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ABSTRACT 

,------NOTICE--- - -. 
This report wu preptJed u an account of work 
sponJOrcd by the United States Government . Neither 
the United States nor the United States EnerJY 
Ruearch and Development Administration, nor any of 
their employees, nor any of their contractors, 
subcontractors, or their employees , makes any 
warranty, express or Implied, or auumes any lepl 
tiabWty or responsibWty for the accuncy, completcnea 
or utefulnea of any inform~ lion, appantus, produC1 or 
process disdoted , or represents that itl use would not 
infrinae privately owned ri&hts. 

The surface electrical potential system was refurbished and 
updated during this year prior to conducting several field experi
ments. Results from these MHF's not only include fracture orientation 
but also provided some insight into fracture growth periods. A very 
shallow fracture e xperiment was also conducted to calibrate the 
models and allowed verification of several different mapping techni
ques. The surface se i s mic recording e ffort has been terminated and 
its emphasis placed o n downhole, wal l clamped, three-axis geophone 
recording system. This system should be available for testing 
during fiscal '78. 

INTRODUCTION 

During the previous year, Sandia Laboratories has joined with 
several operating companies to perform diagnostic experiments on 
gas stimulation v ia massive hydrau l ic fracturing. These experiments 
have covered a wide range of depths, formations, and regional loca
tions to study hydraulic fracturin g . The surface electrical potential 
was the primary means o f ob t ain ing t hi s d i agnostic information. Th is 
system util i zes the fracture well as o n e o f the current electrodes in 
a typical fo ur element resistivity array . The changing geometr y of 
this current electrode as the conductive f racture fluid is pumped 
into the ground results in a changi ng potential pattern at the sur
face which can t hen be ma pped. Th e orientation and asymmetry of 
the fracture can t hen be de termined from the s urface. Also the 
fracture growth periods and lengths of time that the f racture length 
is being extended can be determined. These potential changes and 
the theoretical model for them was presented at the SEG meeting in 
Houston .1 

Four experiments were conducted during this year and their re
sults indicate t ha t the surface electrical potential s y stem design 
effort has been c omp l eted and i ts application to hydraulic fractur i ng 
has been proven . Yet to be determi ne d are the limitations and 
capabiliti e s o f t hi s s ystem when appl ied to deeper or smaller hy
draulic fracture experiments. These results will have to be 
determined by both a combination o f model tank work and actual 
field experiments. 

* This work supported by the U.S. Energy Research and Development 
Administration. 
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Th recording of seismic signals associated with hydra_ulic . frac
turing n the surface has been discontinued. The results of the 
January 1976 Wattenberg experiment have been completely analyzed 
and ind'cated that fracture signals were-not being received at the 
surface. The seismic effort has been shifted to a downhole, wall 
clamped seismic system where the planned _utilization will be for 
the bre kdown phase. Hopefully seismic signals can be created 
during he breakdown pumping by varying the rates, pressures and 
shut in times to determine close in to the wellbore the fracture
orienta ion and height. This should result in some interesting 
informa ion concerning vertical fracture growth into the overlying 
and und rlying beds of planned containment. This system will be 
ready f r experimental testing during the following year. 

BACKGROUND 

ring September of 1974 Sandia Laboratories joined with El Paso 
Natur Gas on our first fracture mapping experiment in their Pinedale, 
Wyomi g lease. Sandia using their in-house instrumentation and data 
colle tion capabilities applied these to a new measurement area. 
Both the surface seismic recording system and the first electrical 
pote tial system were deployed for this experiment. These initial 
exp iments were followed by a more sophisticated seismici and 
ele trical s1stem the following year. These results have been 
re rted in reference2. These initial experiments resulted in 
Sa dia funding from ERDA for the program entitled "Natural Gas 
Ma1sive Hydraulic Fracture Research and Advanced Technology Project." 
Tqe total number of experiments conducted to date are. tabulated in 
T1ble I. 

! 

! The system that was deployed for the seismic reqordings was a 
Wfdeband continuous analog recording system. The in~e~~ was to 
r~cord at all frequencies where seismic signals coulq ppssibly be · 

· r~ceived in the anticipation that the hypocenter loc~tiion of these 
s~gna~s could ~e _determined and that ~hey would be ftJc~ure relat~d. 
The w1de bandw1dth of the system requ1red a tremendo~$ data handl1ng 
c~pability and software effort to support the data a~lysis. These 
tasks have been completec.l and have shown conclusively that fracture 
related signals will not propagate to the surface frpm nydrofracs 
at 8000 feet. . . ) : · 

The electrical system evolved through several experiments to the 
present day system. The initi~l experimens where feasibility was 
established required considerable time to take one,set of data from 
24 radial lqcations. The present system utilizes a computer and 
multiplex data so that the complete electrical field can be mapped 
as frequently as every 20 seconds. 



ELECTRICAL POTENTIAL SYSTEM 

The electrical potential system has evolved over the past three 
years into the system currently in use. A complete system descrip
tion including block diagrams and software is given in reference3. · 
A brief description of the system will be given here to allow a 
more comprehensive annual status report. The electrical system is 
comprised of three subsystems. These are: 1) the current generator, 
2) the potential measurement boxes, and 3) the data collection sys
tem. 

The current generator was designed to provide up to 600 volts 
and 50 amps of current for use in the surface potential measuring 
technique. It has the capability to provide bipolar pulses that 
are controlled in length by either the PDP-11 computer or manually. 
The current generator is completely isolated so that the energy 
source only comes into contact with the earth at the two current 
driving points. Fracture well or downhole current probe in the 
fracture well is used as one of these points with the other being 
a remote well located usually more than a mile from the fracture 
well. The current generator utilizes batteries for the voltage 
source which are automatjically recharged between current pulses. 

! 

The potential measurement system is a series of boxes which 
have inputs from two voltage probes. These voltage probes feed an 
isolation amplifier which performs the necessary isolation between 
the power supply lines, data collection lines and the potential 
probes. The output of the isolation amplifiers modulates a voltage 
controlled oscillator which in turn is multiplexed to collect 24 
sets of data simultaneously. 

· The data contrbl and collection subsystem utilizes a PDP-11 
computer .for collec/t±~g the data and controlling the current 
generator. Data is! f¢llected by demultiplexing the outpus from 
the potential measttrtng boxes digitizing, averaging and storing 
these on permanent /qata files for later analysis. Hard copy outputs 
are available for q~ick look analysis of test results. 

1/ f EXPERIMENTAL RESULTS 
Jf 

·Tulsa Mini-Frac 

During Nove~er 1976 a shallow fracture was designed and con
ducted by AMOCO at a location approximately five miles NE of Tulsa .. 
The purpose of tl.1.is experiment was to allow verification of both the 
Sandia surface eiectrical potential·technique as well as the USGS · 
tiltmeter models. The plan called for creating a very shallow 
vertical fracture that could later be verified by drilling from 
the surface. The fracture depth was from 40 to 80 feet and a 
predicted fracture length of 600 feet. A surface potential array 
was installed and collected data during the 5000 gallon fracture. 



i 
Electrical results indicated a fracture orient tion of E-W with the 
main fracture length in the easterly direction This orientation 
was later verified when AMOCO drilled into the formation and inter
cepted the fracture in the easterly direction ut did not intercept 
it to the west. The orientation was also veri ied by AMOCO's down
hole TV camera as well as the USGS tiltrneter d ta. The significance 
of this experiment is that it did in fact show that the surface 
electrical potential technique could not only etect fracture 
orientation but also provide insight into the symmetry of the 
fracture. 

Natural Buttes #14 

During April 1977 an MHF experiment was onducted as part of a 
joint industry /ERDA .funded program. GPE cond cted an MHF experiment 
on their well NB #14 located south of Vernal, Utah. This was an old 
well that was being re-fractured. Fracture esign called for eight 
stages of pad and proppant separated by ball ng off after each stage. 
In this manner hopefully 15 zones were to b treated. The surface 
electrical potential data was collected on ne minute intervals 
during the entire fracture operation. Surf ce potential data 
showed a significantly different fracture rowth than had been 
expected because of the balling operations During the first stage 
apparently three separate fractures were · itiated and terminated. 
One additional fracture was created durin the fourth stage. 
Evidently the remaining time of pumping r sulted in these fractures 
being inflated and receiving the proppani. There was no apparent 
correlation between fracture growth, fracture termination, and the 

' ball seating on the perforations. Fract~re termination is probably 
associated with formation properties ra~her than surface conditions. 
Fracture orientation was also establish~d and ·fracture growth 
direction during e~ch of the four stage~ was seen. By the end of 
the frac job, the fracture was approxima~ely symmetric and was 
oriented from NNW to SSE. l 

I 

I 
This type of data and its interpretations has shed a new light 

on the usefulness of the surface electrical potential t~chnique. 
This system can apparently be used not only for determining fracture 
orientation but will also.be useful as an aid in interpreting frac
ture·growth. 

Conoco 

In March 1977 an experiment was conducted ~ith Conoco in their 
Big Muddy field, east of Casper, Wyoming. Conoco was planning an 
enhanced oil recovery project in this field and required knowledge· 
concerning the fracture orientation. Conoco had installed six down
hole pressure gages in wells surrounding the fracture well as an 
independent means of determining fracture orientation. Sandia 
installed their surface electrical potential data system as a method 



of independently determining fracture orientation. The fracture was 
at an intermediate depth and was to be significantly sm~ller thart 
previous experiments. The well was completed open hole and Conoco 

·furnished a downhole current probe. The downhole current probe 
probably ~nhanced the data for this small frac to the point to 
where it could be interpreted. A Sandia data interpretation was 
a one-sided asymmetrical fracture that was oriented almost due east. 
This was later verified by Conoco in their interpretation of .their 
pressure data. Another int$resting observation concerning this 
experiment was that the electrical fracture length was created during 
the first few minutes of pumping and the balance of the time the 
fracture length.did not significantly grow. This phenomena of 
quick fracture growth could be explained by leak off of the fracture 
fluid into the formation during continued pumping. This growth and 
stop phenomena was also seen on the previous NB #14 .experiment. 

Natural Buttes #20 

In June 1977 a second experiment was conducted with GPE near 
Vernal, Utah. This experiment was on their well NB #20 at a 
greater depth than the previous experiment. This fracture design 
called forj eight zones to be treated using the limited entry techni
que. The /surface electrical potential system was installed slightly 
different/for this experiment. The inner radials were located at 
1800 feei as before but the outer radial spacing was changed. The 
model shows that an increased outer radial spacing will enhance the 
data and because of the deeper fracture it was desired to move the 
outer radials out as far as possible. This was done by selecting 
a voltage common well that was located five miles away and. using 
this well as the outer radial for each set of probes. By doing 
this ~he outer probe was effectively moved to infinity. The data 
was cpl~ected every minute during the approximately three hours 
long p~ping period. The results indicate that no appreciable 
fract~~~ length was created at any time during the entire pumping. 
The 80 entia! changes that were seen at the surface were consider
ably ! ss than those seen on the previous experiment. The only 
cone~ sian that we can draw is that the fracture propagated 
vert\~ally to a much greater extent than had been designed and 
the ij:orizontal length was much smaller than designed . 

. } ; . 

SEISMIC SYSTSMS STATUS 

Su#face Recordings 

; Seismic data collected with a surface array of seismometers 
symmetrically located around the AMOCO well during the January 1976 
massive hydraulic fracture have been extensively analyzed. The 
main analysis tool .consisted of a computerized procedure for time 
Ofiarrival locating of seismic hypocenters which was presented in 
a paper for the October 1976 Computer Use By Engineers Symposium in 
Albuquerque, New Mexico.4 



Basically the procedure involves computing and displaying 
hypocenters via a four dimensional nonlinear optimization utilizing 
time of arrival information obtained from the cross-correlation of 
received signals. 

; Hypocenter location plots were made for the entire ten hour 
period of the pumping operation. The data were examined in several 
pass bands and bo.th positive and absolute values of correlation 
peaks were utilized in order to find shear signals which might be 
of opposite polarity across the plane of the fracture. 

The result of the analysis was that no clustering of hypo
centers could be found which might be related ·to the fracture. 
Taken over the entire period of the operation the plots were 
random and symmetrical to the well. The one bright spot in the 
result occurred after pumping ceased. The plan view plot showed 
a definite alignment of hypocenters in the N-S direction. Later 
it was discovered that this location overlaid a pipe line which 
we now assume was pumping during the fracturing. While this result 
confirmed the ability of the procedure to plot sources for a linear 
and relatively continuous process it remained that the fracture 
was not located. . 

I 
The ~onclusion draw is that no signals sufficiently above the 

background noise to plot the fracture were generated by the January 
1976 Wattenberg massive hydraulic fracture operation. 

Downhole Seismic System 

A wall clamped, .three-axis downhole seismic system has been 
designed and fabricated by Sandia Laboratories for use in the 
natural gas programs. The purpose of this system is to determine 
close in to fracture wellbores the orientation and vertical extent 
of hydraulic fractures. The system is similar to the one developed 
by Los Alamos Scientific Laboratory for their geothermal project.5 
If seismic signals can be created during the breakdown phase of 
fracturing operations by controlling pressures, rates and shut ins 
then these signals can be used to mup the fracture plnn. The 
signals must contain both a P-wave and S-wave arrival so that the 
distance to the seismic event can be determined. The azimuth is 
then determined by the vector orientation of the arrival of the 
P-wave. The electronic system has been designed to allow·operation 
on a single conductor logging cable. Power is sent down the cable 
and the three-axis geophone signals are FM multiplexed and trans
mitted up the cable. Control-circuitry is also provided for clamping 
and unclamping the mechanism. Preliminary testing has been com~ 
pleted with this unit in a shallow borehole at Albuquerque. Future 
test plans include fracture experiments at two Sandia sites prior 
to the use of· the system in a commercial well. 



CONCLUSIONS. 

The surface electrical potential system has had the design 
-finalized and is now ready for an applications phase where data 
from several experiments can be collected and analyzed. To date 
the system has proven to be much more valuable than its original 
intent. Not only is fracture orienation being detected but also 
fracture asymmetry, fracture growth rates and fracture growth 
periods have also been detected. The system has been operated 
at a wide range of depths, formation and fracture volume treatments. 
During the ensuing year plans are being formulated to test this 
system in several new environments. In conjunction with the 
electrical system the seismic system will be deployed during the 
following year. Hopefully the information obtained from the 
seismic system will help verify the results obtained from the 
electrical system and add new insight into the fracturing height 
parameters. 
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Table I. Fracture Experiments 

Systems 
Operating Company Date -Deployed 

EPNG 9-74 S&E*· 

EPNG 7-75 S&E 

EPNG 10-75 . S&E 

AMOCO 11-75 E 

AMOCO 12-75 E 

AMOCO 1-76. S&E 

Columbia Gas 8-76 E 

AMOCO 11-76 E 

GPE 3-77 E 

CONOCO- 3-77 E 

GPE 4-77 E 

S - Surface seismic System 
E - Electrical Potential System. 

Location 

Pinedale, Wyoming 

Pinedale, Wyoming 

Pinedale, Wyoming 

Wattenberg, Colorado 

Wattenberg, Colorado 

Wattenberg, Colorado 

Lincoin County; 

Tulsa,· Oklahoma 

Vernal, Utah 

Casper, Wyoming 

Vernal, Utah 
I 
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