing connector

allowed venting of the low-pressure side of the

transducer to the annulus hydrostatic pressure.

The transducer was still usable to measure pressure

above hydrostatic, 74.1 bars (1075 psi), which was

suitable for pressurization measurements. Due to a

ruptured seal on the straddle-packer assembly, the

experiment was aborted and the tUbing pulled out of

the hole. Careful examination of the instrumenta

tion cable revealed several places where the steel

cable clamps had caught on the casing wall during

extraction and cut the jacket exposing bare conduc

tors. The instrumentation cable was repaired and

insulated-1'!ire clamps replaced the steel-cable clamps

to prevent further damage.

On \vednesday, March 7, the first hydrauEc

fracture was made. During this experiment, the

shut-off valve closed as intended but did not reopen

after the pressure equalized. Attempts to extend

crack gro;rth were terminated. A second experiment

attempt resulted again in the shut-off valve failing

to open. Upon examination of the valve assembly,

it was found that pollution of the hydraulic fluid,

primarily with pipe dope, gummed up the valve causing

the failure. Hrniever, pressure records from the

fracture experiments revealed that no danger from

back pressure was evident and the shut-off valve

could be retired. This also meant that the downhole

pressure measurement was not quite so necessary and,

in vie;r of continuing cable ruptures due to abrasions

when tripping the tubing, it was decided to instru

ment the fluid pressure only at the surface.

Following four successful small fracture ex

periments, the scheduled do;mhole geophone tests

were begun. The geophone package was threaded into

the bottom-packer assembly and the signal cable

pulled through the sealed feed through. The assembly

was pressure checked at the surface to 103.4 bars

(1500 psi). Once again, the time-consuming task of

strapping the signal cable to the tUbing was under

taken, and continuity checks were made several times

while inserting the tubing string. The fracture

zone ;ras pumped up to a maximum of 70.1 bars (1018

psi) when the pressure began to falloff. The ex

periment was aborted and examination of the system

revealed that the instrumentation cable had extruded

through the feedthrough, stripping the cable jacket

and causing the leak. Due to the imposed time

schedule to finish this series of experiments,

drnvnhole instrumentation ;ras reluctantly abandoned.

Primary instrumentation for the remaining

experiments consisted of the surface-pressure gauge

and the surface-triaxial geophone that had been im

bedded in the frozen ground. ~ro additional small

fracture experiments ;rere performed with no malfunc

tions and excellent results.

The straddle- packer assembly 1iaS located in a

zone ",here no pre-existing cemented rock fractures

had been detected by core examinations. The chosen
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interval was centered at a depth of 745.2 m (2445

ft). The zone was pressurized to 60.6 bars (880

psi) and shut in to check for leaks. Pumping was

resumed and the pressure level peaked out at 106.45

bars (1545 psi). Figure 5 shows an oscillograph

record reproduced from the magnetic tape recording.

The record shmfS the surface-pressure channel along

with one horizontal-geophone channel, H2, and the

vertical-geophone channel, VL The pressure chan

nel clearly shows the gauge shut-in areas during

which time a Heise reading was made. No significant

acoustic signals were detected. Figure 6 is a high

speed record of the same data showing the individual

pump strokes on the pressure channel. Straight

lines dra,rn through the slopes intersect at a pres

sure of 104.4 bars (1515 psi~ which is in good agree

ment with the Heise readout. Figures 7 and 8 are

oscillograph records of the repump experiment per

formed in the same zone to obtain a fracture exten

sion pressure. This pressure was measured at 86.1

bars (1250 psi). Again no acoustic signals were

detected. The records of the experiments performed

on March 28 were chosen to exemplify the small frac

ture events. A summary of breakdown and fracture

extension pressures for the small fracture experi

ments is given in Table I.

TABLE I

I1ICREHEllTAL FRACTURE BREAlQlCl'1U AND EXTElISIO!l PRESSURES

Depth Breakdown Extension

Date (meters) Feet bars ~ ~ psi

3-7 761,4 (2498) 90.5 (1320)

3-14 772.7 (2535) >151.6 (>2200) 72.3 -1050

3-21 751,3 (2465) 95.1 (1380) 81.0 U75

3-23 776.3 (2547) 90.9 (1320)

3-24 740.4 (2429) 80.6 (U70) 69.9 1015

3-27 748.3 (2455) 117.3 (1702) 89.6 1300

3-28 745.2 (2445) 104.0 (1510) 84.9 1232

The straddled zone for the fracture experiment

on March 24 contained at least four cemented frac

tures. The straddled zones for the March 27 and

March 28 experiments 1,ere fracture-free granite in

tervals before the hydraulic tests were performed.

On April 4, the Halliburton equipment 1·ras lo

cated on site to attempt a large fracture in Granite

Test Hole 1. Some difficulty was encountered in
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setting the packer assembly in the openhole rock

formation. A fracture attempt was made and a pres

sure of 151.6 bars (2200 psi) was reached before

aborting the'test. Later examination of the tape

recording revealed a sizable acoustic signal (Fig.

9) 1,hich confirmed indications that a fracture did

occur. Figure 10 is an expanded record of the seis~

mic signal showing compressional and shear components

as recorded by the geophones.

On the following day, April 5, a nevr packer

assembly was installed in the openhole and a second

attempt to create a large fracture was successful.

The oscillograph record of this experiment shows a

large acoustic signal resulting from the crack ex

tension (Fig. 11). Compressional- and shear-wave

components are again defined in the high-speed ex

pansion of the data as shown in Fig. 12. The seis

mic event occurred approximately 6.2 sec after pump

shut in at which time a refracted-pressure wave was

detected on the surface pressure gauge. A plot of

the pressure 1·rave sh01-ring the refracted wave is

given in Fig. 13. Both a compressional and shear

wave were detected at the geophone as evidenced by

the two separate and distinct frequency components.

The first component (p) has a frequency of 16.8 Hz

followed about 280 msec later by a second component

(8) with a frequency of 12.8 Hz. Little if any in

formation can be obtained from the amplitude of the

acoustic signals since the natural frequency of the

geophone (21 Hz) is somewhat above the measured

frequency components. Detailed analysis of the

seismic events recorded during this series of ex

periments is presented in Ref. 3.

The surface array of seismic stations was un

fortunately not in operation during the large-frac

ture experiments. Correlation of fracture orien

tation and extension is therefore not possible from

seismic information.

Data recorded from the surface array during the

small-fracture experiments show no detection of

microseismic events.

CONCLUSION

The overall test results from the GT-l hy

draulic-fracture experiments proved most successful.

Plans are now operational to drill a second Granite

Test Hole, GT-2, where more elaborate and extensive

hydraulic-fracturing experiments will be conducted
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Fig. 2. Machined pressure transducer.

Fig. 3. Downhole seismometer assembly.

Fig. If. Recording system block diagram.
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Fig. 5. Pressure and geophone recorded data, GT-l, 3-28-73.



Fig. 6. Breakdmvn pressure, GT-1, March 28, 1973.
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Fig. .8. Fracture extension pressure, March 28, 1973.
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HB-3 April5, 1973

---System pressure vs time
••••••• Curve of the analytic expression

p= 145-3.5t + 27.6 cos [ 2 11'(t/2. 24 l] e-1/5.9

which is an approximate;l: 11' to the first
5 seconds of system pressure

- ......A postulated pressure wave whose interaction
with the analytically fitted pressure wave
function would produce the actual pressure

from 6.2 seconds on
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Fig. 13. Refracted pressure wave.
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