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ABSTRACT 

Massive hydraulic fracture mapping field experiments continued 
in FY 77 with Sandia participating in fractures with G.P.E., Amoco, 
Shell and Conoco. The surface electrical potential system has demon- 
strated that the fracture orientation can be determined to within 
+ 5 degrees and has clearly shown that most fractures are asymmetrical. 
This system has been completely documented and has had wide exposure 
to the industry providing for the transfer of its technology. Improve- 
ments in the electrical system, its analytical model and the development 
of new systems for fracture diagnostics was also continuing. 

Hydraulic and explosive fracturing experiments have been conducted 
adjacent to an existing tunnel complex at DOE's Nevada Test Site and 
have been directly observed by subsequent mineback activities. Evalua- 
tion of a proppant distribution experiment has revealed a very complex 
fracture system which differed significantly from design; additional 
in situ stress and material property measurements are being made to 
quantify observed behavior. An experiment has been designed and 

* Part II of this publication is a separate volume and contains all 
the Appendices referred to in this publication, Part I. 



conducted which will examine hydraulic fracture behavior at a geologic 
interface between formations with significantly different moduli, 
Poisson's ratios and porosities; mineback evaluation will occur next 
year. In conjunction with a nuclear containment program, the stresses 
surrounding a contained explosive detonation have been examined. A 
256 lb TNT detonation produced no radial fractures extending from the 
main cavity, but gases escaping down a borehole did create a 30 x 75 ft 
fracture in a region of reduced overburden stress caused by the 
explosion. 

. 

Specific aid was provided in the planning and development of the 
Western Tight Gas Sands Project and DOE's Enhanced Gas Recovery 
Strategy Plan. A resource survey of the Greater Green River Basin 
was conducted as part of the latter activity. 
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I. INTRODUCTION AND SUMMARY 

Sandia Laboratories conducts two projects which are part of the 
United States Department of Energy's (DOE) Enhanced Gas Recovery Program. 
One is the Massive Hydraulic Fracture Characterization Project whose 
objective is to develop instrumentation systems for characterizing frac- 
ture systems, formations and other parameters contributing to enhanced 
qas recovery. The other is the Mineback Stimulation Test Project whose 
objective is to understand, and thus improve, fracturing processes for 
stimulation of natural gas production from low permeability formations 
which contain a high potential resource. This report summarizes a&iv- 
ities conducted under these two projects during Fiscal Year 1977: 
October 1, 1976ethrough September 30, 1977. 

The Massive Hydraulic Fracture Characterization Project began in 
1974 with the initial application of Sandia's instrumentation capability 
in a joint experiment with El Paso Natural Gas in the Pinedale Field, 
Green River Basin, Wyoming. The initial effort was an attempt to measure 
the orientation and growth of a massive hydraulic fracture using both 
surface seismic recording and electrical potential mapping techniques. 
In the ensuing years, the surface seismic program has been discontinued 
because of its inability to map fractures from the surface. The electrical 
potential technique has grown and has been fielded on several experiments 
over the past three years. This instrumentation system has been deployed 
on both joint DOE-industry funded and private industry experiments on a 
non-transfer of funds basis. These experiments have covered a range Of 
stimulation techniques in natural gas, petroleum and tar sands recovery. 

The electrical potential technique is based upon the surface measure- 
ment of potential changes caused by a changing current electrode geometry. 
The current electrode is the fracture well and the conductive frac fluid 
introduced into the subsurface formation causes the geometry to change 
during the fracture operation. These potential changes are small and 
require extensive data collection and analysis to ascertain fracture 
orientation. Model calculations aid in the interpretation of fracture 
Qrientation and symmetry. . 

Recent program activities have focused upon the continued develop- 
ment and application of the surface electrical potential technique as 
well as a broadening of scope to develop other instrumentation systems 



and techniques for characterizing geological features such as sand 
lenses and natural fracture systems, effects due to different stimula- 
tion processes, and other factors affecting enhanced gas recovery. A 
continuing close relationship with industry is anticipated in these 
activities. 

The Mineback Stimulation Test Project was initiated in FY77. However, 
the program has built upon fracturing and mineback activities which have 
been conducted since 1974 in G-tunnel, at the Nevada Test Site, as part 
of a nuclear containment program sponsored by the Division of Military 
Applications under ERDA. The conrnonality of objectives between the Con- 
tainment and enhanced gas recovery activities is striking and the continued 
close relationship between the two programs will be mutually beneficial. 

Various stimulation techniques have been applied to the so-called 
unconventional natural gas resources, such as the western tight sands 
basins and the eastern Devonian shale formations, with varying, but 
generally non-economic, results. Massive hydraulic fracturing (MHF) 
as being practiced is based upon extensive “conventional" fracturing 
experience, laboratory testing, and empirical design models; the extra- 
polation to the massive scale has not been generally successful. Dendritic, 
foam, gas and chemical explosive fracturing techniques have been applied 
and successes or failures are not well understood. Industry has often 
stated the need to perform experiments in an environment which allows 
for direct examination and evaluation. 

Mineback evaluation provides this opportunity. A detailed physical 
description can be obtained directly and which can be correlated with 
measured geologic material properties, in situ stress distributions, 
fluid behavior, and the operational parameters of the test. Supportive 
rock and fluid mechanics laboratory and modeling work will be performed 
to aid in this interpretation. The mineback also provides the opportunity 
for the calibration of instrumentation techniques under known conditions. 
Thus, mineback testing provides significantly more information than the 
evaluation of a commercial stimulation job which is based primarily upon 
gas production. Industry and service company participation in the program 
will ensure that the results will impact the experience and knowledge 
base used in production; such industry interest has been high. The 
program will provide a unique opportunity to quantify and understand 
fracture behavior. 
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Sandia's projects derive their support from both the Eastern Gas 
Shales Project and Western Gas Sands Project which are major parts of 
DOE's Enhanced Gas Recovery Program. Sandia's projects provide a broad 
supporting research and development capability. Activities are planned, 
conducted, and reported with the aim of contributing to the objectives 
of both the Eastern and Western Projects and to the overall development 
of Enhanced Gas Recovery technology. 

The surface electrical potential experiments have covered a wide 
range Of testing situations and have udergone a more intensive 
analytical study. Sandia participated in fracturing experiments with 
G.P.E., Amoco, Shell and Conoco. Documentation was completed for 
the electronic system and several presentations of its capabilities 
have been made facilitating the transfer of this new technology to 
industry. For reservoir planning and well placement, the system has 
demonstrated that fracture orientation can be determined to + 5 degrees 
and that most fractures are asymmetrical. Mapping experiments included 
1) a very shallow test for model verification, 2) an enhanced oil 
recovery fracture, 3) a very tight gas sand, and 4) two Mesa Verde 
multi zone fractures. Each of these experiments contributed to our 
overall understanding of the capabilities and limitation of the surface 
electrical potential technique. Formalization of the analytical work, 
coupled with an in-house model facility, was initiated and should lead 
to an even better understanding of these field results. Hole 6 

fracture experiment at NTS was instrumented with a seismic recording 
system and produced several seismic signals during pumping. The 

analysis of this data could reveal not only fracture locations but 
the nature of the source mechanisms. Extensive analysis of this data 
will be persued in FY 78 both in-house and with consultants. The 

receiving of seismic signals associated with fracturing increases Our 
expectations for the borehole seismic system that currently is under 
development. 

The mineback experiments have provided considerable information 
during the past year. Fracture evaluation methods have been demonstrated 
and local geological descriptions have been developed. Mineback evalua- 
tion of a propped hydraulic fracture experiment indicated a very complex 
fracture system was created. Observed fracture lengths were only 5 
and 25 ft at the depth of the fracture interval which differs signifi- 
cantly from the design length of 175 ft. The top of the fracture has 



been delineated and fracture growth must be downwards. No distinct 
patterns of the different colored proppant were found. Examples of 
interactions of the fracture with faults and formation bedding are 
numerous. Additional material property and in situ stress data in this 
region are being obtained. An experiment to examine the behavior of 
hydraulic fractures at an interface between different geologic formations 
has been designed and the first of two fractures has been created. 
The ashfall tuff and the welded tuff have significant differences in 
their elastic moduli (0.24 x lo6 and 3.8 x lo6 psi), Poisson's ratio 
(0.312 and 0.238) and porosity (45 and 13%). Conventional fracture 
calculations were used to design fractures of 50 ft height and 
600 ft total length. Evaluation will occur next year. In a containment 
program activity, evaluation of the region surrounding a 256 lb TNT 
detonation indicated that no radial fractures extended from the main 
cavity. However, explosive gases escaping along a borehole from the 
cavity produced a fracture estimated at 75 ft high in the region of 
altered in situ stress approximately 10 to 40 ft from the cavity. 

Contributions were also made to the development of the Management 
Plan for Enhanced Gas Recovery and in the Program Plan for the 
Western Gas Sands Project. A resource evaluation of the Green River 
Basin was conducted as part of these efforts. 



II. INSTRUMENTATION SYSTEMS DEVELOPMENT (C. L. Schuster, Editor) 

A. Surface Electrical Potential Method1 

The surface electrical potential data are taken by periodically 
recording the potential difference at the earth's surface between 24 data 
probes, placed every 15" circumferentially around the fracture well, and 
a reference probe. This potential field is created by injecting electri- 
cal current flow through the earth between the fracture well and a return 
or sink well (Fig. II-l). The current is of a pulse form and the direction 
is reversed dur.ing each measurement period to minimize the effects of 
induced polarization. The current pulse generator is earth isolated. 
Electrical connections are made directly to the casings of the fracture 
and sink wells. Prior to hydraulic fracture initiation, background data 
are taken to establish the potential levels around the fracture well at 
the 24 data probes. This then becomes the reference data levels for 
detecting the changes produced when the conductive fracture fluid alters 
the electrical geometry of the fracture well. This change in the frac- 
ture well current distribution, caused by fracture growth, alters the 
surface electrical potential around the fracture well. The change influ- 
ence on the surface potentials tend to be greatest in and opposite the 
direction(s) of the fracture orientation and is the basis of this 
development effort. 

The instrumentation2 layout around the fracture well (Fig. 11-2) 

represents the present usage. This layout has evolved from early experi- 
ments. Changes which have been made include the replacement of the outer 
probe by the reference circle. This reference circle is an electrical 
conductor having the same layout radius as the data probes. The reference 
circle is connected to the reference probe located a distance of 5 to 10 
times the data probe radius from the fracture well and in a direction 
usually opposite the sink well. This type of layout yields the same basic 
information but greatly simplifies the fracture well instrumentation set 
up since only half as many data probe sites need to be surveyed and placed. 
The data probe radius ranges from 1000 to 1800 ft and is determined from 

1. Bartel, L. C., McCann, R. P., Keck, L: J., "Use of Potential 
Gradients in Massive Hydraulic Fracture Mapping and Characteriza- 
tion," SPE 6090, presented at the SPE 51st Annual Fall Meeting, 
New Orleans, October 3-6, 1976. 

2. Keck, L. J., and Seavey, R. W., "Instrumentation System for 
Massive Hydraulic Fracture Mapping," SAND-77-0195, April 197?. 
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a mathematical model1 which considers such parameters as fracture depth 
and expected fracture length(s). The instrumentation van is Usually 

Placed at a radius approximately equal to the da& probe radius and can 
occupy any one of 24 positions around the fracture well. The location is 
usually determined, however, by the fracture well access road location. 

The instrumentation to sense and transfer the 24 data source pair 
potentials to the instrumentation van is broken into two parts referred 
to as the A string (Al through A12) and the B string (Bl through B12). 
The electrical potential between each data probe and the common reference 
circle is input to a Potential Measurement Box (PMB). Each data probe 
potential source undergoes earth reference isolation, passband limiting, 
gain, and impression on a FM multiplex subcarrier. The 12 different 
subcarriers are mixed in a common data cable (A string) for transfer to 
the instrumentation van. The B string is a duplicate of the A string. 
The A and B string data cables, in addition, transfer DC power to the 
PMB's from the instrumentation van. 

The 24 data probe potentials are implicitly earth related and some 
special isolation hardware is necessary to insure against the uninten- 
tional relocation of the reference probe. This is accomplished by the 
isolation amplifier in the PMB whose output has no electrical common tie 
to the reference circle but is electrically connected to all of the 
remaining hardware of the data system. The PMB has a passband of .OOl 
to 10 HZ and calibrated gains of 1, 3, 10, 30, 100, 300, and 1000 can be 
selected. The gain required is dependent on well geometry, data probe 
radius from fracture well, distance to the reference probe, and pulse 
current injection level. After undergoing the necessary gain, the sur- 
face potential iS input to a Voltage Controlled Oscillator (VCO). This 
FM carrier is combined with the other carriers. 

The coaxial cables from the A and B strings enter the instrumentation 
van from opposite halves of the fracture well circle and connect to the 
power multiplex filters. These filters route the two Sets of 12 incoming 
carriers to the FM subcarrier discriminators and connect the DC power 
onto the A and B string cables. The output from each of the 24 discrimi- 
nators is connected to one of the 64 channels of the analog multiplex 
portion of the Laboratory Perhipheral System (Fig. 11-3). The voltage 
and current monitor terminals of the pulse current generator are also 
input to the L.P.S. 

1. Bartel, L. C., "Model Calculation of the Potential Gradients Used 
in Massive Hydraulic Fracture Mapping and Characterization," 
presented at the 46th Annual International Meeting of the Society 
of Exploration Geophysicists, Houston, TX, October 24-28, 1976. 
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The heart of the current pulse control and data acquisition system 
is a PDP 11/10 minicomputer with a 32 K core memory. The minicomputer 
operates under the RTll operating system and all application programs 
are written in BASIC. 

In a typical fracture mapping test start up, the appropriate data 
acquisition program is called from the RKOS disk into memory. An example 

is LARFRl BAS (Laredo, Texas fracture, version 1 in BASIC), Fig. 11-4. 
The test run is initiated and certain special conditions such as test 
number, start time, time between tests and the PMB located at north are 
input to the VT55 computer console. The test number may be the first 

26-AUG-77 
STATE OF DATA RUN 
FIELD BOX GAIN: 30 
VOLTAGE MONITOR GAIN: HI 
CURRENT MONITOR GAIN: HI 
START TIME: 630 
TIME BETWEEN TESTS (MINUTES): 1 
POTENTIAL MEASUREMENT BOX AT NORTH IS A3 
NOTE: LIVE RUN, 2ND DAY 

TEST NO. 283 TIME: 6:30:26 
VOLTS = 185.677 AMPS - 19.3081 = 
VOLTS = 179.705 

RESISTANCE 9.61651 
AMPS = -18.9862 = RESISTANCE 9.46503 

POTENTIAL, MILLIVOLTS (Al s A2 & 812 > Bl) 
55.8591 54.4213 55.0574 
49.5824 51.6115 

52.153 49.6034 47.8003 
54.8261 

62.3854 62.8585 
56.0168 57.3862 61.0344 

64.7536 
69.8764 67.7001 

62.9505 71.0828 68.2441 
69.4112 59.8096 67.2585 61.0134 

U S G S SURFACE TILT DATA - A/D VALUES 

2051 2051 2052 2051 2707 
2031 2128 1872 

2246 1959 4095 
2048 2047 143: 

3387 

2664 545 
2148 2046 2047 2047 

PRESSURE & FLOW DATA, MV. - AC LINE, VOLTS 

50.7813 -87.8908 2.68555 -1.62761 122.607 

2843 
2047 

Fig. II-4 - Computer Printout Example 

test of a series or it may be a number appropriate after some fracture 
procedure shut-down and restart. Start time is that future time, one 
minute or several hours from the present time, when the automated test 
sequence is to start (the computer has an internal 24 hour clock). Time 
between test sets the test repetition-rate with a range of 30 seconds to 
several hours. The instrumentation van can be located in any one of 24 
positions around the fracture well. When plotting on the VT55 video 
terminal it is a convention to begin the plot with north and proceed 

11 



clockwise through east, south, and west back to north. Since the data 
is not necessarily acquired in this sequence, the "PMR at North" console 
input is used to rotate the data before plotting. These input conditions 
are then echoed on the LA11 printer and the software enters the phase of 
pulsed current application and simultaneous acquisition of the 24 PMB, 
pulse current, and pulse voltage data values. The peak-to-peak potentials 
in millivolts input to each PMB is computed using gain correction fac- 
tors for each PMB data channel. The millivolt level data is written into 
a data file on the RK05 disk for future evaluation and then listed on the 
LA11 printer. When the time delay specified by "time between tests" has 
elapsed, the sequence will repeat with the application of another current 
pulse. 

The surface potential data written onto the RKOS disk can be accessed 
for many special purposes. Programs to plot this data on the VT55 video 
console have been written. One such program will compress the fracture 
time of several hours into a few minutes and quickly indicate fracture 
progress and direction, if detected. Another program plots the changes 
in potential at each of the 24 PMB's in reference to time on the LA11 
printer. 

All of the computer software written for use with the surface 
electrical potential method of fracture mapping is constantly undergoing 
changes and improvements. This applies to the hardware as well. These 

changes are dictated by field experience and the evaluation of the sur- 
face electrical potential data in conjunction with other related data 
sources. 

12 



B. MHF Mapping Experiment Results 

During FY'77, Sandia Laboratories participated in five MHF experi- 
ments and was preparing for a sixth for natural gas and oil recovery 
stimulation. The first of these (near TulSa, Oklahoma) was a joint 

AMOCO/ERDA mini-frac experiment with AMOCO conducting the fracture and 
Sandia and the USGS participating in the fracture diagnostic instrumenta- 
tion. -Gas Producing Enterprises (GPE) conducted two experiments in the 
Natural Buttes field south of Vernal, Utah, and a fourth was conducted 
by CONOCO,as a part of their tertiary oil recovery experiment in the 
Big Muddy field east of Casper, Wyoming. The fifth MBF test was con- 
ducted by Shell Oil Company near Laredo, Texas. Preparation was also 
started for an experiment with AMOCO in the tar sands of Canada. 

AMOCO Mini-Frac Experiment -- On November 4, 1976, AMOCO Production 
Company conducted a small scale hydrofracture experiment located on the 
Williams Lease site approximately five miles northeast of Tulsa, Oklahoma. 
The purpose of the experiment was to test various methods of hydrofrac- 
ture mapping instrumentation. The fracture well was approximately 80 
feet depth with an open hole fracture zone in shaly limestone between 
40 and 80 feet. The experiment was designed to produce a fracture 40 
feet high and 600 feet in length. 

The surface electrical potential data was taken by recording the 
potential differences between 24 pairs of probes placed circumfereptially 
around the test well with an inner probe radius of 150 feet and an outer 
probe radius of 350 feet. The current pulse was induced directly into 
the wellhead (source) at the surface of the earth. 1 The return line 
(sink) was attached to the casing of an abandoned test hole located 
approximately 1400 feet distance from the test well. Data readings 
were taken every two minutes from prior to pumping until after flow- 
back. Sandia also digitized and recorded the USGS data on the mini 
computer concurrently with the potential data. 

Surface potential data were recorded prior to, during, and after 
pumping. Pumping for the fracture occurred in two stages. The first 
commenced at 0828 hours and stopped 'at 0842 hours. The second started 

1 L. J. Keck and R. W. Seavey, 
Fracture Mapping", 

"Instrumentation System for Massive Hydraulic 
SAND-77-0195, April 1977. 
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at 0910 hours and continued until 1002 hours. A constant rate of 2 bbl 
per min was held for both stages. 

The data for the operation are presented in Table I, Appendix A. 
The electrical potential data was taken at approximately two-minute 
intervals beginning at 0540 hours and continuing through 1324 hours. 

Approximately 25 data points taken prior to pumping were averaged and 
used as the before fracture reference measurement. Figure II-5 shows 
the potential comparison, V(e), for data points taken at the noted time 
points beginning early in the fracturing sequence through its completion 
at 1000 hours.' The potential comparison, V(e), was multiplied by a 
factor of 10 in order to facilitate computer plotting. The data appear 
to provide a one-cycle change in the normalized potential differences, 
thus indicating an asymmetrical fracture was created. When compared 
with the model calculations 2 the cycle minima appears to lie in the 
ea$terly direction, indicating that the fracture is asymmetric with 
the major wing in that direction. Data taken from the downhole TV 
camera and the USGS tiltmeters seem to verify this COnClWsiOn. 

GPE Experiments -- 
1. Natural Buttes Unit No. 14 -- Sandia participated in the GPE MHF 
experiment in the Natural Buttes No. 14 well: located approximately 40 
miles south of Vernal, Utah. The MHF was performed by Dowel1 for GPE. 

The MHF experiment was designed for eight stages of pad, proppant, 
and balls to fracture 15 zones. The intention was that each stage would 
treat two zones. At the end of each stage balls would seal the 
perforation taking fluid and new zones would then be treated. 

The fracture zones for the experiment began at a depth of 6294 feet 
and extended to 8010 feet. The pay interval varied in thickness from 8 
feet to 38 feet and the separating shale layers varied from 4 feet to 
250 feet. Natural Buttes #14 is an "old" well. Breakdown on the first 

12 zones, extending in depth from 6825 feet to 8010 feet, occurred on 
October 10, 1976 with 10,000 gallons of 15% HCl in 500 gallon stages. 

2L. c. Bartel, "Model Calculations of the' Potential Gradients Used In 
Massive Hydraulic Fracture Mapping and Characterization," presented at 
the 46th Annual International Meeting of the Society of Exploration 
Geophysicists, Houston, TX, October 24-28, 1976 (submitted for 
publication). 
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Perforations were made on three additional zones in February 1977. These 
zones, extending from a depth of 6294 feet to 6648 feet, did not experi- 
ence breakdown prior to the MHF experiment on March 15, 1977. 

Pumping started at approximately 0715 hours and continued through 
1800 hours at a near constant rate of 25 barrels per minute. Approxi- 
mately 640,000 gallons of fluid and 1.1 million pounds of proppant were 
injected in the multilayered pay zone. 

The electrical potential measurement system included 24 pairs of 
potential probes placed circumferentially around the well with an inner 
radius of 1800 feet and an outer radius of 3800 feet. Injection of the 
induced current into the frac zone by means of a downhole current probe 
had been planned for this test, however, because a 4-l/2 inch casing 
was already installed in the well the downhole current probe could not 
be utilized and the current was injected into the casing at the surface. 
Field data were collected at two minute intervals starting at 0650 hours 
and continuing through 1815 hours. The data are presented in Table I, 
Appendix B. Figures II-6 and II-7 show the potential comparison, 
v(e), for data points coincident with the end of each pre-planned 
.pumping stage compared to data taken prior to the initial start Of 
pumping. For convenience a multiplying factor of 100 was used. Very 
little change was observed after the fourth stage. The potential changes 
that occurred did not agree with the eight stage fracturing plan. 
Indications are that fracturing occurred in a near east-west orienta- 
tion. The data suggests that early in the pumping process an asymmetric 
fracture was developing. However, on the basis of a two-cycle recurrence, 
the data collected at later times (1230 hours through 1800 hours) suggest 
that a more nearly symmetrical fracture was created. The interpretation 
may be misleading because of the extreme range in depth of the fracturing 
zones. The distributions of the fractures and their directions can lead 
to ambiguous interpretations on the orientation and symmetry. As an 
example, single asymmetric fractures, one easterly at one depth, and 
another westerly at a different depth, could be interpreted as a single 
symmetrical fracture oriented in the east-west direction. 
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2. Natural Buttes Unit No. 20 -- Sandia participated in the GPE MHF 
experiment on their Natural Buttes Unit No. 20 well located approximately 
40 miles south of Vernal, Utah. The fracture was performed by Dowel1 
for GPE on June 22, 1977. 

The MHF was designed for the limited entry technique. Eight pay 
zones were selected between depths of 8498 feet and 9476 feet. Approxi- 
mately 350,000 gallons of fluid and 825,000 pounds of proppant were 
injected into the multilayered gas pay zone. Pumping started at 
approximat,ely 0900 hours and continued through 1250 hours at a rate of 
approximately 40 barrels per minute. 

The electrical potential measurement system included 24 probes 
placed around the well at a radius of 1800 feet on 15 degree intervals. 
A well casing approximately five miles distant (UT52X) was used as the 
other voltage probe for the potential measurements. The current was 
induced into the NB #20 well casing at the surface of the earth. The 
current return line was attached to NB #4 well casing located to the 
east at a distance of approximately two miles. The potential field 
data were collected at one minute intervals starting at 0857 hours and 
continued through ,1307 hours. The data are presented in Table II, 
Appendix B. Figure II-8 shows the potential comparison, V(8), for 
data points at various times through pumping compared to an average of 
51 data points taken prior to pumping. The dashed curve represents the 
result when approximately 20 data points averaged after pumping are 
compared to the 51 points averaged before pumping. A multiplying 
factor of 100 has been used for convenience. The analysis of the data 
thus far has not produced any definite fracture orientation. It is 
possible that the electrical length of the fracture is very short and 
the effect is not large enough to be detected in the surface potential 
measurements. 

CONOCO Experiment -- On March 22, 1977, the Continental Oil Company 
(CONOCO) conducted a small fracture as a part of a tertiary oil recovery 
experiment in the Big Muddy Field east of Casper, Wyoming. Sandia 
Laboratories' objective in the experiment was to test the effectiveness 
of the surface potential measurement system on a small open hole 
hydrofracture. In addition to the Sandia surface potential instrumentation, 
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CONOCO had installed several pressure gages in nearby surrounding wells 
as a diagnostic tool to assist in determining fracture orientation. 
The fracture zone consisted of a section of open hole located at a 
depth of approximately 3500 feet. Approximately 12,000 gallons of 
conductive fluid was pumped which was calculated to produce a fracture 
length of approximately 500 feet. 

Electrical potential measurements were 'taken by recording the 
potentials at 24 locations around the well before, during, and after 
the fracture. Eighteen pairs of potential probes were placed circum- 
ferentially around the well at 20 degree spacing with an inner radius 
of 1000 feet and an outer radius of 2000 feet. In addition, the relative 
potential was measured by using as probes the casing of six wells located 
adjacent to the fracture well. In all cases the distance to any one of 
the six wells was less than 1000 feet from the fracture well. A downhole 
sinker bar in the fractured well and at the fracture depth served as the 
induced current prohe. " The casing of a well approximately 1.5 miles 
distance was used as the current return. Electrical potential data were 
taken at 40 second intervals commencing prior to pumping (1113 hours) ** 
and continuing through fracture completion (1143 hours). 

The electrical potential data are presented in Table I, Appendix C. 
Approximately seven data points taken just prior to pumping were averaged 
and used as a before reference measurement. Measurements taken at 
indicated times shown in Figs. II-9 and II-10 were compared to the 
before reference data and are plotted versus azimuth. For convenience, 
a multiplying factor of 100 was used. The data obtained on the northern 
side of the array was compromised by a high degree of external noise 
and is, therefore, excluded from the plot. 

Data analysis based on the fracture model calculations indicates 
that the fracture is asymmetric and that the azimuthal direction is 
from nearly east to west with the major extension primarily to the east. 
Also fracture growth can be recognized by a decreasing potential thus 
the data suggest the major growth (at least the electrical length) 
occurred within the first few minutes of pumping. 

Shell Oil Company Experiment -- on August 25 and 26, 1977, Sandia 
participated in the Shell Oil Company MHF test in the Rachel Foundation 
No. 2 well located approximately 40 miles northwest of Laredo, Texas. 
The fracture was performed by Halliburton for the Shell Oil Company. 
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The experiment was designed in two pumping stages, the first 
occurring on August 25, 1977 and the second on August 26, 1977. This 
was done in order to obtain some logging diagnostics before completion 
of the fracture. 

Three major pay zones were selected between the depth of 5345 feet 
and 5515 feet. The entry technique was designed such that all zones 
would take fluid simultaneously. 

Pumping for the first stage commenced on August 25, 1977 at 1040 
hours and continued through 1325 hours at an average rate of approximately 
12.5 barrels per minute. Approximately 80,000 gallons of fluid and 
98,000 pounds of proppant were pumped. Surface electrical potential 
data were recorded at intervals of two minutes starting at 0826 hours 
and continuing through 1405 hours. 

The second stage pumping occurred on August 26, 1977 when approxi- 
mately 200,000 gallons of fluid and 280,000 pounds of proppant were 
pumped. The operations started at 0830 hours and continued through 
1330 hours. Surface electrical potential data were taken at one minute 
intervals beginning at 0630 hours and continuing through 1437 hours. 

Figures II-11 through 11-13 show the results of the data acquired 
during pumping on August 26, 1977. Each curve is labeled as to the 
time during pumping when data has been analyzed. The 800 before pumping 
reference was obtained by averaging the data taken between 0730 hours 
and 0800 hours. The time shown for data comparison is an average of 
the data taken during the period of one-half hour prior to that time 
indicated on the curve. The data was normalized by the induced current 
for each data point and after the average over a specified time the 
difference of the "after" and the '(before" plotted. For convenience 
a multiplying factor of 100 was used. When compared to the mathematical 
model an asymmetric fracture in the northeast-southwest direction is 
indicated with the major wing oriented to the northeast. 

The data are presented in Table I and II, Appendix D. 

Surmont Project -- During September 1977, trailer B-59 was installed 
at the Numac Oil and Gas Ltd. Project Site about 40 miles south of 
Ft. McMurray, Alberta, Canada. 
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Well F-l will be the fracture well in which two fractures at depths 
of llS0 and 1100 feet will be performed. The lower zone is at the 
interface between the tar sands and the Devonian shale. The upper zone 
is within the tar sands. Pumping rates will be very low in order to 
initiate a horizontal fracture in the order of 500 feet. 

During the fracture current will be injected alternately between 
the fracture well casing, a downhole current probe and the return well. 
Additional measurements will include monitoring the potential between 
the two well casings which should provide a better normalizer base. 

The casing potential will also be monitored as the downhole 
current probe is lowered in order to provide voltage gradient information 
to verify modeling. 

All equipment has been installed and checked out for the fracture 
which is scheduled for early October, 1977. 
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C. Electrolytic Model Tank 

To date, the primary field technique employed for monitoring the 
effectiveness of massive hydraulic fracture (MHF) programs has been the 
surface measurement of induced electrical potentials when the fracture, 
or fracture plus well casing, are charged with electrical current. 
Mathematical modeling of this boundary value.problem' has been performed 
for the case of an homogeneous earth with an uniform casing/fracture 
source electrode. However, the introduction of layering and lateral 
inhomogeneity (both in terms of electrical resistivity) in the earth 
model, imperfect or variable casing-earth electrical contact, or the 

presence of man-made distortions (e.g., other metal well casing in the 
area) produce mathematical rigors which are not tractable by techniques 
presently available. These situations are typically the rule rather than 
the exception in actual field locations. As an accurate, quantitative 
description of the fracture system (length, height, etc.) is desired, 
an alternate modeling technique was sought which could accommodate those 
situations met in the field which reduce the applicablity of mathematical 
synthesis. This was the rationale behind the development of an 
electrolytic model tank. 

An electrolytic model tank is basically a brinewater-filled tank 
with water of variable salinity representing the homogeneous earth. 
Layering may be simulated by the introduction of sheets of material of 
varied resistivity into the water. 2 Similarly, casing, ore bodies, 
cavities or other size-limited bodies may be modeled and placed in . 
appropriate positions within the tank. Scaling of lengths, resistivities, 
and frequency of applied current from the field to the model is dictated 
by the following relation (assuming magnetic permeability of model and 
full-scale materials is the same): 

W'L 02 oL2 -=- 
P P 

'McCann, R. P., Hay, R. G., and Bartel, L. C.: "Massive Hydraulic 
Fracture Mapping and Characterization Program, First Annual Report," 
SAND-77-0286, 1977. 

2 Frischknecht, Frank C., USGS, Denver, Personal Communication. 
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where 
> 

P = model resistivity P = full scale resistivity 
0' = model current frequency w = full scale current frequency 
L' = characteristic model L = corresponding full scale 

length length 

Our initial interest was to locate an existing model facility and 
arrange for its use for modeling MHF experiments. To this end, R. P. 
McCann and T. L. Dobecki visited the electrolytic model facilities at 
the United States Geological Survey (USGS), Denver and at the Colorado 
School of Mines' (CSM), Golden, Colorado. Bothtinks were massive poured 
cement structures, rectangular in shape, and typically 10 ft x 15 ft X 
5 to 8 ft deep (3 x 4.6 x 1.5 to 2.4 m). Both tanks were fitted for 
the performance of electromagnetic model experiments and would, therefore, 
require retooling for our galvanic experiments, thereby interrupting the 
progress of on-going tests. The USGS facility is in current use with 

projected heavy use by USGS personnel in the near future. The CSM 
facility, on the other hand, is being terminated for future office space 
and will not be available. The situation, therefore, dictated construction 
of a model tank at Sandia. 

After consideration of the varied tank designs currently in use, 
space limitations at the SLA test facility, and the particular field 
procedure which we intended to model, we developed a unique tank design 
which approximates an infinite sized tank while being significantly 
smaller than any of those visited. To accomplish this, the tank employs 
a conductive, hemispherical shell as one current electrode; the other 
current electrode is placed at the center of the hemisphere, and all 
potential measurements are made within the hemisphere (Fig. 11-14). The 
reasoning behind the choice of an hemispherical electrode may be 
explained as follows: 
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Fig. II-14 - Schematic illustrating an electrolytic model tank 
design employing an hemispherical return current 
electrode. 

The electrical potential field about a point electrode at the earth's 
surface, if the return electrode is an infinite distance away, is given 

by 

(2) 

where 

I = impressed current 
P = resistivity of earth material 
R= distance from point electrode to observation point 
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All equipotential surfaces are given by R = constant which are 
hemispheres centered on the point source. If, on the other hand, the 
return electrode is made a hemisphere centered on the point sOurcel it 
necessarily becomes an equipotential surface and current flow remains 
radial from the point source to the shell. Therefore, again all equi- 
potential surfaces are hemispheres with the same potential distribution 
as a point source except for an additive constant. For potential 
difference measurements, this technique is equivalent to having a return 
electrode at infinity while maintaining a reasonably small sized tank. 

The electrolytic model tank (Fig. 11-15) consists of four basic 
units: 1) a wooden exterior tank, 2) the aluminum hemisphere, 3) an 
aluminum probe track, and 4) the resistivity measurement system. 

The wooden tank measures 5 x 5 x 3 ft deep (1.5 x 1.5 x 0.9 m) and 
is constructed of 0.75 in. (1.9 cm) plywood with suitable structural 
bracing to withstand stresses applied when filled with water. A sealant 
was applied to the interior to prevent water leakage, and a standard 
water bibcock was bottom mounted for ease in tank drainage. When filled, 
the tank holds 75 ft3 (2124 L), or 2.33 tons (2124 kg) of water. The 
purpose of this exterior tank is twofold. Firstly, by placing the water- 
filled hemisphere in a water-filled tank, the differential pressures 
on the aluminum shell are minimized reducing the chance of warping or 
collapse. Secondly, for standard four electrode experiments (Wenner or 
Schlumberger arrays, for example), the aluminum hemisphere may be 
removed, and experiments are performed in the wooden tank. 

The aluminum hemisphere (Fig. 11-16) is a l/16 in. (.16 cm) shell of 
47.75 in. (121.3 cm) nominal I.D. After initial testing, the aluminum 
required an alodine coating to prevent formation of unknown chemical or 
organic precipitates in the brine solution. This represents the maximum 
size aluminum hemisphere which could be fabricated in the Albuquerque 
area, and, therefore, was the main size limiting factor in the tank 
design. 

The aluminum probe track is a slotted, moveable unit which holds 
the current and potential probes and allows for their precise location. 

An advantage of a large tank is that high precision in placement of 
electrodes or in lengths of models is not critical. As the size of the 
tank is decreased, the scaling relation requires greater precision in 
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the measurement of lengths. A scaled track is fit to the top of the 
hemisphere upon which moveable potential-measuring electrodes may be 
located with an accuracy of c 0.005 in. (' 0.13 mm). 

The potential measuring probes are held in spring-loaded holders 
which slide in a scale calibrated slot (Fig. 11-17). The central current 
probe, which represents the fracture well, is held in a rotatable, pro- 
tractor calibrated mount (Fig. 11-18). BY holding the potential probe 
positions fixed and rotating the fracture through 360°, the effect of a 
fixed fracture surrounded by potential probes is achieved. This is the 
field situation of radial dipoles used in the MHF mapping program which 
we intended to model. . 

Several probe materials have been tried including stainless steel 
hypodermic stock of several diameters, high carbon steel drill stem rod 
of varied diameter, and Kovar rods. Typical diameter used is in the 
0.046-0.050 in. (0.117-0.127 cm) range. In addition, copper and gold 
platings of these probes are being evaluated. Evidence of instrumental 
drift suggests instability of the probes tested which may require con- 
sideration of platinum or platinized platinum as probe material. The 
observed drift is slight and decreases with time which, although an 
inconvenience, may be more attractive than the more expensive platinum 
alternative. 

The resistivity system utilized to date at SLA has been the BISON 
Yodel 2350A resistivity meter. This is a bridge null unit which reads 
directly in units of 27: in response to a nominal 23 mamp, 1Q HZ square 
wave current. 

To date, experiments utilizing the described electrolytic model 
tank have been of two ti;=es: 1) tests to verify the "infinite" size 
objective in the tank desiqn, and 2) parametric studies of anomaly size 
and shape for various fracture depths and lengths. These tests will be 

discussed separately. 

As noted in p>ubiished to- ,at results by Goudswaard3, in a finite 
sized, box-shaped elap+rni.rtic tank, -.-i.. J-1 exrxr:ments must be limited in 
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al 
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7 >- L - ,_ t-? r 1 'al Jimensions and located near the tank center or else the experi- 
m4?. L - "sees" the walls and bottom of the tank. Goudswaard eliminated 
Ehese errors by lining the walls with a conductive grid to enlarge the 
usable area of the tank. C)ur use of a conducting hemispheric electrode 
is intended to accomplish the same results. 

The first set of tests were to establish, for a given MN spacing 
(see Fig. II-l$!, how close we would approach the- aluminum shell before 
our data became inaccurate. For each test, a constant MN value was 
chosen while the E value was varied from its minimum to maximum 
values. Apparent resistivity was calculated using 

'a 
= 27@1 - 1) 

AM AN 
(3) 

True brinearesistivity, a, was determined using a conductivity bridge. 
Values of $ versus E were then plotted as shown in Fig. 11-19. Note 
that in the worst case the outermost potential electrode can come to 
within 3 in. (7.5 cm) of the shell before deterioration in data accuracy 
is observed. The data show an average pa/p value near 0.95 rather than 
1.0 which we attribute to the 1 kHZ frequency utilized by the conductivity 
bridge being substantially higher than the 10 HZ used by our system. In 
addition, the dip cell constant for the conductivity bridge is itself 

Fig. II-19 Results of experiment demonstrating the effect of 
the aluminum hemisphere on resistivity measurements. 
The position of the arrow marks the hemisphere wall. 
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f 1.0% at best. It was felt that these test results established that 
we may assume that the return current electrode is effectively at an 
infinite distance from the center of the hemisphere. 

A second test of tank design involved determination of the maximum 
length central current electrode which could be used in model experiments 
before experimental accuracy is reduced. Inherent in the tank design is 
that the central current probe is a point source. At distances greater 
than a few times the length of a line source, the line source still 
appears to be a point source. Therefore, line sources at the central' 
tank position may be used only up to a length where the hemisphere 
" sees '1 the line nature of the source. This test simply measured the 
apparent resistivity versus line electrode length at various m positions 
and compared these values to those which would be measured if a point 
source had been used. The results (Fig. 11-20) show that for near field 
measurements (A0 = 3 in.) the measured apparent resistivity drops rapidly 
as electrode penetration is increased. At a large distance from the 
central probe (m = 19 in.; near the hemisphere) the change is slight 
and is only 11% down at an electrode penetration of 8 in. (20.3 cm). 

Corn> 

a w t a a a 21 

PROBE LENGTH C: ma 

Fig. II-20 - Results of experiment demonstrating the effect of 
increasing the length of the central current probe 
upon resistivity measurements. 

From these results it is felt safe to use central electrodes up to a 
penetration of 6 in. (15.2 cm) without fear of violating the central 
point electrode assumption of the tank design. 
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The experiment described exemplifies the on-going series of tests 
being performed to characterize the nature of potential field variation 
as related to fracture geometry. The experimental set-up is shown 
schematically in Fig. 11-21. In this configuration, both the return 
electrode and the outer potential electrode are attached to the hemi- 

sphere. By placing the outer potential electrode at a practical infinite 
distance from the center of the tank, we are actually measuring the value 

Fig. II-21 - Schematic illustrating the experimental set-up to determine 
the potential field distribution around an "L" shaped 
fracture of length, L, at depth, D. 
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of potential at the position of the inner potential probe. The frac- 
ture/well casing is represented by a length of Kovar rod. By putting 
a right angle bend in the rod, an asymmetric ("L" shaped) fracture may 
be modeled. Similarly, symmetric ("T" shaped) and various types of 
asymmetric fractures may be modeled by soldering various length pieces 
of Kovar to the tip of the Kovar rod representing the well casing. It 
is important to note that these are preliminary models and do not model 
relative heights, thicknesses, and resistivity contrast between the casing 
material and the fluid-filled fracture. These tests are concerned 
primarily with the effect of fracture length on observed potential 
distributions. 

Figure II-22 shows the results of an experiment for an "L" fracture 
for fracture length varied from 0 up to one-half the depth of burial 
(0 to 7.5 cm in model dimensions). Considering the symmetry of the 
set-up, we would expect the same potential value when the fracture 
azimuth is c 90“ from the measuring point. Similarly, we expect a 
maximum in the field when the fracture azimuth is O" (directly beneath 
the measuring point) and a minimum value when pointing away (azimuth 
= 18OO). The only correction necessary is to account for a skew in the 
potential field caused by the casing part of the model not being per- 
fectly straight. Performing the test with zero fracture length with 
measurements made at loo intervals completely describes the field of 
the casing. This measurement allows correction of those tests made 
with finite fracture lengths to eliminate the effect of bending in the 
rod. As shown in Fig. 11-22, the absolute value of the potential field 
(actually I z*V) decreases as the fracture length increases. In addi- 
tion, the amplitude of the potential distribution (maximum value-minimum 
value) for a given fracture length increases with increasing fracture 
length as shown in Fig. 11-23. From this result, it is suggested that 
given some knowledge of fracture asymmetry, the amplitude of the 
potential distribution surrounding the fracture well may provide the 
information required to deduce fracture length. 

Similar parametric studies for other degrees of asymmetry and for 
symmetric models are presently underway at Sandia. As testing continues, 
models employed will increase in complexity to more accurately model 
the fracture/casing situation and to determine the effects of sub- 
surface layering, lateral resistivity variation, etc. 
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Fig. II-23 - Variation of A (maximum 
values) with increasing 

r. 
D. NTS Seismic Recording 

A seismic monitoring system was 

to minimum potential 

fracture length. 

installed in G-Tunnel at the 
Nevada Test Site to record seismic signals generated from hydrofractures 
in well UelZglOX6. The seismic monitoring system consisted of four 
triaxial geophone packages placed in holes in G-tunnel such that the 
geophones were in a vertical plane and spaced to form a fifty foot 
square approximately 215 feet from the fracture well. Figure II-24 
shows the location of the well and geophones. Geophones are in 
instrumentation holes 5 to 8. 

The instrumentation system consisted of four triaxial geophones 
(Mark Products L25A), amplifiers, power supplies, and line drivers 
placed at the end of G-tunnel and a magnetic tape recorder located at 
the G-tunnel portal as shown in Fig. 11-25. The geophone signal was 
amplified by 100 db and modulated voltage controlled oscillators (VCO's) 
and the mixed VCO signals sent to the tape recorder via a line drive and 
long cable. Not shown in Fig. II-25 is the power supplies for the 
amplifiers which are connected to each instrument box and the DC/signal 
splitting circuits. Power was supplied to the boxes from this instru- 

mentation van at the portal. 
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Prior to recording the hydrofracture signals, the P-wave and S-wave 
velocities were measured at the end of G-tunnel, a 100 V, 100 Hz cali- 
bration signal was recorded, hammer blows on the drift faces (front, 
right and left faces) were recorded and the seismic signal generated 
by setting the packer was recorded. 

On August 23, 1977 hole #6 was fractured at the 1352 to 1364 foot 
zone in ash fall tuff. A number of fracture related seismic signals 
were recorded. A total of 91 seismic events were noticeable upon 
initial examination of the data. A typical seismic signal appears in 
Fig. 11-26. Each set of traces consist of two horizontal and one 
vertical geophone - the vertical geophone in the center trace. The 
first arrow on each trace indicates the P-wave arrival and the second 
arrow indicates the S-wave arrival. 

Approximately 30 to 35 of the signals will be analyzed for wave 
content and recognition, amplitudes, frequency content and source 
location information. The source locations will be calculated using 
the following techniques. 

1. Vector solutions from each triaxial package' 
four solutions 

2. P-wave arrival times at four stations2 
one solution- 

3. S-wave, P-wave difference times at four stations 3 

one solution 

4. S-wave, P-wave difference times at three stations 
four solutions 

1 LOS Alamos Scientific Laboratory Progress Report - LA6525PR, "LASL 
Hot Dry Rock Geothermal Project, July 1, 1975 - June 30, 1976", 
compiled by A. G. Blair, J. W. Tester and J. J. Mortensen. 

Lp I. D'Appolonia Consulting Engineers, Inc., "Manual of Event Recognition 
and Interpretation Microearthquake Survey", T. L. Dobecki, January 1976. 

3Bureau of Mines Bulletin 665 "Microseismic Techniques for Monitoring 
the Behavior of Rock Structures 1974", W. Blake, F. Leighton and W. J. 
Duvall. 
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The first calculations will also aid in evaluating the Borehole 
Seismic Locator since mineback will locate the fracture and accuracies 
can be estimated. 

E. Borehole Seismic System 

Examination of arrival times and polarization of seismic signals 
aenerated by hydraulic fractures may be used to map the size and orienta- 
tion of those fractures. By employing a triaxial geophone package which 
is clamped to the borehole near the start of the fracture, the direction 
and distance to the seismic events created by the fracturing can be 
determined. Examination of a sufficient quantity of these seismic 
events may be used to determine the profile and orientation of the 
iiract,ure near the wellbore. 

The signals from two horizontal geophones may be used to calculate 
the azimuth direction of the event. A vertical geophone in conjunction 
with the horizontal geophones may be used to determine the angle of 
inclination to the source. Measurement of the difference in arrival ---.- -""-. - _ 
times of the compressional wave (p-wave) and the shear wave (s-wave) 
may be used to calcualte the distance to the seismic event if the 
velocities of these waves are known. The addition qf a package orienta- 
tion device permits mapping of the fractures with respect to some 
geophysical reference. 

A Borehole Seismic Locator (BSL) has been designed and has been 
fabricated. A triaxial geophone system has been incorporated with a 
mechanigm to clamp the BSL to the wall of the borehole. The BSL is 
3-5/8 inches in diameter and up to 16 feet long, capable of being 
locked to boreholes from 4-l/2 inches to 15 inches in diameter. 

Figure II-27 shows component arrangement of the BSL. Power is 
supplied to the unit by means of a single conductor logging cable. 
Signals are sent to the surface over the same cable. The electronics 
package provides amplification for the geophone signal and controls for 
the clamping mechanism. The motor, arm drive, and clamping arm is the 
means for clamping the BSL to the wall. This unit is a portion of Geo 
Space Corporation Wall Lock Geophone System. The triaxial geophones 
are two horizontal and one vertical L-25A geophone produced by Mark 
Products. Orientation of the BSL is determined by using a photographic 
compass unit in open holes or a gyro unit in cased holes. The compass 
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unit contains a timed camera and a magnetic angle unit. Periodic photo- 
graphs will be taken giving magnetic bearings and angle of inclination 
of the BSL. The gyro unit utilizes the same photographic unit in 
conjunction with a directional gyro and a gyro angle unit. The photo- 
graphs will be developed after the BSL has been removed from the borehole. 
Both orientation devices have been purchased from Humphrey, Inc. 
II-28 is a block diagram of the BSL electronics. 

Figure 

TRIAXIAL 

SEOPHONE 

Fig. II-28 - Borehole Seismic Locator Electronics 

The signals from the triaxial geophone array are amplified in . 
Sandia Laboratories designed amplifier and modulate voltage controlled 
oscillation (VCO's). The VCO signals are multiplexed and transmitted 
to the surface through a line driven and a single wire line. At the 



surface, these signals will be recorded on a magnetic tape recorder. 
Power to the system will be supplied from the surface over the same 
single wire line. 

The Borehole Seismic Locator (BsL) was assembled and pressure tested 
at Southwest Research Institute in San Antonio, Texas. The geophone 
section which was fabricated from 304 stainless steel failed at 12,000 
psi. This housing has been remade from 4340' steel. Stainless steel was 

initially used because of its proximity to the compass orientation unit. 
However, it is felt that because of the battery pack separating it from 

the compass unit, 4340 steel can be used. 

During April, surface explosive tests were performed at the test 
well recently drilled on Kirtland Air Force Base. A number of charges 
were detonated at the surface in a number of locations. The charge 
sites were in contact with the limestone bed to which the BSL was coupled. 
These received signals will be analyzed for wave content and recognition, 
amplitudes, frequency contact and source location information. Because 

of the size and weight of the BSL, handling techniques were also evaluated 
and procedures refined. 

Calibration data has been recorded for the electronic portion of the 
BSL. Gain and phase characteristics of the amplifiers and voltage 
controlled oscillators will be determined. 

During FY 78, the BSL will be used for recording Seismic 

signals from a hydrofracture of an AMOCO well in the Wattenberg Oil 
Field in Colorado. 

Tests were conducted with triaxial geophones at the Nevada Test 
Site during hydraulic fracturing experiments. Recordings made during 
these tests will provide fracture seismic signal characterization and 
provide further information as to the accuracy of the system since 
mineback is planned in order to determine the size and extent of the 
fracture. 



III. MINEBACK STIMULATION TEST PROGRAM (Edited by D. A. Northrop, 5732) 

A. G-Tunnel Site and Mineback Operations 
(G. B. Griswold, 5732, and W. C. Vollendorf, 1133) 

G Tunnel is one of a number of tunnels that have been driven into 
Rainier Mesa at the Nevada Test Site for the purpose of conducting under- 
ground nuclear tests. This tunnel complex is shown in Fig. III-l. The 
mesa has strong topographic relief, ranging from an elevation of 6114 ft 
at the portal of G tunnel, which was driven into the base of the escarp- 
ment, to 7600 ft at the crest. The end of the tunnel complex is under 
1000 to 1400 feet of cover, and thereby provides an effective maximum 
overburden stress in the range of 1000 to 1400 psi. 

The geologic formations underlying Rainier Mesa are entirely Of 
volcanic origin and a geologic cross section is shown in Fig. 111-2. 

. The majority of the section is composed of fairly flat-lying, ash-fall 
and welded tuffs. In the vicinity of G tunnel, this sequence of 
volcanic beds have been divided into four major qeologic units. In 
descending order they are: Rainer Mesa Member ("J 400 ft thick) con- 
sisting mostly of dense gray welded tuff, Survey Butte Member (s 850 ft) 
of gray to brown ash-fall tuff, Grouse Canyon Member (% 150 ft) of dense 
gray to reddish welded and ash-fall tuff; and the Tunnel Beds (s 1000 ftf 
of well-layered gray to pinkish brown ash-fall tuff. 

The G tunnel complex was driven entirely in bedded ash-fall tuff. 
It is a near ideal medium to conduct fracture studies because of its 
uniformity in physical characteristics and absence of zones of native 
fracturing. Faults are present, but typically are of small displacement 
and rehealed. Figure III-3 is an enlarged view of the region where 
these experiments are being conducted. The locations of the Hole 5 
(proppant distribution) and Hole 6 (formation interface) experiments 
are shown. The contact between the bedded and welded tuffs in the 
Grouse Canyon Member was the interface used in the Hole 6 test and 

occurred at a depth of 1346 ft. 

The in situ examination of created fractures is provided by mining 
operations. A self-advancing, Alpine mirier is used to make successive 
cuts at the working face. As seen in Fig. 111-4, the mining head pro- 
duces an exceptionally clean face which allows for detailed evaluation. 
Fracture descriptions are obtained via colored photography and detailed 
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G TUNNEL NEVADA TEST SITE 
U12G.10 AREA 
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Fig. III-3 - Close-up of Mineback Experiment Sites 

Fig. III-4 - View of Alpine Miner's Cutting Head and Uncovered Grout- 
Filled Fracture and Borehole. 
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geologic notes and maps. Recently, stereophotography and computer 
reduction of these photographs have been investigated for additional 
data presentations. In addition, coreholes are drilled from existing 
drifts to further delineate the created fracture system. Rock samples 
can be obtained for material property measurements at specific regions 
of interest. In situ stress measurements are made via both overcore 
and small hydraulic fracture techniques*. The latter technique is 
particularly convenient, as subsequent mineback examination yields the 
orientation normal to the minimum principle stress. 

B. Proppa.nt Distribution Experiment: Hole 5 
IL. D. Tyler, 1111, and G. B. Griswold, 5732) 

The basic objective of the test was to study sand proppant transport 
and deposition in a hydraulically-induced fracture. The fracture treat- 
ment design was a joint effort between Sandia and technical representatives 
of Halliburton, Inc., the latter being the service company who actually 
conducted the fracture operations. 

The proper identification code number of the test hole is UE12glO 
No. 5. (The code reads that the hole was drilled in Area 12, in G 
tunnel, in the vicinity of the 10th drift, and is hole No. 5 of a 
sequence. ) The exact location by the NTS coordinate system is 883,237 N 
and 632,370 E. The collar elevation is 7570 ft and the total depth was 
1400 ft. The hole was drilled during 1976. The core log indicated 
characteristics typical of the Tunnel Beds tuff with a fracture in the 
zone where the test was to be conducted. 

The fracture design is shown schematically in Fig. III-5 and involved 
the following sequence of operations: 

1. Place an HQ rod (3-l/8" ID) inside hole with the packer element 
on bottom. 

2. Circulate the hole with clean water. 
3. Set the packer at 1395 feet. 
4. Run a string of NQ rod (2-3/8" ID) 
5. Conduct the fracture treatment by pumping fluid down the center 

rod with the annulus between the two rod strings packed off at . 
the surface. 

‘*Halmson, B. C. et al, "Deep Stress Measurements in Tuff at the Nevada 
Test Site," Pro- the Third Conference, International Society of 
Rock Mechanics, Denver, CO, 1974. 
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HOLE 5-FRACTURE DESIGN 

Fig. III-5 

6. During breakdown and treatment, the pressure inside the NQ 
rod string and the static pressure on the annulus would be 
measured with high sensitivity pressure transducers. 

7. Fracture initiation would be under open hole conditions in the 
5 foot zone from the packer to the bottom of the hole. 

The fracture fluid was specially tailored to the test requirements 
and was 

1. 
2. 

3. 

4. 

5. 

scheduled as follows: 

Breakdown - 350 gallons of water-based gel 
1st Stage - 450 gallons of water-based gel with black-dyed, 

20-40 mesh sand at 1 lb per gallon concentration. 
2nd Stage - 400 gallons as above but with red sand at 2 lb 

per gallon. 
3rd Stage - 400 gallons as above but with blue sand at 3 lb 

per gallon. 
Flush - 320 gallons of clear water to flush the 3rd stage 

clear of the drill rod. 

All fiuids were premixed. Once injection commenced, it was to be 
maintained at a constant rate as possible with no shutdown between 
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stages other than valve switching. The injection rate was to be 4 
bbls per minute. The design of the water-base gel (designation PWG/ 
FR26L) called for a viscosity in the range of 30 to 100 cp. Fracture 

design calculations predicted a distribution of colored sand proppants 
as shown in Fig. 111-S. 

The test occurred on August 23, 1976 and proceeded as planned. The 

results from the pressure and injection rate'sensors are shown on 
Fig. 11.1-6. Significant operational events are also noted on the 
diagram. 

An array of acoustic signal detectors had been placed underground 
in the tunnel to detect acoustic signals related to fracture propaga- 
tion. Seismic signals were recorded, but data analysis has revealed 
that all of the decipherable signals originated from the vicinity of _ 
the wellbore; none were detected that could be associated with a growing 
crack.* 

An analysis of the injection records as exhibited in Fig. III-6 
has led to these observations: 

(1) The pressure spike at point.1 indicates that the formation may 
have broken down while circulating clear water. The maximum pressure 
recorded was 975 psi, but this pressure may not represent true break- 
down. The record does indicate that the annulus was prematurely closed 
while pumping. The instantaneous shut-in pressure (point 2) was -850 
psi. Another pressure spike was recorded (point 3) upon initiation of 
pad injection: this peak was 1060 psi. 

(2) Rapid pressure increase was observed during pad injection. At 
point 4, the pressure was 820 psi and by the time the first stage 
started to enter the hole, the pressure had climbed to 1100 psi (point 
5) . . The injection pressure continued to climb until the completion of 
injection (1425 psi at point 6). 

(3) An excellent record of the instantaneous shut-in pressure was 
recorded after shut down (point 7). 

. 

&Further details of this aspect of the experiment are given in the first 
Annual Report of this program: Sandia Laboratories Report, SAND-77-0286, 
June 1977, p. 62. 
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(4) The gross shape of the pressure plot between points 4 and 6 is 
exponential while the injection rate remained nearly constant. Such 
behavior should be expected from a constantly growing radial fracture 
being fed from the wellbore. However, the final injection pressure was 
1425 psi versus a minimum rock stress of.% 850 psi. The 575 psi pressure 
difference must be ascribed to friction losses, probably very near to the 
wellbore, because theory states that the pressure required to propagate 
a fracture is only slightly over the minimum stress. 

(5) Seismic signals related to fracture propagation were not 
detected and this suggests that a normal fracture was not formed. 

(6) The friction loss down the pipe, as measured by taking the 
difference between the surface injection and annulus pressures, of the 
frac fluid were similar to those for the water flush. Therefore, the 
conclusion is that the actual frac fluid viscosity was about 1 centi- 
poise. The low viscosity is in agreement with the composition of the 
frac fluid which contained a friction reducing agent. Under turbulent 
flow conditions experienced in the pipe the fluid has low (% 1 cp) 
viscosity. Under laminar flow conditions expected in the fracture, 
the viscosity rapidly increases. The design viscosity for laminar flow 
was 79 centipoise. 

Mineback operations commenced from the end of the then existing 
tunnel, approximately 200 ft from Hole 5 (see Fig. 111-31. Anumber 
of mini-breakdown tests were accomplished ahead of the mining sequence 
for in situ stress measurements. A long horizontal hole had been pre- 
viously drilled and six breakdown tests conducted prior to fracing Hole 
5. The mining plan therefore included mining along that hole while 
advancing towards the Hole 5 region. 

No evidence of the Hole 5 fracture was found in the main drift even 
after it was-driven to a position some 60 ft from the borehole. An 
exploratory coring program was then conducted to search for the fracture. 
Seven holes were drilled from stations in the drift or short cross-cuts 
off the main drift. Evidence of the fracture was obtained only in three 
of the holes and the decision was then made to cross-cut directly to the . 
borehole. Eventual mineback operations resulted in creating a small 
gallery in the vicinity of the borehole as shown in Fig. 111-7. 



A simple fracture was not created by the staged proppant experiment. 
Details of the fractures are shown in Figs. 111-8, 9, and 10. The mine- 
back has indicated that the main course of the fracture was downward 
and to the south. The primary fracture was steep but sinuous. A 
secondary fracture branched off the main zone and its orientation was 
about 30" from horizontal. Both fractures cut bedding and minor fault 
planes for most of their course except in two significant cases. Upward 
growth of the main fracture terminated against a'flat bedding plane or 
parting forcing the fracture to propagate downward. The secondary 
fracture was effectively terminated by a high angle fault. No distinct 
distribution pattern of the three stages of colored sand proppant was 
witnessed during mineback. In most instances the three colors were 
mixed. The fracture width varied from 1 to 5 mm. 

This experiment was conducted closer to a nuclear event than the 
Hole 3 experiment conducted in 1975 and which produced a more "classical" 
fracture.* Thus, the results from the Hole 5 test may be confounded by 
effects from the nuclear event. Nonetheless, significant observations 
can be made: 

(1) fracture growth was limited and affected by faults, 
(2) the fracture did not penetrate, and sand proppant was not 

found in, an open fracture about 3-5 from the borehole, 
(3) upwards growth of the fracture was limited by a parting 

plane (essentially a no strength interface), 
(41 no distinct patterns of the three stages of colored sand 

proppant were observed, 
(5) orientation of the minor fracture changes as it passed 

through different bedding planes, and 
(6) observed fracture is dramatically different than the design 

fracture. 

No simple explanation can be given for the fracture complexity 
observed in this test. Work is now underway to study the in situ stress 
distribution in the region as well as obtaining a comprehensive set of 
rock properties. This work will hopefully contribute to our understanding 
of this complex fracture experiment. 

*Tyler, L. D. and Vollendorf, W. C. "Physical Observations and Mapping of 
Cracks Resulting from Hydraulic Fracturing In Situ Stress Measurements,n 
SPE Paper 5542, 50th Annual Technical Conference and Exhibition, Society 
of Petroleum Engineers of AIME, Dallas, TX, September 30-October 1, 1975. 



Fig. III-7 - Plan View of Hole No. 5 Mineback Showing Locations of 
Vertical Sections. 
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C. Formation Interface Experiment: Hole 6 
(N. R. Warpinski, -11, and G. B. Griswold, 5732) 

The behavior of hydraulic fractures at formation interfaces is not 
well understood and its investigation is of prime interest to industry. 
A formation interface between the ash fall and welded tuffs is available 
in G tunnel and was utilized in the design and conduction of the Hole 6 
experiment. The initial test design was formulated at a meeting of 
Amoco, Dowell, Halliburton, and Sandia representatives in Tulsa, OK on 
February 22., 1977. Specific fracture design was performed by Dowel1 and 
they conducted the actual frac jobs at the Nevada Test Site. 

The location of the test hole was chosen at a site 425 feet south 
southwest of Hole 5. Hole 6, which is officially designated UE12g10#6, 
is shown in Figure 111-3; the exact location is N882,870.34, E632,160.37 
referenced to the NTS coordinate system. The hole's collar elevation 
is 7554.76 feet and its total depth is 1455 ft. The hole was cored and 
nuclear, density and caliper logs were run. The dense welded tuff unit 
was encountered from 1320 to 1336 feet as can be seen from a section of 

'.. 

the density log in Figure 111-11. From 1336 to 1352 feet is a transition 
region where there are many voids, fractures and breccia. Below 1352, 
the ash fall tuff is easily identified. The location of the welded tuff 
unit in the hole is about 50 feet higher than was originally anticipated 
and.will necessitate uphill inclined mining to expose the interface. 
Table III-1 shows the properties of the various formations as determined 
from cores of Hole 5 nearby. 

On July 8, 1977, a second meeting with Dowel1 was held in Albuquerque 
to finalize the design of the experiment. It was decided that each zone 
of the tuff be fractured separately with Class "A" cement containing 1% 
D-60 mixed at 15.4 lbs/gal. The properties of the grout are shown in 
Table 111-2. Different colored grouts would be used in each formation 
to allow easy mineback identification of the cement-filled fractures. 
Fifty foot vertical fractures with 300 foot wings appeared sufficient 
for the purposes of the experiment. Given the average reservoir prop- 
erties shown in Table 111-3, Dowel1 provided a fracture design calling 
for 8000 gallons of grout pumped at 6 bbls/min for the ash fall tuff 
and 5000 gallons of grout at the same. flow rate for the welded tuff. 
These designs would produce widths of 0.4 in. and 0.15 in. respectively. 
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TABLE III-2 

Properties of Class "A" Cement 
With 1% D-60 @ 15.4 lbs/gal 

Yield 1.21 ft3/sack 

Viscosity 128 cps 

n' 0.86 

0.0031 lb-secn'/ft2 t 
Pseudo Plastic 

k' (not corrected) 

rl 

TY . 

0.07 lbm/ft-set 

0.23 lb/ft2 
Bingham PlaSti.C 

cw 4.1 x low3 ft/JmX. 

Spurt 0 

TABLE III-3 

Reservoir Properties 

Bulk Density (q/cm3) 

Grain Density (q/cm3) 

Porosity (%) 

Water Saturation (%) 

Modulus of Elasticity (lo6 psi) 

Poisson's Ratio 

Permeability, (md) 

Bulk Modulus (lo6 psi) 

Shear Modulus (lo6 psi) 

Ash Fall Tuff Welded Tuf f 

1.77 2.37 

2.42 2.6 

44.6 13.0 

100.0 100.0 

0.236 3.8 

0.312 0.238 

0.01 0.022-2.2 

. 0.221 

0.111 

2.44 

1.5 
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Details of the fracturing operations were finalized in August and 
are shown in Figure III-12. The first fracture would be initiated in 
the ash fall tuff. The well would be back filled with pea gravel to 
1364 ft and an inflatable packer would be set with the bottom of the 
element at 1352 ft. This would provide .a 12 foot isolated zone just 
below the transition region. Downhole pressures would be monitored with 
an Amerada bomb on a wireline in the open zone and a transducer hardwired 
to the surface situated in a sub directly above the packer. Wellhead 
pressure would be obtained from a transducer at the surface and the flow 
rate would be taken from Dowell's instrumentation. The formation would 
be broken down with 30 bbls of water. After a short quiet time for 
acoustic measurements, 4000 gal of green grout followed by 4000 gal 
of black grout would be injected. This would be displaced from the well 
bore with 10 bbls of water and then shut in for another quiet period. 

The second fracture, also shown in Figure III-12, would be initiated 
in the dense welded tuff region. The hole would be back filled to 1331 
feet and the packer set at 1323.5 feet, leaving an open interval of 7.5 
feet. A notch, cut at 1328.5 feet would reduce breakdown pressure and 
insure that the fracture would initiate at that point. The same pressure 
and flow rate measurements would be obtained and the same fracturing 
operation followed, with the exception that only 5000 gal of blue 
grout would be injected. 

An array of four triaxial geophone assemblies were emplaced in 
coreholes near the fracture region. Further details of this. part of the 
experiment can be found in Section II-C. 

The ash fall tuff zone of Hole 6 was fraced on August 23, 1977. A 
few items on the operational plan were modified as the experiment pro- 
gressed. The pea gravel was tagged at 1358 feet instead of 1365 ft, 
leaving an open interval of only 4 feet. This required that the six 
fqot long Amerada bomb be positioned above the packer at 1337 feet. The 
quiet time after breakdown was eliminated and the fracturing commenced 
immediately. Dowel1 injected 128 bbls of green grout and 90 bbls of 
black grout instead of the original design volume of 96 bbls of each. 
The pressure transducer at the surface malfunctioned and, consequently, 
no well head pressure data was obtained. Without this data, the friction 
losses through the pipe could not be determined. Figure III-13 shows 
the flow rate and downhole pressure data that were obtained as well as 
the location and number density of acoustic signals that are believed 
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to be fracture related. Not shown on the pressure record are severe 
fluctuations that are thought to be a result of a water hammer effect. 
These fluctuations occurred at approximately 7:40 and 8:28 for a 
duration of about 2 minutes each. 

In order to translate the specific results of this experiment into 
general "fracture-interface interaction" criteria it is necessary to 
relate the results to their hydraulic fracturing history. For example, 
filling open fractures will provide no fracture-interface confrontation 
and unusual in situ stress distributions might produce unexpected 
results. It is expected that the pressure and flow measurements, as 
well as the acoustic measurements, can provide information to characterize 
the fracturing process prior to mineback. A number of preliminary 
observations have been based on these data. 

As indicated in Figure 111-13, the bottom hole pressure (BHP) before 
fracturing was constant at 465 psi. This demonstrates that fluid was 
not flowing into the formation and the zone was tight. The 730 psi 
pressure spike at 7:35.30 was coincident with the start of pumping and 
probably indicates breakdown. Although this is somewhat lower than 
expected, the minimum in situ stress (0 min) cannot be greater than the 
smallest pressure (340 psi) observed during fracturing and a breakdown 
pressure that is 390 psi above urnin is not unreasonable. If it is assumed 
that the maximum principle in situ stress (cmax) can be calculated from 

u max = 3 urnin - Pc + Ot , 

where Pc is the breakdown pressure and at is the tensile strength, and 
further, that the tensile strength is on the order of 300 psi, then an 
upper limit on amax can be placed at 590 psi. 

Given the material properties in Tables III-1 and 111-3, it is 

expected that a significant pressure rise would have been observed 
if the fracture had broken into the welded tuff formation. No such 
pressure increase is evident in Figure III-13. However, as shown by 
Simonson et.al*, tectonic stress variations can also affect fracture 
propagation. If the in situ stresses in the welded tuff are lower than 1 

* 
Simonson, E. R., Abou-Sayed, A. S. and Clifton, R. J. "Containment of 
Xassive Hydraulic Fractures," SPE 6089, Slst Annual Conference and 
Exhibition, Society of Petroleum Engineers of AIME, New Orleans, LA, 
October, 1976. 
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those in the ash fall tuff, the effect would be just the opposite 
expected from the inherent material property variations. Thus, it is 

very important that in situ stress measurements be made in both formations 
at various locations around the fracture. Finally, in order to observe 
this interaction, it is mandatory that the fracture "climb" as it Propa- 
gates. This is usually expected in fracturing operations since the 
fracturing fluid's hydrostatic pressure gradient is less than the litho- 
static pressure gradient. In the present case, the lithostatic pressure 
is due entirely to the overburden and the gradient in the ash fall tuff 
region iS proportional to the tuff density which varies from 1.4 to 2.0 
g/cm3. The hydrostatic gradient, which is proportional to the fluid 
density (1.90 g/cm3) is, in general, larger than the lithostatic. This 
suggests that the fractures may propagate downward. 

It should be mentioned that shutdowns must be avoided if the pressure 
record is to be used for diagnostic information. Interpretation of the 
BHP in Figure III-13 is quite difficult due to the numerous interuptions 
in the flow rate. On the other hand, valving was not evident in the BHP 
record and presented no complications. 

A definite shut-in pressure was not obtained because the Amerada 
pressure bomb surpassed its time limit (l-1/2 hrs) at 8:37. This 

pressure, which should be equal to cmin , probably is not greater than 
340 psi as previously discussed. Knowledge of friction losses through 
both the drill pipe and the fracture is also quite important. It is 
estimated that this slurry, which behaves like a Bingham plastic, has a 
friction loss of 755 psi/1000 ft through the 2-3/8 in. tubing at 6 bbls/ 
min. The pressure gradient through the fracture has not yet been 
determined. 

After completion of the first fracturing operation, fracing of the 
second zone was delayed when a string of drill pipe was lost in the hole 
during the notching operation. A fishing operation was successfully 
completed in September and the second zone will be fraced in late 
October, 1977. An operational plan has been devised that will insure 
that the instantaneous shut-in pressure (cmin) and the friction losses 
through the drill pipe are obtained. Mineback operations have already . 
begun towards the Hole 6 region, but not to an extent that will inter- 
fere with the second fracture. 
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3. Fracture Calculations 
(N. R. Warpinski, 5732) 

The interface between the welded and ash fall tuffs is not Well 
defined and the rock properties vary widely over a ten foot range. In 
this region, the rock characteristics are not uniform and there are many 
-TOids, fractures and breccia. Since it is imperative to extend the 
Fracture far enough in the ash fall tuff to allow interaction with the 
-gelded tuff, the fracture models of Geertsma and de Klerk* and Perkins 

** 
and Kern have been employed to study the effect of variations of bulk 
and matrix rock properties on fracture propagation. 

Figure III-14 shows how the fracture length increases with injected 
-,-olumc . The design calls for a 50 ft high fracture with a flow rate Of 
6 bbls/min and a fluid viscosity of 128 cp. The fracture propagates in 
a medium where Young's modulus (E) is 2.36 x 10' psi and Poisson's ratio 
(,:I is 0.312. The fluid loss coefficient (CVW) is as shown on the graph 
and Dowell's predicted curve is shown for comparison. The two curves 
with CVW calculated use a porosity of 44.6% and a permeability of 0.01 md. 

The effect of Young's modulus (E) on fracture length is shown in 
Figure 111-15. For larger E, the fractures are longer but not as wide. 
Therefore, no problems are expected as the welded interface is approached 
since E for the welded tuff is larger than for the ash fall tuff. 
Figure III-16 shows that variations in v have a negligible effect on the 
fracture. 

The permeability has a pronounced effect on fracture length as 
demonstrated in Figure 111-17. It is important to remember that even 
though matrix permeability may be low, a large fracture permeability can 
greatly reduce the length of the fracture. This is certainly the situa- 
tion in the interface where voids, fractures and breccia are widespread. 

E. Containment Program Activities: Puff-N-Tuff Experiment 
(L. D. Tyler, 1111) 

The Puff-N-Tuff experiment was conducted in G tunnel for the purpose 

* 
Geertsma, J. and de Klerk, F., "A Rapid'Method of Predicting Width and 
Extent of Hydraulically Induced Fractures,N Journal of Petroleum Tech- 
nology, December, 1969, Vol. 21, pp. 1571-1581. ** 
Perkins, T. K. and Kern, L. R., V Widths of Hydraulic Fractures,U 
Journal of Petroleum Technology, September, 1961, Vol. 13, pp. 937-949. 
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of studying the effects from an explosion of a spherical charge of high 
explosive. The principal objective was to study the effect of post- 
detonation high pressure gases on containment. The work was sponsored 
by the Division of Military Applications as part of a continuing program 
to study the containment of nuclear test experiments. 

The initial configuration of the explosive test is shown in Figure 
III-18. A 256 lb spherical charge was placed at the end of a drift 
4 x 4 ft cross-section. The charge was then stemmed into the drift 
with cement grout which closely matched the physical properties of tuff. 
Two open 6 in. transite pipes extended in opposite directions from the 
spherical charge; the pipe in the tuff was not grouted. Conical "trans- 
ition" cones were placed at the junction of the pipes and the sphere. 
The purpose of these cones was to delay collapse of the open pipes during 
the short-lived hydrodynamic phase immediately following the detonation. 
Once the shock waves had dissipated, it was expected that the high 
pressure gases would escape down the open pipes. 

Figure III-19 illustrates the results of the post-detonation mine- 
back operation in the tuff region "in back of" the explosive cavity. The 
crosshatched area shows a vertical fracture produced by the explosive 
gases from the pipe and borehole which extended into the tuff. The pipe 
that was grouted into the stemmed drift apparently'collapsed during the 
hydrodynamic phase. 

The fracture initiated in the tuff is remarkably similar in orien- 
tation to that induced by conventional hydraulic fracture techniques at 
Hole No. 3 which is located nearby. The radial extent of the fracture 
is in close agreement with a hydrodynamic calculation showing that 
residual stresses lower than the overburden stress exist in this region. 
Fracture widths of 2-3 mm filled with black explosive debris were 
observed. While not uncovered, rough calculations suggest a fracture 
height of 75 ft. 
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grouted) 
I formation-matching grout 
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IV. A~DITIOXAL ENHANCED GAS RECOVERY ACTIVITIES 

:i . Green River 3asi:, Reao.Jrce Evaluation 
CG. B. Griswold, >i>2, and N. R. Warpinski, 5732) 

Rn evaluation of the natural gas resources of the tight gas sands 

z f the Wyoming Greater Green River Basin was conducted in June and July, 
?9Y-‘. The particular gas sands under consideration were the Paleocene 
y3r+- Union formation and the Upper Cretaceous Mesaverde group which is 
comprised of the Almond, Ericson, Rock Springs and Blair formations. 
The area1 extend of the basin is approximately 20,000 square miles and 
is delineated in Figure 111-20. After consultations with the United 
States Geoiogical Survey (USGS), Amoco, Davis and Colorado Interstate 
Gas, approximately fifty wells were selected that were considered to be 
representative of their region and from which considerable information 
could be derived. The individual well file of each of these wells was 

obtained from the USGS district office at Rock Springs and the files 
were searched for information from electric logs, drill stem tests, 
cores and mud logs that would aid in characterizing the reservoir. In 
particular, it was necessary to estimate the average depth, gross and 
net Pays, gas porosity, permeability and bottom hole pressilre and 
temperature of the reservoir for each formation at each location. The 
basin was subsequently divided into a number of subregions and volumetric 
calculations of the gas in place were performed by extrapolating the 
information from the individual well files. 
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Production records of various wells dating back to 1968 were 
obtained from the Wyoming Oil and Gas Conservation Commission. Pro- 
duction decline curves were computed so that estimates of recoverable 
gas could be calculated. The recovery factors of various completion 
techniques (particularly MHF) could then be computed and an estimate of 
recoverable gas could be presented. For the tight gas sands, however, 
this data was quite limited and it was suggested that the recovery 
factors be obtained from other tight gas sand basins where more data 
has been accumulated. 

All of the preliminary results have been sent to an independent 
consultf'ng geologist for further evaluation and refinement. The final 
*values for the estimated resource will be derived by Lewin & Associates 
who is combining the results from this study with similar studies in 
other areas under DOE's enhanced gas recovery program. 

B. Proaram Planning 

1. David A. Northrop is a member of a formal working group charged with 
providing technical direction to the development of a Program Strategy 
Plan for Enhanced Gas Recovery being prepared for DOE by BOOZ. Allen and 
Hamilton, Inc. and Lewin and Associates. Meetings have been held in 

Washington on April 18-19, May 12-13, June 27-28, August 4-5, and 
September 19-22, 1977. The Green River Basin Resource Survey described 

above was conducted for this strategy plan. 

2. Sandia personnel participated in the design and development of the 
program plan for DOE's Western Gas Sands Project which was initiated 
during the past year. Numerous reviews and revisions were prepared with 
particular emphasis placed upon the laboratory research and development 
activities. G. B. Griswold spent a week with CER and TRW in Las Vegas 
in December 1976 in the actual drafting of the plan. 
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D. A. Northrop gave presentations on G tunnel mineback experiments and 
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ABSTRACT 

Massive hydraulic fracture diagnostic experiments continued in FY 79 with 

the major activity being focused on the development of wireline tool instru- 

mentation. The development of the Borehole Seismic System and Borehole Hydro- 

phone System should lead to a more direct method of obtaining fracture orienta- 

tions and fracture heights than presently exists. These systems can be deployed 

in the well to be stimulated and can monitor seismic activities before and after 

nonproppant fluid pumping periods. This seismic activity should occur along 

the induced fractures, and the location of the seismic sources will be indicative 

of the fracture locations. The experiments conducted at DOE's Nevada Test Site 

with known signal locations substantiate field data obtained in two experiments 
3 

A high resolution, three-dimensional seismic survey program was initiated 

this year in an attempt to delineate lenticular sand formations from the surface. 

The program will start with some experiments at shallow depths where the sand 

lenses outcrop and then move into greater depths to evaluate this technique. In 

addition, a logging program has also been established to evaluate formation 

properties. This program hopes to evaluate the dispersive electrical 

parameters of the formation and relate these parameters to the formation 

permeability and porosity. 

Hydraulic and dynamic fracturing experiments have been conducted adjacent 

to a tunnel complex at the Nevada Test Site and which are then directly 

observed by mining through the experiment area. Emphasis has been placed on 

the study of the factors which influence the containment, and hence the overall 

geometry, of hydraulic fractures at a formation interface. Evaluation of 
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full-scale fracturing tests at an interface between geologic formations with 

significantly different properties, most notably an order of magnitude 

difference in elastic modulus, showed that the interface did not contain 

the fractures. Numerous smaller scale experiments at the same interface 

have confirmed these results. Thus, it has been shown that material property 

differences alone are insufficient for containment, and that the in situ stress 

is the dominant parameter. Fracture growth.and terminations have been shown 

to coincide with variations in in situ stress even within the same formation. 

Rock mechanics and fluid mechanics studies have supported these conclusions. 

In particular, a microcrack model has been formulated which dowoplays the 

importance of material properties and emphasizes the role of in-situ stresses 

for processes occurring at a crack tip. 

[Yultiple fracturing from a wellbore has been demonstrated for a High 

Energy Gas Frae concept. In this concept, the gas pressure pulse due to the 

deflagration of a propellant is designed to give pressure loading rates 

sufficient to initiate multiple fractures, peak pressures below the flow 

stress of the formation to avoid rock compaction, and a duration of burn 

sufficient to allow gas penetration and fracture extention. An expanded test 

series has been initiated to quantify several techniques for multiple 

fracturing based on this concept. 

Finally, a Multi-Well Experiment has been defined whose objectives are 

to characterize in detail a lenticular gas reservoir of the Western United 

States and to evaluate state-of-the-art and developing technology for the 

recovery of gas from them. This research-oriented field experiment will be 

initiated in 1980. 

2 
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I. Introduction and Summary 

A. Introduction 

Sandia Laboratories conducts several projects which are part of the United 

States Department of Energy's (DOE) Unconventional Gas Recovery Program. One 

is the Massive Hydraulic Fracture Characterization Project whose objective is to 

develop instrumentation systems for characterizing fracture systems,.formations, 

and other parameters contributing to enhanced gas recovery. Another is the 

Stimulation Research Project whose objective is to understand, and thus improve, 

fracturing processes for stimulation of natural gas production from low perme- 

ability formations which contain a high potential resource. Another is the 

Advanced Logging for Formation Evaluation Program being conducted for the 

Bartlesville Energy Technology Center in support of the Western Gas Sands 

Project. A fourth is the in situ testing of well shooting concepts being 

conducted for the Morgantown Energy Technology Center in support of the 

Eastern Gas Shales Project; Finally, a Multi-Well Experiment was initiated which 

will be the major field test conducted under the Western Gas Sands Project in 

future years. This report summarizes activities conducted under these projects 

during Fiscal Year 1979; October 1, 1978, through September 30, 1979. 

The Massive Hydraulic Fracture (MHF) Characterization Project began in 

1974 with the initial application of Sandia's instrumentation capability in a 

joint experiment with El Paso Natural Gas in the Pinedale Field, Green River 

Basin, Wyoming. The initial effort was an attempt to measure the orienta- 

tion and growth of a massive hydraulic fracture using both surface seismic 

recording and electrical potential mapping techniques. In the ensuing years, 

the surface seismic program has been discontinued because of its inability to 

map fractures from the surface. The surface electrical potential technique 

has been developed and fielded on several experiments over the past five 

years. This instrumentation system has demonstrated the capability to 

determine fracture orientation induced by massive hydraulic fracturing, 

provide a measure of the asymmetry of fracture wings created, and provide 

some insight into the stimulation processes occurring within the reservoir. 
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The original surface seismic program has been redirected and now is concen- 

trating on a borehole seismic system that can be utilized in the fracture well. 

This system records seismic signals oefore and after nonproppant fluid 

injections that can determine the orientation of the hydraulic fracture by 

knowing the orientation of the system within the borehole. Utilization of 

borehole tools for fracture mapping should greatly enhance the obtaining of 

these data by substantially reducing the costs. A second system utilizing 

hydrophones is under development for determination of fracture heights. In 

addition to fracture diagnostics, there has been a broadening of the project 

scope to develop other instrumentation systems and techniques for character- 

izing and evaluating the formation. These include defining the boundaries of 

lenticular sand lenses and evaluating the formation parameters involved in 

hydrocarbon production. For example, a logging program hopes to evaluate 

the dispersive electrical parameters of the formation and relate these 

parameters to the formation permeability and porosity. 

The Stimulation Research Project was initiated in FY 77. However, the 

program has built upon fracturing and mineback activities which have been 

conducted since 1974 in G-tunnel at DOE's Nevada Test Site as part of a nuclear 

containment program sponsored by the Division of Military Applications of DOE. 

The commonality of objectives between the nuclear containment program and 

enhanced gas recovery activities are striking, and the close relationship 

between the two programs has been mutually beneficial. 

A major activity has been in situ fracturing experiments in an environment 

which allows for direct examination and evaluation. The mineback capability 

provided at the Nevada Test Site provides this opportunity. A detailed physical 

description can be obtained directly and can be correlated with measured geologic 

material properties, in situ stress distributions, fluid behavior, and the 

operational parameters of the test. Rock mechanics and fluid mechanics labora- 

tory and modeling work support the design and analysis of the field experiments 
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and are producing new insight into fracturing behavior. The experiments also 

provide the opportunities to calibrate instrumentation techniques under 'known 

conditions and to ex2mlne innovative fracturing techniques. Thus, such nine- 

'back experiments provides consideraoly more information than the evaluation 

of a commercial frac job which is based primarily upon gas production alone. 

Industry and service company representatives participate in the planning 

and analysis of the experiments. This project is providing a unique oppor- 

tunity to quantify and understand fracture behavior. 

Sandia's projects are supported by DOE's Unconventional Gas Recovery 

Program through the Eastern Gas Shales Project, Western Gas Sands Project, 

and the Morgantown and Bartlesville Energy Technology Centers. Sandia's 

projects provide a'broad supporting research and development capability. 

Activities are planned, conducted, and reported with the aim of contributing 

to the objectives of both the Eastern and Western Projects and to the overall 

development of Unconventional Gas Recovery technology. 

B. Summary 

Two field experiments and two NTS experiments were conducted in FY 79 

utilizing the borehole seismic system. The second experiment at NTS utilized 

the seismic system as it would be used in a regular borehole experiment and 

located seismic sources in the vicinity of a wellbore. This data analysis was 

similar to and provided a basis for the analysis of the full scale fracture 

experiments. These two field experiments were conducted with Amoco in their 

Wattenberg field and produced excellent fracture orientation results. 

The other borehole tool is the stacked hydrophone system which has been 

a prototype design. Preliminary testing in the laboratory and in a shallow 

borehole indicates this system is operational, and it will be evaluated in 

FY 80. It will be utilized in two diagnostic modes; one for determining 

fracture heights and another for determining formation interval velocities. 

The formation evaluation portion of the program has had two efforts this 
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year: the first effort being the initiation of a program utilizing high resolu- 

tion seismic surveys for determining the boundaries of lenticular sand 

formations. The other program is the electromagnetic logging program which 

is directed at understanding the relationships between dispersive electrical 

parameters and formation parameters. The formation parameters of interest 

include both permeability and porosities. The program is in the feasibility 

study area this year and should move into a prototype system design in FY 80. 

The Stimulation Research Project activities have focused upon the study 

of the containment of hydraulic fractures by geologic formation interfaces, 

material properties and in situ stresses. Coring operations are delineating the 

extent of the full-scale FIole #6 experiment conducted and mined out last year. 

It was observed that the fractures broke through the interface between ash fall 

tuff and welded tuff formations having significantly different properties, most 

notably an order of magnitude difference in modulus. Coring has confirmed 

that the fracture geometry was not affected by the presence of the interface; 

in fact, fracture growth was predominantly upwards and downwards instead of 

lateral resulting in a fracture length of 150 ft as compared with a 600-ft 

"design". An Interface Test Series was conducted this year to further examine 

the behavior at the interface; 31 small volume (150 gal) hydraulic fractures 

were created from horizontal dellbores located just below the same geologic 

interface used in the Hole #6 experiment. Fractures propagated upwards througl 

the interface into the higher modulus formation but only limited downwards 

growth was observed in the same lower modulus formation where the fractures 

were initiated. In situ stresses were calculated from the fracturing pressure 

records, and fracture growth was observed to be limited by increases in the 

in situ stress measured in the same formation. Thus, in situ stresses are 

the predominant factor affecting hydraulic fracture growth; the character of 

the interface (bonded or nonbonded) and material property differences play a 

subordinate role. 

8 
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A microcrack rock mechanics model has been formulated which confirms these 

field results. Essentially, it shows that the zone of influence at a crack tip 

decreases rapidiy wit. 5 increased stress and is not affected significantly by 

material properties. The model has been extended to include the effects of an 

anisotropic in situ stress state. Laboratory experiments with materials with 

smeared interfaces, where the properties change smoothly over a short distance, 

are being conducted to further test the fracture propagation at such an inter- 

face. 

In a series of three experiments conducted last year, it was demonstrated 

that multiple fracturing from a wellbore was possible for a gas pressure pulse 

produced by the deflagration of a propellant. The pulse must be designed to 

give: 1) pressure loading rates sufficient to initiate multiple fractures, 2) 

peak pressures below the flow stress of the formation to avoid rock compaction 

and wellbore enlargement, and 3) a duration of burn sufficient to allow gas 

penetration and fracture extension. An expanded test series - the Multi- 

frac Test Series - has been initiated to investigate several techniques based 

upon this tailored-pulse concept. The test design is complete and assembly 

for five different experiments is underway; the tests will be conducted in 

the second quarter of FY 80. These tests will be extensively instrumented 

and evaluated to provide data for the modeling and development of such a 

dynamic wellbore fracturing technique for unconventional gas stimulation. 

A Multi-Well Experiment has been defined. This is a research-oriented 

field experiment where two (or more) wells will be drilled at close spacings 

on a given site and will be used to characterize in detail one of the lenti- 

cular, tight gas reservoirs of the Western United States and to evaluate 

state-of-the-art and developing technology for the recovery of gas from 

them. Program planning is underway and an industry advisory group has been 

formed and is active. The experiment consists of six major activities (analy- 

sis and evaluation, laboratory testing, field drilling, stimulation, production 

testing, and field diagnostics). Field activities will be initiated in the 

spring of 1980, most likely at a site in the Piceance Basin, Colorado. 

9 
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II. Nassive Hydraulic Fracture ‘Yapping and Characterization Program 

A. Borehole Seismic System (R. W. Seavey, 4733) 

1. System Description 

The determination of fracture orientation is possible with the use of one 

triaxial geophone package. If two horizontal and one vertical geophones are 

clamped in the treatment well at or near the zone to be fractured, seismic 

signals can be detected and recorded which can be analyzed to determine the 

direction to the seismic source. Since the geophone response is a function 

of the angle of incidence of the compression component of the seismic 

signal, direction to the source can be determined. If a seismic source in 

space produces a response on geophones aligned with the X-Y-Z axes 

(Fig. II-l), the output of the horizontal geophones will be Y=C sin A and X=C 

cos A. The ratio of the horizontal amplitude is then Y/X= tan A from which 

the horizontal direction may be obtained if one knows the orientation of the 

geophones. The vertical angle of incidence, B, can be determined as the angle 

whose tangent. is the ratio of the vertical response to the vector sum of the 

horizontal responses. 

The borehole seismic system was fabricated using commercially available 

components where possible. These components were integrated into an overall 

system that would allow operation on a single conductor wire line. The single 

conductor wire line provides power to the electronics, control to the clamping 

arm, monitoring circuitry for the clamping arm, and the return path for the 

multiplexed output from the geophones. The lower section of the system 

(Fig. II-21 is the orientation package which contains its own power supply 

package, camera, and orientation unit. Either of two orientation units can 

be used: 1) a compass unit for operation in an open hole, and 2) a gyroscopic 

unit for operation in a cased hole. The entire system is 3-5/8" diameter and 

up to 16 ft long and is capable of being clamped into boreholes from 4-l/2" up 

to 15" diameter. Figure II-3 shows this borehole seismic system with the 

cases removed to show interior parts. 

10 
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Two horizontal and one vertical geophones produced by Mark Products (Model 

L-25A) were selected for use in this system. The output of each geophone is 

amplified by a specially designed amplifier, each of which then feeds a voltage 

controlled oscillator (VCO). The three geophone VCO signals are multiplexed 

wit:? a VCO signal that monitors the clamp arm operation and then transmits 

to the surface. Figure II-4 is a block diagram of the downhole system. The 

geophone VCO's are standard IRIG frequencies and allow a 2 kHz bandwidth 

signal to be transmitted to the surface from each geophone. Magnetic tape 

recordings at the surface are made to allow for future data analysis. The 

entire system has been pressure tested and found to operate satisfactorily up 

to pressures of 12,000 psi. 

2. NTS Minifrac 

In October of 1978, two very small fractures were performed in the HF20 

drift of G-Tunnel at the Nevada Test Site. Three triaxial geophone packages 

were grouted into the drift and the borehole seismic unit was placed in a 

horizontal position within another, horizontal borehole. All four sets of 

geophones were placed such that the larger of the two fractures would be 

expected to intersect their positions. 

The purpose of this experiment was: 1) to compare the signals from 

grouted units with the clamped unit, 2) to examine near field seismic signals, 

3) and to examine the tail of the seismic signal (coda) because of peculiarities 

observed in data collected in testing during the previous year (Ref. 1). 

The first fracture was performed with 20 gallons of clear water and the 

second fracture with 80 gallons of clear water. During the first fracture, no 

signals were observed on the borehole seismic unit. Insufficient amplitude 

of the few signals observed on the other units prevented any significant 

evaluation of signal characteristics or source location. The second fracture 

produced more signals but all of a very low amplitude. These were further 

14 
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complicated by intermittant tape recorder malfunctions to the extent that 

no signal characterization or source location could be determined. The borehole 

seismic unit because of its horizontal position, went into large mechanical 

resonance. One horizontal geophone had extremely large resonant characteristics 

indicating that in all likelihood it had been damaged in a previous test. 

As a result of the low signal levels and malfunctions, no useful conclusion 

could be made from these tests and additional NTS tests were planned. 

3. Amoco Experiments 

Sandia participated in two experiments in November, 1978 with Amoco in the 

Wattenberg field, north of Denver, CO. These experiments were conducted in the 

Muddy J gas sand at approximately 8,000 feet. 

The breakdown pumping schedules were designed to study seismic signals 

generated from fractures and hopefully to determine the direction of the fracture. 

a) Experiment #1 

The well was cased to a depth of 7,965 ft and open for approximately 

another 100 ft. Sandia's triaxial geophone package was clamped at 7,945 ft, 

and the well was fractured with 15,000 gallons of KC1 water in small stages. 

An initial breakdown was performed with 100 gallons at five barrels-per-minute 

(BPM) followed with an additional 100 gallons at l/4 to l/2 BPM to determine 

closure stress. Following these two stages, the well was shut in and seismic 

activity was monitored and recorded for several minutes. Subsequent pumping 

stages were of 100, 200, 500, 1,000, 2,000, 4,000 and 7,000 gallons at 5 BPM, 

and each stage was followed by a 3 to 10 minute shut-in period in order to 

monitor seismic activity. 

More than, 65 signals were observed during these quiet periods. Of these 

signals, seventeen appeared to have sufficient amplitude to be examined. Five 

of these signals saturated this system and three were too low in amplitude to 

be usable leaving nine signals that could be analyzed. 

The signals were bandpass filtered from 10 Hz to 400 Hz and digitized at 

16 
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a 1 kHz rate. The signals were then further processed by using an adaptive 

filter to help eliminate Periodic background noise. Hodograms of the 

horizontal Bgeophor.es were then examined to predict fracture orientation. 

Bearings were obtained that ranged from 290° to 320° with an average of 30S" 

indicating a fracture direction of N5S0W to S55OE. A typical hodogram is 

shown in Fig. 11-5. 

b) Experiment $2 

On 11/30/78, a breakdown fracture was conducted on Experiment #2. 

This well was completely cased and perforated from 7,910 to 7,940 ft. The 

Sandia seismic package was placed at 7,926 ft. The pumping schedule was the 

same as on Experiment #l, except that the breakdown and closure stress 

determination was a total of 100 gallons and the 2,000-gallon stage was 

increased to.2,100 gallons for a total of 15,000 gallons. 

More than 10 seismic signals were observed but of lower amplitudes than 

those on the first test. Only five signals were large enough to obtain source 

direction. Bearings on these signals were from lOS* to 147O with an average of 

130" indicating a fracture direction of N50°W to SSO*E. A typical hodogram is 

shown in Fig. 11-6. 

Shear wave arrivals could be observed in most of the signals for both tests 

as shown in Figs. II-5 and II-6 and ranged from a few milliseconds to as much as 

perhaps 15 ms following the compressional wave. 

Distance to seismic sources can be determined as follows if the p and s wave 

velocities are known. 

D= VP ( tp-to ) (1) 

where D = distance to the seismic source 

vP = p-wave velocity 

tP = the time at which the p-wave arrives 

to = the time at which the seismic wave 
was produced 

also 
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3 = V,&-to) 

where v 
S 

= s-wave velocity 

t, = the time at which the s-wave arrives 
rearranging eqs. 1 and 2 we have 

3/vp = to-to L 
D/U,= t,-to 

subtracting 3 from 4 

(2) 

(3) 

(4) 

D D vs - 5 = t,-tp 

rearranging 5 produces 

Vs"Pht -- 
D = (VP-us) 

where ht = the time difference of the p-wave and s-wave arrival. 

If one uses a p-wave velocity of 10,000 feet-per-second and an s-wave 

velocity of 5,OOOi which could be typical for sandstone formations, the seismic 

sources producing the signal shown in Figures 5 and 6 would be approximately 

20 and 150 ft from the wellbore. 

4. NTS Borehole Tests 

In order to determine the origin of known seismic sources and study the 

oscillatory signals, an evaluation test of the borehole seismic unit was designed 

and performed at the Nevada Test Site. The clamp package was installed in the 

floor of G-Tunnel and adjacent to it, a triaxial geophone package using the 

same type of geophones was grouted in a borehole. Seismic signals were then 

induced, and the received signals analyzed for determining the source locations. 

In addition to the induced seismic signals, a triaxial geophone was attached to 

the clamp unit and driven from a sine wave source at various frequencies to 

see if resonances did exist in the clamp package. 

Seven holes were drilled in the floor of the Madison drift in G-Tunnel. 

The relative locations of these holes are shown in Fig. II-7 as R, C, and W3 
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through W7. A triaxial geophone unit was placed in Hole R at a depth of 

18 ft with the horizontal geophones oriented as indicated by Hl and H2 in 

?ig. 11-7. The hole was then filled with acoustic matching grout. The bore- 

hoie seismic unit was placed in Hole C at a depth of 18 feet .with the horizontal 

geophones oriented as shown by Hl and H2 and clamped to the sidewall. 

The shaker geophones attached to the borehole seismic unit were driven 

from 20 Hz to 2 kHz and resonances were observed at a number of different 

frequencies. At a later time, the.borehole seismic unit was coupled to the 

wall through sand (i.e., the hole was filled with sand) and the resonant 

frequencies changed. The resonances were large enough to prohibit extraction 

of any useful information from the seismic tail. 

A number of methods of inducing seismic signals were attempted both on 

the floor of the tunnel and in the bottom of the holes. The only sources that 

produced adequate signals were hammer blows on the floor and a spark plug 

fired in water at the bottom of the holes. The results of these tests are 

tabulated in Table 11-l 

In tests 1 through 3 (Table II-l) the seismic source was from firing a 

spark plug in the bottom of the hole. By recording the ignition times, the 

p-wave and s-wave travel times could be obtained and velocities calculated. 

The average velocities were then used to obtain distances in the other tests. 

In each test, the borehole seismic system determination of the source was 

at least as good as the grouted reference package. Some of the source 

locations are rather poor, but this is to be expected whenever the signal 

levels are too low or too large. The reference unit has a decided shift in 

location in the clockwise direction. It is expected that the unit had been 

rotated during grouting from its original position. 

Based on the tests and experiments performed with the borehole seismic 

system, it is reasonable to conclude that fracture orientation can be determined 

in most cases. With knowledge of p-wave and s-wave velocities, fracture 

distances could be estimated. Any additional information that may have been 
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contained in the seismic tail could not be extracted due to the system 

resonances which generally occurred after the s-wave arrival. 

3. Borehole Hydrophone System (R. P. McCann, -1733) 

1. Syst-m Apolications 

The downhole hydrophone system under development by Sandia Laboratories is 

to be used in two distinct areas. The first considered is in the measurement 

of formation velocities to aid in the investigation of oil and gas formations; 

the second is for the downhole detection of passive acoustic signals for the 

purpose of hydraulic fracture diagnostics. 

a) Formation velocity. The idea of using compressional waves as an aid 

in the assessment of oil and gas formations is not new. It was established 

early that the compressional wave propagation velocity depends on the lith- 

2 ology and porosity of a formation . One of the basic tools used as an aid 

in determining formation porosity and helpful in interpreting seismic records 

has been the acoustic velocity log.‘ The log is a recording, as a function of 

depth, of the time required for an acoustic wave to travel a unit distance 

of formation. The basic logging tool includes an acoustic projector and two 

receivers which are incorporated in the logging tool. In general, the 

acoustic wave velocity is higher in the formation than in the drilling mud, 

and in measuring first arrival times, the propagation velocity in the 

formation can be determined. Because the acoustic wave penetration of the 

formation is a function of projector to receiver spacing, the prime velocity 

measurement is often of the invaded zone of the formation, and measurements 

in the past h..ve indicated that the velocity in the invaded zone around the 

well can be substantially different from the true velocity in the deeper un- 

contaminated zone. Therefore, it is desirable to extend the spacing between 

the acoustic projector and receivers to the maximum possible length3. An 

acoustic velocity system making use of this principle has been designed and 

is now available for evaluation and test. 
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b) source locator. Early experiments in techniques to detect and map 

k,ydrauiic fractures have shown that acoustic signals in the 100 Hz to 

2,000 Hz frequency range are detected by a downhole hydrophone immediately 

4 following a hydraulic fracturing operation . At the conclusion of pumping, 

these signals continue at about a constant rate throughout a 30-minute period 

while the well is shut-in. Because only one acoustic detector was employed, 

it was not possible to obtain information on source locations. Attempts have 

been made to measure at the earth's suface fracture oriented seismic or acoustic 

signals. The very poor signal-to-noise ratio encountered with such distances 

involved makes detection of the signal highly improbable'. Signal detection 

from fractures thus require that multiple sensor receivers be deployed near the 

fracture source. 

2. System Description 

The borehole hydrophone system makes use of commercially available com- 

ponents where possible. The electronic system circuitry and components are 

designed to allow operation on a single cdnductor wireline. In both 

intended uses of the hydrophone system, the single conductor wireline 

provides power to the electronics and transmits the received hydrophone signal 

via multiplexed voltage-controlled oscillators to the surface for recording 

and analysis. 

The downhole hydrophone package consists of a stainless steel rod ap- 

proximately 30 ft in length and 1.5 in diameter. The frequency response of the 

system to + 3 db is approximately 30 Hz to 4 kHz. The maximum operating 

temperature is 250°F, and the specified maximum operating pressure is 10,000 

psi. 

The rod contains four hydroacoustic transducers spaced at lo-ft intervals. 

The electronics package is contained in the section of rod between the top 

two transducers. This packlage includes four high-gain acoustic amplifiers, 

four constant-bandwidth voltage-controlled oscillators, a mixer-line driving 

amplifier, and a + 15 Vdc power supply. 
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Although the design and fabrication of the acoustic transducer unit in 

itself is well within the state-of-the-art, the mechanical housing and its 

design is a task which has not been attempted in the past. Because of the 

unique mechanical and environmental requirement, two sets of transducer units 

have been received from two different manufacturers. One set of hydrophones 

(6 each) has been received from Edo Western Corporation, Salt Lake City, 

Utah and the other from International Transducer Corporation (ITC), 

Goleta, California. 

3. Prototype Testing 

A system was designed at Sandia Laboratories for electrical testing of 

the acoustic hyd'rophones to 10,000 psi. Although the testing performed was 

of a rudimentary nature, the data collected clearly indicated that all the 

Edo hydrophones operated to 10,000 psi and, as expected, the signal sensi- 

tivity is reduced at the higher pressures. Some testing has been completed on 

the six hydrophone units received from International Transducer Corporation. 

Pressure tests were made to 10,000 psi. As with the Edo Western the high 

pressure seal system of the hydrophones functioned satisfactorily on all of 

the units, however several of the units failed to operate electrically above 

9,000 psi. Because the electrical test performed was a very simple 

go-no-go type, the failure could be anywhere in the testing system and further 

tests will be required to determine if an electrical operational problem with 

the transducer unit does exist at high pressures. The required electronics 

and mechanical hardware is on hand for the assembly of a 30-ft ITC system. 

The system tool will be assembled and tested in the near future. 

The complete 30-ft system containing the hydrophones fabricated by Edo 

Western has undergone some testing in the Sandia borehole located at the 

laboratory. The bottom of the 6-in diameter hole is at a depth of 245 ft. 

The casing is to a depth of 200 feet. The water level in the borehole was 

detected at a depth of 142 feet. Two types of tests were made on the 

hydrophone system. One consisted of a series of hammer blows on the ground 
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surface at various distances from the borehole. The second included a small 

vibrator placed at a distance of approximately 40 feet from the borehole which 

was drlven at CW frequensi?.? of 30 iIz to 500 Hz. X driving frequency of 130 Hz 

was chosen in recording the hydrophone output signals. In addition to recording 

the output on a paper recorder and a magnetic tape recorder, the differences in 

phase between all hydrophone output signals were measured on an oscilloscope. 

These measurements were made with the top of the hydrophone tool varying from a 

depth of 150 ft to 170 ft in 2-ft increments. Analysis of the data indicates 

that the measured formation velocity is in the range of 1,000 ft-per-second to 

2,000 ft-per-second. The actual formation velocity is believed to be more in the 

order of 5,000 ftyper-second. Because the vibrator output is small, distances 

greater than approximately 40 ft from the borehole lead to small signals of an 

eratic nature and phase measurements became very difficult to measure. It is 

believed that surface waves from the vibrator were coupled into the borehole and 

a borehole wave was created which interfered with the direct wave. Consequently, 

erroneous formation-velocities were measured. A series of tests are to be 

scheduled in an area where deeper boreholes and a more powerful vibrator are 

available. 

The hammer blow testing was done only to determine that differences 

in the time of arrival at the downhole hydrophones could be detected. A 

sophisticated measurement attempt was not made. The test was successful 

and differences in arrival time could be detected. Fig. II-8 shows the output 

from a hammer blow struck 100 ft from the borehole. The differences in 

arrival time are not readily apparent in this time scale, however when 

expanded in time the differences are quite discernable. 
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C. Surface Electrical Potential System (SEPS) (L. J. Keck, 4733) 

1. System Description 

Clectrical prospecting is a well-known technique that is used in the 

investigation of geological structures beneath the surface of the earth. The 

approach taken is to determine the variation of the electrical constants OE the 

earth's crust, and variation in resistivity is by far the greatest. The 

induced surface electrical potential method used in MHF characterization uses 

the variation in the resistivity contrast and is associated with the science 

(or art) of electrical prospecting. A current injection probe is placed at 

the fracture formation depth in the fracture well. A remote well casing 

serves as the return current probe. The resulting potential distribution is 

measured at the surface of the earth on circumferences around the fracture 

well. 

Theoretically, before the fracture, equipotential ellipsoids form 

concentrically around the well casing as their center. These ellipsoids 

form concentric circles around the fracture well at the surface. During 

fracture, the fracture zone, along with the well casing (both filled 

with conducting fluid) acts as a changing current injection electrode. 

As the fracture progresses, the changes in electrode geometry cause a 

predictable distortion in the concentric equipotential circles around the 

fracture well. 

The surface electrical potential data are taken by periodically record- 

ing the induced potential differences at the earth's surface between data 

probes (in concentric circles) placed every 15O circumferentially around 

the fracture well, and a data reference probe (stake). The injected 

current is of a bipolar pulse form to minimize the effects of electrode 

polarization. Prior to fracture initiation, background data are taken to 

establish the baseline potential levels around the fracture well at the data 

probes. These then become the reference data for detecting the changes when 

the conductive fracture fluid alters the electrical geometry of the fracture 
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zone. This change in the fracture zone current distribution, caused by fracture 

growth, alters the induced surface electrical potential around the fracture 

well. If the electrical potential measurements before, during and after the 

fracturing are compared, diagnostic information about the fracture is obtained. 

SEPS is capable of acquiring 48 electrical potentials around the fracture 

well. These potential points are arranged in two concentric circles 

(Fig. 11-9) around the well, each circle consisting of 24 stainless steel 

stakes (data probes) approximately 2 ft long. 

Each of the 48 data sources exist between a data probe and the reference 

probe. This data acquisition arrangement will provide a confidence factor if 

the data from each data radius flags the same fracture direction. The data 

probe array radii range from 1000 to 4000 ft and are determined from a mathe- 

matical model which considers such parameters as fracture depth and expected 

fracture length(s). The potential measurement boxes (PMB) are connected to 

the reference probe via the instrumentation van. This enables the PMB signal 

common to be used as a common tie for both the fracture data acquisition and 

for calibration. 

Each (PMB) includes a radius l-radius 2 select capability, a 1 Hz passive 

bandpass filter in front of an isolation amplifier, and a 4-pole active linear 

phase low-pass filter. The active filter has a cutoff of 1.75 Hz which gives 

a data bandwidth from approximately .25 to 1.75 Hz. The 1 Hz bandpass filter 

helps eliminate probe-to-reference probe current flow via the isolation amplifier 

input impedance. The combined filter effects reduce that portion of the 

telluric spectrum outside the pulse's fundamental frequency of l/2 Hz. 

The reference probe is located a distance five to ten times the radius 1 

from the fracture well, and this common is one of the conductors within the inter- 

connecting six conductor cables. These cables are also used to interconnect the 

24 PMB's to the instrumentation van. The cables supply power, control and 

calibrate inputs to the PMB's and carry the subcarrier VCO outputs back to the 

instrumentation van. Test control in the instrumentation van interrelates all 
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functional aspects of SEPS. The computer is a DEC PDP 11/34 and includes dual 

soft and hard discs for data storage and handling. Digital outputs from the 

computer control a programmable supply for the bipolar calibration source. The 

computer, via the test control, also controis the radius l-radius 2 selection. T::e 

A and B sets of twelve subcarriers from the PMB's, containing either calibrate 

or radius-l and radius-2 data, are extracted from the six conductor cables in the 

test control and input to the A and B subcarrier discriminators. The outputs 

of these 24 data sources are digitized in the computer. When SEPS is stored in 

the instrumentation vans, the test control can simulate radius l-radius 2 opera- 

tions from the calibrate source and makes them available as inputs to the PMB's. 

The SEPS has undergone many hours of testing in this configuration. 

2. AMOCO Wattenberg Field Fracture Experiment 

Sandia participated in only one hydraulic fracture experiment using the SEPS 

system in FY 79 not being in the Amoco Wattenberg field, in FY 79. The well was 

fractured using 8,000 barrels of fluid with 2% KCL in the Muddy J gas sands at 

a depth of 7,972 ft. The Surface Electrical Potential System (SEPS) recorded 
. 

data at radii of 1,200 and 2,400 ft (Fig. 11-10) for the main fracture. Five 

data points on radius 2 were less than 2,400 ft due to lack of land use 

permission. The data reference probe was located approximately 1.6 miles east 

of the D-l well. Current from the SEPS was injected via the current injection 

probe located at a depth of 7,964 ft via a wireline hung inside the casing. 

Two current sink wells were used and a set of data was obtained for each sink 

well and potential radius. Loop 1 had a resistance of 64.4 ohms and used the 

West sink well. Loop 2 had a resistance of 71 ohms and used the North sink 

well. Figure II-11 illustrates the data reference stake and sink well layout. 

Fracture pressure and flow were recorded by SEPS using the Dowel1 transducer. 

Fracture Eluid pumping stopped temporarily at 9:33 am and resumed at 10:00 am. 

Several such pumping interruptions occurred throughout the fracture treatment. 

The induced surface potential data collected during the MHF experiment 

has been analyzed and no positive indication of fracture direction was obtained. 
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Two factors prevented these data from being useful for determining the fracture 

orientation. First, transient voltage spikes in excess of 1 volt were present on 

the leading and trailing edge:; of the millivolt level potentials. These trans- 

ients saturated the instrumentation amplifiers and prevented an accurate measure- 

ment of the desired signals. These high-voltage spikes were evidently caused by 

the high rate of charge on the leading and trailing edges of the current pulse. 

Second, the injected current level from the pulse generator increased abruptly 

from 4 amps to 12 amps, approximately half way through the experiment, with no 

corresponding increase in potential voltages. Turbulence and/or fluid flow in the 

tubing could have caused a change in the character of the conductive fluid. 

Changes in the injected current of this magnitude hinder the comparison of 

induced surface potential signals occurring before and immediately after pumping 

commenced with those potentials occurring during the 1aLter stages of the 

experiment. 

3. Design Changes To SEPS 

This experiment prompted several design changes to SEPS. First, the 

risetime of the current injection pulse has been significantly increased. 

This has reduced the pulse upper frequency content to approximately 10 Hz. 

The intent is to reduce the frequency content that is assumed to produce the 

high amplitude leading and trailing edge spikes. Second, the Potential 

Measurement Boxes (PMB) have been modified to increase the speed of recovery 

from such a high amplitude spike. Finally, consideration is being given to 

methods whereby the unintended surface current injection due to test layout 

can be reduced. One approach considered is that of using shielded current 

wire from the pulses to the frac well wireline and sink well. 
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III. Advanced Logging Technology and Formation Evaluation 

A. Seismic Formatron Mapping Program (T. L. Dobecki, 4733) 

1. Introduction 

Gas production from formations of interest to the U. S. DOE Western Gas 

Sand Project (WGSP) is from tight, lenticular sand intervals typical of the 

upper Cretaceous Mesa Verde group and the Tertiary Wasatch formation. The 

lenticularity and the meandering nature of the reservoirs is a direct conse- 

quence of their being laid down in a fluvial environment. Characterization and 

separation of such reservoirs, prior to field development, are important to 

the efficient exploitation of the contained gas resource through proper well 

placement, understanding of geometry of individual traps, and the proper design 

of fracture treatments which are required to increase permeability in these 

tight reservoirs. It is the objective of this program to evaluate state-of-the- 

art seismic reflection techniques as a means of mapping the three-dimensional 

geometry of channel sands utilizing surface-derived data. 

This new program is an outgrowth of discussions held at the Borehole Logging 

Program meeting convened at CER Corporation in October 1978, wherein concern 

was raised over the present inability to delineate and map individual sand channel 

reservoirs typical of the Mesa Verde Group. Sandia proposed at this meeting that 

state-of-the-art seismic reflection concepts (seismic stratigraphy, 3-D seismic) 

might be a means of delineating sand channels from surface derived data. 

Applicable case histories have been compiled and interviews conducted with 

experts in the fields of seismic reflection surveying and Cretaceous strati- 

graphy in the Utah, Colorado, Wyoming areas. The results of this preliminary 

investigation were presented in a briefing for CER and DOE personnel held at 

CER, Las Vegas, in February, 1979. It was decided that a limited seismic 

program should be performed and that a coordinated effort with C. K. Geoenergy 

Corporation, which is performing statistical analyses of primary sedimentary 

structures in channel sands in outcrop, would be mutually beneficial. 

A site (Fig. III-l) in the southern Uinta Basin in Utah, approximately 45 
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miles northwest of Grand Junction, CO was chosen for this combined seismic and 

stratigraphic program. 

The prime criteria to be met by a satisfactory site were: a) re?ativel:i il?r 

ground on top of a mesa or ridge, b) exposed Mesa Verde group in the cliff walls, 

and c) adequate existing well control for stratigraphic information and for 

access for the proposed drilling operation. Such a site was found in the 

general area of Sections 4, 5, 8, 9, 16, and 17, T17S, R24E. This area is on 

a ridge just west of East Canyon with approximately 1,000 ft of Mesa Verde 

group exposed in the cliff faces. 

An additional site was located a few miles to the northwest on top of the 

highest ridge in the area. The same Mesa Verde interval is found at 

1,800 ft subsurface with outcropping Green River formation. This site has a 

large flat area and at least one gas well for subsurface control. This site 

will be a seismic site only (i.e. no corehole study) with the intent of deter- 

mining the ability of seismic to map unknown structures at a greater depth than 

at Site #l. 

The U.S.G.S. Phoenix (seismic) computer has a substantial seismic modeling 

capability which would be useful in modeling the synthetic seismic response of 

channel sands embedded in a sand-shale sequence. This is an important aspect 

in evaluating seismic techniques for mapping sand lenses. The computing 

facility has been made available to Sandia and a preliminary model study has 

been completed. 

2. Task Description 

Phase I of the program includes a seismic reflection survey at a specific 

site (see "Site No. 1" description below) in the Southern Uinta Basin, Utah. 

This site has shallow (O-l,500 ft) Mesa Verde group of which the upper 

1,200 ft is exposed in adjacent cliff walls. This site is also undergoing 

geologic and corehole scrutiny by C, K. Geoenergy Corporation as part of the 

WGSP, while the U.S.G.S. has been involved in mapping throughout this area. 

By analysis of outcrop mapping, detailed core analysis, and analysis of 
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available well log data at this site, an evaluation of the seismic mapping 

capability may be made directly. Airrhougn this site presents depths sub- 

stantially less than expected production depths, it presents: a unique 

opportunity to assess seismic ability by comparison to both visual (outcropj 

and geologic data. 

Phase II of the program will investigate deeper sand bodies. At a site 

some seven miles northwest of Site No. 1 (see "Site No. 2" description below), a 

seismic survey is to be performed to map channel sands in the Mesa Verde group 

and in overlying formations. At this site, the top of the Mesa Verde is some 

1,800 ft subsurface. Overlying rock includes sand channels of the Tertiary 

Wasatch fm. and the relatively channel-free Green River fm. No corresponding 

outcrop and dense well control is available at this site. The intent of this 

phase is to compare seismic ability with that at Site No. 1. Here, the objective 

bed is (a) at a greater depth and (b) is complicated by stratigraphic variation 

in overlying beds. 

3. Site Descriptions 

Site No. 1 is situated on the top of a ridge within the Bryson Canyon 

Gas Field (Sections 8, 9, 16; T17S; R24E; Grand County, Utah). The general 

elevation of the ridge top is 7,000 ft, while the adjacent canyon bottom is 

approximately 5,600 ft. The sides of the ridges are very steep, while the 

tops are relatively flat and are traversed by well service roads. 

Exposed on the canyon walls are the Upper Cretaceous Farrer Fm. and 

overlying Tuscher Fm. (both in Mesa Verde group), although the higher 

elevations in the area are capped with Tertiary formations. The upper 

l,OOO-1,400 ft beneath the ridge top, seismic line area consists, then, of 

numerous sandstones of variable thickness (up to approximately 60 ft), some 

of which are continuous over the area while others are lenticular and of limited 

cross-sectional extent. Softer, shaley layers make up the remaining section 

observed in the canyon walls. Numerous wells are available in this area for 
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subsurface control. 

Site No. 2 is situated on the highest ridge in the area within the Horse 

Point Gas Field !Sections 11, 13, 14; T16S; R23E; Grand County, Utah). The 

general elevation of the ridge top is 8,200 ft; the ridge top is quite flat, 

over l/2 mile wide, and is traversed by service roads. As with Site No. 1, the 

bounding canyon walls are quite precipitous. 

Site No. 2 is situated on Eocene Green River Fm. The depth to the Upper 

Cretaceous bed outcropping at Site No. 1 is believed to be approximately 

1,800 ft through the Green River, Wasatch, and other Tertiary formations. 

A single well is available in this area for subsurface control. 

4. Program Progress 

Drilling has begun on the corehole located at Site No. 1 of the proposed 

seismic survey. This corehole, together with outcrop mapping of sand lenses, 

will provide important input to the interpretive phase of the proposed 

seismic survey. 

The contract for performance of this three-dimensional seismic reflection 

program has been awarded to Seismic Research International (SRI) of Denver, 

co. In early July, patterns of area1 seismic coverage for each site were 

designed. In addition, specific "target" sand lenses cropping out in the 

cliff faces at Site No. 1 were noted for use in preliminary transmission/reflec- 

tion tests to determine frequency content of wavelets transmitted from the top 

of the cliff (survey location) as well as travel times to these specific units. 

SRI has secured Bureau of Land Management (BLM) approval for survey 

operations. T!!is task was compounded by the fact that the two sites, although 

less than 12 miles apart, fall under the jurisdiction of two separate BLM 

offices. Topographic survey activity began the latter half of August, and . 
the reflection work is now in progress. 

3. Nuclear Magnetism Logging (T. L. Dobecki, 4733) 

A constant complication in field development involving tight, Western 

gas sand reservoirs is an effective means of determining in-situ formation 
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permeability. Typical pumping tests require several weeks of testing before 
1,2,3,4,5,6 

reliable, usable data are acquired. Several reports in petroleum 

literature have noted the theoretical effects of pore size, permeability, and 

fluid saturation on the observed nuclear magnetic resonance (NMR) behavior 

of formation samples. Further, empirical relationships have been developed 

to relate free-fluid index, FFI (a quantity derivable from a nuclear magnetism 

log I NML) thermal relaxation time, Tl, of the fluid bearing rock, and the 

bulk relaxation time, TB, of the saturating liquid to the permeability of the 

formation. The relationship has been based primarily upon the Kozeny-Carman 

equation which links permeability to porosity, specific surface area, and pore 

space tortuosity. What has been observed is that NML measurements can provide 

a measure of permeability which is both rapid and reliable within a given 

producing field. What is lacking, however, is a test of the reliability and 

accuracy of'NMR measurements in low permeability (-10-50 Bd), shaley sandstones, 

typical of the western gas sands. Emphasized is "NMR" as opposed to "NML" 

because currently available NML tools have intrinsic operational time lags 

which do not allow Tl determinations in such low permeability rocks. Sandia's 

program iS to evaluate the applicability of NMR measurements to permeability 

analysis for low permeability formations. If valid, empirical relationships 

can be observed for typical, tight western gas sands, then a concerted hard- 

ware effort to develop a "fast" NML tool would be warranted. 

To accomplish this task, Sandia has formed a cooperative research program 

with Chevron Oil Field Research Company (COFRC) with support from the U.S.G.S. 

(Denver) to analyze samples from a western gas sands project well and evaluate 

the NMR methods which have been applied to higher permeability reservoirs. 

The well, CIGE #21, is in the Natural Buttes Field, Uinta Basin, Northeast 

Utah. This well has been logged extensively and cored. Eleven core samples 

were secured by Sandia from zones of interest as determined from log analyses 

and by advice from the well operator. 

A 20 mm end section from each sample was given to the U.S.G.S. for their 
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analyses, to include thin sectioning, scanning electron microscopy, x-ray 

diffraction, and electron microprobe analyses. Core sampling and testing, 

including permeability, porosity, and cation exchange capacity measurements is 

being performed by Petroleum Testing Service (PTS) of Santa Fe Springs, CA. 

Finally, laboratory NMR measurements on these samples will be performed by 

COFRC at their facility in La Habra, CA. To date, the U.S.G.S. analysis is 

complete and awaiting the results of standard core analysis which are under- 

way at PTS. 

C. Advanced Electromagnetic Logging (P. C. Lysne, 2353) 

1. Logging Techniques Based on Dispersive Electrical Parameters 

Electromagnetic techniques have often been successful for the production 

evaluation of oil and gas reservoirs. For example, direct current resistivity 

measurements yield production parameters such as the porosity through 

ancillary relations like Archie's Law. In another class of measurements, 

pulsed or sinusoidal electromagnetic fields are introduced into the formation. 

Then, the measured quantity is the electrical impedance which is dependent 

upon the dielectric constant and the magnetic permeability as well as the 

resistivity. Furthermore, these latter three independent electric parameters 

are often dispersive, that is they are frequency or time dependent. This 

fact has proven useful in "induced polarization" logging for sulfide minerali- 

zation and "nuclear magnetic" logging for fluid flow permeabilities. 

The purpose of this study is to delve into hopes and difficulties 

associated with the usage of dispersive electrical parameters as production 

indicators in hydrocarbon reservoirs. In particular, logging techniques based 

on the dielectric and resistive properties of formation materials are consi- 

dered. A simple (perhaps too simple) model for a dispersive dielectric is 

developed which may be fit in an approximate manner to the data of Poley, 

Nooteboom and de Wall' and which can yield ancillary relations directed 

toward water saturations and fluid flow permeabilities. It is emphasized 

that this work is preliminary: directions for future studies are discussed. 
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To solve electromagnetic problems it is necessary to have a set of 

constitutive equations that describe the properties of the media in question. 

A common set using standard notation is 

D = aE, (la) 

B = ;IH, (lb) 

and Ohm's Law 

J = aE. (ICI 

These equations describe a linear media since only first powers of the 

variables are present. In a simple medium, E, u and u are constants. This 

means that no matter how fast local changes in E and H occur, corresponding 

changes in D, B and J can keep pace; that is the medium is not dispersive. 

Inhomogeneous materials such as rocks saturated with conducting fluids 

are dispersive. The case where B cannot follow fast changes in H is the basis 

for "nuclear magnetic" logging. Dispersive effects in Ohm's Law may be caused 

by many phenomena including the kinetics of oxidation-reduction reactions at, 

ionic-electronic conductor interfaces qnd viscous drag on ions in solution. 

Dispersion in the dielectric permittivity can occur when semiconducting inclu- 

sions are present in a nonconducting matrix. This Maxwell-Wagner-Sillars 

Effect will be discussed following a short digression into dispersive model- 

ing in general. 

Measurements of dispersive effects can be made either by using pulsed 

techniques or by continuous wave techniques conducted at many frequencies; 

the ultimate description of the material dispersion must be the same in either 

case. However, experimental considerations often enter into the choice of 

measurement mode. For compatibility with existing data, the continuous 

wave description is chosen herein. Then dispersion in E, 1-I and c results in 

these parameters being complex and functions of frequency, that is 

E(W) = E' (0) + i E" (~1, (2a) 

u(w) = u'(u) + i y" [w), 
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and 5(o) = c’ (u;) + i uM (01, UC) 

where i = q-7. 

The theory of dispersive systems has been under investigation for a long 

time. This ti.?ory is difficult and beyond the scope of this report. However, 

an important consequence of this theory is cited, that is the real and 

imaginary components of each parameter in Eqs. (2) are related. Thus, if 

E'(Q) is known for all frequencies, then E"(U) is also known, etc. The 

constraint between the real and imaginary components is a manifestation of 

the linearity of Eqs. {l) and causality, that is cause must precede effect. 

It is noted that some constitutive relations used in the past did not satisfy 

these Kramers-Kronig relations. In this study, which is directed toward model- 

ing the experiments of Poley, et al, u(w) is of no consequence, 0' is a constant 

given by Archie's Law, and a" is zero. 

To exactly model the dielectric properties of inhomogeneous materials 

such as saturated rocks is very difficult, if not impossible. Such an effort 

would require the geometric description of each grain and void constitutent 

along with their individual electrical properties. Perhaps a statistical 

theory could be developed. For the present, an available model is used which 

yields, qualitatively, the dielectric constitutive relation of formation 

material. While imperfect, the model does point out the hopes of logging 

techniques based on dispersive dielectric properties. 

Maxwell was the first to model the electrical properties of an inhomo- 

geneous material, and he demonstrated that the dielectric properties of a 

layered medium were dispersive. Wagner extended the model to semiconducting 

spheres imbedded in a nonconducting matrix. For the same volume ratio of 

constitutents, Wagner's model is more dispersive than Maxwell's. Sillars’ 

extended Wagner's model by considering imbedded spheroids. S illars ’ model can 

be made very dispersive, and, hence, is suggestive of some of the observed 

dielectric properties of saturated rocks. In all of the above models, 
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Naxwell's Equations are satisfied at material interfaces, i.e., matrix-inclu- 

sion boundaries. This is why these models are geometry-dependent, a point 

which is lacking from constitutive relations based on simple mixture laws. 

Historically, conduction currents are governed by Ohm's Law, Eq. (2c) 

and are treated as being unconstrained in that a given charged body such as 

an ion in a liquid can migrate an indefinite distance under the influence of 

a constant electric field. On the 

dielectric laws is limited to some 

length of a dipole associated with 

Consequently, dielectric currents ( 

other hand, charge motion governed by 

characteristic length such as the effective 

a polar molecule or a ferroelectric domain. 

displacement currents) cannot flow 

indefinitely when influenced only by a constant electric field. In Sillars' 

model, the characteristic length is the unique dimension a of a spheroidal 

inclusion aligned with the electric field. The dimension b is the radius of 

the circle at the meridian of the spheroid and is perpendicular to a. If the 

ratio a/b is small, the inclusions are penny-shaped. Large a/b ratios mean 

needleshaped‘inclusions and this leads to large dispersive effects. Collectively, 

the Maxwell-Wganer-Sillars models describe the pinning of conduction charge 

carriers at material boundaries after they have migrated some characteristic 

length. The time required for this migration and pinning leads to the dis- 

persive properties of the models. 

A number of important observations follow from the work of Sillars. 

First of all, the dielectric response is strongly dependent upon the a-to-b 

ratio. Thus composite materials with the same volume fraction of constituent 

materials may have appreciably different dielectric properties. An illustra- 

tion of this phenomenon is given in Figure 111-2. Another observation is that, 

if, for the same rock specimen, the pore fluid salinity (conductivity) is changed, 

then the dielectric response is simply shifted along the frequency axis. This 

means that the right-hand-curve of Figure III-3 (upper) should be congruent with 

the other curve if it is shifted two frequency decades to the left. Likewise, 

for the lower curves, the offsets en/co should be equal. While the model has 
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some defects, it appears to be qualitatively reasonable. 

In conclusion, a model based on a constant conductivity and a dispersive 

dielectric has been proposed to explain the frequency dependent impedance of 

sandstones saturated with waters of different salinities. The present model 

qualitatively represents the available data. A quantitative model will 

require a distribution function describing the pore shapes. With such a 

function in hand, the rock matrix is much better described than if only the 

porosity is known. For example, a continuum of pore-volume pore-surface areas 

may be modeled thereby paving the way for fluid permeability determinations 

through the use of a generalized Kozeny Equation. Furthermore, the extensions 

of the model to a three-component system could yield hydrocarbon-water ratios 

for pore fluids. 
(J. S. Yu, 2353) 

2. An Inverse Process for Evaluatinq Constitutive Parameters . 
The electromagnetic (EM) constitutive parameters of a medium are known to 

vary with the composition and structure of its substances. In gas/oil explora- 

tion and production, many of the "production parameters" are also known to be 

relatable to the constitutive parameters of borehole formations. Thus, tech- 

niques for evaluating the EM constitutive parameters using EM probes in a bore- 

hole are of interest to supplement or complement other useful techniques. EM 

logging has taken an added significance for areas where tight-gas sands are 

prevalent and "production parameters" are more difficult to discern. 

In the process of analyzing EM-probe responses, there are instances where 

explicit functional dependences on the constitutive parameters can be formu- 

lated. One example is the open circuit voltage of a receiving coil aligned 

coaxially to a transmitting coil. Open-circuit voltages can be determined 

from a set of constitutive parameters, together with geometric and EM-source 

parameters: an inverse process is to determine constitutive parameters from 

voltage responses. The project efforts that have been directed toward such 

an inverse process are the subject of this progress report. Technical results 

to date are summarized as follows: 
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obtained from Archle's 
Law and the conductlvlty 

1 1 , I of the pore fluids. The 
porosity of the specimen 
was 15 percent. In each 
ffgure, the upper curve 
Is for saline pore water 
(15 kg./m3 NaCl) and the 
lower curve Is for fresh 
water. If the proposed 
model were exactly 
correct, the upper 
curves would overlap 
if the right hand 
curve were trans- 
posed two frequency 
decades to the left 

\ --. - and the offsets, 
E"/E of the lower 
plot"would be equal. 
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Figure 111-2. illustrating 
El/E for two freshwater 
satuPated sandstones. 
The data are from Ref. 2. 
Note the appreciable 
differences in e'/s for 
specimens of nearlyOthe 
same porosity. 

FZEQUENCY (Hz) 
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a. A rigorous solution has been obtained for a 2-coil coupling in a 

homogeneous formation with complex constitutive parameters and has 

beer? comparej wit!1 the common solution assuming point-like coils. 

b. Universal curves are plotted for coupling sensitivities in empty 

space with variable geometric and source parameters to facilitate 

probe designs, and to provide references for earth formations. C. Complex magnetic permeability of a formation has been evaluated from 

the ratio of transfer impedances, and the attendent errors are esti- 

mated by universal curves varying with formation properties. 

d. Universal curves are plotted for fixed coil separations to determine 

the complex refractive index of a formation whose properties may vary 

from being a lossy dielectric to a lossy conductor. 

e. A comprehensive data base is obtained for 2-coil couplings in a homo- 

geneous, isotropic formation to serve as a reference for coil designs 

and Eor coil responses inside a more complicated earth formation. 

Following the convention that the displacement and conduction currents 

are separated in the Maxwell's equations, three constitutive parameters are 

defined as functions of (the angular frequency of variation for time-harmonies) 

for a homogeneous, isotropic medium: the magnetic permeability u (henry/m), 

the electric permittivity (farad/m), and the electric conductivity o(mho/m). 

Also by the convention of using the empty space as reference 

( PO = 4 IT x lo", ~~ z10"/36T, and CJ = O), a set of relative parameters is 

defined as 

'r = Lq!/uo, the relative magnetic permeability; and 

er = E/ co I the relative electric permittivity or dielectric 
"constant". 

48 



UGR File #CO73/A78 
Oct. 1978-Sept. 1979 
Sandia Labs. 

A related set of parameters is found to be more convenient for describing 

EM-wave propagations and interactions in a medium. Using the time-harmonic 

convention exp( jot), this set is 

1 , the refractive index; and 

nr = 7:'rlo = [ur/( Er-ju/uEO I I , the relative intrinsic 
impedance 

The values of c and v are respectively the phase velocities of a uniform plane 

wave in empty space and in the medium of interest. In general, the relative 

parameters are complex in that they have real and imaginary parts both of which 

are functions of w. A point of caution is in order for the above definitions. 

While a complex cr is associated with charges bound to material points such as 

inclusions, and a complex (5 is associated with mobile charges, the inverse 

process discussed in this report does not imply that these two parameters 

are separable through measurements of EM-probe responses. 

A rigorous solution has been obtained for the boundary-value problem of a 

2-coil coaxial-coupling in a homogeneoujs, isotropic medium. Since the con- 

stitutive parameters are conventionally referenced to those of the empty space, 

the coupling sensitivities between two coils in the empty space are also desired 

for reference purposes. Results,in the form of parametric curves, are plotted 

in Figures 111-4. Geometrically the transmitting coil is centered at the 

origin of circular-cylindrical coordinates. The receiving coil is coaxially 

placed z (meter) from the transmitter. Both coils have the same diameter d 

(meter) which is restricted to less than 0.1 of empty-space wavelength 1, so 

that the coupling between the two coils is through a nearly pure magnetic-dipole 

mode. The abscissas in Figures III-4 and III-5 are the same. Their values are 

dimensionless when d/X, is used. When the diameter d is fixed in coil designs 

the abscissas can be converted into the transmitter frequencies. For example, 

should the diameter d be fixed at 10 cm, the transmitter frequencies would have 

to be less than 300 HHz to assure that the coupling is accurately accounted for by 

using only a magnetic-dipole mode. The open-circuit voltage V,, at the receiving 
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FIGURE III-4 

Magnitude-Sensitivity Curves 
two coils through Magnetic-Dipole Coupling 
abscissa is for coil diameter d over empty-space wavelength h , the 

ordinates are for 20 log/Voc/Itl, and the curves are paramete?ized for 
coil separation 2 over a.1 
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coil is directly proportional to the transmitting-coil current It. Their ratio is 

known as the transfer impedance with magnitudes spanning more than seven decades 

f,or various coil spacings ._ z,/d and coil 'diameters d/X,. To make a more compact 

presentation, the magnitudes of transfer impedance are transformed into a 

familiar form 20 log (V,, /It) as marked along the ordinate of Figure III-4. The 

solid curves are the results of the analytically rigorous solutions. The 

dashed lines represent the point-source quasistatic solutions under two 

simplifying assumptions that the coils are point-like (d/X,+ 0) an‘d the separa- 

tion is vanishingly small (z/X0+ 0). The corresponding phase angles of the 

transfer impedance are plotted in Figure III-5 indicating the extents of phase 

shifts for various combinations of d/lo and z/d. An example will serve to 

illustrate how the coupling sensitivities can be estimated from the curves as 

shown. Let a set of geometrical and source parameters be specified: 

Diameter of coils d = 0.1 meter 

Spacing of coils z = 2.4 meters 

Transmitter frequency f = 6 x 10' Hz 

Amplitude of current It = 10-l ampere 

The open-circuit voltage V,, can be estimated to have an amplitude about 10e4 

volt from Figure III-4 and a relative phase angle about -3O from Figure 111-S. 

For the purpose of estimating coupling sensitivities for design considerations, 

adequate results may be obtained through graphic interpolations for other 

specifications. 

The main object in this report is an inverse process to evaluate the 

constitutive parameters when the coils are placed in an earth formation assumed 

to be homogeneous and isotropic. The transfer impedance between the coils in 

a formation is solved rigorously by assigning a set of constitutive parameters 

y and 't (or equivalently a set of u,, Err and a) to the formation, and by 

imposing (d/X,) Re(vr)<O.l to maintain a strictly magnetic-dipole coupling. 

For the inverse process under consideration, it is convenient to designate 

explicity two transfer impedances assuming that d, z, and f are fixed: 
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!J’z12(Uo’ co) = v,, /It) in the empty space; and 

Z12(Vr’ ‘Jr) = (Voc/It) in an undetermined formation. 

Inherent in the 2-coil coupling is the quasistatic property that the relative 

magnetic permeability can be evaluated as 

!Jr = Z12(~r' ~r)/Z~2(L+ Eo) 

Should the quasistatic conditions not be met, the p, estimated by the ratio of 

transfer impedances would have certain errors depending on the other parameters 

involved. The rigorous solutions for the transfer impedances have been used to 

evaluate the normalized errors as shown in the parametric curves of Figure III-6 

wi.th the coil separation set equal to one coil diameter. As an illustration,. 

for d =lO cm and f = 30 MHz the ratio d/X, is 0.01. To assure the magnetic- 

dipole coupling condition, the first condition to be satisfied is (d/Xo)Re(vr)<O.l. 

This means the real part of refractive index may not exceed 10 in order to use 

the rigorous solution and its inverse process. The second step in evaluating 

the normalized errors fbr ur -estimation is to divide all the number assigned 

to the solid curves by the factor (200d/10)2 = 4, and to obtain Re(u:) = 

Re[vr(Er -ju/bj&o)l = 45, 40, 35, 30 . . . . Allowing that there are other data 

2 sources to estimate vr as a complex value, a desired estimate on errors can be 

made using Figure 111-6. For vr2 = 30-j24 and d/X, = 0.01, the normalized error 

associated with estimating 1-1, (by the ratio of transfer impedances) is about 

-0.055 + jO.08 falling within a 10% error circle centered at the true value of 9,. 

If d/ho is reduced to 0.005 and 0.0025 while vr2 remains the same, the normalized 

errors according to Figure III-6 are within a 2.5% - error circle and a 0.7% - 

error circle, respectively. Thus, a mean of determining pr using the 2-coil 

coupling is established with error estimates. 

To complete the inverse process requires another complex number from the 

2-coil coupling mechanisms to determine the refractive index vr. Although 

most earth formations are known to have p, near unity, the general form of 

'r = hlr(Er -jo/uc o 11 is retained for possibilities when the assumption 
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FIGURE III-6 

dlormalized Errors (1. - Estimated u,/True p,) in Real (Abscissa) and Imaginary 
(Ordinate) Parts for Estimating the Relative Magnetic Permeability ur from 
212 (prs "r)/Zl2(po, ~0) with the Coil Separation z/d = 1. [The ~12 Curs ~6) 
is the transfer impedance measured in an undetermined medium characterized y 
pr and refractive index wr which in general depends also on conductivitiy u 
and relative electric permittivity Ed. The z~~(u~, Ed) is measured in the 
empty space. The curves are parameterized for the real and imaginary parts 
of vr2 with the restriction that d/A,R,(vr)<O.l]. 
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Ur = 1 is in doubt prior to an in-situ EM logging. The solution for 2-coil 

coupling has the inherent property that the induced voltage is more sensitive 

to vr variations when zjd is increased. Figures III-7 and III-8 are parametric 

curves for the ratio 

with z/d values set to 10 and 20, respectively. The transfer impedance 

Z12("0' Ed) in empty space is multiplied by ur and used as the normalization 

factor for z12(ur, vr) when the coils are in the formation under evaluation. 

The magnitudes of ratio are seen to vary from 1 to 3 for (200d/Xo)2Re(vr2) 

ranging from 2 to 100 if z/d = 10. The phase angles of the ratio vary in the 

fourth quadrant depending on the values of d/X0 and the vr2. Better sensitivities 

in Figure III-8 indicate that the corresponding magnitudes vary from 1.2 to 4.3 

and the corresponding phase angles span three quadrants when z/d is set to 20. 

Consider an example with d/A0 = 0.005 and z/d = 20. If the ratio 

z12(ur, vr)/z12(uor co) is measured to be -2 + j2 and if ur is known to be 

unity, the value of vr2 is about 70 - j14 according to Figure 111-8. Using the 

definition vr2 = ur(cr -ja/wco) = cr with the assumptions !J, = 1 and u = 0, the 

complex sr would be 70 - j14. Thus one can quickly estimate sr using Figure III-7 

or 8, or other selections of z/d. Granted, the number of parametric curves 

appears to be too sparse to perform graphic interpolations with high accuracies. 

Refinement and enlargement would be warranted should these theoretical curves 

prove to be optimal for practical applications. The results presented thus far 

are intended to demonstrate that universal curves can be parametrized to perform 

the inverse process of determining two constitutive parameters. All theoretical 

assumptions and restrictions are considered to have been fully formalized 

in this inverse process. Practical limitations in an actual implementation will 

ultimately set the ranges of its applicability. Thus the feasibility of EM 

logging using 2-coil couplings has at least been theoretically established for 

an earth formation that is assumed homogeneous and isotropic. Specific limits 

of this feasibility can now be quantified through the rigorous solution or its 
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The Real (Abscissa) and Imaginary (Ordinate) Parts of 

Z12(urr 'Jr)/urZ12(Uo, Ed) with Coil Separation fz/d = 20 
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parametric curves. Refinements on the curves are anticipated if better accuracies 

are needed from graphic interpolations. Perhaps the most significant aspect 

of the progress to date is a solid data base, both theoretically and 

graphically, upcn which all responses measurable in a more realistic borehole 

can be referred to. While solutions for more realistic boreholes are in progress, 

several issues remain unresolved even for the 2-coil coupling in a homogeneous, 

isotropic media. Three outstanding issues are briefly outlined next. 

First, the rigorous solution has been obtained assuming a uniform trans- 

mitting current whose amplitude and phase are used to nominalize the induced 

voltage at receiving coil. This is comfortable analytically, because two 

difficult questions are being suppressed. They are: What would be the 

theoretical values of It when a wire loop of finite radius is driven across a 

finite gap, and how well the theoretical values would agree with actual values 

when the wire loop is driven by a real feeder. Field values in the presence 

of actual feeders may deviate significantly from the theoretically assumed 

conditions. Recognizing that empirical "fixes" are commonly employed in 

practice, it is recommended that further theoretical understanding should be 

developed to reduce the need and to improve the effectiveness of these "fixes". 

Perhaps a more significant point is to establish the self impedance of trans- 

mitting coil that is consistent with theory and measurement. The inverse process 

for a realistic borehole could be uniquely improved by this new capability. 

Secondly, the rigorous solution is strictly applicable to single-turn 

coils only. Solutions for multiturn coils in general are not available for 

assessing the degree of purity in magnetic-dipole-mode couplings. Although 

a significant amount of effort may be needed to develop this capability, it is 

considered an essential part of EM logging studies based on magnetic-dipole- 

mode couplings. 

Thirdly, there is the most basic issue regarding whether coil couplings 

are the most suitable EM logging techniques. One may argue that the issue has 

been squarely resolved by the past history of EM loggings. On the other hand, 
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there are many other types of EM logging that have not received adequate investi- 

gations. An obvious example is the complementary case of using linear current 

elements instead of the circular ones in coil couplings. L?ss obvious ones are 

transmission and reflection types that are potentially capable of exploiting 

more fully the three basic modes of EM-wave propagation and interactions with 

linear or circular polarizations. 

In summary, the rigorous solution is considered to have provided a compre- 

hensive data base for 2-coil couplings and to have established the inverse 

process using universal curves. These results are considered to be valuable 

in that they serve as the baselines to which the results for more complicated 

formations can be referred. However, despite its wide use in the past, it is 

not immediately clear that coil-couplings are the EM loggings best suited for 

gas/oil explorations. There are theoretical foundations indicating that other 

modes of EM coupling may be more advantageous, especially whenp r of earth 

formation is assumed unity and carrying no useful information. Strong recom- . 

mendations for studying other types of EM coupling can be justified by the 

theoretical results obtained to date. 
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IV. Stimulation Research for Unconventional Gas Recovery 

A. Hydraulic Fracturing 

In the tight, gas- sands basins of the Western United States there exists a 

large resource of natural gas that cannot be produced economically at today's 

prices with today's technology. Massive hydraulic fracturing appears to 

be the most favorable technique for exploiting this resource: however, the 

results to date have been less than expected, and the reasons for this are 

unclear. Sandia Laboratories is conducting both basic and applied research to 

aid in the evolution of this technique as a practical method for producing a 

large portion of these resources. Types of research being performed include in 

situ testing of hydraulic fracturing theory and technology, modeling of hydraulic 

fracturing behavior, and laboratory testing. 

The in situ testing iS being performed at DOE's Nevada Test Site (NTS) in a 

tunnel complex driven through volcanic ash-fall tuff under 1400 ft of overburden. 

This complex provides the facilities and equipment for mineback of the created 

hydraulic fractures for direct observation, a capability for determining in situ 

stresses and obtaining rock samples for testing in regions of interest, and a 

direct knowledge of the "reservoir" parameters and structure (i.e., permeability, 

porosity, location of faults, fractures, etc.). Modeling efforts include the 

range from details of the processes occurring at the fracture tip to numerical 

codes describing the coupled fluid mechanics and rock mechanics of the entire 

fracture. Laboratory testing includes the determination of rock properties and 

the conducting of small-scale experiments. 

1. Hydraulic Fracturing Containment Experiments (N. R. 'Warpinski, 4732) 

Sandia Laboratories has been actively studying the problem of containment 

of hydraulic fractures by conducting in situ experiments at the Nevada Test 

Site. Knowledge of the parameters which affect hydraulic fracture growth is 

very important if hydraulic fracturing is to be used successfully on tight gas 

reservoirs. In these low permeability reservoirs, it is necessary to create 
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fractures of up to 4000 ft length in order to obtain sufficient drainage for the 

well to be "economic" at today's prices. To achieve this fracture length, it is 

imperative that the fracture be contained largely to the pay zone or the volume 

of fluid and sand necessary will be prohibitively expensive. It is equally 

important that the fracture not intersect an underlying or overlying water- 

bearing zone. 

The study of the containment of hydraulic fractures is directed towards 

determining the parameters and conditions which will limit the height of a 

fracture and control its direction of propagation so that the necessary fracture 

lengths will be obtained. Implicit in these studies is the presumption that 

sufficient understanding of these conditions will allow operators to alter treat- 

ment parameters to help control containment, at least in those formations where 

there is already some propensity for containing the fractures. If this is not 

possible, then it still may be possible to define ; priori those zones that will 

most likely provide economic production due to favorable fracture growth (or 

containment) conditions. 

There are several parameters which are considered to have some effect on the 

containment of hydraulic fractures. Simonson, et al. 1, and Rogers, et al. -- -- 

calculated that a hydraulic fracture attempting to propagate from a low modulus 

material into a high modulus material would be arrested at the interface between 

the two materials because the stress intensity factor at the crack tip approaches 

zero as the interface is approached. This, however, has not been born out by 

laboratory experiments.3f4r5 They1f2 also showed that a bounding layer of higher 

minimum principal in situ stress should restrict fracture growth. Daneshy' per- 

formed experiments that suggested that fracture containment may be more a result 

of the nature of the interface rather than any difference in material properties, 

but this would be most often the case at shallow depths where the bonding is 

likely to be weaker. None of these phenomena have been verified in the field, 

however, except for the near-wellbore data that can be obtained from temperature 

logs or emplacement of radioactive sand. 

*References for Section IV-A are given at the end of the section on p. 99. 
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The purpose of the hydraulic fracturing containment experiments is to 

examine the effect of these parameters under realistic in situ conditions. 

Two experiments have been conducted at the Nevada Test Site to study this 

problem: the Hole #6 Formation Interface Fracture Experiment and an Interface 

Test Series. 

a) Hole #6 Formation Interface Fracture Experiment 

The objective of the Hole #6 Formation Interface Fracture Experiment 6 was 

to examine the effect of a formation or material property interface on hydraulic 

fracture growth. Hydraulic fracture treatments were conducted above and below 

a welded tuff/ash-fall tuff interface and were mined back for direct observation 

and for determination of material properties and in situ stresses. This experi- 

ment was initiated in FY77, and the fractures were created in August and 

October 1977. The fracture initiated in the ash-fall tuff (low modulus) below 

the interface was treated with 5000 gal of green cement followed by 4000 gal 

of black cement at 6 bbl/min. In the upper welded tuff (high modulus), 5000 gal 

of blue grout was injected at 6 bbl/min. Mineback of the fractures was com- 

pleted in FY78. 

The entire length of the fractures at the interface was mined back, and 

it was found that the lower fracture (initiated in the low modulus ash-fall 

tuff) broke through the interface everywhere it contacted it even though the 

modulus of the overlying welded tuff is an order of magnitude greater than the 

modulus of the ash-fall tuff. Unfortunately, the upper fracture broke out 

along side the lower fracture which was initiated first so that little infor- 

mation was gained from this second test. However, the results of these experi- 

ments do show that a significant difference in material properties is insufficient 

to contain the fracture. 

Since it is impossible to mine out more than a small fraction of these 

fractures due to tunnel size and economic constraints, an exploratory coring 

program was initiated to delineate the overall shape of the fractures. This 

program's aim is to determine whether the high modulus bounding layer has 
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an effect on fracture growth or shape (i.e., restricts growth) even though the 

interface itself does not terminate the fracture. Determination of the shape 

OE the fracture may also indicate the effect of in situ stress variations, if 

any exist in this area. Nine holes were completed in FY78, and 14 more were 

cored in FY79. 

Figure IV-1 shows the location where these coreholes intersected the fracture 

plane relative to the borehole, the mined back region, and the interface. It 

can be seen that fracture growth was predominantly vertical: fracture length 

at the interface is 150 ft, and total height is at least 200 ft. The injected 

volumes were sufficient to create fractures 50 ft high by 600 ft in length 

according to conventional fracture calculations. Estimates show that approxi- 

mately 45% of the grout has been located. There appears'to be no effect of the 

interface on fracture shape as it passed through the interface. The coring 

program is continuing at present with several more cores planned in early FY80 

to determine the upper limit of the fractures and thus see if the welded tuff 

layer restricted fracture growth in any way. 

b) Interfdce Test Series 

The Interface Test Series is a set of small scale hydraulic fracture 

experiments which were conducted at NTS to further examine the factors that 

affect containment of hydraulic fractures. The basic procedure of these experi- 

ments was to create small hydraulic fractures in horizontal boreholes drilled 

from the tunnel at various distances below the same welded tuff/ash-fall tuff 

interface using a dyed-water frac fluid injected at low flow rates. Xineback 

of these fractures would thus provide detailed evidence of the behavior of 

many fractures under different conditions. These tests would also confirm the 

results of the Hole #6 experiment, but under different conditions, i.e., 

different fluid, diEferent flow rates and a horizontal borehole entirely under 

the interface versus a vertical borehole through the interface. 

Since these were only small volume fractures, the actual interface that 

was " seen " by the fractures was the contact between the ash-fall tuff and the 
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lower transition of the ash-flow tuff. This interface is shown schematically 

in Figure IV-2 with the elastic modulus o f the various layers given. At 

the contact between the ash-fall tuff and the lowest layer of the transition 

zone there is still a factor of 4-5 difference in modulus. 

Three sets of experiments in this series were completed in FY79. These 

were designated CFE (Crack 'r Frac Experiment) - 1, CFE-2, and a combination 

experiment, CFE-3 and CFE-4. Their location relative to Hole #6 and the grout 

filled. fractures of Hole #6 are shown in Figure IV-3. Essentially, these tests 

were. conducted from the side of the Hole t6 mineback drift. 

CFE-1 was's preliminary test of the concept and a confirmation of the 

Hole #6 results. The borehole was drilled so that at total dqpth (TD) the hole 

was 3 in below the interface and at the collar it was -4 ft below the interface. 

Six different zones in this hole were fractured in three stages with 150 gal of 

dyed water at 8 gal/min. First, a small breakdown pump (3-8 gal) was conducted 

to determine the instantaneous shut-in pressure (ISIP), which is equivalent to 

the minimum principal in situ stress, for a small region around the borehole. 

After the pressure decayed; a second small volume (3-8 gal) was pumped to deter- . 

mine the ISIP again. Finally, the remainder of the 150 gal was pumped into the 

zone. 

Figure IV-4 shows the pressure data for the six zones in CFE-1 and Table 

IV-I lists the important pressure data points such as the breakdown pressure 

(PC) and the ISIP. As can be seen in Figure IV-4, only two zones (66' and 

78') exhibited definite breakdowns and possibly the zone at 19' did also. 

There was no anomalous behavior to indicate that the fractures broke through 

the interface or otherwise behaved unexpectedly. The zones at 11' and 45' 

had shut downs in the middle of the main pump because of leaks around the 

packer. 

Three tiltmeters were employed in this experiment in a vertical line -6 ft 

apart at the location shown in Figure IV-3 to test the feasibility of such 

instruments for more accurately measuring fracturing parameters. The tilts7 
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were clearly discernible for all six fractures and increased with decreasing 

distance between insturments and the fracture plane. Also, the form of tilt-time 

curves followed theoretical expectations. Tiltmeters were shown ta be an 

effective way of observing fracture growth in real time. 

All six zones of the CFE-1 fractures were then mined back, mapped, and 

photographed. It was found that all six fractures propagated upwards through 

the interface into the higher modulus material. This confirmed the results of 

the Hole #6 experiment. Figures IV-5 and 6 show photographs taken during 

mineback. It can be seen that the fractures crossed the interface, which 

occurs at the first brown oxide layer above the hole, but it should also be 

noted that the fractures only propagated l-3 ft below the hole. Sufficient 

volume (150 gal) was injected into each zone to create a penny-shaped crack of- 

20-30 ft radius, yet, in all six zones the fracture terminated 2-4 ft below 

the interface. The only mechanism capable of limiting fracture propagation to 

such an extent is a sharp increase in the magnitude of the minimum principal 

in situ stress a few feet below the hole. This would be further investigated 

in the following tests. 

CFE-2 was the second series of tests and was conducted in a borehole -40 ft 

away from CFE-1, as shown in Figure IV-3. The purpose of these tests was to 

create the fractures at very low flow rates to determine if the pumping rate 

was an important factor in the containment of the fractures at a material 

property interface. Four zones were originally chosen; the 20' and 50' zones 

were fraced at 2 gal/min and the 35' and 70' zones were fraced at 4 gal/min. 

Only 50 gal of fluid were utilized in each test, but this should have still 

been sufficient to create at least 15 ft radius fractures. The hole was drilled 

such that it was 5 ft below the interface at the collar and 8 ft below at TD 

to further investigate the in situ stress variations below the interface. 

When mineback was initiated, it was found that the fractures in the first 

two zones (20' and 35') were extremely small (3 ft x 8 ft); this is typically 

the size of S-10 gal fractures in the tuffs. To make certain that there was 
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FIGURE IV-5 
Hy&raulic Fracture at 19 ft Zone of CFE-1 
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not a mechanical problem that resulted in pumping a much smaller volume into 

the zones than expected - such as packer leakage or flow rate transducer mal- 

function, mineback was temporarily halted at 43 ft in the hole and two extra 

zones at 61' and 83' were fractured as controls. The total volume pumped was 

measured carefully and care was taken not to allow fluid to leak around the 

packer. The pressure data from all six of these zones is shown in Figure 

IV-7, and the important data points are given in Table IV-I, It can be seen 

that the variations in the fracturing pressure and the in situ stresses are 

considerable in this region. 

When mineback resumed, it was found that all six fractures were very small. 

The first three (20', 35', 50') were essentially rectangular fractures, con- 

fined to a vertical zone from about 2 ft to 7 ft below the interface. The 

other three fractures (61', 70', 83') were also arrested about 2 ft below the 

interface; however, they propagated 3-6 ft further down than the other zones. 

In order to explain the behavior of these fractures, it is necessary to 

understand the in situ stress distribution in the region below the interface. 

Figure IV-8 shows a graph of the ISIP (or minimum principal in situ stress) from 

both CFE-1 and CFE-2 as a function of distance below the interface. In CFE-1 

the magnitude of the stress is increasing with depth below the interface, and 

this stress increase is probably responsible for crack termination 2-4 ft 

below the interface. In CFE-2, a peak in the vertical stress distribution is 

observed. The fractures in the three zones above the peak propagated in a 

layer between 2 and 7 ft below the interface, locations that characterize the 

stress increases seen in CFE-1 (2-4 1 below) and CFE-2 (6-7' below). The 

fractures in the three zones on or below the peak propagated both upward to 

about the 2 ft level and also downward. The exact location of the stress peak 

cannot be determined from the pressure data alone since the hydraulic fracture 

has a finite area over which the stresses act, However, it is clear that these 

stress peaks do exist and that they are the controlling influence on hydraulic 

fracture propagation. 
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FIGURE IV-8 
Vertical Distribution of the Minimum 
Principal In Situ Stress Below the 
Interface - CFE-1 and CFE-2 
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This may also help explain why the fractures in CFE-2 were very small. 

The fractures were contained in a region of high in situ stresses resulting 

in fracturing pressures that were twice those expected and resulted in greater 

leakoff. ieakoff is also aided by indications of increased permeability in 

this region. 

CFE-3 and CFE-4 were two experiments conducted together to thoroughly 

define the nature of the stress irregularities below the interface and demon- 

strate its significance to hydraulic fracture propagation. As shown in Figure 

3, CFE-3 and CFE-4 were conducted in nearby parallel holes which were drilled 

at different angles with respect to the interface. Eight zones in CFE-3 were 

fractured at 8 gal/min with 150 gal of dyed water in three stages similar to 

CFE-1. These were the "test" fractures which would be mined back and their 

behavior observed. Figure IV-9 show the pressure data from CFE-3, and the 

important data points are given in Table IV-I. There are considerable varia- 

tions in the magnitude of the fracturing pressure from zone to zone; this is 

apparently due to variations in the in situ stresses in this region. In CFE-4, 

small volume hydraulic fractures (minifracs) were conducted in eleven zones to 

provide better resolution of the vertical stress distribution below the inter- 

face. The data from these tests are shown in Table IV-I. 

The minimum principal in situ stress variations below the interface, as 

determined from CFE-3 and CFE-4, are shown in Figure IV-lo. The stresses in 

this region apparently also have a double peak in the vertical distribution. 

It is believed that the stress peaks are actually larger than is shown because 

the fracturing pressure in some of these zones was much higher than the stress 

values indicate. Mineback of CFE-3 revealed the same phenomena as seen in 

CFE-1 and CFE-2. 

Figure IV-11 shows a representation of the different fracture behavior 

observed in all the tests: the direction of fracture growth is clearly a func- 

tion of the location of fracture initiation with respect to the stress peaks. 

Fractures which were initiated above the upper stress peak, either in the ash 
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fall or welded tuff, had their downward growth terminated by the unfavorable 

stress gradient; they preferred to propagate into the higher modulus material. 

Fractures which were initiated between the stress peaks were often confined 

to that region, as seen in CFE-2. Fractures which were initiated below the 

lower stress peak for the most part remained below the peak and primarily pro- 

pagated downward; however, the fractures in CFE-2 which were initiated in 

zones near or on the peak did propagate upward as well. 

These experiments have shown that material property interfaces have little 

effect on the containment of hydraulic fractures. It has been demonstrated, 

however, that the in situ stresses have an overwhelming influence on fracture 

behavior and direction of fracture growth. In particular, it is the in situ 

stress variations which are most likely to contain a hydraulic fracture. It 

thus,becomes imperative to determine the in situ stresses in regions where 

containment is desired and, therefore, development of an in situ stress measuring 

tool or technique should be a priority for future research. 

2. Modeling and Analysis 

a) Rock Mechanics and Microcrack Model (R. A. Schmidt, 4732) 

A rock mechanics/fracture mechanics model was formulated that describes 

the probable character of the microcrack zone at a crack tip in rock. Knowledge 

of the crack tip process zone is an important step in the general understanding 

of fracture propagation in rock. In particular, it may prove useful in des- 

criptions and models of hydraulic fracture propagation near formation inter- 

faces to be described in the next section. Such a microcrack model is also 

needed in order to understand rock fracture testing on the laboratory scale 

and to help set standards for fracture toughness testing. Initial calculations 

and results with this model have, in fact, revealed several explanations for 

"anomalous" behavior in hydraulic fracturing and in fracture toughness testing. 

Other, less obvious, benefits may result from this model in understanding 

the permeability changes that occur to the rock material near a hydraulic 

fracture surface. For example, a propagating fracture leaves a damaged zone 
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FIGURE IV-12 

Damage Zone at a Crack Tip in Rock Based on Maximum Tensile 
Stress 
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in its wake as a result of the microcracXing that occurs at the crack tip. 

A straightforward modification of existing theories for metals was made 

which uses a failure theory more appropriate for rock. Some kind of process 

zone occurs at any crack tip regardless of tl-.e material, and much has been 

written in particular about the character of the "plastic zone" that occurs 

in metals. Most metals obey a von Mises yield condition while rocks tend to 

fail due to the maximum tensile stress. With this in mind, the classic equations 

for crack tip stresses were used to determine the contour for which the maximum 

tensile stress is equal to the ultimate stress. With the addition of hydrostatic 

in situ stresses, the equation for this contour becomes 

2 2. 
r 1 =- KIc 

2n uu + 5 cos si (1 + sin $j). L. 
(1) 

where 

r,O are polar coordinates from the crack tip 

KIc is fracture toughness 

OU 
is ultimate stress 

a is hydrostatic stress 

This equation can be made nondimensional and is plotted in Figure IV-12. 

The size of the microcrack zone decreases rapidly with in increase in 

hydrostatic stress. This is contrary to the behavior of metals where plastic 

zone sizes are unaffected by hydrostatic stress. For example, calculations 

from Nevada ash-fall tuff indicated that the zone size decreases from 0.4 in 

for an unconfined laboratory experiment to 0.03 in for the in situ stress 

conditions near the Hole #6 experiment. This dramatic effect of hydrostatic 

stress leads to two main conclusions: 

1) Results from unconfined laboratory experiments that attempt to model 

hydraulic fracture behavior may not be applicable to field results, 

particularly those at considerable depths. The unconfined specimen 

may have a crack tip process zone that is larger, by several orders 
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2) 

of magnitude, than its in situ counterpart. This fact will tend to 

be exaggerated by the already greatly-reduced scale of the laboratory 

simulation. 

Fracture toughness, KIc, of rock has been observed to increase with 

an increase of hydrostatic stress, and this effect is probably a direct 

result of the decreased microcrack zone size. This behavior for rock 

has been considered anomalous by some since KIc of metals is generally 

unaffected by hydrostatic stress. unlike the plastic zone size in 

metals, the size of the microcrack zone is unaffected by out-of-plane 

stresses (i.e., plane stress versus plane strain). This is amost 

certainly the reason that KIc of rock and concrete are known not 

to depend on specimen thickness while KIc of metals exhibit a strong 

dependence on thickness. The fact that this result fits observed 

behavior so well lends strong support to the model itself. 

The model was then extended to include: 1) a description of the orientation 

of the microcracks within the zone and 2) effects of an anistropic in Situ 

stress state. Referring to Equation 1, the stress state at each point within 

the zone of microcracking can be transformed to principal stress to determine 

the orientation of the maximum tensile stress which then gives the most probable 

orientation of microcracks at each point. The equation that defines these 

orientations, a, is simply 

a 
=i 30.5 

2 ( 2 2 1 
(2) 

This equation is depicted in Figure IV-13 by short lines within the microcrack 

zone which represent microcrack orientation. 

The description of this microcrack zone becomes considerably more com- 

plicated when the in situ stress state is not hydrostatic. The solution process 

is similar to that followed for Equation 1 and, after considerable algebra, 

the equation becomes 
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FIGURE IV-13 

Damage zone at a crack tip in rock based on maximum tensile 
stress. Short lines are perpendicular to tensile stress and 
indicate probable orientation of microcracks. 
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1 r=- 
2r 

and 

L 
/ ,’ 

Ic +5 K 2 cos 

3 

$ 2 30 2 1 ""(1 - ; iij2.) 

G 

i 1 + 3sin sin + Ysin sin - (1 - s2)cos2 : 3 U K 2 7 
i 

+ s2 ) 
(3) 

where 

CJ,, is in situ stress parallel to the crack 

aI is in situ stress perpendicular to the crack 

u is mean stress 

6 is degree of insitu stress anisotropy, 0 5 0 < 1. 

Note that, since hydraulic fractures are generally perpendicular to the 

least principal stress, al is considered a principal stress and al < a[. 

Observe that Equation 3 reduces to Equation 1 for t3 = 0. Equation 3 can be 

nondimensionalized and is plotted' in Figure IV-i4 for various values of B. 

Although several well known rock fracture characteristics correlate well 

with this microcrack model, verificatiop by direct observation would be highly 

desirable. An activity is presently being considered that involves microscopic 

studies on rock samples fractured in the laboratory under various confining 

pressures. The rock type selected (probably Solenhofen limestone) needs to be 

fine-grained and easily polished, with a low porosity, and a relatively low ratio 

of tensile strength to fracture toughness. This last condition should result in 

a relatively large microcrack zone. 

b) Rock Mechanics of Fracture Propagation Near an Interface 

(R. A. Schmidt, 4732) 

The main purpose of the Hole $6 experiment was to examine the containment 

aspects of a hydraulic fracture near a formation interface. Simplified analytical 

models1'8 and laboratory experiments 3,4,5 have suggested that a discontinuous 

increase in Young's modulus in advance of a propagating hydraulic fracture would 
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FIGURE IV-14 

Microcrack Zone as a Function of in situ Stress Anisotropy, 8. 
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cause crack arrest and thus effectively contain the fracture in the lower 

modulus material. The formation interface for the Hole 46 experiment had a 

Young's modulus increase of at least a factor of i0 and yet mineback of the 

fracture showed that containment did not occur; this behavior was confirmed 

by the Interface Test Series results. This suggests that the existing models 

either do not accurately represent fracture behavior in a layered medium or 

that the actual conditions existing in the formation do not suit the model 

description. 

The actual interface is not a single discontinuous surface and involves 

an increase in modulus over the distance of several feet. With this in mind, 

the first step was made to measure the important material properties in this 

region. (A Rock Properties Laboratory was established this year for the purpose, 

among other reasons, of preparing rock samples which could then be tested in 

existing facilities.) Several cores were obtained along each of five strati- 

graphic layers for the purpose of obtaining values of tensile strength, elastic 

moduli, and fracture toughness. Tensile strength and Young's modulus were 

obtained from direct-pull tension tests; fracture toughness was measured using 

the "short rod" specimen configuration. 10 Table IV-2 summarizes the results of 

these tests. 

The various layers are listed in order of their occurrence with the ash-fall 

tuff being the deepest layer. While these data are still sparce, a distinct 

change of Young's modulus does occur between the ash-fall tuff and the basal 

ash-flow tuff. With this in mind, the analytical models were reexamined, and 

two shortcomings are apparent: 

1) While material properties may change abruptly, the crack-tip microcrack 

zone has the effect of averaging the properties over some distance 

and the mathematical idealization of a discrete interface probably 

leads to erroneous results. 

2) The fracture criterion used in these models is one based on a critical 

stress intensity factor. This may have little or no meaning at a 
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TABLE IV-2. Material Property Data Near Hole #6 Experiment 

Initial 
Specimen Fracture Tensile Young's 
Diameter Toughness Strength tYod lus 

Zone (inches) (psi Jr';;) (psi 1 (x 10 ' psi) 

Welded* e-e s-e B-w ---MB 

Vitric Ash-Flow 

Ash-Flow With 
Abundant Lithics 

4.0 518 119 0.492 

6.0 649 89 1.868 

Basal Ash-Flow 4.1 198 422 1.512 
530 >140** 0.963 

Ash Fall 3.9 254 >28** 0.236 
151 18 0.271 

*Data from two sets suspect due to fractured samples. 
**Failed at endcap, but failure was imminent. 
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discrete interface when the character of the stress field can no 

longer be described by this parameter. 

Initially it was hoped tI;at the model inadequacies could be alleviated by 

replacin,] the discrete interface with a "smeared interface" in which property 

changes were yradual. A direct analytical approach to the problem was addressed 

on contract, but excessive mathematical difficulties were encountered and this 

attempt was abandoned. Numerical simulations of a "smeared interface" were 

made using a finite element code known 'as APES.l Results from these numerical 

calclulations and several interfaces can be treated in this way, but two 

shortcomings still exist: 

1) Each interface is still discrete and needs to be "smeared" to account 

for the averaging effect of the microcrack zone. 

2) While this code is very powerful, the number of elements used is very 

limited, and the external boundaries are not far enough from the crack 

to accurately simulate infinite boundaries. 

The best approach for handling the actual question of fracture growth 

at the interface appears to be in using a more realistic fracture criterion 

than is used in the existing models. Since the stress field for a crack near 

an interface is known analytically, the most direct approach is to average the 

stresses ahead of the crack tip over a region as predicted by the microcrack 

model discussed earlier. One can then assume that crack propagation will occur 

when this average stress reaches some critical value as determined experimentally. 

This criterion is consistent with the well-tested fracture criterion for crack 

growth in homogenous materials as based on linear-elastic fracture mechanics. 

Calculations based on this approach are needed, followed by verification 

with experiments. In addition to the mineback experiments at NTS (Hole #6 and 

Interface Test Series) and published laboratory investigations, experiments 

are being conducted on contract to Sandia on concrete and rock samples by 

Dr. A. Ingraffea at Cornell University. These latter tests are designed to 

examine fracture behavior near a material interface. Several three-point-bend 
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samples of layered concrete and rock such as shown in Figure IV-15 will be 

tested. 

progress to date on this investigation is as follows: 

1) 

2) 

3) 

4) 

Five different mixes of Portland cement concrete have been designed, 

mixed, cured, and tested for Young's modulus in compression, Poisson 

ratio, and uniaxial compressive strength. The moduli range from a 

low of 2.5 x lo6 psi to a high of 6 x lo6 psi. 

Eighteen Westerly granite (E = 9 x lo6 psi) beam-segments were 

purchased and prepared (honing, roughening, chevron notch-sawing) 

for casting in layers with the concrete. Cores and three-point-bend 

samples of the granite were prepared for properties determination. 

All necessary formwork was constructed and loading system modified 

to test these samples. Single-composition concrete beams were tested 

as dry runs and controlled crack growth was achieved using crack- 

mouth-displacement as the feedback parameter. 

Two methods for crack tip location monitoring using flourescent dyes 

and crack propagation gages were developed and tested. 

All of these analytical, numerical, and experimental efforts must, however, 

be put in perspective with regard to recent findings from the NTS mineback 

experiments. An overwhelming amount of evidence indicates that the minimum 

principal in situ stress is the dominant parameter that dictates the geometry 

of a hydraulic fracture. The fact that a hydraulic fracture generally orients 

itself perpendicular to the least principal stress has been widely accepted, 

but it now appears that the direction of fracture growth, including the question 

of fracture containment at an interface, is primarily governed by the spatial 

variation in the least principal stress. 

This does not, however, resolve the problem of why existing models predict 

containment where containment is not achieved. This dilemma still needs to be 

resolved and the approach described above still seems appropriate, but the 

emphasis needs to shift somewhat. Calculations and laboratory experiments 

92 



P
 

1 

W
ES

TE
RL

Y 
G

KA
NI

TE
 

CO
NC

Kt
k 

US
 C

O
NC

KE
rE

 

LO
W

-M
O

DU
LU

S 
CO

NC
RE

TE
 

CK
AC

K 

48
" 

L 
. 



_ j .-. ,- I-.. e -_L I , 3, ,-\i 3 

Oct. 1978-Sept. 1979 
Sandia Labs. 

need to address the important effects that changes in the minimum principal 

stress have on containment of hydraulic fractures. 

C) Fluid Mechanics (N. R. Warpinski, 4732) 

An effort to assemble a realistic model of the fluid mechanics of fracturing 

was initiated in FY79. The purposes of this modeling effort are: 1) to obtain a 

better understanding of the interplaying mechanisms that control the fracturing 

process, 2) to aid in the interpretation of previous in situ experiments and 

the design of new ones, and 3) to provide realistic conditions (e.g., pressure 

loading in the crack) upon which to apply rock mechanics considerations for 

the study of the effect of interfaces, in situ stresses, etc. on fracture 

propagation. 

The type of model being developed is for a rectangular, two-dimensional 

fracture: this is probably a poor representation of a typical hydraulic fracture 

but a necessary geometric restriction to avoid a much more complicated three- 

dimensional calculation at this time. A model for a penny-shaped fracture, 

which may or may not be more realistic than a rectangular fracture, will be 

developed along the same lines as the rectangular fracture if the model proves 

suitable. Any 2-D, rectangular model automatically suffers another restriction 

since it is necessary to choose whether the width is a function of fracture 

length or fracture height whereas the actual situation is probably a combination 

of the two. This present model uses the length criterion since it will, for 

the most part, be used to analyze the short fractures typically conducted in 

the mineback experiments. 

The width of a fracture for a given pressure distribution, P(x), where x is 

the distance along the fracture as measured from the wellbore, is given by 

England and Green12 as 
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where 

w is the width of the fracture 

v is Poisson's ratio, 

E is Young's modulus 

L is the length of the fracture, 

E = x/L is a dimensionless location in the fracture, 

S is the minimum principal in situ stress, and 

n & 7, are dummy variables 

If P(x) is known, the width of the fracture can be determined by performing 

the double integration. In reality, P(x) depends on w(x) and neither are 

known a priori. Thus a solution of this coupled rock mechanics/fluid mechanics 

problem can only be determined by solving the fluid mechanics of the flow 

through the fracture in conjunction with Equation 4, Notice that Barenblatt's 

condition13 is not incorporated into Equation 4; it felt that it is overzealous 

to impose the smooth closure condition on a macroscopic scale *hen this feature 

probably occurs on the microscopic level. 

The fluid mchanics of this problem are incorporated by applying the con- 

servation laws to flow through a segment of the fracture. Time-dependent 

terms are not discarded (as is usually the case in hydraulic fracture models) 

because they may be significant for short times (small fractures) which is 

the particular situation which this model is designed for. For one-dimensional 

fluid flow in the fracture, the conservation of mass principle yields the 

continuity equation 

g+ 3!$Q+2u =o, 
L 

where 

t is time, 

U is the velocity, and 

UL is the leakoff velocity 

Application of the conservation of momentum law results in 

(5) 
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a(w) + a (u*w) 2: W 
at 2x 

=-wQ--, 
? ax P 

(6) 

where 

5 is the density and 

IW is tile shear stress 

Although the model is being developed using a Newtonian fluid in the laminar 

flow regime, non-Newtonian fluids and turbulent flow conditions can also be 

included by correct calculation of ~~ in Equation 6. The leakoff velocity 

in Equation 5 is calculated using Howard and Fast's equations. 14 The boundary 

conditions for the fluid flow are: 

i) atx =0 v = q/(*wH) 

where 

q is the pump rate and 

H is the zone height; 

ii) atx =L p =dL/dt; and 

iii) atx=L P=S. 

(7) 

Equations 5 and 6 are finite differenced using a Crank-Nicholson technique. 

Two of the boundary conditions of Equation 7 are needed to obtain solutions 

of these equations. The final boundary condition determines the correct value 

of all the parameters such that a correct solution of Equations 4, 5, and 6 is 

obtained which is consistent with the solution from the previous time step. 

In practice the calculations occur in the following manner. A pressure dis- 

tribution is assumed (usually the pressure distribution from the previous 

step or an initial guess if it is the first step) and the width distribution 

is obtained from numerical integration of Equation 4. The velocity distribution 

in the fracture is calculated from the differenced version of Equation 5 with 

the appropriate value of UL calculated for each segment at that time period. 

Using the calculated width and velocity distributions and the appropriate value 

of the shear stress for each segment, Equation 6 in finite difference form can 
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be solved for a corrected pressure distribution in the fracture. This distri- 

bution is then inserted into Equation 4 and the process is repeated. Iterations 

continue until the third boundary condition of Equation 7 is satisfied to a 

sufficiently accurate degree. It has been found, however, that this iteration 

does not readily converge to the solution point, and it is necessary to use 

some technique to Eorce it to converge. 

Although solutions have been obtained with this model, work is being per- 

formed to test various transformations, differencing techniques and convergence 

methods to optimize solution of the equations. This is important since one 

convergence technique may work with one set of fracture parameters but not with 

somewhat different ones. Efforts are directed towards developing a general 

model which will obtain solutions for any case. 

Results obtained to date do illustrate the importance of the transient 

terms in the fluid flow equations as well as the use of the complete width 

equation. Figure IV-16 shows calculated pressure distributions in a hydraulic 

fracture having the same parameters as found in the Hole #6 Formation Interface 

Experiment. The steady-state curve is the calculated pressure distribution if 

the transient terms are discarded. This is not far from the constant pressure 

condition that is employed by most hydraulic fracture models and is probably 

the situation that would occur at large times when the transient terms decrease 

in importance (i.e., for a given time step, the fracture width and length 

increase less with increasing time). However, the transient curve shows the 

calculated pressure distribution with the transient terms retained, and it can 

be seen that this is considerably different from the usually assumed constant 

pressure. This pressure distribution was obtained at a time about midway 

through the Hole #6 fracturing treatment (after 100 bbls) so it can be seen 

that the transient terms are important for a considerable time span. When the 

model is operating efficiently, calculations will be made to see how severely 

this affects present design models. 
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B. Dynamic Wellbore Fracturing 

1. Background 

Oii and gas wells hve been stimulated with high-energy explosives since 

the late 1800's. Well shooting techniques are usually applied for the purpose 

of introducing random multiple fractures rather than a single large fracture 

as is created by hydraulic fracturing. Multiple fracturing is desired for 

eleminating "skin damage" caused during drilling and for effectively connecting 

the wellbore to an existing fracture system as might occur, for example, in a 

gas-bearing Devonian shale. Connecting a well to a fracture network is often 

not possible by hydraulic fracturing since there is little or no control over 

fracture orientation and the created fracture will often run parallel to existing 

fractures. 

Studies have repeatedly demonstrated the effect that contained explosions 

have on the surrounding rock formations. These studies, which include field 

experimentslw3 l laboratory experiments 4 and code calculations 'r5 demonstrate the 

existence of residual stresses and compaction that can cause deleterious effects 

in a wellbore. In essence, the high pressures of a detonation in a wellbore 

are known to 'be sufficient to cause the nearby rock to yield and compact by 

plastic flow. When the stress wave passes, the rock unloads elastically leaving 

an increased borehole diameter and a residual stress field which is compressive 

near the wellbore. The creation of this residual stress field is closely 

analogous to the process of autofrettage or the "gun barrel problem" in which 
. 

pressure vessels are often over-pressurized sufficiently to yield the inside 

wall and develop residual compressive stresses that help prevent crack growth 

during service. The zone of highly compacted rock with its associated residual 

compressive stresses is sometimes referred to as a stress cage, and the phenomenon 

is sometimes called the bladder effect. Fracturing caused by high pressure gas 

may also be inhibited in this situation since fines are created during the 

compaction process that can plug newly formed cracks and prevent gas penetration. 

*References for Section IV-B are given at the end of the section on ~111. 
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Some or all of these effects may actually cause decreased permeablity near the 

wellbore and are probably responsible for many well-shooting failures. 

Several alternatives to explosive well shooting hve been considered and 

tested in recent years that show promise of substantial improvement 3,6-8 An 

approach that has received considerable attention is to tailor the pressure- 

time behavior of the explosive or a suitable propellant so as to keep the maximum 

pressure below the yield stress of the rock and thereby avoid forming the stress 

cage. Several of these concepts rely on the use of propellants which deflagrate 

rather than detonate. Unlike explosives, the burn front in these materials 

travels slower than the sound speed, and the burning rate can be varied over 

a wide range. Pressure-time behavior of propellants differ from explosives in 

that peak pressures are lower, and burn times are longer. Total energy available, 

however, is similar in both materials (typically 1000 Cal/g). 

2. Multi-Frac Test Series (R. A. Schmidt, 4732) 

Last year three propellant shots known as the Gas Frac 3 Experiment were 

conducted at the Nevada Test Site and included mineback of the in situ experiment 

for direct observation. These shots demonstrated both the ability of a tailored 

pulse to create multiple fractures in a borehole and the feasibility and use- 

fulness of testing such concepts in a realistic in situ environment with mineback. 

As a result, another series of five in situ experiments are presently being 

conducted at the Nevada Test Site in a similar ash-fall tuff formation. This 

series, known as the Multi-Frac Test Series, is supported by the florgantown 

Energy Technology Center's Eastern Gas Shales Project. The objectiv'es of this 

series are: 1) to evaluate the characteristics of five tailored-pulse fracturing 

concepts --Dynafrac,' Augmented Dynafrac,6 Kinefrac' multiple firings of 

Kinefrac, and Gas Frac 3 and 2) to provide inputs for modeling efforts which 

are necessary for design if such concepts are to be applied effectively to 

particular reservoirs such as the Devonian shales. 

These five tests are being extensively instrumented and analyzed. The 

instrumentation includes several cavity-pressure transducers as well as stress 
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gages and accelerometers grouted in the surrounding rock to measure formation 

response. Caliper logs will be performed before and after each shot to determine 

if any permanent borehole enlargement occurred, which would give indications of 

the existence of a stress cage. A permeability measurement will be made to 

give an indication of the conductivity of a particular fracture network. 

Televiewer logs are also planned. 

In general, the setup for all five tests will be similar and a schematic 

of the Augmented Dynafrac shot is depicted in Figure IV-l'. The shots will be 

performed in horizontal boreholes that are 6 in diameter and 40 ft deep. There 

will be a 10 or 20 ft open-hole test section, depending on the test, with the 

remainder being grouted casing. All tests except Gas Frac will be shot in 

water; the water will be dyed to enhance the visibility of the fracture patterns 

observed during mineback. Figure IV-18 shows the experiment layout of the 

five shots with the planned mineback route. Note that the mineback will cut 

through half of each test section leaving the fracture pattern at the midpoint 

of each experiment preserved in the tunnel rib (sidewall) for later inspection. 

Figure IV-18 also includes in situ stress data which are the averages of several 

small volume hydraulic fractures conducted in this region. 

The planned layout for the instrumentation holes containing the accelero- 

meters and stress gages is displayed in Figure IV-19. The holes are staggered 

rather than in a line to maximize the chances of obtaining transverse accelera- 

tions from a nearby propagating fracture and to minimize the chances of a single . 

crack intersecting all three holes. Transverse accelerometers will be used 

even though a symmetric displacement field would produce no transverse displace- 

ment or accelerations. Rather, these gages will hopefully detect motions due 

to the dynamic propagation of a nearby crack. 

At the end of FY79, the design of the test series was complete, including 

instrumentation, hardware, firing circuits, operating procedure, and test 

evaluation plans. All necessary equipment and transducers were ordered and 
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FIGURE IV-19 

Typical test setup viewed along the axis of the borehole 
with satellite holes for instrumentation. 
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outside contracts placed. Fabrication of hardware and installation in G-tunnel 

were nearing completion. The shots are scheduled to be fired in January 1980, 

with post-test analysis ar?d mineback immediately following. 

3. Modeling and Analysis (Ii. A. Schmidt and N. Ii. Warpinski, 47321 

The modeling and analysis efforts that are being conducted in conjunction 

with these tests are being performed cooperatively by Sandia Laboratories, 

Stanford Research Institute, University of Maryland, Science Applications Incor- 

porated, and Los' Alamos Scientific Laboratory. These efforts have two primary 

goals: 1) to provide design criteria for the optimization of stimulation 

efforts for a particular, site-specific well and 2) to provide a predictive 

capability for determining, 3 priori, the number, length, and conductivity of 

fractures created by any particular pulse in any given well. Achieving the 

second goal automatically includes the first, but developing a design optimiza- 

tion scheme may not require the complete solution necessary in a predictive 

capability. 

This cooperative effort has the form of a "modeling committee" that meets 

every month or so. Both the test series and the modeling efforts have benefited 

by this association: calculations have been made to determine transducer 

locations and ranges, and the modelers have suggested changes in the tests 

that will maximize the useful output. 

Sandia's modeling efforts have focused on two areas: 1) specific calcula- 

tions for the test series itself to provide for the best means of data analysis 

and evaluation (especially with regard to measurements of in situ permeability) 

and 2) development of design criteria that define the conditions that cause 

compaction and the creation of residual stresses so as to optimize a tailored- 
. 

pulse stimulation of specific gas reservoirs. 

In the first area, calculations were conducted to identify the requirements 

for pre- and post-test permeability evaluations. Although stressmeter and 

accelerometer gages will be installed around the wellbore to determine the 

effect of the pulse on the rock, and mineback will provide qualitative evidence 
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of the induced fractures, the only method of determining the result of these 

tests regarding stimulation of the "reservoir" is to perform flow or pressure 

tests. 

In order to examine the feasibility of utilizing such tests to quantify 

the results, a number of calculations have been performed for Darcy flow in the 

ash-fall tuff with water as the test fluid. Two cases are considered: 1) con- 

stant flow rate injection while recording pressure and 2) constant pressure 

injection while recording the flow rate. Analytic solutions can be obtained for 

both cases. It is assumed that the reservoir has a matrix permeability (k) 

of 0.01 md and a porosity (6) of 40%. Calculations show that the preferred 

case is constant pressure injection if the low flow rates can be measured. This 

avoids the problem of the pressures rising too high and possibly fracturing 

the rock. 

Assuming that the created multiple fracture systems of these tests can 

be modeled as an "enlarged borehole," Figure IV-20 shows the calculated results 

for four different wellbore radii with a wellbore pressure (PO) of 200 psi, and 

a pretest wellbore radius of 3 in. As can be seen, fairly small changes in 

the apparent borehole radius result in significant differences in flow rate. 

Thus, if the low flow rates can be adequately measured, useful measurements 

should be obtained. 

In the second area, that of design criteria for avoiding stress cage 

formation, a closed-form analysis was conducted to determine elastic stresses 

in a dynamically pressurized cavity. In particular, this analysis determines 

the stress wave propagation behavior in an elastic medium from a given pressure 

pulse for a deeply-buried spherical charge. Complete stress histories were 

calculated for the three previous Gas Frac experiments' assuming that the 

cavity pressure in each case could be adequately simulated with the following: 

P 
p(t) = pate-at = -!?!Z t exp 1 - + 

t max ( max 1 
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Injection Flow Rates for Constant Borehole Pressure as a 
Function of Effective Wellbore Radius 
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where Po and a are constants adjusted to fit the actual input pulse. ?,,,x is 

the maximum pressure and t,,, is the time corresponding to Pm,,. 

Results indicate that the loading rates for the intermediate and slow burn- 

ing propellant tests (GF#2 and GF#l, respectively3) gave peak stresses equivalent 

with the static solution. Of particular interest is the fact that the calculatio? 

for the fast burning test (GF#3)3 shows not only substantially different behavior 

from the static solution but that the tangential stresses begin as compressive 

and later become tensile. Recalling that mineback of GF#3 showed many incipient 

cracks that did not propagate, a new criteria is suggested for gas penetrating 

fracture growth. Rather than only requiring peak cavity pressure to remain 

below a level that would cause plastic flow or crushing, it may also be important 

to keep the loading rate below a level that produces initial compressive stresses 

in the tangential direction on the cavity wall. This loading rate criterion 

is affected by cavity size, elastic constants, and wave speed; it is not affected 

by rock streng.th. 

The actual value of the peak pressure, Pmax, does not affect this critical 

time, t,. While this may seem obvious, the implication is that the actual 

value of the pressure loading rate does not affect the results. Wellbore 

diameter, on the other hand, does have a small effect. Using typical material 

properties for ash-fall tuff, t, was evaluated by iteration and found to be 

108 psec for an 8 in diameter wellbore and 200 usec for a 16 in diameter 

wellbore. The next step is to determine the effect of material properties 

(elastic constants and wave speed) on t,. Further computer programming is 

needed to make the iterative process more efficient. Additional analytic work 

to place the suggested criterion in closed form would also be useful. 

Finally, material property measurements are needed in conjunction with the 

Yulti-Frac Test Series as inputs to the various modeling efforts. Several 

core samples were taken from the test bed area. Some samples were sent to 

Stanford Research Institute for small-scale explosive shots that will determine 

input parameters for calculations with the NAG-FRAG model.8 Other samples 
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were sent to Science Applications, Inc., where high rate compressive properties 

dere measured and triaxial compression tests will be run to determine the 

:natet-ial's yield surface; these data help define the loading conditions t!l?t 

result in compaction. Still other samples were used by Sandia to measure 

tensile strength, Young's modulus, Poisson's ratio, and fracture toughness are 

being conducted. Preliminary results from these tests have shown a tensile 

strength of 100 psi, and Young's modulus of 1.0 x lo6 psi. The degree of 

saturation seems to have some effect on the results, but more tests will be 

conducted to define these parameters further. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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r -. Multi-Well Experiment (D. A. Northrop, 4732) 

The Western Gas Sands Project has initiated a major field experiment which 

will provide an unprecedented opportunity for R&D in the tight gas reservoirs 

in the Western CJnited States. The Experiment's overall objectives are (1) to 

obtain a comprehensive geologic characterization of low-permeability, lenticular 

gas sands and (2) to evaluate state-of-the-art and developing technology for gas 

recovery from these reservoirs. 

The Experiment consists of three phases: Phase 1 - drilling and testing 

of the first well; Phase 2 - drilling and testing of one (or more) offset 

well(s); and Phase 3 - a series of stimulation programs and the associated 

analyses and evaluation. Experiment planning and site selection are underway. 

The first well, and possibly the second well, will be completed in 1980. The 

first of several stimulation programs to be conducted over the following three 

years will be performed in 1981. 

Features of the Experiment include: (1) research-oriented activities, 

schedules, and budgets: (2) a site with a variety of lenticular and continuous 

gas sands; (3) close-spaced wells (100-500 ft) for detailed reservoir char- 

acterization, well-to-well flow testing and downhole geophysical techniques, 

and placement of diagnostic instrumentation adjacent to fracture treatments; 

(4) complete core, much of it oriented, taken through the Mesaverde sequence 

with both conventional and pressure coring techniques; (5) a comprehensive 

core analysis program with prioritized analyses for data required for well 

location, interval selection, and data interpretation; (6) an extensive logging 

program featuring conventional and experimental logs and repetitive logs with 

different operators and borehole fluids; (7) a detailed well testing program 

with both prc- and post-stimulation interval testing and pulse and interference 

testing between wells; (8) in situ stress determinations as a function of 

depth; (9) wide application of geophysical and fracture diagnostic techniques, 

and (10) varied stimulation programs to examine fluids, proppants, treatment 

conditions, fracture growth, fracture conductivity, etc. 
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The Experiment has six tasks: field drilling, laboratory testing, stimula- 

tion, production testing, field diagnostics, and analysis and evaluation. An 

industry advisory group is providing guidance in the selection and planning of 

Experiment activities. A wide variety of contractors and agencies will be 

involved in the acquisition and analysis of the experiment data. These analyses 

are expected to yield a geologic characterization of lenticular reservoirs, 

a reservoir model, hydraulic fracture stimulation model with resultant fracture 

geometries, core-log-well test correlations, technology assessments, economic 

evaluations, and recommendations for gas recovery from these reservoirs. 

Active planning of the Experiment was initiated in May 1979, when the 

concept for a DOE-conducted, research-oriented experiment in the tight gas 

sands was endorsed. The initial experiment plan was prepared by Sandia and 

CER Corporation and was then presented to an industry advisory group formed 

for this Experiment. Meetings of this group with key DOE, national laboratory 

and contractor personnel were held on July 19, August 23, and September 24, 1979. 

The Experiment's activities and plans continue to evolve at the end of FY79. 

A site is being sought in the Piceance Basin east of Collbran, CO, at an . 

elevation of 7000 ft where the Mesaverde sequence lies at depths between 

4000-8000 ft. It was hoped initially that the site would be acquired and first 

well drilled prior to winter, but this was not accomplished. The prime site 

could not be satisfactorily acquired, and others are being pursued. The 

additional time for planning and coordination will be useful prior to initial 

field activities in the Spring of 1980. 
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V. Publications, Presentations, and Other Communications 

A. Publications and Presentations 

1. C. L. Schuster presented the paper "Detection Within the Wellbore of 
Seismic Signals Created by Hydraulic Fracturing" (SPE 7448) at the 
53rd Annual SPE Technical Conference and Exhibition, Houston, TX, 

October l-4, 1978. 

2. Sandia Laboratories participated in the Second Annual Eastern Gas 
Shales Symposium, held at the Lakeview Inn, Morgantown, WV, on October 

16-18, 1978, by presenting one paper and displaying two poster papers. 
C. L. Schuster presented "Gas Simulation Mapping and Characterization 

Program." Poster displays were "Tools for Wireline Fracture Mapping" 
by R. P. McCann and C. L. Schuster and "Direct Observation of Hydraulic 

Fractures" by N. R. Warpinski and D. A. Northrop. 

3. C. L. Schuster presented the paper "An Overview of the Electrical 

Potential Method for Determining Fracture Orientation" at the 1978 

Annual ASCE Meeting, Chicago, IL, October 19, 1978. 

4. T. L. Dobecki presented the paper "Resistivity Mapping of Expanding 
Spheroids as Measured in Nearby Boreholes," at the 48th International 

Meeting of the Society of Exploration Geophysicists in San Francisco, CA, 
October 29 - November 2, 1978. 

5. N. R. Warpinski, R. A. Schmidt, D. A. Northrop, and L. D. Tyler, 

"Hydraulic Fracture Behavior at a Geologic Formation Interface: 
Pre-Mineback Report," Sandia Laboratories Report, SAND78-1578, 

October 1978. 

6. R. A. Schmidt presented the paper "Direct Observation of Hydraulic 
Fractures: Behavior at a Formation Interface," by N. R. Warpinski, 
D. A. Northrop, and R. A. Schmidt, at the Energy Technology Conference 

and Exhibition in Houston, TX, on November 5-9, 1978. A Sandia Report, 

SAND78-1935, covering this work was made available to attendees. 

7. N. R. Warpinski, R. A. Schmidt, II. C. Welling, P. W. Cooper, and 
S. J. Finley, "High Energy Gas Frac," Sandia Laboratories Report, 

SAND78-2342, December 1978. 
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8. D. A. Northrop presented aspects of the mineback fracturing experi- 
ments at the bimonthly noon meeting of the Albuquerque Section of 
the American Society of Civil Engineers on January 10, 1979, in 
Albuquerque, NM. 

9. D. A. Northrop and C. L. Schuster (Editors), "Enhanced Gas Recovery 
Program, Third Annual Report, October 1977 through September 1978," 
Sandia Laboratories Report, SAND79-0056, March 1979. 

10. R. A. Schmidt gave a presentation entitled "A Microcrack Model and 
Its'Significance to Fracture Toughness Testing of Rock," at a committee 
meeting of the American Society for Testing and Materials held in 

Cincinnati, OH, on April 29, 1979. 

11. R. A. Schmidt presented two invited seminars at Lehigh University, 
Bethelehem, PA, and Cornell University, Ithaca, NY, on May 1 and May 3, 
1979, entitled "Fracture Mechanics of Rock with Applications to Fossil 
Energy Research." 

12. Two presentations were made at the 20th United States Symposium on 
Rock Mechanics held in Austin, TX, on June 4-6, 1979: R. A. Schmidt 

presented "Hydraulic' Fracturing Near an Interface: Observations and 

Calculations Regarding Geometry and Containment," by R. A. Schmidt, 

D. A. Northrop, and N. R. Warpinski, and N. R. Warpinski presented 
"High Energy Gas Frac - Multiple Fracturing in a Wellbore," by N. R. 

Warpinski, R. A. Schmidt, P. W. Cooper, H. C. Walling, and 
D. A. Northrop. 

13. Two papers were presented at the 5th Annual DOE Symposium on Enhanced 

Oil and Gas Recovery and Improved Drilling Technology, held in Tulsa, 
OK, on August 22-24, 1979: C. L. Schuster, "Fracture Mapping has Become 

a Viable Technology," and D. A. Northrop, N. R. Warpinski, and R. A. 
Schmidt, "EGR Stimulation Project - Direct Observation of Hydraulic 

and Dynamic Fracturing." 

14. R. A. Schmidt presented a paper SPE 8346, "A New Perspective on 
Well Shooting - The Behavior of Contained Explosions and Deflagrations' 

by R. A. Schmidt, R. R. Boade, and R. C. Bass at the 54th Annual 
Meeting of the Society of Petroleum Engineers held in Las Vegas, NV, 

on September 24-26, 1979, 
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B. Other Communications 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

D. A. Northrop met with Dr. P. L. Randolph and R. L. Rogers of the 
Institute of Gas Technology in Chicago on October 19, 1978 to discuss 
data on in situ stress variations. 

R. A. Schmidt co-chaired a meeting of ASTM Committee E-24.07, Fracture 
Testing of Brittle Non-Metallic Materials, in Philadelphia, .PA, 

November 7, 1978. 

C. L. Schuster and P. C. Lysne met with. H. B. Carroll and BETC staff 
members at Bartlesville on November 14, 1978, to present a seminar 

on electrical impedance measurements in reservoir rock and to discuss 
Sandia's scope of work in this area. 

P. C. Lysne and T. L. Dobecki met with Dr. J. H. Moran of the New 

Mexico Institute of Technology in Socorro, NM, on November 21, 1978, 

to discuss Sandia's planned electromagnetic logging studies. 

D. A. Northrop, R. A. Schmidt, and N. R. Warpinski participated in 

another of a series of Stimulation Modeling Workshops for the Eastern 
Gas Shales Project, held in Golden, CO, on December 12 and 13, 1978. 

R. Trump and P. Winchell from Gulf Research visited Sandia on 

January 8, 1979, to discuss the borehole seismic system and its 

application to fracture mapping. 

R. A. Schmidt briefed J. B. Smith, DOE/FEE on the High Energy Gas Frac 
and related containment activities on February 8, 1979, in Albuquerque, 
NM. 

C. L. Schuster and D. A. Northrop briefed C. W. Draffin and 
A. B. Crawley, DOE/FEE, on the status of Sandia's EGR Program Activities 

in Washington, DC, on February 13, 1979. 

T. L. Dobecki visited Mr. S. D. Brasel, Seismic International Research, 

in Denver, CO, on February 13, 1979, to discuss problems involved with 
seismic mapping of relatively shallow, discontinuous sandstone bodies. 
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10. T. L. Dobecki visited Dr. R. Weimer, Colorado School of Mines, Golden, 

CO, on February 15, 1979, to discuss general stratigraphic relationships 
which exist in the upper Cretaceous rocks of the Unita, Piceance, and 
Green River basins. 

11. N. R. Warpinski briefed T. McLaughlin of Battelle Northwest on Sandia's 
hydraulic fracture activities at the Nevada Test Site and gave him a 
tour of G tunnel on February 14, 1979. 

12. N. R. Warpinski attended the Natural Gas Reservoirs Symposium on 
Analytical Techniques and Applications for Natural Gas Reservoirs 

sponsored by the Stanford University Department of Petroleum 
Engineering and the American Gas Association in Palo Alto, CA, on 

February 15-16, 1979. 

13. C. L. Schuster visited M. D. Wood, Inc., in Palo Alto, CA, with 
Dr. M. Smith from AMOCO, to exchange data collected from the fracture- 

orientation experiments; excellent agreement was obtained from all 
methods. 

14. c. L. Schuster and T. L. Dobecki provided a briefing of possibilities 

of mapping sand channels using surface seismic methods to CER, Inc., 

and DOE personnel in Las Vegas, NV, on February 20 and 21, 1979. 

15. A summary and discussion of Sandia's Enhanced Gas Recovery Program 
was given to Mr. J. Sharer, Gas Research Institute, and the GRI 

Advisory Board for Unconventional Gas Recovery in Albuquerque, NM, 
on April 26, 1979. C. L. Schuster (instrumentation), D. A. Northrop 

(mineback testing), R. A. Schmidt (high energy gas fracturing), and 

A. L. McFall (drilling) gave presentations. L. Keck, R. McCann and 

R. Seavey discussed various instrumentation techniques during a tour 
of a field instrumentation trailer. 

16. H. B. Carroll and J. B. Jennings, Bartlesville Energy Technology 

Center, visited Sandia on May 2, 1979, and received an updated briefing 

by P. C. Lysne on the status of the advanced logging program. 

17. At the request of A. B. Crawley, DOE's Manager of its Unconventional 

Gas Recovery Program (UGR), Sandia arranged a meeting in Tulsa, OK, 

on May 7 and 8, 1979, to obtain industry's review and comments on 

a preliminary draft of the Tight Gas Sands portion of the overall 
UGR program plan. 
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18. C. L. Schuster and T. L. Dobecki attended a meeting with CER and 

C. K. Geoenergy in Las Vegas, NV, on May 10, 1979, to discuss program 
plans for the seismic measurement program to delineate lenticular 
lenses. 

19. D. A. Northrop and C. L. Schuster attended a meeting at CER, Las Vegas, 
NV, on May 18, 1979, to discuss ideas for a Multi-Well Experiment to 
be initiated in FY 79. 

20. C. L. Schuster attended the SPE meeting on Low Permeability Reservoirs 
in Denver, CO, on May 21-22, 1979. 

21. D. A. Northrop and C. L. Schuster met with A. B. Crawley, DOE/FFE, 
in Denver, CO, on May 22, 1979, to discuss the status of DOE's UGR 
Program planning and an update on the Multi-Well Expeiment plans. 

22. D. A. Northrop met with R. L. Mann, CER, to prepare further a program 

statement of work for the proposed Multi-Well Experiment, in Las Vegas, 
NV, on June 5-6, 1979. 

23. D. A. Northrop and C. L. Schuster attended DOE's Unconventional Gas 

Recovery Project Review at Morgantown, WV, on June 12-14, 1979, 
where they presented reviews of current Sandia program activities, 
were involved in the UGR program planning exercises for the Tight Gas 
Sands section, and participated in a detailed review of FY 80 plans. 

24. D. A. Northrop attended a working meeting at CER, Las Vegas, NV, on 
June 21-22, 1979, to finalize the draft of the Tight Gas Sands section 

of the UGR program plan. 

25. C. L. Schuster, T. L. Dobecki, and P. C. Lysne met with the U.S.G.S 

Western Gas Sands Project Staff in Denver, CO, on July 12, 1979, 
to discuss current activities of interest to the project. 

26. Dr. P. L. Randolph, Institute of Gas Technology, visited Sandia on 

July 20, 1979, to discuss his current core analysis work and the 

application of this work to the new Multi-Well Experiment. 
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27. R. A. Schmidt and N. R. Warpinski briefed Mr. J. Edl, Carbondale 
‘Mining and Technology Center, on Stimulation Research Project 
activities on July 27, 1979, at Sandia, Albuquerque, NM. 

28. R. A. Schmidt attended an Eastern Gas Shales flodelin3 meeting at 

Los hlamos Scientific Laboratory, Los Alamos, NM, on July 30, 1979. 

29. T. L. Dobecki, and P. C. Lysne attended the Society of Petroleum 
Engineers Forum "Properties of Saturated Rocks of Interest to Petro- 

physicists and Geophysicists," July 29 - August 3, 1979, at Colorado 
Mountain College, Glenwood Springs, CO. 

30. R. A. Schmidt attended a working meeting for the Eastern Gas Shales 

Project at the Denver Project Office, Lakewood, CO, on August 30, 1979. 

31. Sandia conducted a tour of the Nevada Test Site for the project 

advisors group of the Gas Research Institute, on August 28, 1979. 

32. D. A. Northrop and T. Gerlach attended an Unconventional/Non- 

Conventional Gas Recovery Workshop held at Los Alamos Scientific 

Laboratory, Los Alamos, NM, on September 5 and 6, 1979. 

33. D. A. Northrop and C. L. Stein visited with C. W. Spencer, T. D. Fouch, 

and their co-workers involved with WGSP activities at the U. S. 
Geological Survey in Denver, CO, on September 20, 1979. 

34. Sandia Laboratories co-sponsored a tour for over 80 people at the 

Nevada Test Site on September 28, 1979, held in conjunction with the 

54th Annual Technical Conference and Exhibition of the Society of 

Petroleum Engineers, Las Vegas, NV, September 23-26, 1979. In-tunnel 

presentations focused on hydraulic fractures experiments at formation 

interfaces and the effects of in situ stress (N. R. Warpinski) and 
effects of explosive and tailored propellant fracturing (R. A. Schmidt). 
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ABSTRACT 

Massive hydraulic fracture diagnostic experiments continued in FY 79 with 

the major activity being focused on the development of wireline tool instru- 

mentation. The development of the Borehole Seismic System and Borehole Hydro- 

phone System should lead to a more direct method of obtaining fracture orienta- 

tions and fracture heights than presently exists. These systems can be deployed 

in the well to be stimulated and can monitor seismic activities before and after 

nonproppant fluid pumping periods. This seismic activity should occur along 

the induced fractures, and the location of the seismic sources will be indicative 

of the fracture locations. The experiments conducted at DOE's Nevada Test Site 

with known signal locations substantiate field data obtained in two experiments 

with Amoco in their Wattenberg field where fracture orientation was detected. 

A high resolution, three-dimensional seismic survey program was initiated 

this year in an attempt to delineate lenticular sand formations from the surface. 

The program will start with some experiments at shallow depths where the sand 

lenses outcrop and then move into greater depths to evaluate this technique. In 

addition, a logging program has also been established to evaluate formation 

properties. This program hopes to evaluate the dispersive electrical 

parameters of the formation and relate these parameters to the formation 

permeability and porosity. 

Hydraulic and dynamic fracturing experiments have been conducted adjacent 

to a tunnel complex at the Nevada Test Site and which are then directly 

observed by mining through the experiment area. Emphasis has been placed on 

the study of the factors which influence the containment, and hence the overall 

geometry, of hydraulic fractures at a formation interface. Evaluation of 



full-scale fracturing tests at an interface between geologic formations with 

significantly different properties, most notably an order of magnitude 

difference in elastic modulus, showed that the interface did not contain 

the fractures. Numerous smaller scale experiments at the same interface 

have confirmed these results. Thus, it has been shown that material property 

differences alone are insufficient for containment, and that the in situ stress 

is the dominant parameter. Fracture growth and terminations have been shown 

to coincide with variations in in situ stress even within the same formation. 

Rock mechanics and fluid mechanics studies have supported these conclusions. 

In particular, a microcrack model has been formulated which downplays the 

importance of material properties and emphasizes the role of in-situ stresses 

for processes occurring at a crack tip. 

Multiple fracturing from a wellbore has been demonstrated for a High 

Energy Gas Frac concept. In this concept, the gas pressure pulse due to the 

deflagration of a propellant is designed to give pressure loading rates 

sufficient to initiate multiple fractures, peak pressures below the flow 

stress of the formation to avoid rock compaction, and a duration of burn 

sufficient to allow gas penetration and fracture extention. An expanded test 

series has been initiated to quantify several techniques for multiple 

fracturing based on this concept. 

Finally, a Multi-Well Experiment has been defined whose objectives are 

to characterize in detail a lenticular gas reservoir of the Western United 

States and to evaluate state-of-the-art and developing technology for the 

recovery of gas from them. This research-oriented field experiment will be 

initiated in 1980. 
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I. Introduction and Summary 

A. Introduction 

Sandia Laboratories conducts several projects which are part of the United 

States Department of Energy's (DOE) Unconventional Gas Recovery Program. One 

is the Massive Hydraulic Fracture Characterization Project whose objective is to 

develop instrumentation systems for characterizing fracture systems, formations, 

and other parameters contributing to enhanced gas recovery. Another is the 

Stimulation Research Project whose objective is to understand, and thus improve, 

fracturing processes for stimulation of natural gas production from low perme- 

ability formations which contain a high potential resource. Another is the 

Advanced Logging for Formation Evaluation Program being conducted for the 

Bartlesville Energy Technology Center in support of the Western Gas Sands 

Project. A fourth is the in situ testing of well shooting concepts being 

conducted for the Morgantown Energy Technology Center in support of the 

Eastern Gas Shales Project. Finally, a Multi-Well Experiment was initiated which 

will be the major field test conducted under the Western Gas Sands Project in 

future years. This report summarizes activities conducted under these projects 

during Fiscal Year 1979; October 1, 1978, through September 30, 1979. 

The Massive Hydraulic Fracture (MHF) Characterization Project began in 

1974 with the initial application of Sandia's instrumentation capability in a 

joint experiment with El Paso Natural Gas in the Pinedale Field, Green River 

Basin, Wyoming. The initial effort was an attempt to measure the orienta- 

tion and growth of a massive hydraulic fracture using both surface seismic 

recording and electrical potential mapping techniques. In the ensuing years, 

the surface seismic program has been discontinued because of its inability to 

map fractures from the surface. The surface electrical potential technique 

has been developed and fielded on several experiments over the past five 

years. This instrumentation system has demonstrated the capability to 

determine fracture orientation induced by massive hydraulic fracturing, 

provide a measure of the asymmetry of fracture wings created, and provide 

some insight into the stimulation processes occurring within the reservoir. 
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The original surface seismic program has been redirected and now is concen- 

trating on a borehole seismic system that can be utilized in the fracture well. 

This system records seismic signals before and after nonproppant fluid 

injections that can determine the orientation of the hydraulic fracture by 

knowing the orientation of the system within the borehole. Utilization of 

borehole tools for fracture mapping should greatly enhance the obtaining of 

these data by substantially reducing the costs. A second system utilizing 

hydrophones is under development for determination of fracture heights. In 

addition to fracture diagnostics, there has been a broadening of the project 

scope to develop other instrumentation systems and techniques for character- 

izing and evaluating the formation. These include defining the boundaries of 

lenticular sand lenses and evaluating the formation parameters involved in 

hydrocarbon production. For example, a logging program hopes to evaluate 

the dispersive electrical parameters of the formation and relate these 

parameters to the formation permeability and porosity. 

The Stimulation Research Project was initiated in FY 77. However, the 

program has built upon fracturing and mineback activities which have been 

conducted since 1974 in G-tunnel at DOE's Nevada Test Site as part of a nuclear 

containment program sponsored by the Division of Military Applications of DOE. 

The commonality of objectives between the nuclear containment program and 

enhanced gas recovery activities are striking, and the close relationship 

between the two programs has been mutually beneficial. 

A major activity has been in situ fracturing experiments in an environment 

which allows for direct examination and evaluation. The mineback capability 

provided at the Nevada Test Site provides this opportunity. A detailed physical 

description can be obtained directly and can be correlated with measured geologic 

material properties, in situ stress distributions, fluid behavior, and the 

operational parameters of the test. Rock mechanics and fluid mechanics labora- 

tory and modeling work support the design and analysis of the field experiments 



and are producing new insight into fracturing behavior. The experiments also 

provide the opportunities to calibrate instrumentation techniques under known 

conditions and to examine innovative fracturing techniques. Thus, such mine- 

back experiments provides considerably more information than the evaluation 

of a commercial frac job which is based primarily upon gas production alone. 

Industry and service company representatives participate in the planning 

and analysis of the experiments. This project is providing a unique.oppor- 

tunity to quantify and understand fracture behavior. 

Sandia's projects are supported by DOE's Unconventional Gas Recovery 

Program through the Eastern Gas Shales Project, Western Gas Sands Project, 

and the Morgantown and Bartlesville Energy Technology Centers. Sandia's 

projects provide a broad supporting research and development capability. 

Activities are planned, conducted, and reported with the aim of contributing 

to the objectives of both the Eastern and Western Projects and to the overall 

development of Unconventional Gas Recovery technology. 

B. Summary 

Two field experiments and two NTS experiments were conducted in FY 79 

utilizing the borehole seismic system. The second experiment at NTS utilized 

the seismic system as it would be used in a regular borehole experiment and 

located seismic sources in the vicinity of a wellbore. This data analysis was 

similar to and provided a basis for the analysis of the full scale fracture 

experiments. These two field experiments were conducted with Amoco in their 

Wattenberg field and produced excellent fracture orientation results. 

The other borehole tool is the stacked hydrophone system which has been 

a prototype design. Preliminary testing in the laboratory and in a shallow 

borehole indicates this system is operational, and it will be evaluated in 

FY 80. It will be utilized in two diagnostic modes; one for determining 

fracture heights and another for determining formation interval velocities. 

The formation evaluation portion of the program has had two efforts this 



year; the first effort being the initiation of a program utilizing high resolu- 

tion seismic surveys for determining the boundaries of lenticular sand 

formations. The other program is the electromagnetic logging program which 

is directed at understanding the relationships between dispersive electrical 

parameters and formation parameters. The formation parameters of interest 

include both permeability and porosities. The program is in the feasibility 

study area this year and should move into a prototype system design in FY 80. 

The Stimulation Research Project activities have focused upon the study 

of the containment of hydraulic fractures by geologic formation interfaces, 

material properties and in situ stresses. Coring operations are delineating the 

extent of the full-scale Hole #6 experiment conducted and mined out last year. 

It was observed that the fractures broke through the interface between ash fall 

tuff and welded tuff formations having significantly different properties, most 

notably an order of magnitude difference in modulus. Coring has confirmed 

that the fracture geometry was not affected by the presence of the interface; 

in fact, fracture growth was predominantly upwards and downwards instead of 

lateral resulting in a fracture length of 150 ft as compared with a 600-ft 

"design". An Interface Test Series was conducted this year to further examine 

the behavior at the interface; 31 small volume (150 gal) hydraulic fractures 

were created from horizontal wellbores located just below the same geologic 

interface used in the Hole #6 experiment. Fractures propagated upwards through 

the interface into the higher modulus formation but only limited downwards 

growth was observed in the same lower modulus formation where the fractures 

were initiated. In situ stresses were calculated from the fracturing pressure 

records, and fracture growth was observed to be limited by increases in the 

in situ stress measured in the same formation. Thus, in situ stresses are 

the predominant factor affecting hydraulic fracture growth; the character of 

the interface (bonded or nonbonded) and material property differences play a 

subordinate role. 
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A microcrack rock mechanics model has been formulated which confirms these 

field results. Essentially, it shows that the zone of influence at a crack tip 

decreases rapidly with increased stress and is not affected significantly by 

material properties. The model has been extended to include the effects of an 

anisotropic in situ stress state. Laboratory experiments with materials with 

smeared interfaces, where the properties change smoothly over a short distance, 

are being conducted to further test the fracture propagation at such'an inter- 

face. 

In a series of three experiments conducted last year, it was demonstrated 

that multiple fracturing from a wellbore was possible for a gas pressure pulse 

produced by the deflagration of a propellant. The pulse must be designed to 

give: 1) pressure loading rates sufficient to initiate multiple fractures, 2) 

peak pressures below the flow stress of the formation to avoid rock compaction 

and wellbore enlargement, and 3) a duration of burn sufficient to allow gas 

penetration and fracture extension. An expanded test series - the Multi- 

frac Test Series - has been initiated to investigate several techniques based 

upon this tailored-pulse concept. The test design is complete and assembly 

for five different experiments is underway; the tests will be conducted in 

the second quarter of FY 80. These tests will be extensively instrumented 

and evaluated to provide data for the modeling and development of such a 

dynamic wellbore fracturing technique for unconventional gas stimulation. 

A Multi-Well Experiment has been defined. This is a research-oriented 

field experiment where two (or more) wells will be drilled at close spacings 

on a given site and will be used to characterize in detail one of the lenti- 

cular, tight gas reservoirs of the Western United States and to evaluate 

state-of-the-art and developing technology for the recovery of gas from 

them. Program planning is underway and an industry advisory group has been 

formed and is active. The experiment consists of six major activities (analy- 

sis and evaluation, laboratory testing, field drilling, stimulation, production 

testing, and field diagnostics). Field activities will be initiated in the 

spring of 1980, most likely at a site in the Piceance Basin, Colorado. 
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II. Massive Hydraulic Fracture Mapping and Characterization Program 

A. Borehole Seismic System (R. W. Seavey, 4733) 

1. System Description 

The determination of fracture orientation is possible with the use of one 

triaxial geophone package. If two horizontal and one vertical geophones are 

clamped in the treatment well at or near the zone to be fractured, seismic 

signals can be detected and recorded which can be analyzed to determine the 

direction to the seismic source. Since the geophone response is a function 

of the angle of incidence of the compression component of the seismic 

signal, direction to the source can be determined, If a seismic source in 

space produces a response on geophones aligned with the X-Y-Z axes 

(Fig. II-l), the output of the horizontal geophones will be Y=C sin A and X=C 

cos A. The ratio of the horizontal amplitude is then Y/X= tan A from which 

the horizontal direction may be obtained if one knows the orientation of the 

geophones. The vertical angle of incidence, 8, can be determined as the angle 

whose tangent is the ratio of the vertical response to the vector sum of the 

horizontal responses. 

The borehole seismic system was fabricated using commercially available 

components where possible. These components were integrated into an overall 

system that would allow operation on a single conductor wire line. The single 

conductor wire line provides power to the electronics, control to the clamping 

arm, monitoring circuitry for the clamping arm, and the return path for the 

multiplexed output from the geophones. The lower section of the system 

(Fig. 11-2) is the orientation package which contains its own power supply 

package, camera, and orientation unit. Either of two orientation units can 

be used: 1) a compass unit for operation in an open hole, and 2) a gyroscopic 

unit for operation in a cased hole. The entire system is 3-5/8" diameter and 

up to 16 ft long and is capable of being clamped into boreholes from 4-l/2" Up 

to 15" diameter. Figure II-3 shows this borehole seismic system with the 

cases removed to show interior parts. 
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Y=C*sinA 

X=C*COSA 

Y/X=sinA/cosktanA 

A=arctanY/X 

B=arctanZ/C=arctanZ/f(Xt2+Y?2) 

Geometrical Configuration of Seismic Source 
and Geophones 
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Two horizontal and one vertical geophones produced by Mark Products (Model 

L-25A) were selected for use in this system. The output of each geophone is 

amplified by a specially designed amplifier, each of which then feeds a voltage 

controlled oscillator (VCO). The three geophone VCO signals are multiplexed 

with a VCO signal that monitors the clamp arm operation and then transmits 

to the surface. Figure II-4 is a block diagram of the downhole system. The 

geophone VCO's are standard IRIG frequencies and allow a 2 kHz bandwidth 

signal to be transmitted to the surface from each geophone. Magnetic tape 

recordings at the surface are made to allow for future data analysis. The 

entire system has been pressure tested and found to operate satisfactorily up 

to pressures of 12,000 psi. 

2. NTS Minifrac 

In October of 1978, two very small fractures were performed in the HF20 

drift of G-Tunnel at the Nevada Test Site. Three triaxial geophone packages 

were grouted into the drift and the borehole seismic unit was placed in a 

horizontal position within another, horizontal borehole. All four sets of 

geophones were placed such that the larger of the two fractures would be 

expected to intersect their positions. 

The purpose of this experiment was: 1) to compare the signals from 

grouted units with the clamped unit, 2) to examine near field seismic signals, 

3) and to examine the tail of the seismic signal (coda) because of peculiarities 

observed in data collected in testing during the previous year (Ref. 1). 

The first fracture was performed with 20 gallons of clear water and the 

second fracture with 80 gallons of clear water. During the first fracture, no 

signals were observed on the borehole seismic unit. Insufficient amplitude 

of the few signals observed on the other units prevented any significant 

evaluation of signal characteristics or source location. The second fracture 

produced more signals but all of a very low amplitude. These were further 

14 



. 

CLAMP 
CONTROL 

. CLAMP 

u- AMPL 

TRIAXIAL 

GEOPHONE 

FIGURE II-4 
Block Diagram of the Borehole Seismic System 

15 



complicated by intermittant tape recorder malfunctions to the extent that 

no signal characterization or source location could be determined. The borehole 

seismic unit because of its horizontal position, went into large mechanical 

resonance. One horizontal geophone had extremely large resonant characteristics 

indicating that in all likelihood it had been damaged in a previous test. 

As a result of the low signal levels and malfunctions, no useful conclusion 

could be made from these tests and additional NTS tests were planned. 

3. Amoco Experiments 

Sandia participated in two experiments in November, 1978 with Amoco in the 

Wattenberg field, north of Denver, CO. These experiments were conducted in the 

Muddy J gas sand at approximately 8,000 feet. 

The breakdown pumping schedules were designed to study seismic signals 

generated from fractures and hopefully to determine the direction of the fracture. 

a) Experiment #l 

The well was cased to a depth of 7,965 ft and open for approximately 

another 100 ft. Sandia's triaxial geophone package was clamped at 7,945 ft, 

and the well was fractured with 15,000 gallons of KC1 water in small stages. 

An initial breakdown was performed with 100 gallons at five barrels-per-minute 

(BPM) followed with an additional 100 gallons at l/4 to l/2 BPM to determine 

closure stress. Following these two stages, the well was shut in and seismic 

activity was monitored and recorded for several minutes. Subsequent pumping 

stages were of 100, 200, 500, 1,000, 2,000, 4,000 and 7,000 gallons at 5 BPM, 

and each stage was followed by a 3 to 10 minute shut-in period in order to 

monitor seismic activity. 

More than 65 signals were observed during these quiet periods. Of these 

signals, seventeen appeared to have sufficient amplitude to be examined. Five 

of these signals saturated this system and three were too low in amplitude to 

be usable leaving nine signals that could be analyzed. 

The signals were bandpass filtered from 10 Hz to 400 Hz and digitized at 
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a 1 kHz rate. The signals were then further processed by using an adaptive 

filter to help eliminate periodic background noise. Hodograms of the 

horizontal geophones were then examined to predict fracture orientation. 

Bearings were obtained that ranged from 290" to 320° with an average of 305O 

indicating a fracture direction of N55OW to S55OE. A typical hodogram is 

shown in Fig. 11-5. 

b) Experiment #2 

On 11/30/78, a breakdown fracture was conducted on Experiment #2. 

This well was completely cased and perforated from 7,910 to 7,940 ft. The 

Sandia seismic package was placed at 7,926 ft. The pumping schedule was the 

same as on Experiment #l, except that the breakdown and closure stress 

determination was a total of 100 gallons and the 2,000-gallon stage was 

increased to 2,100 gallons for a total of 15,000 gallons. 

More than 10 seismic signals were observed but of lower amplitudes than 

those on the first test. Only five signals were large enough to obtain source 

direction. Bearings on these signals were from 105O to 147O with an average of 

130° indicating a fracture direction of N50°W to S50'E. A typical hodogram is 

shown in Fig. 11-6. 

Shear wave arrivals could be observed in most of the signals for both tests 

as shown in Figs. II-5 and II-6 and ranged from a few milliseconds to as much as 

perhaps 15 ms following the compressional wave. 

Distance to seismic sources can be determined as follows if the p and s wave 

velocities are known. 

D = VP ( tp-to 1 

where D= distance to the seismic source 

vP = p-wave velocity 

tP = the time at which the p-wave arrives 

to 
= the time at which the seismic wave 

was produced 

(1) 

also 
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D = Vs(ts-to) (21 

where vs = s-wave velocity 

ts = the time at which the s-wave arrives 
rearranging eqs. 1 and 2 we have 

D/VP = tp-to 

D/V,= t,-to 

(31 

(4) 

subtracting 3 from 4 

D D 

vs - v = ts-tp P 

rearranging 5 produces 

v v At 
D = -si 

(VP-Vs) 

where At = the time difference of the p-wave and s-wave arrival. 

If one uses a p-wave velocity of 10,000 feet-per-second and an s-wave 

velocity of 5,000, which could be typical for sandstone formations, the seismic 

sources producing the signal shown in Figures 5 and 6 would be approximately 

20 and 150 ft from the wellbore. 

4. NTS Borehole Tests 

In order to determine the origin of known seismic sources and study the 

oscillatory signals, an evaluation test of the borehole seismic unit was designed 

and performed at the Nevada Test Site. The clamp package was installed in the 

floor of G-Tunnel and adjacent to it, a triaxial geophone package using the 

same type of geophones was grouted in a borehole. Seismic signals were then 

induced, and the received signals analyzed for determining the source locations. 

In addition to the induced seismic signals, a triaxial geophone was attached to 

the clamp unit and driven from a sine wave source at various frequencies to 

see if resonances did exist in the clamp package. 

Seven holes were drilled in the floor of the Madison drift in G-Tunnel. 

The relative locations of these holes are shown in Fig. II-7 as R, C, and W3 
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through W7. A triaxial geophone unit was placed in Hole R at a depth of 

18 ft with the horizontal geophones oriented as indicated by Hl and H2 in 

Fig. 11-7. The hole was then filled with acoustic matching grout. The bore- 

hole seismic unit was placed in Hole C at a depth of 18 feet with the horizontal 

geophones oriented as shown by Hl and H2 and clamped to the sidewall. 

The shaker geophones attached to the borehole seismic unit were driven 

from 20 Hz to 2 kHz and resonances were observed at a number of different 

frequencies. At a later time, the borehole seismic unit was coupled to the 

wall through sand (i.e., the hole was filled with sand) and the resonant 

frequencies changed. The resonances were large enough to prohibit extraction 

of any useful information from the seismic tail. 

A number of methods of inducing seismic signals were attempted both on 

the floor of the tunnel and in the bottom of the holes. The only sources that 

produced adequate signals were hammer blows on the floor and a spark plug 

fired in water at the bottom of the holes, The results of these tests are 

tabulated in Table II-1 

In tests 1 through 3 (Table II-l) the seismic source was from firing a 

spark plug in the bottom of the hole. By recording the ignition times, the 

p-wave and s-wave travel times could be obtained and velocities calculated. 

The average velocities were then used to obtain distances in the other tests. 

In each test, the borehole seismic system determination of the source was 

at least as good as the grouted reference package. Some of the source 

locations are rather poor, but this is to be expected whenever the signal 

levels are too low or too large. The reference unit has a decided shift in 

location in the clockwise direction. It is expected that the unit had been 

rotated during grouting from its original position. 

Based on the tests and experiments performed with the borehole seismic 

system, it is reasonable to conclude that fracture orientation can be determined 

in most cases. With knowledge of p-wave and s-wave velocities, fracture 

distances could be estimated. Any additional information that may have been 
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contained in the seismic tail could not be extracted due to the system 

resonances which generally occurred after the s-wave arrival. 

B. Borehole Hydrophone System (R. P. McCann, 4733) 

1. Systcsm Applications 

The downhole hydrophone system under development by Sandia Laboratories is 

to be used in two distinct areas. The first considered is in the measurement 

of formation velocities to aid in the investigation of oil and gas formations; 

the second is for the downhole detection of passive acoustic signals for the 

purpose of hydraulic fracture diagnostics. 

a) Formation velocity. The idea of using compressional waves as an aid 

in the assessment of oil and gas formations is not new. It was established 

early that the compressional wave propagation velocity depends on the lith- 

2 ology and porosity of a formation . One of the basic tools used as an aid 

in determining formation porosity and helpful in interpreting seismic records 

has been the acoustic velocity log. The log is a recording, as a function of 

depth, of the time required for an acoustic wave to travel a unit distance 

of formation. The basic logging tool includes an acoustic projector and two 

receivers which are incorporated in the logging tool. In general, the 

acoustic wave velocity is higher in the formation than in the drilling mud, 

and in measuring first arrival times, the propagation velocity in the 

formation can be determined. Because the acoustic wave penetration of the 

formation is a function of projector to receiver spacing, the prime velocity 

measurement is often of the invaded zone of the formation, and measurements 

in the past h. ve indicated that the velocity in the invaded zone around the 

well can be substantially different from the true velocity in the deeper un- 

contaminated zone. Therefore, it is desirable to extend the spacing between 

the acoustic projector and receivers to the maximum possible length3. An 

acoustic velocity system making use of this principle has been designed and 

is now available for evaluation and test. 
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b) Source locator. Early experiments in techniques to detect and map 

hydraulic fractures have shown that acoustic signals in the 100 Hz to 

2,000 Hz frequency range are detected by a downhole hydrophone immediately 

following a hydraulic fracturing operation4. At the conclusion of pUmping, 

these signals continue at about a constant rate throughout a 30-minute period 

while the well is shut-in. Because only one acoustic detector was employed, 

it was not possible to obtain information on source locations. Attempts have 

been made to measure at the earth's suface fracture oriented seismic or acoustic 

signals. The very poor signal-to-noise ratio encountered with such distances 

5 involved makes detection of the signal highly improbable . Signal detection 

from fractures thus require that multiple sensor receivers be deployed near the 

fracture source. 

2. System Description 

The borehole hydrophone system makes use of commercially available com- 

ponents where possible. The electronic system circuitry and components are 

designed to allow operation on a single conductor wireline. In both 

intended uses of the hydrophone system, the single conductor wireline 

provides power to the electronics and transmits the received hydrophone signal 

via multiplexed voltage-controlled oscillators to the surface for recording 

and analysis. 

The downhole hydrophone package consists of a stainless steel rod ap- 

proximately 30 ft in length and 1.5 in diameter. The frequency response of the 

system to 2 3 db is approximately 30 Hz to 4 kHz. The maximum operating 

temperature is 250°F, and the specified maximum operating pressure is 10,000 

psi. 

The rod contains four hydroacoustic transducers spaced at lo-ft intervals. 

The electronics package is contained in the section of rod between the top 

two transducers. This packlage includes four high-gain acoustic amplifiers, 

four constant-bandwidth voltage-controlled oscillators, a mixer-line driving 

amplifier, and a t 15 Vdc power supply. 
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Although the design and fabrication of the acoustic transducer unit in 

itself is well within the state-of-the-art, the mechanical housing and its 

design is a task which has not been attempted in the past. Because of the 

unique mechanical and environmental requirement, two sets of transducer units 

have been received from two different manufacturers. One set of hydrophones 

(6 each) has been received from Edo Western Corporation, Salt Lake City, 

Utah and the other from International Transducer Corporation (ITC), 

Goleta, California. 

3. Prototype Testinq 

A system was designed at Sandia Laboratories for electrical testing of 

the acoustic hydrophones to 10,000 psi. Although the testing performed was 

of a rudimentary nature, the data collected clearly indicated that all the 

Edo hydrophones operated to 10,000 psi and, as expected, the signal sensi- 

tivity is reduced at the higher pressures. Some testing has been completed on 

the six hydrophone units received from International Transducer Corporation. 

Pressure tests were made to 10,000 psi. As with the Edo Western the high 

pressure seal system of the hydrophones functioned satisfactorily on all of 

the units, however several of the units failed to operate electrically above 

9,000 psi. Because the electrical test performed was a very simple 

go-no-go type, the failure could be anywhere in the testing system and further 

tests will be required to determine if an electrical operational problem with 

the transducer unit does exist at high pressures. The required electronics 

and mechanical hardware is on hand for the assembly of a 30-ft ITC system. 

The system tool will be assembled and tested in the near future. 

The complete 30-ft system containing the hydrophones fabricated by Edo 

Western has undergone some testing in the Sandia borehole located at the 

laboratory. The bottom of the 6-in diameter hole is at a depth of 245 ft. 

The casing is to a depth of 200 feet. The water level in the borehole was 

detected at a depth of 142 feet. Two types of tests were made on the 

hydrophone system. One consisted of a series of hammer blows on the ground 
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surface at various distances from the borehole. The second included a small 

vibrator placed at a distance of approximately 40 feet from the borehole which 

was driven at CW frequencies of 30 Hz to 500 Hz. A driving frequency of 100 Hz 

was chosen in recording the hydrophone output signals. In addition to recording 

the output on a paper recorder and a magnetic tape recorder, the differences in 

phase between all hydrophone output signals were measured on an oscilloscope. 

These measurements were made with the top of the hydrophone tool varying from a 

depth of 150 ft to 170 ft in 2-ft increments. Analysis of the data indicates 

that the measured formation velocity is in the range of 1,000 ft-per-second to 

2,000 ft-per-second. The actual formation velocity is believed to be more in the 

order of 5,000 ft-per-second. Because the vibrator output is small, distances 

greater than approximately 40 ft from the borehole lead to small signals of an 

eratic nature and phase measurements became very difficult to measure. It is 

believed that surface waves from the vibrator were coupled into the borehole and 

a borehole wave was created which interfered with the direct wave. Consequently, 

erroneous formation-velocities were measured. A series of tests are to be 

scheduled in an area where deeper boreholes and a more powerful vibrator are 

available. 

The hammer blow testing was done only to determine that differences 

in the time of arrival at the downhole hydrophones could be detected. A 

sophisticated measurement attempt was not made. The test was successful 

and differences in arrival time could be detected. Fig. II-8 shows the output 

from a hammer blow struck 100 ft from the borehole. The differences in 

arrival time are not readily apparent in this time scale, however when 

expanded in time the differences are quite discernable. 
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C. Surface Electrical Potential System (SEPS) (L. J. Keck, 4733) 

1. System Description 

Electrical prospecting is a well-known technique that is used in the 

investigation of geological structures beneath the surface of the earth. The 

approach taken is to determine the variation of the electrical constants of the 

earth's crust, and variation in resistivity is by far the greatest. The 

induced surface electrical potential method used in MHF characterization uses 

the variation in the resistivity contrast and is associated with the science 

(or art) of electrical prospecting. A current injection probe is placed at 

the fracture formation depth in the fracture well. A remote well casing 

serves as the return current probe. The resulting potential distribution is 

measured at the surface of the earth on circumferences around the fracture 

well. 

Theoretically, before the fracture, equipotential ellipsoids form 

concentrically around the well casing as their center. These ellipsoids 

form concentric circles around the fracture well at the surface. During 

fracture, the fracture zone, along with the well casing (both filled 

with conducting fluid) acts as a changing current injection electrode. 

As the fracture progresses, the changes in electrode geometry cause a 

predictable distortion in the concentric equipotential circles around the 

fracture well. 

The surface electrical potential data are taken by periodically record- 

ing the induced potential differences at the earth's surface between data 

probes (in concentric circles) placed every 15“ circumferentially around 

the fracture well, and a data reference probe (stake). The injected 

current is of a bipolar pulse form to minimize the effects of electrode 

polarization. Prior to fracture initiation, background data are taken to 

establish the baseline potential levels around the fracture well at the data 

probes. These then become the reference data for detecting the changes when 

the conductive fracture fluid alters the electrical geometry of the fracture 
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zone. This change in the fracture zone current distribution, caused by fracture 

growth, alters the induced surface electrical potential around the fracture 

well. If the electrical potential measurements before, during and after the 

fracturing are compared, diagnostic information about the fracture is obtained. 

SEPS is capable of acquiring 48 electrical potentials around the fracture 

well. These potential points are arranged in two concentric circles 

(Fig. 11-9) around the well, each circle consisting of 24 stainless steel 

stakes (data probes) approximately 2 ft long. 

Each of the 48 data sources exist between a data probe and the reference 

probe. This data acquisition arrangement will provide a confidence factor if 

the data from each data radius flags the same fracture direction. The data 

probe array radii range from 1000 to 4000 ft and are determined from a mathe- 

matical model which considers such parameters as fracture depth and expected 

fracture length(s). The potential measurement boxes (PMB) are connected to 

the reference probe via the instrumentation van. This enables the PM9 signal 

common to be used as a common tie for both the fracture data acquisition and 

for calibration. 

Each (PMB) includes a radius l-radius 2 select capability, a 1 Hz passive 

bandpass filter in front of an isolation amplifier, and a 4-pole active linear 

phase low-pass filter. The active filter has a cutoff of 1.75 Hz which gives 

a data bandwidth from approximately .25 to 1.75 Hz. The 1 Hz bandpass filter 

helps eliminate probe-to-reference probe current flow via the isolation amplifier 

input impedance. The combined filter effects reduce that portion of the 

telluric spectrum outside the pulse's fundamental frequency of l/2 Hz. 

The reference probe is located a distance five to ten times the radius 1 

from the fracture well, and this common is one of the conductors within the inter- 

connecting six conductor cables. These cables are also used to interconnect the 

24 PMB's to the instrumentation van. The cables supply power, control and 

calibrate inputs to the PMB's and carry the subcarrier VCO outputs back to the 

instrumentation van. Test control in the instrumentation van interrelates all 
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functional aspects of SEPS. The computer is a DEC PDP 11/34 and includes dual 

soft and hard discs for data storage and handling. Digital outputs from the 

computer control a proyrammable supply for the bipolar calibration source. The 

computer, via the test control, also controls the radius l-radius 2 selection. The 

A and B sets of twelve subcarriers from the PMB's, containing either calibrate 

or radius-l and radius-2 data, are extracted from the six conductor cables in the 

test control and input to the A and B subcarrier discriminators. The outputs 

of these 24 data sources are digitized in the computer. When SEPS is stored in 

the instrumentation vans, the test control can simulate radius l-radius 2 opera- 

tions from the calibrate source and makes them available as inputs to the PMB's. 

The SEPS has undergone many hours of testing in this configuration. 

2. AMOCO Wattenberg Field Fracture Experiment 

Sandia participated in only one hydraulic fracture experiment using the SEPS 

system in FY 79 not being in the Amoco Wattenberg field, in FY 79. The well was 

fractured using 8,000 barrels of fluid with 2% KCL in the Muddy J gas sands at 

a depth of 7,972 ft. The Surface Electrical Potential System (SEPS) recorded 

data at radii of 1,200 and 2,400 ft (Fig. 11-10) for the main fracture. Five 

data points on radius 2 were less than 2,400 ft due to lack of land use 

permission. The data reference probe was located approximately 1.6 miles east 

of the D-l well. Current from the SEPS was injected via the current injection 

probe located at a depth of 7,964 ft via a wireline hung inside the casing. 

Two current sink wells were used and a set of data was obtained for each sink 

well and potential radius. Loop 1 had a resistance of 64.4 ohms and used the 

West sink well Loop 2 had a resistance of 71 ohms and used the North sink 

well. Figure II-11 illustrates the data reference stake and sink well layout. 

Fracture pressure and flow were recorded by SEPS using the Dowel1 transducer. 

Fracture fluid pumping stopped temporarily at 9:33 am and resumed at 10:00 am. 

Several such pumping interruptions occurred throughout the fracture treatment. 

The induced surface potential data collected during the MHF experiment 

has been analyzed and no positive indication of fracture direction was obtained. 
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Two factors prevented these data from being useful for determining the fracture 

orientation. First, transient voltage spikes in excess of 1 volt were present on 

the leading and trailing edges of the millivolt level potentials. These trans- 

ients saturated the instrumentation amplifiers and prevented an accurate measure- 

ment of the desired signals. These high-voltage spikes were evidently caused by 

the high rate of charge on the leading and trailing edges of the current pulse. 

Second, the injected current level from the pulse generator increased abruptly 

from 4 amps to 12 amps, approximately half way through the experiment, with no 

corresponding increase in potential voltages. Turbulence and/or fluid flow in the 

tubing could have caused a change in the character of the conductive fluid. 

Changes in the injected current of this magnitude hinder the comparison of 

induced surface potential signals occurring before and immediately after pumping 

commenced with those potentials occurring during the latter stages of the 

experiment. 

3. Design Changes To SEPS 

This experiment prompted several design changes to SEPS. First, the 

risetime of the current injection pulse has been significantly increased. 

This has reduced the pulse upper frequency content to approximately 10 Hz. 

The intent is to reduce the frequency content that is assumed to produce the 

high amplitude leading and trailing edge spikes. Second, the Potential 

Measurement Boxes (PMB) have been modified to increase the speed of recovery 

from such a high amplitude spike. Finally, consideration is being given to 

methods whereby the unintended surface current injection due to test layout 

can be reduced. One approach considered is that of using shielded current 

wire from the pulses to the frac well wireline and sink well. 
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III. Advanced Logging Technology and Formation Evaluation 

A. Seismic Formation Mapping Program (T. L. Dobecki, 4733) 

1. Introduction 

Gas production from formations of interest to the U. S. DOE Western Gas 

Sand Project (WGSP) is from tight, lenticular sand intervals typical of the 

upper Cretaceous Mesa Verde group and the Tertiary Wasatch formation, The 

lenticularity and the meandering nature of the reservoirs is a direct conse- 

quence of their being laid down in a fluvial environment. Characterization and 

separation of such reservoirs, prior to field development, are important to 

the efficient exploitation of the contained gas resource through proper well 

placement, understanding of geometry of individual traps, and the proper design 

of fracture treatments which are required to increase permeability in these 

tight reservoirs. It is the objective of this program to evaluate state-of-the- 

art seismic reflection techniques as a means of mapping the three-dimensional 

geometry of channel sands utilizing surface-derived data. 

This new program is an outgrowth of discussions held at the Borehole Logging 

Program meeting convened at CER Corporation in October 1978, wherein concern 

was raised over the present inability to delineate and map individual sand channel 

reservoirs typical of the Mesa Verde Group. Sandia proposed at this meeting that 

state-of-the-art seismic reflection concepts (seismic stratigraphy, 3-D seismic) 

might be a means of delineating sand channels from surface derived data. 

Applicable case histories have been compiled and interviews conducted with 

experts in the fields of seismic reflection surveying and Cretaceous strati- 

graphy in the Utah, Colorado, Wyoming areas. The results of this preliminary 

investigation were presented in a briefing for CER and DOE personnel held at 

CER, Las Vegas, in February, 1979. It was decided that a limited seismic 

program should be performed and that a coordinated effort with C. K. Geoenergy 

Corporation, which is performing statistical analyses of primary sedimentary 

structures in channel sands in outcrop, would be mutually beneficial. 

A site (Fig. III-l) in the southern Uinta Basin in Utah, approximately 45 
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miles northwest of Grand Junction, CO was chosen for this combined seismic and 

stratigraphic program. 

The prime criteria to be met by a satisfactory site were: a) relatively flat 

ground on top of a mesa or ridge, b) exposed Mesa Verde group in the cliff walls, 

and c) adequate existing well control for stratigraphic information and for 

access for the proposed drilling operation. Such a site was found in the 

general area of Sections 4, 5, 8, 9, 16, and 17, T17S, R24E. This area is on 

a ridge just west of East Canyon with approximately 1,000 ft of Mesa Verde 

group exposed in the cliff faces. 

An additional site was located a few miles to the northwest on top of the 

highest ridge in the area. The same Mesa Verde interval is found at 

1,800 ft subsurface with outcropping Green River formation. This site has a 

large flat area and at least one gas well for subsurface control. This site 

will be a seismic site only (i.e. no corehole study) with the intent of deter- 

mining the ability of seismic to map unknown structures at a greater depth than 

at Site #l. 

The U.S.G.S. Phoenix (seismic) computer has a substantial seismic modeling 

capability which would be useful in modeling the synthetic seismic response of 

channel sands embedded in a sand-shale sequence. This is an important aspect 

in evaluating seismic techniques for mapping sand lenses. The computing 

facility has been made available to Sandia and a preliminary model study has 

been completed. 

2. Task Description 

Phase I of the program includes a seismic reflection survey at a specific 

site (see "Site No. 1" description below) in the Southern Uinta Basin, Utah. 

This site has shallow (O-1,500 ft) Mesa Verde group of which the upper 

1,200 ft is exposed in adjacent cliff walls. This site is also undergoing 

geologic and corehole scrutiny by C. K. Geoenergy Corporation as part of the 

WGSP, while the U.S.G.S. has been involved in mapping throughout this area. 

By analysis of outcrop mapping, detailed core analysis, and analysis of 
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available well log data at this site, an evaluation of the seismic mapping 

capability may be made directly. Although this site presents depths sub- 

stantially less than expected production depths, it presents a unique 

opportunity to assess seismic atility by comparison to both visual (outcrop) 

and geologic data. 

Phase II of the program will investigate deeper sand bodies. At a site 

some seven miles northwest of Site No. 1 (see "Site No. 2" description below), a 

seismic survey is to be performed to map channel sands in the Mesa Verde group 

and in overlying formations. At this site, the top of the Mesa Verde is some 

1,800 ft subsurface. Overlying rock includes sand channels of the Tertiary 

Wasatch fm. and the relatively channel-free Green River fm. No corresponding 

outcrop and dense well control is available at this site. The intent of this 

phase is to compare seismic ability with that at Site No. 1. Here, the objective 

bed is (a) at a greater depth and (b) is complicated by stratigraphic variation 

in overlying beds. 

3. Site Descriptions 

Site No. 1 is situated on the top of a ridge within the Bryson Canyon 

Gas Field (Sections 8, 9, 16; T17S; R24E; Grand County, Utah). The general 

elevation of the ridge top is 7,000 ft, while the adjacent canyon bottom is 

approximately 5,600 ft. The sides of the ridges are very steep, while the 

tops are relatively flat and are traversed by well service roads. 

Exposed on the canyon walls are the Upper Cretaceous Farrer Fm. and 

overlying Tuscher Fm. (both in Mesa Verde group), although the higher 

elevations in the area are capped with Tertiary formations. The upper 

l,OOO-1,400 ft beneath the ridge top, seismic line area consists, then, of 

numerous sandstones of variable thickness (up to approximately 60 ft), some 

of which are continuous over the area while others are lenticular and of limited 

cross-sectional extent. Softer, shaley layers make up the remaining section 

observed in the canyon walls. Numerous wells are available in this area for 
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subsurface control. 

Site No. 2 is situated on the highest ridge in the area within the Horse 

Point Gas Field (Sections 11, 13, 14; T16S; R23E; Grand County, Utah). The 

general elevation of the ridge top is 8,200 ft; the ridge top is quite flat, 

over l/2 mile wide, and is traversed by service roads. As with Site No. 1, the 

bounding canyon walls are quite precipitous. 

Site No. 2 is situated on Eocene Green River Fm. The depth to the Upper 

Cretaceous bed outcropping at Site No. 1 is believed to be approximately 

1,800 ft through the Green River, Wasatch, and other Tertiary formations. 

A single well is available in this area for subsurface control. 

4. Program Progress 

Drilling has begun on the corehole located at Site No. 1 of the proposed 

seismic survey. This corehole, together with outcrop mapping of sand lenses, 

will provide important input to the interpretive phase of the proposed 

seismic survey. 

The contract for performance of this three-dimensional seismic reflection 

program has been awarded to Seismic Research International (SRI) of Denver, 

co. In early July, patterns of area1 seismic coverage for each site were 

designed. In addition, specific "target" sand lenses cropping out in the 

cliff faces at Site No. 1 were noted for use in preliminary transmission/reflec- 

tion tests to determine frequency content of wavelets transmitted from the top 

of the cliff (survey location) as well as travel times to these specific units. 

SRI has secured Bureau of Land Management (BLM) approval for survey 

operations. T"is task was compounded by the fact that the two sites, although 

less than 12 miles apart, fall under the jurisdiction of two separate BLM 

offices. Topographic survey activity began the latter half of August, and . 

the reflection work is now in progress. 

B. Nuclear Magnetism Logging (T. L. Dobecki, 4733) 

A constant complication in field development involving tight, Western 

gas sand reservoirs is an effective means of determining in-situ formation 
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permeability. Typical pumping tests require several weeks of testing before 
1,2,3,4,5,6 

reliable, usable data are acquired. Several reports in petroleum 

literature have noted the theoretical effects of pore size, permeability, and 

fluid saturation on the observed nuclear magnetic resonance (NMR) behavior 

of formation samples. Further, empirical relationships have been developed 

to relate free-fluid index, FFI (a quantity derivable from a nuclear magnetism 

log, NML) thermal relaxation time, Tl, of the fluid bearing rock, and the 

bulk relaxation time, TB, of the saturating liquid to the permeability of the 

formation. The relationship has been based primarily upon the Kozeny-Carman 

equation which links permeability to porosity, specific surface area, and pore 

space tortuosity. What has been observed is that NML measurements can provide 

a measure of permeability which is both rapid and reliable within a given 

producing field. What is lacking, however, is a test of the reliability and 

accuracy of NMR measurements in low permeability (-10-50 pd), shaley sandstones, 

typical of the western gas sands. Emphasized is "NMR" as opposed to "NML" 

because currently available NML tools have intrinsic operational time lags 

which do not allow Tl determinations in such low permeability rocks. Sandia's 

program is to evaluate the applicability of NMR measurements to permeability 

analysis for low permeability formations. If valid, empirical relationships 

can be observed for typical, tight western gas sands, then a concerted hard- 

ware effort to develop a "fast" NML tool would be warranted. 

To accomplish this task, Sandia has formed a cooperative research program 

with Chevron Oil Field Research Company (COFRC) with support from the U.S.G.S. 

(Denver) to analyze samples from a western gas sands project well and evaluate 

the NMR methods which have been applied to higher permeability reservoirs. 

The well, CIGE #21, is in the Natural Buttes Field, Uinta Basin, Northeast 

Utah. This well has been logged extensively and cored. Eleven core samples 

were secured by Sandia from zones of interest as determined from log analyses 

and by advice from the well operator. 

A 20 mm end section from each sample was given to the U.S.G.S. for their 
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analyses, to include thin sectioning, scanning electron microscopy, x-ray 

diffraction, and electron microprobe analyses. Core sampling and testing, 

including permeability, porosity, and cation exchange capacity measurements is 

being performed by Petroleum Testing Service (PTS) of Santa Fe Springs, CA. 

Finally, laboratory NMR measurements on these samples will be performed by 

COFRC at their facility in La Habra, CA. To date, the U.S.G.S. analysis is 

complete and awaiting the results of standard core analysis which are under- 

way at PTS. 

C. Advanced Electromagnetic Logging (P. C. Lysne, 2353) 

1. Logging Techniques Based on Dispersive Electrical Parameters 

Electromagnetic techniques have often been successful for the production 

evaluation of oil and gas reservoirs. For example, direct current resistivity 

measurements yield production parameters such as the porosity through 

ancillary relations like Archie's Law. In another class of measurements, 

pulsed or sinusoidal electromagnetic fields are introduced into the formation. 

Then, the measured quantity is the electrical impedance which is dependent 

upon the dielectric constant and the magnetic permeability as well as the 

resistivity. Furthermore, these latter three independent electric parameters 

are often dispersive, that is they are frequency or time dependent. This 

fact has proven useful in "induced polarization" logging for sulfide minerali- 

zation and "nuclear magnetic" logging for fluid flow permeabilities. 

The purpose of this study is to delve into hopes and difficulties 

associated with the usage of dispersive electrical parameters as production 

indicators in hydrocarbon reservoirs. In particular, logging techniques based 

on the dielectric and resistive properties of formation materials are consi- 

dered. A simple (perhaps too simple) model for a dispersive dielectric is 

developed which may be fit in an approximate manner to the data of Poley, 

Nooteboom and de Wall7 and which can yield ancillary relations directed 

toward water saturations and fluid flow permeabilities. It is emphasized 

that this work is preliminary; directions for future studies are discussed. 
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To solve electromagnetic problems it is necessary to have a set of 

constitutive equations that describe the properties of the media in question. 

A common set using standard notation is 

D = sE, (la) 

B = pH, (lb) 

and Ohm's Law 

J = aE. (ICI 

These equations describe a linear media since only first powers of the 

variables are present. In a simple medium, E, lo and o are constants. This 

means that no matter how fast local changes in E and H occur, corresponding 

changes in D, B and J can keep pace; that is the medium is not dispersive. 

Inhomogeneous materials such as rocks saturated with conducting fluids 

are dispersive. The case where B cannot follow fast changes in H is the basis 

for "nuclear magnetic" logging. Dispersive effects in Ohm's Law may be caused 

by many phenomena including the kinetics of oxidation-reduction reactions at 

ionic-electronic conductor interfaces and viscous drag on ions in solution. 

Dispersion in the dielectric permittivity can occur when semiconducting inclu- 

sions are present in a nonconducting matrix. This Maxwell-Wagner-Sillars 

Effect will be discussed following a short digression into dispersive model- 

ing in general. 

Measurements of dispersive effects can be made either by using pulsed 

techniques or by continuous wave techniques conducted at many frequencies; 

the ultimate description of the material dispersion must be the same in either 

case. However, experimental considerations often enter into the choice of 

measurement mode. For compatibility with existing data, the continuous 

wave description is chosen herein. Then dispersion in E, l-I and c results in 

these parameters being complex and functions of frequency, that is 

F(W) = E' (w) + i e" (w), 

p(u) = u'(o) + i VII(W), 
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G(W) = 5' (0) + i UN(u), 

where i = d-1. 

The theory of dispersive systems has been under investigation for a long 

time. This theory is difficult and beyond the scope of this report. However, 

an important consequence of this theory is cited , that is the real and 

imaginary components of each parameter in Eqs. (2) are related. Thus, if 

E' (w) is known for all frequencies, then E”(W) is also known, etc. The 

constraint between the real and imaginary components is a manifestation of 

the linearity of Eqs. (1) and causality, that is cause must precede effect. 

It is noted that some constitutive relations used in the past did not satisfy 

these Kramers-Kronig relations. In this study, which is directed toward model- 

ing the experiments of Poley, et al, u(w) is of no consequence, u* is a constant 

given by Archie's Law, and a" is zero. 

To exactly model the dielectric properties of inhomogeneous materials 

such as saturated rocks is very difficult, if not impossible. Such an effort 

would require the geometric description of each grain and void constitutent 

along with their individual electrical properties. Perhaps a statistical 

theory could be developed. For the present, an available model is used which 

yields, qualitatively, the dielectric constitutive relation of formation 

material. While imperfect, the model does point out the hopes of logging 

techniques based on dispersive dielectric properties. 

Maxwell was the first to model the electrical properties of an inhomo- 

geneous material, and he demonstrated that the dielectric properties of a 

layered mediun were dispersive. Wagner extended the model to semiconducting 

spheres imbedded in a nonconducting matrix. For the same volume ratio of 

constitutents, Wagner's model is more dispersive than Maxwell's. Sillars8 

extended Wagner's model by considering imbedded spheroids. Sillars' model can 

be made very dispersive, and, hence, is suggestive of some of the observed 

dielectric properties of saturated rocks. In all of the above models, 
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Maxwell's Equations are satisfied at material interfaces, i.e., matrix-inclu- 

sion boundaries. This is why these models are geometry-dependent, a point 

which is lacking from constitutive relations based on simple mixture laws. 

Historically, conduction currents are governed by Ohm's Law, Eq. (2~) 

and are treated as being unconstrained in that a given charged body such as 

an ion in a liquid can migrate an indefinite distance under the influence of 

a constant electric field. On the other hand, charge motion governed by 

dielectric laws is limited to some characteristic length such as the effective 

length of a dipole associated with a polar molecule or a ferroelectric domain. 

Consequently, dielectric currents (displacement currents) cannot flow 

indefinitely when influenced only by a constant electric field. In Sillars' 

model, the characteristic length is the unique dimension a of a spheroidal 

inclusion aligned with the electric field. The dimension b is the radius of 

the circle at the meridian of the spheroid and is perpendicular to a. If the 

ratio a/b is small, the inclusions are penny-shaped. Large a/b ratios mean 

needleshaped inclusions and this leads to large dispersive effects. Collectively, 

the Maxwell-Wganer-Sillars models describe the pinning of conduction charge 

carriers at material boundaries after they have migrated some characteristic 

length. The time required for this migration and pinning leads to the dis- 

persive properties of the models. 

A number of important observations follow from the work of Sillars. 

First of all, the dielectric response is strongly dependent upon the a-to-b 

ratio. Thus composite materials with the same volume fraction of constituent 

materials may have appreciably different dielectric properties. An illustra- 

tion of this phenomenon is given in Figure 111-2. Another observation is that, 

if, for the same rock specimen, the pore fluid salinity (conductivity) is changed, 

then the dielectric response is simply shifted along the frequency axis. This 

means that the right-hand-curve of Figure III-3 (upper) should be congruent with 

the other curve if it is shifted two frequency decades to the left. Likewise, 

for the lower curves, the offsets E"/E~ should be equal. While the model has 
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some defects, it appears to be qualitatively reasonable. 

In conclusion, a model based on a constant conductivity and a dispersive 

dielectric has been proposed to explain the frequency dependent impedance of 

sandstones saturated with waters of different salinities. The present model 

qualitatively represents the available data. A quantitative model will 

require a distribution function describing the pore shapes. With such a 

function in hand, the rock matrix is much better described than if only the 

porosity is known. For example, a continuum of pore-volume pore-surface areas 

may be modeled thereby paving the way for fluid permeability determinations 

through the use of a generalized Kozeny Equation. Furthermore, the extensions 

of the model to a three-component system could yield hydrocarbon-water ratios 

for pore fluids. 
(J. S. Yu, 2353) 

2. An Inverse Process for Evaluating Constitutive Parameters 

The electromagnetic (EM) constitutive parameters of a medium are known to 

vary with the composition and structure of its substances. In gas/oil explora- 

tion and production, many of the "production parameters" are also known to be 

relatable to the constitutive parameters of borehole formations. Thus, tech- 

niques for evaluating the EM constitutive parameters using EM probes in a bore- 

hole are of interest to supplement or complement other useful techniques. EM 

logging has taken an added significance for areas where tight-gas sands are 

prevalent and "production parameters" are more difficult to discern. 

In the process of analyzing EM-probe responses, there are instances where 

explicit functional dependences on the constitutive parameters can be formu- 

lated. One example is the open circuit voltage of a receiving coil aligned 

coaxially to a transmitting coil. Open-circuit voltages can be determined 

from a set of constitutive parameters, together with geometric and EM-source 

parameters: an inverse process is to determine constitutive parameters from 

voltage responses. The project efforts that have been directed toward such 

an inverse process are the subject of this progress report. Technical results 

to date are summarized as follows: 
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a. A rigorous solution has been obtained for a 2-coil coupling in a 

homogeneous formation with complex constitutive parameters and has 

been compared with the common solution assuming point-like coils. 

b. Universal curves are plotted for coupling sensitivities in empty 

space with variable geometric and source parameters to facilitate 

probe designs, and to provide references for earth formations. 

C. Complex magnetic permeability of a formation has been evaluated from 

the ratio of transfer impedances, and the attendent errors are esti- 

mated by universal curves varying with formation properties. 

d. Universal curves are plotted for fixed coil separations to determine 

the complex refractive index of a formation whose properties may vary 

from being a lossy dielectric to a lossy conductor. 

e. A comprehensive data base is obtained for 2-coil couplings in a homo- 

geneous, isotropic formation to serve as a reference for coil designs 

and for coil responses inside a more complicated earth formation. 

Following the convention that the displacement and conduction currents 

are separated in the Maxwell's equations, three constitutive parameters are 

defined as functions of (the angular frequency of variation for time-harmonics) 

for a homogeneous, isotropic medium: the magnetic permeability u (henry/m), 

the electric permittivity (farad/m), and the electric conductivity cr(mho/m). 

Also by the convention of using the empty space as reference 

( uo = 4 TT x lo-‘, E. “, 10+/'36T, and 0 = O), a set of relative parameters is 

defined as 

'r = w y, I the relative magnetic permeability; and 

E r = E/E0 I the relative electric permittivity or dielectric 
"constant". 
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A related set of parameters is found to be more convenient for describing 

EM-wave propagations and interactions in a medium. Using the time-harmonic 

convention exp(jot), this set is 

vr = c/v = [SL, ( It,-j a/wso,l , the refractive index; and 

nr = rho = [ur/(Er-jo/mEO 1 I , the relative intrinsic 
impedance 

The values of c and v are respectively the phase velocities of a uniform plane 

wave in empty space and in the medium of interest. In general, the relative 

parameters are complex in that they have real and imaginary parts both of which 

are functions of w. A point of caution is in order for the above definitions. 

While a complex &r is associated with charges bound to material points such as 

inclusions, and a complex 0 is associated with mobile charges, the inverse 

process discussed in this report does not imply that these two parameters 

are separable through measurements of EM-probe responses. 

A rigorous solution has been obtained for the boundary-value problem of a 

2-coil coaxial-coupling in a homogeneous, isotropic medium. Since the con- 

stitutive parameters are conventionally referenced to those of the empty space, 

the coupling sensitivities between two coils in the empty space are also desired 

for reference purposes. Results,in the form of parametric curves, are plotted 

in Figures 111-4. Geometrically the transmitting coil is centered at the 

origin of circular-cylindrical coordinates. The receiving coil is coaxially 

placed z (meter) from the transmitter. Both coils have the same diameter d 

(meter) which is restricted to less than 0.1 of empty-space wavelength 1, so 

that the coupling between the two coils is through a nearly pure magnetic-dipole 

mode. The abscissas in Figures III-4 and III-5 are the same. Their values are 

dimensionless when d/X, is used. When the diameter d is fixed in coil designs 

the abscissas can be converted into the transmitter frequencies. For example, 

should the diameter d be fixed at 10 cm, the transmitter frequencies would have 

to be less than 300 MHz to assure that the coupling is accurately accounted for by 

using only a magnetic-dipole mode. The open-circuit voltage V,, at the receiving 
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FIGURE III-4 

Magnitude-Sensitivity Curves of Transfer Impedance Z 
two coils through Magnetic-Dipole Coupling in the Emp y l& 

= V /It between 
S&e. (The 

abscissa is for coil diameter d over empty-space wavelength X0! the 
ordinates are for 20 loglVoc/It/, and the curves are parameterlzed for 
coil separation z over d.) 
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Phase Angles of Transfer Impedance Z12 = Voc/It 
between two coils through Magnetic-Dipole 
Coupling in the Empty Space. (The abscissa is 
for coil diameter d over empty-space wavelength 
x the ordinate is for phase angles in degrees, 
a& the curves are parameterized for coil 
separation z over d.) 
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coil is directly proportional to the transmitting-coil current It. Their ratio is 

known as the transfer impedance with magnitudes spanning more than seven decades 

for various coil spacings z/d and coil diameters d/X,. To make a more compact 

presentation, the magnitudes of transfer impedance are transformed into a 

familiar form 20 log (Voc, iIt) as marked along the ordinate of Figure 111-4. The 

solid curves are the results of the analytically rigorous solutions. The 

dashed lines represent the point-source quasistatic solutions under two 

simplifying assumptions that the coils are point-like (d/h,+ 0) and the separa- 

tion is vanishingly small (z/X0+ 0). The corresponding phase angles of the 

transfer impedance are plotted in Figure III-5 indicating the extents of phase 

shifts for various combinations of d/X, and z/d. An example will serve to 

illustrate how the coupling sensitivities can be estimated from the curves as 

shown. Let a set of geometrical and source parameters be specified: 

Diameter of coils d = 0.1 meter 

Spacing of coils z = 2.4 meters 

Transmitter frequency f = 6 x lo7 Hz 

Amplitude of current It = 10-l ampere 

The open-circuit voltage V,, can be estimated to have an amplitude about 10 -4 

volt from Figure III-4 and a relative phase angle about -3O from Figure 111-5. 

For the purpose of estimating coupling sensitivities for design considerations, 

adequate results may be obtained through graphic interpolations for other 

specifications. 

The main object in this report is an inverse process to evaluate the 

constitutive parameters when the coils are placed in an earth formation assumed 

to be homogeneous and isotropic. The transfer impedance between the coils in 

a formation is solved rigorously by assigning a set of constitutive parameters 

ur and $ (or equivalently a set of p,, Q, and a) to the formation, and by 

imposing (d/A,) R,(v,)<O.l to maintain a strictly magnetic-dipole coupling. 

For the inverse process under consideration, it is convenient to designate 

explicity two transfer impedances assuming that d, z, and f are fixed: 
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~‘z~$Jo’ Eo) = Voc/It) in the empty space; and 

7J12wrr Vr) = (Voc/It) in an undetermined formation. 

Inherent in the 2-coil coupling is the quasistatic property that the relative 

magnetic permeability can be evaluated as 

1-I, = z12(UrP vr)/q2(Por Eo) 

Should the quasistatic conditions not be met, the pr estimated by the ratio of 

transfer impedances would have certain errors depending on the other parameters 

involved. The rigorous solutions for the transfer impedances have been used to 

evaluate the normalized errors as shown in the parametric curves of Figure III-6 

with the coil separation set equal to one coil diameter. As an illustration, 

for d =lO cm and f = 30 MHz the ratio d/X, is 0.01. To assure the magnetic- 

dipole coupling condition, the first condition to be satisfied is (d/Ao)Re(vr)<O.l. 

This means the real part of refractive index may not exceed 10 in order to use 

the rigorous solution and its inverse process. The second step in evaluating 

the normalized errors for 1-1, -estimation is to divide all the number assigned 

to the solid curves by the factor (200d/ho)2 = 4, and to obtain Re(v:) = 

Re[l-I,(E, -j5/wo 1 I = 45, 40, 35, 30 . . . . Allowing that there are other data 

2 sources to estimate vr as a complex value, a desired estimate on errors can be 

made using Figure 111-6. For vr2 = 30-j24 and d/X, = 0.01, the normalized error 

associated with estimating P, (by the ratio of transfer impedances) is about 

-0.055 + jO.08 falling within a 10% error circle centered at the true value of pro 

If d/A0 is reduced to 0.005 and 0.0025 while ur2 remains the same, the normalized 

errors according to Figure III-6 are within a 2.5% - error circle and a 0.7% - 

error circle, respectively. Thus, a mean of determining pr using the 2-coil 

coupling is established with error estimates. 

To complete the inverse process requires another complex number from the 

2-coil coupling mechanisms to determine the refractive index vr. Although 

most earth formations are known to have u, near unity, the general form of 

'r = hr(Er -johEO)l is retained for possibilities when the assumption 
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% = 1 is in doubt prior to an in-situ EM logging. The solution for 2-coil 

coupling has the inherent property that the induced voltage is more sensitive 

to vr variations when z/d is increased. Figures III-7 and III-8 are parametric 

curves for the ratio 

with z/d values set to 10 and 20, respectively. The transfer impedance 

z12(por Ed) in empty space is multiplied by ur and used as the normalization 

factor for z12(ur, vr) when the coils are in the formation under evaluation. 

The magnitudes of ratio are seen to vary from 1 to 3 for (200d/Xo)LRe(vrL) 

ranging from 2 to 100 if z/d = 10. The phase angles of the ratio vary in the 

fourth quadrant depending on the values of d/X, and the vr2. Better sensitivities 

in Figure III-8 indicate that the corresponding magnitudes vary from 1.2 to 4.3 

and the corresponding phase angles span three quadrants when z/d is set to 20. 

Consider an example with d/i0 = 0.005 and z/d = 20. If the ratio 

Z12(prr ~,wQ2hot Ed) is measured to be -2 + j2 and if ur is known to be 

unity, the value of vrL is about 70 - j14 according to Figure 111-8. Using the 

definition vr2 = Vr(cr -ja/wEo) = ~~ with the assumptions )J~ = 1 and 0 = 0, the 

complex sr would be 70 - j14. Thus one can quickly estimate sr using Figure III-7 

or 8, or other selections of z/d. Granted, the number of parametric curves 

appears to be too sparse to perform graphic interpolations with high accuracies. 

Refinement and enlargement would be warranted should these theoretical curves 

prove to be optimal for practical applications. The results presented thus far 

are intended to demonstrate that universal curves can be parametrized to perform 

the inverse process of determining two constitutive parameters. All theoretical 

assumptions and restrictions are considered to have been fully formalized 

in this inverse process. Practical limitations in an actual implementation will 

ultimately set the ranges of its applicability. Thus the feasibility of EM 

logging using 2-coil couplings has at least been theoretically established for 

an earth formation that is assumed homogeneous and isotropic. Specific limits 

of this feasibility can now be quantified through the rigorous solution or its 
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parametric curves. Refinements on the curves are anticipated if better accuracies 

are needed from graphic interpolations. Perhaps the most significant aspect 

of the progress to date is a solid data base, both theoretically and 

graphically, upon which all responses measurable in a more realistic borehole 

can be referred to. While solutions for more realistic boreholes are in progress, 

several issues remain unresolved even for the 2-coil coupling in a homogeneous, 

isotropic media. Three outstanding issues are briefly outlined next. 

First, the rigorous solution has been obtained assuming a uniform trans- 

mitting current whose amplitude and phase are used to nominalize the induced 

voltage at receiving coil. This is comfortable analytically, because two 

difficult questions are being suppressed. They are: What would be the 

theoretical values of It when a wire loop of finite radius is driven across a 

finite gap, and how well the theoretical values would agree with actual values 

when the wire loop is driven by a real feeder. Field values in the presence 

of actual feeders may deviate significantly from the theoretically assumed 

conditions. Recognizing that empirical "fixes" are commonly employed in 

practice, it is recommended that further theoretical understanding should be 

developed to reduce the need and to improve the effectiveness of these "fixes". 

Perhaps a more significant point is to establish the self impedance of trans- 

mitting coil that is consistent with theory and measurement. The inverse process 

for a realistic borehole could be uniquely improved by this new capability. 

Secondly, the rigorous solution is strictly applicable to single-turn 

coils only. Solutions for multiturn coils in general are not available for 

assessing the degree of purity in magnetic-dipole-mode couplings. Although 

a significant amount of effort may be needed to develop this capability, it is 

considered an essential part of EM logging studies based on magnetic-dipole- 

mode couplings. 

Thirdly, there is the most basic issue regarding whether coil couplings 

are the most suitable EM logging techniques. One may argue that the issue has 

been squarely resolved by the past history of EM loggings. On the other hand, 
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there are many other types of EM logging that have not received adequate investi- 

gations. An obvious example is the complementary case of using linear current 

elements instead of the circular ones in coil couplings. Less obvious ones are 

transmission and reflection types that are potentially capable of exploiting 

more fully the three basic modes of EM-wave propagation and interactions with 

linear or circular polarizations. 

In summary, the rigorous solution is considered to have provided a compre- 

hensive data base for 2-coil couplings and to have established the inverse 

process using universal curves. These results are considered to be valuable 

in that they serve as the baselines to which the results for more complicated 

formations can be referred. However, despite its wide use in the past, it is 

not immediately clear thdt coil-couplings are the EM loggings best suited for 

gas/oil explorations. There are theoretical foundations indicating that other 

modes of EM coupling may be more advantageous, especially wheny. of earth 

formation is assumed unity and carrying no useful information. Strong recom- 

mendations for studying other types of EM coupling can be justified by the 

theoretical results obtained to date. 
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IV. Stimulation Research for Unconventional Gas Recovery 

A. Hydraulic Fracturing 

In the tight, gas-sands basins of the Western United States there exists a 

large resource of natural gas that cannot be produced economically at today's 

prices with today's technology. Massive hydraulic fracturing appears to 

be the most favorable technique for exploiting this resource; however, the 

results to date have been less than expected, and the reasons for this are 

unclear. Sandia Laboratories is conducting both basic and applied research to 

aid in the evolution of this technique as a practical method for producing a 

large portion of these resources, Types of research being performed include in 

situ testing of hydraulic fracturing theory and technology, modeling of hydraulic 

fracturing behavior, and laboratory testing. 

The in situ testing is being performed at DOE's Nevada Test Site (NTS) in a 

tunnel complex driven through volcanic ash-fall tuff under 1400 ft of overburden. 

This complex provides the facilities and equipment for mineback of the created 

hydraulic fractures for direct observation, a capability for determining in situ 

stresses and obtaining rock samples for testing in regions of interest, and a 

direct knowledge of the "reservoir" parameters and structure (i.e., permeability, 

porosity, location of faults, fractures, etc.). Modeling efforts include the 

range from details of the processes occurring at the fracture tip to numerical 

codes describing the coupled fluid mechanics and rock mechanics of the entire 

fracture. Laboratory testing includes the determination of rock properties and 

the conducting of small-scale experiments. 

1. Hydraulic Fracturing Containment Experiments (N. R. Warpinski, 4732) 

Sandia Laboratories has been actively studying the problem of containment 

of hydraulic fractures by conducting in situ experiments at the Nevada Test 

Site. Knowledge of the parameters which affect hydraulic fracture growth is 

very important if hydraulic fracturing is to be used successfully on tight gas 

reservoirs. In these low permeability reservoirs, it is necessary to create 
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fractures of up to 4000 ft length in order to obtain sufficient drainage for the 

well to be "economic" at today's prices. To achieve this fracture length, it is 

imperative that the fracture be contained largely to the pay zone or the volume 

of fluid and sand necessary will be prohibitively expensive. It is equally 

important that the fracture not intersect an underlying or overlying water- 

bearing zone. 

The study of the containment of hydraulic fractures is directed towards 

determining the parameters and conditions which will limit the height of a 

fracture and control its direction of propagation so that the necessary fracture 

lengths will be obtained. Implicit in these studies is the presumption that 

sufficient understanding of these conditions will allow operators to alter treat- 

ment parameters to help control containment, at least in those formations where 

there is already some propensity for containing the fractures. If this is not 

possible, then it still may be possible to define a priori those zones that will - 

most likely provide economic production due to favorable fracture growth (or 

containment) conditions. 

There are several parameters which are considered to have some effect on the 

containment of hydraulic fractures. Simonson, et al. l* and Rogers, et al. -- -- 

calculated that a hydraulic fracture attempting to propagate from a low modulus 

material into a high modulus material would be arrested at the interface between 

the two materials because the stress intensity factor at the crack tip approaches 

zero as the interface is approached. This, however, has not been born out by 

laboratory experiments.3t4r5 They1n2 also showed that a bounding layer of higher 

minimum principal in situ stress should restrict fracture growth. Daneshy per- 

Eormed experiments that suggested that fracture containment may be more a result 

of the nature of the interface rather than any difference in material properties, 

but this would be most often the case at shallow depths where the bonding is 

likely to be weaker, None of these phenomena have been verified in the field, 

however, except for the near-wellbore data that can be obtained from temperature 

logs or emplacement of radioactive sand. 

*References for Section IV-A are given at the end of the section on p. 99. 
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The purpose of the hydraulic fracturing containment experiments is to 

examine the effect of these parameters under realistic in situ conditions. 

Two experiments have been conducted at the Nevada Test Site to study this 

problem: the Hole #6 Formation Interface Fracture Experiment and an Interface 

Test Series. 

a) Hole #6 Formation Interface Fracture Experiment 

The objective of the Hole #6 Formation Interface Fracture Experiment 6 was 

to examine the effect of a formation or material property interface on hydraulic 

fracture growth. Hydraulic fracture treatments were conducted above and below 

a welded tuff/ash-fall tuff interface and were mined back for direct observation 

and for determination of material properties and in situ stresses. This experi- 

ment was initiated in FY77, and the fractures were created in August and 

October 1977. The fracture initiated in the ash-fall tuff (low modulus) below 

the interface was treated with 5000 gal of green cement followed by 4000 gal 

of black cement at 6 bbl,/mir\. In the upper welded tuff (high modulus), 5000 gal 

of blue grout was injected at 6 bbl/min. Mineback of the fractures was com- 

pleted in FY78. 

The entire length of ti;e fractures at the interface was mined back, and 

it was found that the lower fracture (initiated in the low modulus ash-fall 

tuff) broke through t!le interface everywhere it contacted it even though the 

modulus of the overlying welded tuff is an order of magnitude greater than the 

modulus of the ash-fall tuff. Unfortunately, the upper fracture broke out 

along side the lower fracture which was initiated first so that little infor- 

mation was gained from this second test, However, the results of these experi- 

ments do show that a significant diEference in material properties is insufficient 

to contain the fracture. 

Since it is impossible to mine out more than a small fraction of these 

fractures due to tunnel size and economic constraints, an exploratory coring 

program was initiated to delineate the overall shape of the fractures. This 

program's aim is to determine whether the high modulus bounding layer has 
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an effect on fracture growth or shape (i.e., restricts growth) even though the 

interface itself does not terminate the fracture. Determination of the shape 

of the fracture may also indicate the effect of in situ stress variations, if 

any exist in this area. Nine holes were completed in FY78, and 14 more were 

cored in FY79. 

Figure IV-1 shows the location where these coreholes intersected the fracture 

plane relative to the borehole, the mined back region, and the interface. It 

can be seen that fracture growth was predominantly vertical: fracture length 

at the interface is 150 ft, and total height is at least 200 ft. The injected 

volumes were sufficient to create fractures 50 ft high by 600 ft in length 

according to conventional fracture calculations. Estimates show that approxi- 

mately 45% of the grout has been located. There appears to be no effect of the 

interface on fracture shape as it passed through the interface. The coring 

program is continuing at present with several more cores planned in early FY80 

to determine the upper limit of the fractures and thus see if the welded tuff 

layer restricted fracture growth in any way. 

b) Interface Test Series 

The Interface Test Series is a set of small scale hydraulic fracture 

experiments which were conducted at NTS to further examine the factors that 

affect containment of hydraulic fractures. The basic procedure of these experi- 

ments was to create small hydraulic fractures in horizontal boreholes drilled 

from the tunnel at various distances below the same welded tuff/ash-fall tuff 

interface using a dyed-water frac fluid injected at low flow rates. Mineback 

of these fractures would thus provide detailed evidence of the behavior of 

many fractures under different conditions, These tests would also confirm the 

results of the Hole #6 experiment, but under different conditions, i.e., 

different fluid, different flow rates and a horizontal borehole entirely under 

the interface versus a vertical borehole through the interface. 

Since these were only small volume fractures, the actual interface that 

was " seen " by the fractures was the contact between the ash-fall tuff and the 
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lower transition of the ash-flow tuff. This interface is shown schematically 

in Figure IV-2 with the elastic modulus of the various layers given. At 

the contact between the ash-fall tuff and the lowest layer of the transition 

zone there is still a factor of 4-5 difference in modulus. 

Three sets of experiments in this series were completed in FY79. These 

were designated CFE (Crack 'r Frac Experiment) - 1, CFE-2, and a combination 

experiment, CFE-3 and CFE-4. Their location relative to Hole #6 and the grout 

filled fractures of Hole #6 are shown in Figure IV-3. Essentially, these tests 

were conducted from the side of the Hole #6 mineback drift. 

CFE-1 was a preliminary test of the concept and a confirmation of the 

Hole #6 results. The borehole was drilled so that at total depth (TD) the hole 

was 3 in below the interface and at the collar it was -4 ft below the interface. 

Six different zones in this hole were fractured in three stages with 150 gal of 

dyed water at 8 gal/min. First, a small breakdown pump (3-8 gal) was conducted 

to determine the instantaneous shut-in pressure (ISIP), which is equivalent to 

the minimum principal in situ stress, for a small region around the borehole. 

After the pressure decayed, a second small volume (3-8 gal) 

150 gal mine the ISIP again. Finally, the remainder of the 

zone. 

was pumped into the 

Figure IV-4 shows the pressure data for the six zones i n CFE-1 and Table 

was pumped to deter- 

IV-I lists the important pressure data points such as the breakdown pressure 

(PC) and the ISIP. As can be seen in Figure IV-4, only two zones (66' and 

78') exhibited definite breakdowns and possibly the zone at 19' did also. 

There was no anomalous behavior to indicate that the fractures broke through 

the interface or otherwise behaved unexpectedly. The zones at 11' and 45' 

had shut downs in the middle of the main pump because of leaks around the 

packer. 

Three tiltmeters were employed in this experiment in a vertical line -6 ft 

apart at the location shown in Figure IV-3 to test the feasibility of such 

instruments for more accurately measuring fracturing parameters. The tilts' 
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were Clearly discernible for all six fractures and increased with decreasing 

distance between insturments and the fracture plane. Also, the form of tilt-time 

curves followed theoretical expectations. Tiltmeters were shown to be an 

effective way of observing fracture growth in real time. 

All six zones of the CFE-1 fractures were then mined back, mapped, and 

photographed. It was found that all six fractures propagated upwards through 

the interface into the higher modulus material. This confirmed the results of 

the Hole #6 experiment. Figures IV-5 and 6 show photographs taken during 

mineback. It can be seen that the fractures crossed the interface, which 

occurs at the first brown oxide layer above the hole, but it should also be 

noted that the fractures only propagated 1-3 ft below the hole. Sufficient 

volume (150 gal) was injected into each zone to create a penny-shaped crack of 

20-30 ft radius, yet, in all six zones the fracture terminated 2-4 ft below 

the interface. The only mechanism capable of limiting fracture propagation to 

such an extent is a sharp increase in the magnitude of the minimum principal 

in situ stress a few feet below the hole. This would be further investigated 

in the following tests. 

CFE-2 was the second series of tests and was conducted in a borehole -40 ft 

away from CFE-1, as shown in Figure IV-3. The purpose of these tests was to 

create the fractures at very low flow rates to determine if the pumping rate 

was an important factor in the containment of the fractures at a material 

property interface. Four zones were originally chosen; the 20' and 50' zones 

were fraced at 2 gal/min and the 35' and 70' zones were fraced at 4 gal/min. 

Only 50 gal of fluid were utilized in each test, but this should have still 

been sufficient to create at least 15 ft radius fractures. The hole was drilled 

such that it was 5 ft below the interface at the collar and 8 ft below at TD 

to further investigate the in situ stress variations below the interface. 

When mineback was initiated, it was found that the fractures in the first 

two zones (20' and 35') were extremely small (3 ft x 8 ft); this is typically 

the size of 5-10 gal fractures in the tuEfs. To make certain that there was 

71 



FIZUKE IV-5 

72 



.I W
 

Hy
dr

au
li

c 
Fr

ac
tu

re
 
at

 
66

 
ft

 
Zo

ne
 
of

 
CF

E-
1 

(S
ur

ro
un

di
ng

 
ro

ck
 
ha

s 
be

en
 
ch

ip
pe

d 
aw

ay
 
to

 
sh

ow
 
th

e 
fr

ac
tu

re
 
pl

an
e.

 )
 



not a mechanical problem that resulted in pumping a much smaller volume into 

the zones than expected - such as packer leakage or flow rate transducer mal- 

function, mineback was temporarily halted at 43 ft in the hole and two extra 

zones at 61' and 83' were fractured as controls. The total volume pumped was 

measured carefully and care was taken not to allow fluid to leak around the 

packer. The pressure data from all six of these zones is shown in Figure 

IV-7, and the important data points are given in Table IV-I. It can be seen 

that the variations in the fracturing pressure and the in situ stresses are 

considerable in this region. 

When mineback resumed, it was found that all six fractures were very small. 

The first three (20', 35', 50') were essentially rectangular fractures, con- 

fined to a vertical zone from about 2 ft to 7 ft below the interface. The 

other three fractures (61', 70', 83') were also arrested about 2 ft below the 

interface; however, they propagated 3-6 ft further down than the other zones. 

In order to explain the behavior of these fractures, it is necessary to 

understand the in situ stress distribution in the region below the interface. 

Figure IV-8 shows a graph of the ISIP (or minimum principal in situ stress) from 

both CFE-1 and CFE-2 as a function of distance below the interface. In CFE-1 

the magnitude of the stress is increasing with depth below the interface, and 

this stress increase is probably responsible for crack termination 2-4 ft 

below the interface. In CFE-2, a peak in the vertical stress distribution is 

observed. The fractures in the three zones above the peak propagated in a 

layer between 2 and 7 ft below the interface, locations that characterize the 

stress increases seen in CFE-1 (2-4 1 below) and CFE-2 (6-7' below). The 

fractures in the three zones on or below the peak propagated both upward to 

about the 2 ft level and also downward, The exact location of the stress peak 

cannot be determined from the pressure data alone since the hydraulic fracture 

has a finite area over which the stresses act. However, it is clear that these 

stress peaks do exist and that they are the controlling influence on hydraulic 

fracture propagation. 
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This may also help explain why the fractures in CFE-2 were very small. 

The fractures were contained in a region of high in situ stresses resulting 

in fracturing pressures that were twice those expected and resulted in greater 

leakoff. Leakoff is also aided by indications of increased permeability in 

this region. 

CFE-3 and CFE-4 were two experiments conducted together to thoroughly 

define the nature of the stress irregularities below the interface and demon- 

strate its significance to hydraulic fracture propagation. As shown in Figure 

3, CFE-3 and CFE-4 were conducted in nearby parallel holes which were drilled 

at different angles with respect to the interface. Eight zones in CFE-3 were 

fractured at 8 gal/min with 150 gal of dyed water in three stages similar to 

CFE-1. These were the "test" fractures which would be mined back and their 

behavior observed. Figure IV-9 show the pressure data from CFE-3, and the 

important data points are given in Table IV-I. There are considerable varia- 

tions in the magnitude of the fracturing pressure from zone to zone; this is 

apparently due to variations in the in situ stresses in this region. In CFE-4, 

small volume hydraulic fractures (minifracs) were conducted in eleven zones to 

provide better resolution of the vertical stress distribution below the inter- 

face. The data from these tests are shown in Table IV-I. 

The minimum principal in situ stress variations below the interface, as 

determined from CFE-3 and CFE-4, are shown in Figure IV-lo. The stresses in 

this region apparently also have a double peak in the vertical distribution. 

It is believed that the stress peaks are actually larger than is shown because 

the fracturing pressure in some of these zones was much higher than the stress 

values indicate. Mineback of CFE-3 revealed the same phenomena as seen in 

CFE-1 and CFE-2. 

Figure IV-11 shows a representation of the different fracture behavior 

observed in all the tests; the direction of fracture growth is clearly a func- 

tion of the location of fracture initiation with respect to the stress peaks. 

Fractures which were initiated above the upper stress peak, either in the ash 
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fall or welded tuff, had their downward growth terminated by the unfavorable 

stress gradient; they preferred to propagate into the higher modulus material. 

Fractures which were initiated between the stress peaks were often confined 

to that region, as seen in CFE-2. Fractures which were initiated below the 

lower stress peak for the most part remained below the peak and primarily pro- 

pagated downward; however, the fractures in CFE-2 which were initiated in 

zones near or on the peak did propagate upward as well. 

These experiments have shown that material property interfaces have little 

effect on the containment of hydraulic fractures. It has been demonstrated, 

however, that the in situ stresses have an overwhelming influence on fracture 

behavior and direction of fracture growth. In particular, it is the in situ 

stress variations which are most likely to contain a hydraulic fracture. It 

thus becomes imperative to determine the in situ stresses in regions where 

containment is desired and, therefore, development of an in situ stress measuring 

tool or technique should be a priority for future research. 

2. Modeling and Analysis 

a) Rock Mechanics and Microcrack Model (R. A. Schmidt, 4732) 

A rock mechanics/fracture mechanics model was formulated that describes 

the probable character of the microcrack zone at a crack tip in rock. Knowledge 

of the crack tip process zone is an important step in the general understanding 

of fracture propagation in rock. In particular, it may prove useful in des- 

criptions and models of hydraulic fracture propagation near formation inter- 

faces to be described in the next section. Such a microcrack model is also 

needed in order to understand rock fracture testing on the laboratory scale 

and to help set standards for fracture toughness testing. Initial calculations 

and results with this model have, in fact, revealed several explanations for 

"anomalous" behavior in hydraulic fracturing and in fracture toughness testing. 

Other, less obvious, benefits may result from this model in understanding 

the permeability changes that occur to the rock material near a hydraulic 

fracture surface. For example, a propagating fracture leaves a damaged zone 
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FIGURE IV-12 

Damage Zone at a Crack Tip in Rock Based on Maximum Tensile 
Stress 

83 



in its wake as a result of the microcracking that occurs at the crack tip. 

A straightforward modification of existing theories for metals was made 

which uses a failure theory more appropriate for rock. Some kind of process 

zone occurs at any crack tip regardless of the material, and much has been 

written in particular about the character of the "plastic zone" that occurs 

in metals. Most metals obey a von Mises yield condition while rocks tend to 

fail due to the maximum tensile stress. With this in mind, the classic equations 

for crack tip stresses were used to determine the contour for which the maximum 

tensile stress is equal to the ultimate stress. With the addition of hydrostatic 

in situ stresses, the equation for this contour becomes 

where 

2 2 
r=L. KIc 

2n *Ll +5 
cos : (1 + sin ;) 

r,O are polar coordinates from the crack tip 

KIc is fracture toughness 

uU is ultimate stress 

75 is hydrostatic stress 

(1) 

This equation can be made nondimensional and is plotted in Figure IV-12. 

The size of the microcrack zone decreases rapidly with in increase in 

hydrostatic stress. This is contrary to the behavior of metals where plastic 

zone sizes are unaffected by hydrostatic stress. For example, calculations 

from Nevada ash-fall tuff indicated that the zone size decreases from 0.4 in 

for an unconfined laboratory experiment to 0.03 in for the in situ stress 

conditions near the Hole #6 experiment. This dramatic effect of hydrostatic 

stress leads to two main conclusions: 

1) Results from unconfined laboratory experiments that attempt to model 

hydraulic fracture behavior may not be applicable to field results, 

particularly those at considerable depths. The unconfined specimen 

may have a crack tip process zone that is larger, by several orders 
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of magnitude, than its in situ counterpart. This fact will tend to 

be exaggerated by the already greatly-reduced scale of the laboratory 

simulation. 

2) Fracture toughness, KIc, of rock has been observed to increase with 

an increase of hydrostatic stress, and this effect is probably a direct 

result of the decreased microcrack zone size. This behavior for rock 

has been considered anomalous by some since KIc of metals is generally 

unaffected by hydrostatic stress. Unlike the plastic zone size in 

metals, the size of the microcrack zone is unaffected by out-of-plane 

stresses (i.e., plane stress versus plane strain). This is amost 

certainly the reason that KIc of rock and concrete are known not 

to depend on specimen thickness while KIc of metals exhibit a strong 

dependence on thickness. The fact that this result fits observed 

behavior so well lends strong support to the model itself. 

The model was then extended to include: 1) a description of the orientation 

of the microcracks within the zone and 2) effects of an anistropic in situ 

stress state. Referring to Equation 1, the stress state at each point within 

the zone of microcracking can be transformed to principal stress to determine 

the orientation of the maximum tensile stress which then gives the most probable 

orientation of microcracks at each point. The equation that defines these 

orientations, a, is simply 

1 
a=- 

36 
5 

2 t 2 
+ 

2 1 
(2) 

This equation is depicted in Figure IV-13 by short lines within the microcrack 

zone which represent microcrack orientation. 

The description of this microcrack zone becomes considerably more com- 

plicated when the in situ stress state is not hydrostatic. The solution process 

is similar to that followed for Equation 1 and, after considerable algebra, 

the equation becomes 
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FIGURE IV-13 

Damage zone at a crack tip in rock based on maximum tensile 
stress. Short lines are perpendicular to tensile stress and 
indicate probable orientation of microcracks. 
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2 
2 

2 0 3o + sin - (1 - f32jcos2 1 

i 

KIc 

,i cos 0 2 

1 + i3si.n 2 sin 2 J;l+YiJJiYg 2 $2) ; 

r=E au+5 1 - 82 ) 

and (3) 

where 

a,, is in situ stress parallel to the crack 

ul is in situ stress perpendicular to the crack 

0 is mean stress 

8 is degree of insitu stress anisotropy, 0 5 6 < 1. 

Note that, since hydraulic fractures are generally perpendicular to the 

least principal stress, ai is considered a principal stress and al < a,,. 

Observe that Equation 3 reduces to Equation 1 for B = 0. Equation 3 can be 

nondimensionalized and is plotted in Figure IV-14 for various values of B. 

Although several well known rock fracture characteristics correlate Well 

with this microcrack model, verification by direct observation would be highly 

desirable. An activity is presently being considered that involves microscopic 

studies on rock samples fractured in the laboratory under various confining 

pressures. The rock type selected (probably Solenhofen limestone) needs to be 

fine-grained and easily polished, with a low porosity, and a relatively low ratio 

of tensile strength to fracture toughness. This last condition should result in 

a relatively large microcrack zone. 

b) Rock Mechanics of Fracture Propagation Near an Interface 

(R. A. Schmidt, 4732) 

The main purpose of the Hole #6 experiment was to examine the containment 

aspects of a hydraulic fracture near a formation interface. Simplified analytical 

models"8 and laboratory experiments 3,4,5 have suggested that a discontinuous 

increase in Young's modulus in advance of a propagating hydraulic fracture would 
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Microcrack Zone as a Function of in situ Stress Anisotropy, 
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cause crack arrest and thus effectively contain the fracture in the lower 

modulus material. The formation interface for the Hole #6 experiment had a 

Young's modulus increase of at least a factor of 10 and yet mineback of the 

fracture showed that containment did not occur; this behavior was confirmed 

by the Interface Test Series results. This suggests that the existing models 

either do not accurately represent fracture behavior in a layered medium or 

that the actual conditions existing in the formation do not suit the model 

description. 

The actual interface is not a single discontinuous surface and involves 

an increase in modulus over the distance of several feet. With this in mind, 

the first step was made to measure the important material properties in this 

region. (A Rock Properties Laboratory was established this year for the purpose, 

among other reasons, of preparing rock samples which could then be tested in 

existing facilities.) Several cores were obtained along each of five strati- 

graphic layers for the purpose of obtaining values of tensile strength, elastic 

moduli, and fracture toughness. Tensile strength and Young's modulus were 

obtained from direct-pull tension tests; fracture toughness was measured using 

the "short rod" specimen configuration. 10 Table IV-2 summarizes the results of 

these tests. 

The various layers are listed in order of their occurrence with the ash-fall 

tuff being the deepest layer. While these data are still sparce, a distinct 

change of Young's modulus does occur between the ash-fall tuff and the basal 

ash-flow tuff. With this in mind, the analytical models were reexamined, and 

two shortcomings are apparent: 

1) While material properties may change abruptly, the crack-tip microcrack 

zone has the effect of averaging the properties over some distance 

and the mathematical idealization of a discrete interface probably 

leads to erroneous results. 

2) The fracture criterion used in these models is one based on a critical 

stress intensity factor. This may have little or no meaning at a 
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TABLE IV-2. 

Zone 

Welded* 

Vitric Ash-Flow 

Ash-Flow With 
Abundant Lithics 

Basal Ash-Flow 

Ash Fall 

Material Property Data Near Hole #6 Experiment 

Initial 
Specimen Fracture Tensile Young's 
Diameter Toughness Strength 
(inches) (psi G) (psi 1 

--- -e- --- -A--- 

4.0 518 119 0.492 

6.0 649 89 1.868 

4.1 198 422 1.512 
530 >140** 0.963 

3.9 254 >28** 0.236 
151 18 0.271 

*Data from two sets suspect due to fractured samples. 
**Failed at endcap, but failure was imminent. 
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discrete interfdce when the character of the stress field can no 

longer be described by this parameter. 

Initially it was hoped that the model inadequacies could be alleviated by 

replacing the discrete interface with a "smeared interface" in which property 

changes were yradual. A direct analytical approach to the problem was addressed 

on contract, but excessive mathematical difficulties were encountered and this 

attempt was abandoned. Numerical simulations of a "smeared interface" were 

made using a finite element code known as APES. 1 Results from these numerical 

calclulations and several interfaces can be treated in this way, but two 

shortc:ominLjs still exist: 

1) Each interface is still discrete and needs to be "smeared" to account 

for the averaging effect of the microcrack zone. 

2) While this code is very powerful, the number of elements used is very 

limited, and the external boundaries are not far enough from the crack 

to accurately simulate infinite boundaries. 

The best approach for handling the actual question of fracture growth 

at the interface appears to be in using a more realistic fracture criterion 

than is used in the existing models. Since the stress field for a crack near 

an interface is known analytically, the most direct approach is to average the 

stresses ahead of the crack tip over a region as predicted by the microcrack 

model discussed earlier. One can then assume that crack propagation will occur 

when this average stress reaches some critical value as determined experimentally. 

This criterion is consistent with the well-tested fracture criterion for crack 

growth in homogenous materials as based on linear-elastic fracture mechanics. 

Calculations based on this approach are needed, followed by verification 

with experiments. In addition to the mineback experiments at NTS (Hole #6 and 

Interface Test Series) and published laboratory investigations, experiments 

are being conducted on contract to Sandia on concrete and rock samples by 

Dr. A. Ingraffea at Cornell University. These latter tests are designed to 

examine fracture behavior near a material interface. Several three-point-bend 
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samples of layered concrete and rock such as shown in Figure IV-15 will be 

tested. 

Progress to date on this investigation is as follows: 

1) 

2) 

3) 

4) 

Five different mixes of Portland cement concrete have been designed, 

mixed, cured, and tested for Young's modulus in compression, Poisson 

ratio, and uniaxial compressive strength. The moduli range from a 

low of 2.5 x lo6 psi to a high of 6 x lo6 psi. 

Eighteen Westerly granite (E = 9 x lo6 psi) beam-segments were 

purchased and prepared (honing, roughening, chevron notch-sawing) 

for casting in layers with the concrete. Cores and three-point-bend 

samples of the granite were prepared for properties determination. 

All necessary formwork was constructed and loading system modified 

to test these samples. Single-composition concrete beams were tested 

as dry runs and controlled crack growth was achieve3 using crack- 

mouth-displacement as the feedback parameter. 

Two methods for crack tip location monitoring using flourescent dyes 

and crack propagation gages were developed and tested. 

All of these analytical, numerical, and experimental efforts must, however, 

be put in perspective with regard to recent findings from the NTS mineback 

experiments. An overwhelming amount of evidence indicates that the minimum 

principal in situ stress is the dominant parameter that dictates the geometry 

of a hydraulic fracture. The fact that a hydraulic fracture generally orients 

itself perpendicular to the least principal stress has been widely accepted, 

but it now appears that the direction of fracture growth, including the question 

of fracture containment at an interface, is primarily governed by the spatial 

variation in the least principal stress. 

This does not, however, resolve the problem of why existing models predict 

containment where containment is not achieved. This dilemma still needs to be 

resolved and the approach described above still seems appropriate, but the 

emphasis needs to shift somewhat. Calculations and laboratory experiments 
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FIGURE IV-15 

i . : 

Laboratory Simulation of Fracture Propagation Near 
a Material Interface 
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need to address the important effects that changes in the minimum principal 

stress have on containment of hydraulic fractures. 

cl Fluid Mechanics (N. R. Warpinski, 4732) 

An effort to assemble a realistic model of the fluid mechanics of fracturing 

was initiated in FY79. The purposes of this modeling effort are: 1) to obtain a 

better understanding of the interplaying mechanisms that control the fracturing 

process, 2) to aid in the interpretation of previous in situ experiments and 

the design of new ones, and 3) to provide realistic conditions (e.g., pressure 

loading in the crack) upon which to apply rock mechanics considerations for 

the study of the effect of interfaces, in situ stresses, etc. on fracture 

propagation. 

The type of model being developed is for a rectangular, two-dimensional 

fracture; this is probably a poor representation of a typical hydraulic fracture 

but a necessary geometric restriction to avoid a much more complicated three- 

dimensional calculation at this time. A model for a penny-shaped fracture, 

which may or may not be more realistic than a rectangular fracture, will be 

developed along the same lines as the rectangular fracture if the model proves 

suitable. Any 2-D, rectangular model automatically suffers another restriction 

since it is necessary to choose whether the width is a function of fracture 

length or fracture height whereas the actual situation is probably a combination 

of the two. This present model uses the length criterion since it will, for 

the most part, be used to analyze the short fractures typically conducted in 

the mineback experiments. 

The width of a fracture for a given pressure distribution, P(x), where x iS 

the distance along the fracture as measured from the wellbore, is given by 

England and Green12 as 

w= 8(1 - v2)L 
liE 
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where 

w is the width of the fracture 

v is Poisson's ratio, 

E is Young's modulus 

L is the length of the fracture, 

E = x/L is a dimensionless location in the fracture, 

S is the minimum principal in situ stress, and 

n & t; are dummy variables 

If P(x) is known, the width of the fracture can be determined by performing 

the double integration. In reality, P(x) depends on w(x) and neither are 

known a priori. Thus a solution of this coupled rock mechanics/fluid mechanics 

problem can only be determined by solving the fluid mechanics of the flow 

through the fracture in conjunction with Equation 4. Notice that Barenblatt's 

condition13 is not incorporated into Equation 4; it felt that it is overzealous 

to impose the smooth closure condition on a macroscopic scale tihen this feature 

probably occurs on the microscopic level. 

The fluid mchanics of this problem are incorporated by applying the con- 

servation laws to flow through a segment of the fracture. Time-dependent 

terms are not discarded (as is usually the case in hydraulic fracture models) 

because they may be significant for short times (small fractures) which is 

the particular situation which this model is designed for. For one-dimensional 

fluid flow in the fracture, the conservation of mass principle yields the 

continuity equation 

2W 
at 

+?g!!L+2uL=o, 

where 

t is time, 

U is the velocity, and 

UL is the leakoff velocity 

Application of the conservation of momentum law results in 

(5) 
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a(uw) + a (U2w) 2-c, 
at 2x 

L!!?.L~, 
P ax P (6) 

where 

P is the density and 

~~ is tile shear stress 

Although the model is being developed using a Newtonian fluid in the laminar 

flow regime, non-Newtonian fluids and turbulent flow conditions can also be 

included by correct calculation of ~~ in Equation 6. The leakoff velocity 

in Equation 5 is calculated using Howard and Fast's equations. 14 The boundary 

conditions for the fluid flow are: 

where 

i) at x = 0 v = q/(2wH) 

q is the pump rate and 

H is the zone height; 

ii) atx =L p =dL/dt; and 

iii) atx=L P=S. 

(7) 

Equations 5 and 6 are finite differenced using a Crank-Nicholson technique. 

Two of the boundary conditions of Equation 7 are needed to obtain solutions 

of these equations. The final boundary condition determines the correct value 

of all the parameters such that a correct solution of Equations 4, 5, and 6 is 

obtained which is consistent with the solution from the previous time step. 

In practice the calculations occur in the following manner. A pressure dis- 

tribution is assumed (usually the pressure distribution from the previous 

step or an initial guess if it is the first step) and the width distribution 

is obtained from numerical integration of Equation 4. The velocity distribution 

in the fracture is calculated from the differenced version of Equation 5 with 

the appropriate value of UL calculated for each segment at that time period. 

Using the calculated width and velocity distributions and the appropriate value 

of the shear stress for each segment, Equation 6 in finite difference form can 
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be solved for a corrected pressure distribution in the fracture. This distri- 

bution is then inserted into Equation 4 and the process is repeated. Iterations 

continue until the third boundary condition of Equation 7 is satisfied to a 

sufficiently accurate degree. It has been found, however, that this iteration 

does not readily converge to the solution point, and it is necessary to use 

some technique to force it to converge. 

Although solutions have been obtained with this model, work is being per- 

formed to test various transformations, differencing techniques and convergence 

methods to optimize solution of the equations. This is important since one 

convergence technique may work with one set of fracture parameters but not with 

somewhat different ones. Efforts are directed towards developing a general 

model which will obtain solutions for any case. 

Results obtained to date do illustrate the importance of the transient 

terms in the fluid flow equations as well as the use of the complete width 

equation. Figure IV-16 shows calculated pressure distributions in a hydraulic 

fracture having the same parameters as found in the Hole #6 Formation Interface 

Experiment. The steady-state curve is the calculated pressure distribution if 

the transient terms are discarded. This is not far from the constant pressure 

condition that is employed by most hydraulic fracture models and is probably 

the situation that would occur at large times when the transient terms decrease 

in importance (i.e., for a given time step, the fracture width and length 

increase less with increasing time). However, the transient curve shows the 

calculated pressure distribution with the transient terms retained, and it can 

be seen that this is considerably different from the usually assumed constant 

pressure. This pressure distribution was obtained at a time about midway 

through the Hole #6 fracturing treatment (after 100 bbls) so it can be seen 

that the transient terms are important for a considerable time span. When the 

model is operating efficiently, calculations will be made to see how severely 

this affects present design models. 
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B. Dynamic Wellbore Fracturing 

1. Background 

Oil and gas wells hve been stimulated with high-energy explosives since 

the late 1800's. Well shooting techniques are usually applied for the purpose 

of introducing random multiple fractures rather than a single large fracture 

as is created by hydraulic fracturing. Multiple fracturing is desired for 

eleminating "skin damage" caused during drilling and for effectively connecting 

the wellbore to an existing fracture system as might occur, for example, in a 

gas-bearing Devonian shale. Connecting a well to a fracture network is often 

not possible by hydraulic fracturing since there is little or no control over 

fracture orientation and the created fracture will often run parallel to existing 

fractures. 

Studies have repeatedly demonstrated the effect that contained explosions 

have on the surrounding rock formations, These studies, which include field 

experimentslm3 * laboratory experiments 4 and code calculations 1r5 demonstrate the 

existence of residual stresses and compaction that can cause deleterious effects 

in a wellbore. In essence, the high pressures of a detonation in a wellbore 

are known to be sufficient to cause the nearby rock to yield and compact by 

plastic flow. When the stress wave passes, the rock unloads elastically leaving 

an increased borehole diameter and a residual stress field which is compressive 

near the wellbore. The creation of this residual stress field is closely 

analogous to the process of autofrettage or the "gun barrel problem" in which 
. 

pressure vessels are often over-pressurized sufficiently to yield the inside 

wall and develop residual compressive stresses that help prevent crack growth 

during service. The zone of highly compacted rock with its associated residual 

compressive stresses is sometimes referred to as a stress cage, and the phenomenon 

is sometimes called the bladder effect. Fracturing caused by high pressure gas 

may also be inhibited in this situation since fines are created during the 

compaction process that can plug newly formed cracks and prevent gas penetration. 

*References for Section IV-B are given at the end of the section on ~111. 
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Some or all of these effects may actually cause decreased permeablity near the 

wellbore and are probably responsible for many well-shooting failures. 

Several alternatives to explosive well shooting hve been considered and 

tested in recent years that show promise of substantial improvement 3,6-8 An 

approach that has received considerable attention is to tailor the pressure- 

time behavior of the explosive or a suitable propellant so as to keep the maximum 

pressure below the yield stress of the rock and thereby avoid forming the stress 

cage. Several of these concepts rely on the use of propellants which deflagrate 

rather than detonate. Unlike explosives, the burn front in these materials 

travels slower than the sound speed, and the burning rate can be varied over 

a wide range. Pressure-time behavior of propellants differ from explosives in 

that peak pressures are lower, and burn times are longer. Total energy available, 

however, is similar in both materials (typically 1000 Cal/g). 

2. Multi-Frac Test Series (R. A. Schmidt, 4732) 

Last year three propellant shots known as the Gas Frac3 Experiment were 

conducted at the Nevada Test Site and included mineback of the in situ experiment 

for direct observation. These shots demonstrated both the ability of d tailored 

pulse to create multiple fractures in a borehole and the feasibility and use- 

fulness of testing such concepts in a realistic in situ environment with mineback. 

As a result, another series of five in situ experiments are presently being 

conducted at the Nevada Test Site in a similar ash-fall tuff formation. This 

series, known as the Multi-Frac Test Series, is supported by the Morgantown 

Energy Technology Center's Eastern Gas Shales Project. The objectiv'es of this 

series are: 1) to evaluate the characteristics of five tailored-pulse fracturing 

concepts --Dynafrac, 6 Augmented Dynafrac,6 Kinefrac7 multiple firings of 

Kinefrac, and Gas Frac 3 and 2) to provide inputs for modeling efforts which 

are necessary for design if such concepts are to be applied effectively to 

particular reservoirs such as the Devonian shales. 

These five tests are being extensively instrumented and analyzed. The 

instrumentation includes several cavity-pressure transducers as well as stress 
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gages and accelerometers grouted in the surrounding rock to measure formation 

response. Caliper logs will be performed before and after each shot to determine 

if any permanent borehole enlargement occurred, which would give indications of 

the existence of a stress cage. A permeability measurement will be made to 

give an indication of the conductivity of a particular fracture network. 

Televiewer logs are also planned. 

In general, the setup for all five tests will be similar and a schematic 

of the Augmented Dynafrac shot is depicted in Figure IV-17. The shots will be 

performed in horizontal boreholes that are 6 in diameter and 40 ft deep. There 

will be a 10 or 20 ft open-hole test section, depending on the test, with the 

remainder being grouted casing. All tests except Gas Frac will be shot in 

water; the water will be dyed to enhance the visibility of the fracture patterns 

observed during mineback. Figure IV-18 shows the experiment layout of the 

five shots with the planned mineback route. Note that the mineback will cut 

through half of each test section leaving the fracture pattern at the midpoint 

of each experiment preserved in the tunnel rib (sidewall) for later inspection. 

Figure IV-18 also includes in situ stress data which are the averages of several 

small volume hydraulic fractures conducted in this region. 

The planned layout for the instrumentation holes containing the accelero- 

meters and stress gages is displayed in Figure IV-19. The holes are staggered 

rather than in a line to maximize the chances of obtaining transverse accelera- 

tions from a nearby propagating fracture and to minimize the chances of a single . 

crack intersecting all three holes. Transverse accelerometers will be used 

even though a symmetric displacement field would produce no transverse displace- 

ment or accelerations. Rather, these gages will hopefully detect motions due 

to the dynamic propagation of a nearby crack. 

At the end of FY79, the design of the test series was complete, including 

instrumentation, hardware, firing circuits, operating procedure, and test 

evaluation plans. All necessary equipment and transducers were ordered and 
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outside contracts placed. Fabrication of hardware and installation in G-tunnel 

were nearing completion. The shots are scheduled to be fired in January 1980, 

with post-test analysis and mineback immediately following. 

3. Modeling and Analysis (R. A. Schmidt and N. R. Warpinski, 4732) 

The modeling and analysis efforts that are being conducted in conjunction 

with these tests are being performed cooperatively by Sandia Laboratories, 

Stanford Research Institute, University of Maryland, Science Applications Incor- 

porated, and Los Alamos Scientific Laboratory. These efforts have two primary 

goals: 1) to provide design criteria for the optimization of stimulation 

efforts for a particular, site-specific well and 2) to provide a predictive 

capability for determining, 5 priori, the number, length, and conductivity of 

fractures created by any particular pulse in any given well. Achieving the 

second goal automatically includes the first, but developing a design optimiza- 

tion scheme may not require the complete solution necessary in a predictive 

capability. 

This cooperative effort has the form of a "modeling committee" that meets 

every month or so. Both the test series and the modeling efforts have benefited 

by this association: calculations have been made to determine transducer 

locations and ranges, and the modelers have suggested changes in the tests 

that will maximize the useful output. 

Sandia's modeling efforts have focused on two areas: 1) specific calcula- 

tions for the test series itself to provide for the best means of data analysis 

and evaluation (especially with regard to measurements of in situ permeability) 

and 2) development of design criteria that define the conditions that cause 

compaction and the creation of residual stresses so as to optimize a tailored- 

pulse stimulation of specific gas reservoirs. 

In the first area, calculations were conducted to identify the requirements 

for pre- and post-test permeability evaluations. Although stressmeter and 

accelerometer gages will be installed around the wellbore to determine the 

effect of the pulse on the rock, and mineback will provide qualitative evidence 
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of the induced fractures, the only method of determining the result of these 

tests regarding stimulation of the "reservoir" is to perform flow or pressure 

tests. 

In order to examine the feasibility of utilizing such tests to quantify 

the results, a number of calculations have been performed for Darcy flow in the 

ash-fall tuff with water as the test fluid. Two cases are considered: 1) con- 

stant flow rate injection while recording pressure and 2) constant pressure 

injection while recording the flow rate. Analytic solutions can be obtained for 

both cases. It is assumed that the reservoir has a matrix permeability (k) 

of 0.01 md and a porosity (6) of 40%. Calculations show that the preferred 

case is constant pressure injection if the low flow rates can be measured. This 

avoids the problem of the pressures rising too high and possibly fracturing 

the rock. 

Assuming that the created multiple fracture systems of these tests can 

be modeled as an "enlarged borehole," Figure IV-20 shows the calculated results 

for four different wellbore radii with a wellbore pressure (PO) of 200 psi, and 

a pretest wellbore radius of 3 in. As can be seen, fairly small changes in 

the apparent borehole radius result in significant differences in flow rate. 

Thus, if the low flow rates can be adequately measured, useful measurements 

should be obtained. 

In the second area, that of design criteria for avoiding stress cage 

formation, a closed-form analysis was conducted to determine elastic stresses 

in a dynamically pressurized cavity. In particular, this analysis determines 

the stress wave propagation behavior in an elastic medium from a given pressure 

pulse for a deeply-buried spherical charge. Complete stress histories were 

calculated for the three previous Gas Frac experiments 3 assuming that the 

cavity pressure in each case could be adequately simulated with the following: 

P(t) = PoteBat = 
P 
-!!I% t exp 1 - t 
t max i t max 1 
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ing propellant tests (GF#2 and GF#l, respectively3) gave peak stresses equivalent 

with the static solution. Of particular interest is the fact that the calculation 

for the fast burning test (GF#3)3 shows not only substantially different behavior 

from the static solution but that the tangential stresses begin as compressive 

and later become tensile. Recalling that mineback of GF#3 showed many incipient 

cracks that did not propagate, a new criteria is suggested for gas penetrating 

fracture growth. Rather than only requiring peak cavity pressure to remain 

below a level that would cause plastic flow or crushing, it may also be important 

to keep the loading rate below a level that produces initial compressive stresses 

in the tangential direct ion on the cav ity wall. This loading rate criterion 

is affected by cavity size, elastic constants, and wave speed: it is not affected 

by rock strength. 

where PO and a are constants adjusted to fit the actual input pulse. Pm,, is 

the maximum pressure and tmax is the time corresponding to Pm,,. 

Results indicate that the loading rates for the intermediate and slow burn- 

The actual value of the peak pressure, Pmax, does not affect this critical 

time, t,. While this may seem obvious, the implication is that the actual 

value of the pressure loading rate does not affect the results. Wellbore 

diameter, on the other hand, does have a small effect. Using typical material 

properties for ash-fall tuff, t, was evaluated by iteration and found to be 

108 usec for an 8 in diameter wellbore and 200 psec for a 16 in diameter 

wellbore. The next step is to determine the effect of material properties 

(elastic constants and wave speed) on t,. Further computer programming iS 

needed to make the iterative process more efficient. Additional analytic work 

to place the suggested criterion in closed form would also be useful. 

Finally, material property measurements are needed in conjunction with the 

Multi-Frac Test Series as inputs to the various modeling efforts. Several 

core samples were taken from the test bed area. Some samples were sent to 

Stanford Research Institute for small-scale explosive shots that will determine 

input parameters for calculations with the NAG-FRAG model.8 Other samples 



were sent to Science Applications, Inc., where high rate compressive properties 

were measured and triaxial compression tests will be run to determine the 

material's yield surface; these data help define the loading conditions that 

result in compaction. Still other samples were used by Sandia to measure 

tensile strength, Young's modulus, Poisson's ratio, and fracture toughness are 

being conducted. Preliminary results from these tests have shown a tensile 

strength of 100 psi, and Young's modulus of 1.0 x lo6 psi. The degree of 

saturation seems to have some effect on the results, but more tests will be 

conducted to define these parameters further. 
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C. Multi-Well Experiment (D. A. Northrop, 4732) 

The Western Gas Sands Project has initiated a major field experiment which 

will provide an unprecedented opportunity for R&D in the tight gas reservoirs 

in the Western iJnited States. The Experiment's overall objectives are (1) to 

obtain a comprehensive geologic characterization of low-permeability, lenticular 

gas sands and (2) to evaluate state-of-the-art and developing technology Ear gas 

recovery from these reservoirs. 

The Experiment consists of three phases: Phase 1 - drilling and testing 

of the first well; Phase 2 - drilling and testing of one (or more) offset 

well(s); and Phase 3 - a series of stimulation programs and the associated 

analyses and evaluation. Experiment planning and site selection are underway. 

The first well, and possibly the second well, will be completed in 1980. The 

first of several stimulation programs to be conducted over the following three 

years will be performed in 1981. 

Features of the Experiment include: (1) research-oriented activities, 

schedules, and budgets; (2) a site with a variety of lenticular and continuous 

gas sands; (3) close-spaced wells (100-500 ft) for detailed reservoir char- 

acterization, well-to-well flow testing and downhole geophysical techniques, 

and placement of diagnostic instrumentation adjacent to fracture treatments; 

(4) complete core, much of it oriented, taken through the Mesaverdc sequence 

with both conventional and pressure coring techniques; (5) a comprehensive 

core analysis program with prioritized analyses for data required for well 

location, interval selection, and data interpretation; (6) an extensive logging 

program featuring conventional and experimental logs and repetitive logs with 

different operators and borehole fluids; (7) a detailed well testing program 

with both prc- and post-stimulation interval testing and pulse and interference 

testing between wells; (8) in situ stress determinations as a function of 

depth; (9) wide application of geophysical and fracture diagnostic techniques, 

and (10) varied stimulation programs to examine fluids, proppants, treatment 

conditions, fracture growth, fracture conductivity, etc. 
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The Experiment has six tasks: field drilling, laboratory testing, stimula- 

tion, production testing, field diagnostics, and analysis and evaluation. An 

industry advisory group is providing guidance in the selection and planning of 

Experiment activities. A wide variety of contractors and agencies will be 

involved in the acquisition and analysis of the experiment data. These analyses 

are expected to yield a geologic characterization of lenticular reservoirs, 

a reservoir model, hydraulic fracture stimulation model with resultant fracture 

geometries, core-log-well test correlations, technology assessments, economic 

evaluations, and recommendations for gas recovery from these reservoirs. 

Active planning of the Experiment was initiated in May 1979, when the 

concept for a DOE-conducted, research-oriented experiment in the tight gas 

sands was endorsed. The initial experiment plan was prepared by Sandia and 

CER Corporation and was then presented to an industry advisory group formed 

for this Experiment. Meetings of this group with key DOE, national laboratory 

and contractor personnel were held on July 19, August 23, and September 24, 1979. 

The Experiment's activities and plans continue to evoive at the end of FY79. 

A site is being sought in the Piceance Basin east of Collbran, CO, at an 

elevation of 7000 ft where the Mesaverde sequence lies at depths between 

4000-8000 ft. It was hoped initially that the site would be acquired and first 

well drilled prior to winter, but this was not accomplished. The prime site 

could not be satisfactorily acquired, and others are being pursued. The 

additional time for planning and coordination will be useful prior to initial 

field activities in the Spring of 1980. 
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v. Publications, Presentations, and Other Communications 

A. Publications and Presentations 

1. c. L. Schuster presented the paper "Detection Within the Wellbore of 

Seismic Signals Created by Hydraulic Fracturing" (SPE 7448) at the 

53rd Annual SPE Technical Conference and Exhibition, Houston, TX, 

October 1-4, 1978. 

2. Sandia Laboratories participated in the Second Annual Eastern Gas 

Shales Symposium, held at the Lakeview Inn, Morgantown, WV, on October 

16-18, 1978, by presenting one paper and displaying two poster papers. 
C. L. Schuster presented "Gas Simulation Mapping and Characterization 

Program." Poster displays were "Tools for Wireline Fracture Mapping" 

by R. P. McCann and C. L. Schuster and "Direct Observation of Hydraulic 

Fractures" by N. R. Warpinski and D. A. Northrop. 

3. C. L. Schuster presented the paper "An Overview of the Electrical 

Potential Method for Determining Fracture Orientation" at the 1978 

Annual ASCE Meeting, Chicago, IL, October 19, 1978. 

4. T. L. Dobecki presented the paper "Resistivity Mapping of Expanding 

Spheroids as Measured in Nearby Boreholes," at the 48th International 

Meeting of the Society of Exploration Geophysicists in San Francisco, CA, 

October 29 - November 2, 1978. 

5. N. R. Warpinski, R. A. Schmidt, D. A. Northrop, and L. D. Tyler, 

"Hydraulic Fracture Behavior at a Geologic Formation Interface: 

Pre-Mineback Report," Sandia Laboratories Report, SAND78-1578, 

October 1978. 

6. R. A. Schmidt presented the paper "Direct Observation of Hydraulic 

Fractures: Behavior at a Formation Interface," by N. R. Warpinski, 

D. A. Northrop, and R. A. Schmidt, at the Energy Technology Conference 

and Exhibition in Houston, TX, on November 5-9, 1978. A Sandia Report, 

SAND78-1935, covering this work was made available to attendees. 

7. N. R. Warpinski, R. A. Schmidt, II. C. Welling, P. W. Cooper, and 

S. J. Finley, "High Energy Gas Frac," Sandia Laboratories Report, 

SAND78-2342, December 1978. 
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8. 

9. 

10. 

11. 

12. 

13. 

14. 

D. A. Northrop presented aspects of the mineback fracturing experi- 

ments at the bimonthly noon meeting of the Albuquerque Section of 
the American Society of Civil Engineers on January 10, 1979, in 

Albuquerque, NM. 

D. A. Northrop and C. L. Schuster (Editors), "Enhanced Gas Recovery 
Program, Third Annual Report, October 1977 through September 1978," 
Sandia Laboratories Report, SAND79-0056, March 1979. 

R. A. Schmidt gave a presentation entitled "A Microcrack Model and 

Its Significance to Fracture Toughness Testing of Rock," at a committee 

meeting of the American Society for Testing and Materials held in 
Cincinnati, OH, on April 29, 1979. 

R. A. Schmidt presented two invited seminars at Lehigh University, 
Bethelehem, PA, and Cornell University, Ithaca, NY, on May 1 and May 3, 
1979, entitled "Fracture Mechanics of Rock with Applications to Fossil 
Energy Research." 

Two presentations were made at the 20th United States Symposium on 

Rock Mechanics held in Austin, TX, on June 4-6, 1979: R. A. Schmidt 

presented "Hydraulic Fracturing Near an Interface: Observations and 

Calculations Regarding Geometry and Containment," by R. A. Schmidt, 

D. A. Northrop, and N. R. Warpinski, and N. R. Warpinski presented 

"High Energy Gas Frac - Multiple Fracturing in a Wellbore," by N. R. 

Warpinski, R. A. Schmidt, P. W. Cooper, H. C. Walling, and 

D. A. Northrop. 

Two papers were presented at the 5th Annual DOE Symposium on Enhanced 

Oil and Gas Recovery and Improved Drilling Technology, held in Tulsa, 
OK, on August 22-24, 1979: C. L. Schuster, "Fracture Mapping has Become 

a Viable Technology," and D. A. Northrop, N. R. Warpinski, and R. A. 

Schmidt, "EGR Stimulation Project - Direct Observation of Hydraulic 

and Dynamic Fracturing." 

R. A. Schmidt presented a paper SPE 8346, "A New Perspective on 

Well Shooting - The Behavior of Contained Explosions and Deflagrations" 

by R. A. Schmidt, R. R. Boade, and R. C. Bass at the 54th Annual 

Meeting of the Society of Petroleum Engineers held in Las Vegas, NV, 

on September 24-26, 1979, 

114 



B. Other Communications 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

D. A. Northrop met with Dr. P. L. Randolph and R. L. Rogers of the 
Institute of Gas Technology in Chicago on October 19, 1978 to discuss 

data on in situ stress variations. 

R. A. Schmidt co-chaired a meeting of ASTM Committee E-24.07, Fracture 

Testing of Brittle Non-Metallic Materials, in Philadelphia, ,PA, 

November 7, 1978. 

C. L. Schuster and P. C. Lysne met with H. B. Carroll and BETC staff 
members at Bartlesville on November 14, 1978, to present a seminar 

on electrical impedance measurements in reservoir rock and to discuss 

Sandia's scope of work in this area. 

P. C. Lysne and T. L. Dobecki met with Dr. J. H. Moran of the New 

Mexico Institute of Technology in Socorro, NM, on November 21, 1978, 

to discuss Sandia's planned electromagnetic logging studies. 

D. A. Northrop, R. A. Schmidt, and N. R. Warpinski participated in 

another of a series of Stimulation Modeling Workshops for the Eastern 

Gas Shales Project, held in Golden, CO, on December 12 and 13, 1978. 

R. Trump and P. Winchell from Gulf Research visited Sandia on 

January 8, 1979, to discuss the borehole seismic system and its 

application to fracture mapping. 

R. A. Schmidt briefed J. B. Smith, DOE/FEE on the High Energy Gas Frac 

and related containment activities on February 8, 1979, in Albuquerque, 
NM. 

C. L. Schuster and D. A. Northrop briefed C. W. Draffin and 
A. B. Crawley, DOE/FEE, on the status of Sandia's EGR Program Activities 

in Washington, DC, on February 13, 1979. 

T. L. Dobecki visited Mr. S. D. Brasel, Seismic International Research, 

in Denver, CO, on February 13, 1979, to discuss problems involved with 

seismic mapping of relatively shallow, discontinuous sandstone bodies. 
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10 

11 

12 

13 

14 

15 

T. L. Dobecki visited Dr. R. Weimer, Colorado School of Mines, Golden, 
CO, on February 15, 1979, to discuss general stratigraphic relationships 
which exist in the upper Cretaceous rocks of the Unita, Piceance, and 
Green River basins. 

N. R. Warpinski briefed T. McLaughlin of Battelle Northwest on Sandia's 
hydraulic fracture activities at the Nevada Test Site and gave him a 

tour of G tunnel on February 14, 1979. 

N. R. Warpinski attended the Natural Gas Reservoirs Symposium on 

Analytical Techniques and Applications for Natural Gas Reservoirs 

sponsored by the Stanford University Department of Petroleum 
Engineering and the American Gas Association in Palo Alto, CA, on 

February 15-16, 1979. 

C. L. Schuster visited M. D. Wood, Inc., in Palo Alto, CA, with 

Dr. M. Smith from AMOCO, to exchange data collected from the fracture- 
orientation experiments; excellent agreement was obtained from all 
methods. 

C. L. Schuster and T. L. Dobecki provided a briefing of possibilities 

of mapping sand channels using surface seismic methods to CER, Inc., 

and DOE personnel in Las Vegas, NV, on February 20 and 21, 1979. 

A summary and discussion of Sandia's Enhanced Gas Recovery Program 
was given to Mr. J. Sharer, Gas Research Institute, and the GRI 

Advisory Board for Unconventional Gas Recovery in Albuquerque, NM, 
on April 26, 1979. C. L. Schuster (instrumentation), D. A. Northrop 

(mineback testing), R. A. Schmidt (high energy gas fracturing), and 

A. L. McFall (drilling) gave presentations. L. Keck, R. McCann and 

R. Seavey discussed various instrumentation techniques during a tour 
of a field instrumentation trailer. 

16. H. B. Carroll and J. B. Jennings, Bartlesville Energy Technology 

Center, visited Sandia on May 2, 1979, and received an updated briefing 

by P. C. Lysne on the status of the advanced logging program. 

17. At the request of A. B. Crawley, DOE's Manager of its Unconventional 

Gas Recovery Program (UGR), Sandia arranged a meeting in Tulsa, OK, 

on May 7 and 8, 1979, to obtain industry's review and comments on 

a preliminary draft of the Tight Gas Sands portion of the overall 

UGR program plan. 
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18. C. L. Schuster and T. L. Dobecki attended a meeting with CER and 

C. K. Geoenergy in Las Vegas, NV, on May 10, 1979, to discuss program 

plans for the seismic measurement program to delineate lenticular 
lenses. 

19. D. A. Northrop and C. L. Schuster attended a meeting at CER, Las Vegas, 

NV, on May 18, 1979, to discuss ideas for a Multi-Well Experiment to 

be initiated in FY 79. 

20. C. L. Schuster attended the SPE meeting on Low Permeability Reservoirs 
in Denver, CO, on May 21-22, 1979. 

21. D. A. Northrop and C. L. Schuster met with A. B. Crawley, DOE/FFE, 

in Denver, CO, on May 22, 1979, to discuss the status of DOE's UGR 

Program planning and an update on the Multi-Well Expeiment plans. 

22. D. A. Northrop met with R. L. Mann, CER, to prepare further a program 

statement of work for the proposed Multi-Well Experiment, in Las Vegas, 

NV, on June 5-6, 1979. 

23. D. A. Northrop and C. L. Schuster attended DOE's Unconventional Gas 

Recovery Project Review at Morgantown, WV, on June 12-14, 1979, 

where they presented reviews of current Sandia program activities, 

were involved in the UGR program planning exercises for the Tight Gas 

Sands section, and participated in a detailed review of FY 80 plans. 

24. D. A. Northrop attended a working meeting at CER, Las Vegas, NV, on 

June 21-22, 1979, to finalize the draft of the Tight Gas Sands section 

of the UGR program plan. 

25. C. L. Schuster, T. L. Dobecki, and P. C. Lysne met with the U.S.G.S 

Western Gas Sands Project Staff in Denver, CO, on July 12, 1979, 

to discuss current activities of interest to the project. 

26. Dr. P. L. Randolph, Institute of Gas Technology, visited Sandia on 

July 20, 1979, to discuss his current core analysis work and the 

application of this work to the new Multi-Well Experiment. 
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27. R. A. Schmidt and N. R. Warpinski briefed Mr. J. Edl, Carbondale 

Mining and Technology Center, on Stimulation Research Project 
activities on July 27, 1979, at Sandia, Albuquerque, NM. 

28. R. A. Schmidt attended an Eastern Gas Shales Modeling meeting at 

Los Alamos Scientific Laboratory, Los Alamos, NM, on July 30, 1979. 

29. T. L. Dobecki, and P. C. Lysne attended the Society of Petroleum 

Engineers Forum "Properties of Saturated Rocks of Interest to Petro- 

physicists and Geophysicists," July 29 - August 3, 1979, at Colorado 
Mountain College, Glenwood Springs, CO. 

30. R. A. Schmidt attended a working meeting for the Eastern Gas Shales 

Project at the Denver Project Office, Lakewood, CO, on August 30, 1979. 

31. Sandia conducted a tour of the Nevada Test Site for the project 

advisors group of the Gas Research Institute, on August 28, 1979. 

32. D. A. Northrop and T. Gerlach attended an Unconventional/Non- 

Conventional Gas Recovery Workshop held at Los Alamos Scientific 

Laboratory, Los Alamos, NM, on September 5 and 6, 1979. 

33. D. A. Northrop and C. L. Stein visited with C. W. Spencer, T. D. Fouch, 

and their co-workers involved with WGSP activities at the U. S. 

Geological Survey in Denver, CO, on September 20, 1979. 

34. Sandia Laboratories co-sponsored a tour for over 80 people at the 

Nevada Test Site on September 28, 1979, held in conjunction with the 

54th Annual Technical Conference and Exhibition of the Society of 

Petroleum Engineers, Las Vegas, NV, September 23-26, 1979. In-tunnel 

presentations focused on hydraulic fractures experiments at formation 

interfaces and the effects of in situ stress (N. R. Warpinski) and 

effects of explosive and tailored propellant fracturing (R. A. Schmidt). 
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ABSTRACT 

The electrical potential data for UPRR-22 was further analyzed and showed 

changes as a function of the volume pumped. An upgrading of the potential 

system has been completed and this should allow improved data to be col- 
. 

lected in future experiments. Additional seismic data analysis has been 

completed and has indicated marginal results. These results will however 

guide the future seismic programs. 
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I. INTRODUCTION 

This is the third quarterly report for the Sandia Laboratories Program 

on IMassive Hydraulic Fracture &EXE') Mapping and Characterization Pro- 

gram funded by the Division of Oil, Gas and Shale Technology of ERDA. 

This report summarizes the activities from February 1, 1976, through 

April 30, 1976. 

Following the third experiment for Amoco in the Wattenberg field, all 

test equipment and instrumentation van& were returned to Albuquerque. 

Several pieces of test equipment had been on loan and were returned, 

and planning has been initiated for future testing. Eew, improved and 

modified equipment, based upon the results to-date, has been developed 

and will be tested on a Devonian shale XHF experiment in F'Y'76T. 

Further analysis of the Wattenberg UPRR-22 data has indicated potential 

changes versus growth of the fracture. 
: 

- 

Seismic data analysis efforts have continued to be focused on the July 

1975 Pinedale experiments. Softwave development is complete'and has 

been verified by several methods. The six hours of breakdown data has 

been digitized and run through the routines and several hundred solu- 

tiois calculated. Obviously these contain a large number of noise 

sources and perhaps some fracture-related source. The time inter-als 

that resulted in plausible solutions, that is, solutions with the' 

correct depth, velocity of propagation, and located in the vicinity 

of the well bore, have been further examined. 

7 
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II. ELECTRICAL P'JIEUTIAL SYSTEM (C. L. Schuster, Div. 5733) 

Surface potential data f'rom the January UPRR-22 experiment have been 

further analyzed and indicates a progressive growth along the south- 

east to northwest line during the pumping. This powth is shown in 

Figure 1 where each increment is approximately 75,009 gallons of fluid. 

The powth away from the southeast quadrant is clearly shown and this 

represents the major frac length being in the northwest direction. 

The reversal in the northwest quadrant is not clearly understood, bd 

could be caused by the total length being increased while the fracture 

was also remaining asymmetrical. 

6 0 6 0 

-b.O -b.O 

0 *5 90 II5 I80 225 210 II5 !C5 

WORr* Elst soul* UfSI NJr)l" 

l- 75,000 gallons 3- 225,000 gallons 
2 - 150,OOC gallons 4 - 300,000 gz.llons 

Figure 1. Potential Change 
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The electrccal surface potential system has been up-graded and modified 

intc a configuration that should allow for its dissemination and use by 

the service companies. Present signal levels are probably too marginal 

to readily allow data interpretation. System redesign has been cam- 

pleted, and all components have been placed on order. This redesign 

did not change the basic system as it was deployed at Wattenberg. The 

potential measurement system modifications include the following: 

1. Voltage gain or sensitivity -will be field adjustable by 

switch setting. 

2. Increased filtering for both R.F. noise and 60 cycle pick up. 

3. Voltage controlled oscillators w-ill.-be replaced with constant 

bandwidth oscillators to give all channels'identical data 

responses. 

4. Individual battery,power supplies will be eliminated, and all 

systems will be powered from a central supply. 

Current pulsing system has also been upgraded to 600 volts along with 

the necessary safety and interlock systems. The control circuitry is 

to be reDlaced and will be completely computer controlled. A complete 

technical description of the system design and specifications will be 

published in a separate development report. 

i 

III. SEISMIC DATA REZDUCTION (R. G. Hay, Div. 5733) 

A. Pinedale $7, Sept. 1974 

Tne thrust of the reduction efforts during the current quarter has 

been an attempt to identify the seismic signuture of fracture related 

signals. Assuming that the time of a seismic event can be determined, 

9 
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then the problem is to characterize that seismic activity. The times 

of events can be determined directly by detecting a rapid'increase in 

energy at the sensor or by cross correlation techniques or by measuring 

some other phenomenon such as a well pressure fluctuation which might 

indicate a fracture occurrence. An indirect approach would be to 

assume that the cross correlation technique would contain the fracture 

signals and by examining the intervals which produced the known result, 

study the fracture signals. 

Both a direct and indirect approach were tried during the current 

quarter and neither produced striking positive results. 

For the indirect approach, the known property is the tendency of the 

fracture to occur perpendicular to the least principal stress in the 

formation. This property has been postulated and confirmed in field 

mine-back experiments at NTS.1 If such a fracture is plotted in a 

plan view for deep ;Yacture, the result till be a straight line through 

the well bore for a symmetrical fracture (i.e., wings of equ?Kt iength 

frcxn the well bore). If a plot of seismic signal locations were gener- 

ated for all time intervals and a clear line were found through the 

well bore, then the assumption could be made that time intervals which 

plotted poibts on the line contained fracture related signals. 

1Tyler & Vollendorf. Physical Observations and Mapping of Cracks 
Resulting fr.om Hydraulic Pacturing In Situ Stress Measurements. SPE 
paper #5542, 1975. 
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That this process may indeed produce the required signals was supported 

by early hand computer plots fcr very limited quantities of data from 

the September 19'74 Finedale hydrofracture experiment. A plan view plot 

of that data is shown in Figure 2. Forty-four ten-second intervals 

were processed to generate the plot. These intervals were selected 

from careful screening of analog records as possibly containing infor- 

mation which correlated across three of the seismic sensing stations. 

The grouping of points to the N.E. is in general agreenent with other 

-2300. 

. 

I 

I 
I I 

I I I 1 1 
1 
I I 

-IODD. -1soo. 0. 2500. 0000. 

DISTMICE E&ST I FEET 1 

?lMDILE SElsnlC LOCITIc OnTA 

Figure 2. Pinedale Sept. 74 Fracture Eqeriment 
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fracture diagnostic techniques used to attempt mapping of the experi- 

ment. 2 At that ttie, the lack of a line was not particularly disturbing 

due to the very limited quantity of data prccessed. Even with only the 

few intervals the data handling task was immense. Obviously the magni- 

tude of this task increases directly with the number of time intervals 

considered and geometrically is related to the number of monitor 

stations. For this reason, the software procedure outlined in the 

previous quarterly report was developed to automate the data analysis 

process. 

In the current quarter the remainder of the Pinedale 8 breakdown data 

was processed utilizing the data analysis techniques. The resultant 
b 

hypocenter locations are shown in Figures 3 and 4. For these two plots . 

over 1300 intervals are Frocessed. The plots were derived for three 

monitor stations--each one approximately 3000 ft. from the well and 

spaced at 2.20' increments around the well. The "three spoke" pattern 
* 

does not appear to show a line through the well. 

The seismic data tended to be periodic which in each interval created 

several peaks in each of the correlation functions. This resulted in 

a single time interval plotting several points. By examining the plots 

. 

* 
Note that the "electric&L potential mapping technique" sppears to inii- 
cate the formation of an asymmetrical fracture. Consequently, a seismic 
"line " through the well bore may not be the hypocenter 1ocat:on result 
to be expected. 

2Power, Schuster, Hay and ,Twonbly. Detection of IQdraulic Fracture 
Orientation and Dimensions in Cased Wells. SPE p&per 6626. 
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for individual intervals it was found that if a point occurred i,n one 

spoke then its images, due to periodicity, would occur in the other 

spokes. Clearly, if one spoke were indeed fracture related then the 

obtained pattern would result. 

The question immediately arises about the relation between the three 

spoke patterns and the three station array. Perhaps the pattern is more 

rela%ed to the array geometry than it is to the seismic signals. 

To test this theory, random numbers were inputed to the location routine 

rather than measured time 

location pattern then the 

plot. The plot in Figure 

differences. If the array determined the 
._ 

pattern should be apparent in the random data 

5 shows*no spoked pattern which indicates that 

some sort of systematic signal must have been present at Pinedale #'i'. 

B. Pinedale #5, July 1975 

Because of the limited number of monitor stations at Pine- 

dale 7jh and th e complication of logrithmic amplifiers, attention was 

shifted to the July Pinedale #5 data. The data plots for the six-hour 

breakdown period for this experiment are shown in Figures 6 through 11. 

For these plots approximately 3500 intervals were processed for six 

monitor s\ations and fifteen correlation functions being calculated in 

each interval. The sequence of events in the plots are that pumping 

began at the start of the period for Figure 6 and proceeded through 

i4 
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I I I I’ 

I , -/ I 1 
I 
‘. 

Figure 5. 

Figure 7. Pumping stopped at the beginning of the data for Figure 8; 

however, the well was capped off and the pressure held during Figure 9 

and until pumpi-ng resumed in Figure 10 and was finally te-rminated in 

Figure 11. 

There is a definite trend in this data to line up in a northwesterly/ 
A 

southeasterly direction during times when fracturing should be taking 

place. This line passes to the south of the T*Et i i  through a region which 

is approximately the geometric mean for the monitor station array. 
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Figure 6. First Hour Breakdown 
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Wqre 9. Fourth Hour Breakdown 
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As in the case with the Pinedale &' data, the extreme dimensions of the 

line are inconsistent with the quantity of fluid pumped. It is possible 

however that the extremes are merely images due to periodicity or un- 

certainties in velocity and depth and are therefore only indications of 

what is happening closer to the well. To check what close-in effects 

are in the data, a second set of plots on an expanded scale are shown 

in Figures 12 through 17. Here, again, the line tendency is present 

during suspected fracture times. 

Three other plots are of interest and are shown in Figures 18, 19 and 20. 

Figures 18 and 19 show the locations for two, one-hour periods recorded 

prior to the fracture operation. Clearly, the line trend is not present. 
. 

Also, the data is centered about the geometric mean noted earlier. The 

plot in Figure 20 shows the random data and indicates no line effect 

due to arrey geometry. 

The results for the Pinedale & plots may be summarized as follows: It 

is encouraging that a line structure occurs in the data. The discouraging 

aspect is that the extreme length of the line is not consistent with the 

quantity of fluid pumped. The times of occurrence of the line, the shape 

of the line and the indications that the line shape is not related to 
. 

array geometry are encouraging. 
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Figure 19. 
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Figure 20. 

In an attempt to identiw the signals giving rise to the line, the 

seismic analog signals for several interdls plotting points near the 

well and on the line were examined. No obvious differences were found 

between these intervals and the surrounding intervals. 

c. Wattenberg 

In a direct attempt at finding fracture signals during the 

current qu&ter, attention was shifted tc the Wattenberg data. A down- 

hole pressure measurement was made through a tubing with a static column 

of fluid dlring the fracture of the UPRR-22P well in Januruy 1976. 

This pressure record was compared with seismic data during a six-hour 

! 
24 
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period to see if any relation could be noted between changes of down- 

hole pressure and fluctuations in the seismic data. No relation was 

noted during the entire six hours of examination. Future plans are 

to digitize and cross correlate this data also. 

D. Other Seismic Activities 

The other activities of interest during the quarter included 

. the beginning of long lead preparations for seismically monitoring 

during an KTS mineback hydrofracture exercise to be conducted next 

quarter and the opening of discussions with various rock mechanic 

experts to try and formulate an analytic support modeling program. 

Both of these items are designed to better understand the fracture 

and the seismic phenomenon. 

. 
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I. SUMMARY 

-L 

, : 

This is the third quarterly report of the second reporting ye& for the Sandia 

Laboratories Program titled, “Natural Gas Massive Hydraulic Fracture Research and 
Advanced Technology Project." The program is,tided by the Division of Oil, Gas and- 
Shale Technology of ERDA. This report summarizes the activities from February 1, 1977 
through April 30, l9T7. 

During this quarter two field experiments were conducted with the surface electrical 
potential measurement system. The first was an MHF experiment with G.P.E. (Gas Producing 
Enterprises) on March 15 south of Vernal, Utah. This fracture was a joint E,RDA-industry 
funded experiment. Approximately 640,000 gallons of fluid and 1.1 million pounds of 
proppant was injected into multilayered gas pay zones from a depth of 6500 feet to 
8000 feet. This analysis of the data has produced several new and different concepts 

related to fracture design and growth. 

The G.P.E. experiment design called for eight stages of pad, proppent and balls to 

fracture 15 zones. The thinking was that each stage would treat %o zones and the balls 

would seal the perforations taking fluid and new zones would then be treated. Surface 

electrical potential data was collected every two minutes and was smoothed using digital 

filtering techniques in the PDP-11. The potential changes that occurred did not agree 

with the preconceived conceptual plan of eight stages of fracturing operation. The 
potential changes and their interpretations do shed a completely different light on the 
fracturing events. The significant interpretations are listed below: 

1) Fracture initiation and termination is not associated with ball action. 

2) Fracture growth termination is possibly associated with formation properties 
rather than pressures, fluid density or pumping rate. 

3) Only four substantial fractures were created; three in the first stage and one 
in the fourth stage. 

4) The balance of the pumping evidently resulted in these fractures being inflated 
and receiving the proppant. 

. 

The second experiment conducted during this quarter was the CONOCO 'nydrofracture 

that was performed as a part of their tertiary oil recovery experiment in the Big Muddy 

Field east of Casper, LQoming. It was a small fracture (300 bbl) initiated at a depth 

of approximately 3500 feet. Eighteen pairs of potential probes were placed at 20' 

intervals around the fracture well a+ b spacings of 1000 feet and 2000 fek. In addition, 

the relative potential was measured on six wells adjacent (<lo00 feet) to the fracture 
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well. These wells contained the CONOCO pressure gages to monitor formation pressure 
during the fracture and subsequent recovery operations. Potential measurements were 
made ai twenty second intervals on alternate current probes: one a downhole sinker 

bar at formation depth and the other the casing of the fracture well. The downhole 
data analysis indicates an asymmetric fracture in the easterly direction. 

Electrical modeling effort has continued and has been centered on the design and 

fabrication of the model facility. This facility should be completed next quarter and 

allow several configurations of fracture to be studied. 

Seismic work has been ccunpletely shifted to the downhole, wall clamped system. 

Fabrication has been completed and testing will begin during the next quarter. 

Mineback to a multistaged, proppant distribution experiment has been completed at the 

Nevada Test Site. The mineback has revealed a complex fracture system in which no con- 

sistent proppant transport pattern was obtained. The complexity of the fracture is in 
COntraSt to previous fracture experiments conducted elsewhere in the tunnel. Further 

mapping, in situ stress determinations, and material property measurments are underway 

to examine the phenomena. Planning has been initiated for a formation-interface hydraulic 

fracture experiment to be conducted later this year. 

-” 

II. G.P.E. UTAH MIT? EKpW~ 

On March 15, 1977, Sandia participated in G.P.E. 's MHF expertient in their Natural 

Buttes #14 well is located approximately 4.0 miles south of Vernal, Utah; the fracture 

was performed by Dowell. The electrical potential measurement system consisted of 24 
pairs of potential probes placed around the well with an inner probe radius of 1800 
feet and an outer probe radius of 3800 feet. Field data were collected at intervals 

of two minutes starting at 0650 hours and continued through 1815 hours. Pumping 
started at 0715 hours and continued through 1800 hours at a near constant rate of 25 
barrels per minute. Approximately 640,000 g8llOnS of pumping fluid and 1.1 million 
pounds of proppant were injected in a multilayered gas pay zone at degths of 6500 
to 8000 feet. . 

r 

The surface electrical potential system Was the only fracture mapping systa deployed 

for the experiment. The G.P.E. well is an old well that was being refractured and where 

4-l/2 inch casing was already installed. Hence, a downhole current probe couldn't be 

utilized and the current was injected at the well head. 

6 
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G.P.E.'s fracture design called for eight stages of pad, proppant and balls to 
fracture 15 zones. The thinking was that each stage would treat two zones and the balls 

would seal the perforations taking fluid and new zones would then be treated. Surface 

electrical potential data was collected every two minutes and was smoothed using digital 
filtering techniques in the PDP-11. The potential changes that occurred did E agree 

with the preconceived conceptual plan of eight stages of fracturing operation. The 

potential changes and their interpretations do shed a completely different light on the 
fracturing events. The significant interpretations are listed below: 

1) m8CtUre initiation and termination is not associated with ball action. 

2) Fracture growth termination is possibly associated with formation properties 
rather than pressures, fluid density or pumping rate. 

3) Only four substantial fractures, were created; three in the first stage and one 

in the fourth stage. 

4) The balance of the purrping evidently resulted in these fractures being inflated 

and receiving the proppant. 

These interpretations are speculative in nature and will certainly require further 

verifications. If true, the surface electrical potential system would provide considerably 

more insight into fracturing operations than just the orientation. These concepts will 

be discussed with the producing company, service companies and all interested ERDA con- 

tractors in the coming months. Undoubtedly, several fracturing experiments will have 

to be analyzed before the significance of this data can truly be underktood. 

An experiment data report containing all the data and its analysis will be prepared 
and disseminated to all interested organizations in the near future. 

III. CONOCO EOR FXPERIMEXT' 

The CONOCO hydrofracture was performed on March 22 as a part of a tertiary oil 
recovery experiment in the Big Muddy Field east of Casper, Wyoming. It was a small 
fracture (300 bbl) initiated at a depth of approximately 3500 feet. Sandia Laboratories' 

objective in this experiment was to test the effectiveness of the Su.??faCe potential measure- 
ment system on a small open hole hydrofracture. In addition to the Sandia array, CONOCO 
had installed several pressure gages in surrounding wells as a diagnostic tool to assist 

in determining fracture orientation. The well had been coqleted, open hole, and a 

downhole current probe was emplaced. Software modifications to the Pap-11 allowed for two 
Sets of potential data to be collected. One set used the well head, the other the 
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downhole current probe for injecting the current. Post-data analysis will allow these 
two configurations to be compared. 

Measurements were taken by recording the potentials at 2b locations around the well 
before, during, and after the fracture. Eighteen'pairs of potential probes were placed 
at 20' intervals around the fracture well at spacings of 1000 feet and 2000 feet. In 
addition, the relative potential was measured on six wells adjacent (< 1000 feet) to - " 
the fracture well. These were the wells containing the pressure gages to monitor 

c 

formation pressure during the fracture and subsequent recovery operations. 1 

Potential measurements were made at twenty second intervals on alternate current 

probes. Approximately 22,000 gallons of fluid containing 4% potassium chloride were pumped 
which was calculated to produce a frac.tm.re length of approximately 500 feet. This con- 
ductive fluid which results in a changing geometry for the current electrode creates 
the potential changes that are seen at the surface. 

As discussed previously, changes in the surface potential indicate the direction and 
asymmetry of the fracture. The measurement just prior to breakdown is used as the refer- 
ence and percentage changes in potential from this reference are plotted versus azimuth.. 

These plots are shown in Fig. 1. Based on the computer modeling calculations, the plots 
indicate an asymmetrical east-west fracture with the major length of the fracture going 
primarily east from the fractured well. 

Figure 2 is a plot of the data taken on radial Al located 10' south of Fast, 

after being filtered by a 0.004 Hz low pass filter. Fracture growth can be recognized by 
a decreasing potential. Figure 2 then suggests that the primary time of fracture growth 
then occurred from ll:l2:20 to 11:14:20. Thus., during the first four minutes of 

pumping, the majority of the electrical length of the fracture was created and during the 

balance of the pumping this f'racture was only made wider. 

An experiment data report will also be prepared for this fracture experiment and 

disseminated. 

. Iv. ELECTROLYTIC MODEL TANK 

To date, the prFmary technique e-rnployed for monitoring the effectiveness of massive 

hydraulic fracture (MHZ') programs has been the surface measurement of induced electrical 
potentials when the fracture, or fracture plus well casing, are charged with electrical 

current. Mathematical modeling of this boundary value problem has been performed for the 
case of an homogeneous earth with an uniform casing/fracture source electrode. However, 

8 
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the introduction of layering and lateral inhomogeneity (both in terms of electrical 

resistitity) in the earth model, imperfect or variable casing-earth electrical contact, or 

the presence of man-made distortions (other metal well casings in the area) produce 
mathematical rigors which are not tractable by techniques currently available. As these 

situations are typically the rule rather than the exception in actual field locations., 

and as an accurate, quantitative description of the fracture system (length, height, etc..) 
is desired, an alternate modeling technique was sought which could accommodate those situa- 

tions met in the field which reduce the applicability of mathematical synthesis. This 

was the rationale behind the development of an electrolytic model tank. 

An electrolytic model tank is basically a water-filled tank with water of variable 
salinity representing the homogeneous earth. Layering may be simulated by the introduction 
of sheets of material of varied resistivity into the water. Similarly, casing, ore bodies, 

cavities or other size-limited bodies may be modeled and placed in appropriate positions 

within the tank. Scaling of lengths, resistitities, and frequency of applied current from 

the field to the model is dictated by the following relation (assuming magnetic permeability 

of model and full scale materials is the same): 

, 12 WL 2 

6' 
=f.& 

6 

where 

6’ = model resistivity 6 = full scale resistivity 
WI = model current frequency u) = full scale current frequency 
L' = characteristic model length L = corresponding full scale length 

Our initial interest was to locate an existing model facility and arrange for its use 

for modeling MHF experiments. To this end, R. P. McCann and T. L. Dobec'ki visited the 

electrolytic model facilities at the United States Geological Survey (USGS), Denver 

and at the Colorado School of Mines (CSM), Golden, Colorado. Both tanks -.?ere massive poured 
cement structures, rectangular in shape, and typically 10 ft. x 15 ft. x 5 to 8 ft. deep. 

Both tanks were fitted for the performance of electromagnetic model experiments and would 

therefore require retooling for our galvanic experiments, thereby interrupting the progress 

of on-going tests. The USGS facility is in current use with projected heavy use by USGS 

personnel in the near Odure. The CSM facility, on the other hand, is being terminated for 
future office space and will not be available. The situation, therefore, dictated con- 

struction of a model tank at Sandia. 

The electrolytic model tank currently under development at Sandia is of unique design 
(Figure 3). The tank is much smaller than those described earlier, measuring 5 f%. x 
5 ft. x 3 ft. and utilizes a hemispherical aluminum shell (I.D. = 47.750 in.) as the 

11 
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return electrode. The reasoning behind the choice of a hemispherical electrode may be 

explained as follows: 

The electrical potential field about a point electrode at the earth's surface, if 
the return electrode is an infinite distance.away, is given by 

where 
e 

I = impressed current 
5 = resistivity of earth material 

R = distance to observation point. 

All equipotential surfaces are given by R = constant which are hemispheres centered 

on the point source. If, on the other hand, the return electrode is made a hemisphere 

centered on the point source, it becomes an equipotential surface and current flow is 

radial from the point source to the shell. Therefore, again all equipotential surfaces 

are hemispheres with the same potential distribution as a point source except for an 

additive constant. For potential difference measurements, this technique is equivalent 

to having a return electrode at infinity while maintaining a reasonably small sized tank. 

For standard four-electrode (Wenner or Schlumberger type, e.g.), the aluminum hemisphere 

may be removed, and experiments may be carried out in the box itself. 

An advantage of a large tank is that high precision in placement of electrodes or 

in lengths of models is not critical. As the size of the tank is decreased, the scaling 

relation requires greater precision in the measurement of lengths. A scaled track is fit 

to the top of the hemisphere upon which moveable potential-measuring electrodes may 
be located with an accuracy of f 0.005 in. (f 0.12 mm). 

The potential measuring and current source electrodes are made of stainless steel 

hypodermic needles. Several needle diameters and metal platings -dill be tested and 
evaluated in the course of preliminary experiments. 

. 

The central current electrode (when utilizing the return hemisphere) will simulate 

the casing and/or fracture. This will be mounted on the track in a calibrated, rotatable 

mount. In this way, the orientation of the fracture with respect to the surface 

potential measuring dipole may be varied from 0' to 360", again to simulate the field 

configuration of radial dipoles used in KKF mapping programs. Size of the fracture, 

casing-earth contact, and other situations peculiar to the casing-fracture system may 

be modeled by changing the size and material characteristics of the current electrode. 

13 



UGR File !f CO73/7742 
Sandia Laboratories 
February 1977~April 1977 

The proposed program of experimentation utilizing the electrolytic t&ik Cbns^iSyS’b?;^ 

generally, tests for evaluation of the tank facility followed by experiments to directly 
model the MHF process. Each individual test could easily lead to numerous other tests 
of a related nature, but a tentative program may be outlined as follows: 

Teat the accuracy of the hemispherical shell electrode as an approximation to 
an infinitely removed point source for a point source at the center of the 
tank. 

Evaluate various current sources and potential measurements SyStamS for 
consistency and ease of operation. 

Evaluate different model materials and metal platings. 

Determine the limits of applicability of the hemispherical tank for centrally- 

located current sources which are not point sources (vertical or horizontal 

line sources representing fractures and easing). 

Model numerous fracture depths and lengths to derive empirical relations 

between fracture geometry and surface potential measurements. 

Model fracture experiments in the presence of subsurface layering, lateral 
resistivity variation, etc., to observe the effect of these on surface 

potential measurements. 

Other tests may be proposed for future experiments, however, these are felt most 

applicable to the MB?? program. 

V. BOREHOLE SEISMTC LOCATOR 

The Borehole Seismic Locator (BSD) was assembled and pressure tested. The geophone 
section which was fabricated from 304 stainless steel failed at 12,000 psi. This 

housing has been'remade from 4340 steel. Stainless steel was initially used because of 

its proximity to the compass orientation unit. However, it is felt that because of the 

battery pack separating it from the compass unit, 4340 steel can be used. 

During the following quarter surface explosive tests are planned at the test well 
recently drilled on Kirtland Air Force Base. The test plan is to detonate a number of 

various size charges at the surface in a number of locations. The charge sites will be 

in contact with the limestone bed to which the BSL is coupled. The received signals 

14 
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will be analyzed for wave content and recognition, amplitudes, frequency contact and 
source location information. Because of the size and weight of the BSL, handling 

techniques will also be evaluated. 

It is also planned to install the BSL on'a hydrofracture test at the Nevada Test 
Site sometime this summer. Seismic events will be recorded in order to obtain infor- 

mation pertaining to the ability of the BSL to map a hydrofracture. Mineback is 

planned SO that precise hydrofracture location will be known. 

In late summer or early fall the BSL will be used for recording seismic Signals 

from a hydrofracture of an AMOCO well in the Wattenberg Oil Field in Colorado. 

Calibration data has been recorded for the electronic portion of the BSL. Gain 
and phase characteristics of the amplifiers and voltage controlled oscillators will b.e 

determined. This data is still in data reduction but hopefully will be available SOOI?. 

VI. DEEP WELL INSTRUXENTATION SYST"4 

Preliminary specifications for the mobile field laboratory for instrumentation 

to support the western tight gas sands program has'been subFAtted to seven or eight 
companies. The 1aboratorJ will consist of an instrumentation trailer and a mast truck 

with all of the equipment necessary for long period monitoring of deep wells. Bids 

have not been received as yet, but are expected shortly. The proposals will be 

evaluated and an order placed for delivery late fall. 

VII. MINEBACK EK?ERIMENTS AT THE NEVADA TEST SITE 

Mineback operations were conducted during most of the report Deriod on the 

hydraulic fracture created in Hole vlZGlO.5 (hole OH-T). Yihis was a vertical hole 

drilled from the top of Rainer Mesa down to the G tunnel level resulting in a depth of 

approximately 1395 feet. A multistaged fracture experiment had been conducted in this 

hole in July 1976, but mineback operations did not commence until early 1977. The 

first eviden:e of the fractures were observed in February, and it became readily 

apparent as mining advanced that a ve,ry coqlex fracture(s) were formed rather than the 

single vertical fracture that had repeatedly been formed in previous tests at different 
locations within-the tunnel complex. 

The complexity of the fracture network made it necessary to slogs mining so that 
sufficient mapping and docqzmentation of the fractures could be accomplished. By the 

end of April, the injection hole had been reached, At least two fracture systems were 

induced and the multistaged, colored-sand proppant has sho:,.n no consistent transport pattern. 

15 
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Three diagrams and two photographs (Figure 4-8) are presented to illustrate the 

complexity of the fracture system. These drawings given here are nreliminary as more 
detailed maps are being compiled from comprehensive data and notes taken during mineback. 
Figure 4 is a plan view of the mine excavation around Hole DH-5. Figures 5 and 6 are 
photos showing some of the details of the fractures as they were being exhumed. The 

fields of view of these two photos are shown on Figure 4 as are the locations of two 

Vertical cross-sections that are presented as Figures 7 and 8. 

Figure 5 is looking upwards to the bottom of the drill hole. The position of the 

hole (hidden in the roof) is located a few feet behind the card being held by the miner. 
In the right center of the photograph the dark colored face contains sand proppant along 
what is now one face of the fracture. The width of the fracture was about 3 mm. This 
fracture terminates abrubtly along a horizontal bedding plane as seen in Figure 7. 

Figure 6 shows conditions at the working face when a vertical fault was exposed. 

.4 low angle fracture is shown curving in from the left center to a position just below 
the "+6" mark. The fracture terminated at this fault. .4 high angle fracture is shown 
on the right. It also terminates at the fault. 

Figures 7 and 8 illustrate the nature of the fractures by cross-section. In 

Figure 7, the extent of the fracture network is shown. The fault on the left is the 
one which terminated fracture gro-&h to the n&th. The horizontal bedding plane at 
an elevation of 6183' stopped vertical growth. The full extent of the fract.Lye has not 

been explored below 6158'. Figure 8 is a cross-section looking north. Xote the high 
angle fracture is a composite of echelon type fractures. The low angle fracture dips 
at about 30 degrees to the north. 

Future work is planned at this site so as to better understand why a complex fracture 

system was induced from wha+ c was thought to be a simple hydraulic fracture experiment. 

In situ stresses may be complicated in this particular area, or the stress field could 

be almost hydrostatic. In the latter case, subtle changes in rock properties would be 
the dominant factor on fracture growth. Plans include additional in situ stress deter- 

minations into the walls of the excavation using both the overcore and small hydraulic . 
fracture techniques. Cores recovered from this work will be tested for additional 

physical properties. 

Planning of an "interface" experiment was initiated at a joint working group meeting 

between Salliburton, Dowell, AXOCO Research and Sandia held in Tulsa on February 22, 197; 
an additional fracture design meeting was held with Dowel1 (who holds the present service 

company contract at the XTS) on March 29, 1977. It was the concensus that the experiment 

,/ 
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should be kept simple in design so as to test fracture growth both above and below a 
geologic formation interface. This interface consists of a brittle, welded tuff under- 
lain by more porous, softer ash-fall tuff. The plan would be to induce a fracture 

about 10 feet below the contact followed by a second about 10 feet above, A tentative 

site for the experiment, designated as Hole U12G10:6 (hole DH-6), has been selected 

several hundred feet southwest of the staged proppant experiment (Hole DH-5) previously 

described. -1orator-y core drilling to the region is underway. 1t is anticipated that 

the west-dipping welded/ash-fall tuff contact will be at tunnel level at this location. 

Selected core samples of both units will be sent to AMOCO, Halliburton, Dowel1 as Well 
as commercial testing laboratories. 

VIII. TECHNICAL MEETINGS, S?-MRGSIUMS & REPORTS 

A. Columbia Gas 

A meeting on Harch 8, 1977, at Columbia Gas in Columbus, Ohio was attended by 
C. Komar, MERC; Darrell Wood, USGS; C. L. Schuster, Sandia; and several local partici- 
pants. Results from both fracture experiments conducted in 1976 were reviewed and 
the somewhat unusual results surrounding the screen-out discussed. Still no definitive 
or substantial results are apparent. Future testing was discussed and three requirements 

were presented for a meaningful surface electrical potential experiment: (1) add 2$ 
KC1 to the frac fluid; (2) resur&y potential probe locations for more optimum locations; 

(3) provide a downhole current probe. These requirements were reviewed by Columbia and 
MERC for possible inclusion into the future tests. Their apparent decision was to not 

go to the expense involved to collect the electrical data for another fracture experiment. 

13. AMOCO 

A planning meeting was held on April 15, 1977, in Denver with the division office 
and research personnel of AMOCO. Tentative plans for an experimental series of fractures 

in the Wattenberg area were formulated. These tests are scheduled for this fall to 

minimize the interference with the agriculture in the area. 
. 

AMOCO is planning to collect orientated cores, run their downhole television system 

and protide the necessary support for the ERDA experiments. 

Sandia will field the surface electrical potential system and hopefully also collect 
some downhole seismic profiling data. The USGS plans to support these tests with their 
tiltmeter array. The formation to be fractured is the Sussex at a depth of approximately 

4000 feet which is an oil-bearing zone that overlays the deeper Wattenberg gas sands. 
These tests should provide an intermediate depth for fracture evaluations. 
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C. Cn April 5, 1977, Sandia participated at the MHF-3 Technical Committee meeting in 
Las Vegas, Nevada sponsored by CEX. L. D. Tyler presented a summary of Sandia mineback 

activities at the Nevada Test Site where hydraulic fractures are being directly observed 
and their behavior analyzed. D. A. Northrop briefly discussed future plans for the mine- 

back testing program, described the role that such testing would play in the development 

of MHE' technology, and emphasized the need for, and soucited, industrial participation 

in all aspects of the program. 

The next day Sandia Laboratories sponsored a trip for meeting participants to the 
Nevada Test Site. The tour included a movie on overall f?TS test activities and a visit 
to Sedan Crater. The afternoon was spent at G tunnel, where L. D. Tyler, 'vi. C. Vollendorf 
and G. B. Griswold described the on-going test activities: (a) mineback at hole DH-3, 
a fracture orientation test, (b) mineback at hole DH-5, a proppant distribution test 
with a complex geometry, (c) coring activities to' assess the welded-ashfall tuff inter- 

face for a future fracture test (hole DH-6), and (d) contained explosive tests. A 

great deal of interest was shown by the participants in the on-going irk. EsoeciallJ 

notable were many comments by industry on the value of'such a program; several Offers of 
help, future participation, and support were received. 

D. Eric Smith and Steve KcKetta of Columbia Gas Company, Columbus, Ohio, visited the 
Sandia mineback eqeriments at NTS on April 19, 1977. L. D. Tyler briefed them on the 
results and activities to date. Their interest stems from a knowledge of Sandia activities 

on chemical explosive fracturing tests in Devonian shale in 'Jest Virginia. 

E. David A. Northrop is a member of a working group charged to develop, by the end of 

FY 77, a program strategy for enhanced gas recovery., ERDA, EX, and Xational Laboratoq 

(LLL and Sandia) members are providing technical direction in the formlation and 

development of this plan. The first neeting was held April 18-19, 1977 in Washingtoor,. 
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Abstract 

An M.H.F. experiment was conducted in West Virginia that 
was one of the field demonstrations of the Eastern Devonian Shale 
Program. It was the largest gelled water and proppant fracture 
conducted,to date in the eastern United States. Halliburton 

performed the fracture treatment for Columbia Gas as part of 
the joint/industry contract with the Morganto%n Energy Research 
Center. Sandia installed the resrised electrical potential system 
as a diagnostic to aid in fracture orientation determination. The 

new system performed according to design goals after some minor 

revisions. Data analysis of the results are not very definitive 
for fracture orientation and some improved techniques are being 
planned for the f.ollow-on experiments. 
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I. Summary 

This is the first quarterly report of the second 

reporting year for the Sandia Laboratories Program titled 

"Natural Gas Kassive Hydraulic Fracture Research and 

Advanced Technology Project. The program is funded by the 

Division of Oil, Gas, and Shale Technolcgy of ERDA. This 

report summarizes the activities from August 1, 1976 

through October 31, 1976. 

The principal event during this period was an ;?.H.F. 

experiment conducted in West Virginia. Columbia Gzs System 

Service Corporation was the operator and Halliburton per- 

formed the fracture treatment, This experiment was a 

portion of the Eastern Devonian Shale Program administered 

by the Morgantown Energy Research Center. This was the 

first Devonian shale hydrofracture in which Sandia partici- 

pated with our fracture diagnostic system. 

F%ollowing the January 1976 experiments in Colorado, 

the elecFrica1 potential system was redesigned and this 

was the first test of the new hardware. After some minor re- 

visions, the system performance was excellent providing 

good signals with greatly reduced noise levels. Dati 

analysis did not show as definitive a fracture orientation 

as h&d been observed in the Wattenberg, Colorado data. 
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Future testing hoptftil'ly will utilize a dowi hole cu?rent 

probe to rn\=re cl<~szly resembl.e the Colorado test configura- 

tion. 

The other technique being evaluated by Sand% for 

fracture characterization is to identify and locate seismic 

signals associated with the fracturing process. The seis- 

m:c data analysis has been concentra%ed on the UPRR-2.2 

data from the January 1976 experiment, with AFIOCO in 

Colorado. The resul-ts from this analysis will probably 

be available in the following quarter. 

Preliminary planning of‘ a shallow fracture experiment 

w-ith AMXO near Tulsa, Oklahoma, WLS completed and the 

test scheduled for early November. This experiment will 

allow several techniques for fracture orientation deter- 

mination to be evaluated and veri.fled by obtaining the 

ground truth. AMOCO plans to drill into the formation and 

intercept the fracture to obtain its height and length. 

Plans were also initiated for another Joint ezperi- 

mental test series for the Wattenberg area in Colonado. 

T!tese tests are planned to be in the Sussex formation about 

:A300 feet deep with several different fracture diagnostic 

5echnique.s ut,lized. The shallow depth will allow a better 

ir.tsrgretation of the various measuremen; techniques. 

8 
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II. Electrical Potential S.vstem 

The electrical potential system is comprised of three 

subsystems. These are the current generator, the potential 

measurement boxes (PMB) and the data control and collection 

system. Based on development tests conducted on M.H.F. 

experiments performed by the El Paso Natural Gas Company 

and the Amoco Production Company, a first generation 

instrumentation system has evolved that is capable of 

determining fracture orientation. This system will be 

reported on in a separate publication with sufficient 

detail to allow the transfer of this technolo&y to industry. 

The next quarterly report will provide the references for 

this publication. 

A. Potential Measurement Subsystem 

Each potential measure‘ment location consists of a 

pair of stainless steel potential probes driven into the 

earth and a potential measurement box (PMB). A wire from 

' each probe'is fed to a PMB usually located adjacent to 

the inner potential probe. The output from. twelve PMB's 

are frequency multiplexed onto one coax cable. We coax 

cable feeds power from the instrumentation van to each PDIB 

and feeds data via the frequency multiplex fr.-?m each PMB 

to the instrumentation van. TWO coax cables thus feed the 
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potential data f'rcm ill 24 locations to the instrumentation 

van for processing and recording. The potentLa1 measurements 

must be made in the presence of natural and man-made noise. 

The PMB is capable of amplifying the desired potential 

and rejecting the pctentials caused by noise currents. The 

distances from the fracture well to the inner and outer 

probes are dependent on the well depth and the pred.-lcted 

fracture length. k computer model has been developed which 

aids in .the selection of probe spacings. 

B. Current Generator Subsystem 

The current generator was designed to provide up to 

6CO volts and 50 amperes into a load of eight ohms or more 

with the capability of providing bipolar pulses. The 

current generatcr is controlled either manually or by the 

PDP-11 computer. Monitoring circuits are provided to 

measure the applied 7101tage and current and with an output 

compatible with the PDP-11. 

, The most critical requirement for the current generator 

is zhat at no time shall the source of energy that provides 

the curTent come into contact with the earth at any place 

except the drivi_ng points. In this case, these points are 

the fracture' well and the return well. 

The design of the current generator requires that 

batteries be used for the voltage source. The batteries 

are connect? d to the drive wells through relays and the 

current pulse is initiated viz. the firing of a silicon 

10 



LJZR File #C073/‘77q4 
Aug. ;976-Oct. 1976 
Sandia Laboratories 

controlled rectifier (SCR). In order to provide the 

bipolar pulse, the SCR is turned off after the desired 

pulse width has been obtained, relays reverse the load 

connections and the SCR is fired again. Isolation ampli- 

fiers provide for the voltage and current monitoring. 

Interlock circuits provide a means of removing high voltages 

when access to the circuitry is required for maintainance 

or adjustments. Means of charging the batteries are also 

provided. 

C. Data Contrcl and Collection Subsystem 

The instrumentation van contains power supplies for 

the PMB's, the data recording system and the current 

generator for creating the potential field. The data 

recording system performs the following functions: 

a. Control the current generator during the periods 

when measurements are being made. 

b. Dzmultiplex and measure the potentials present at 

all 24 locations simultaneously. 

C. Measure,the voltage and current levels produced 

by the current generator simultaneously with the 

potential measurements. 

d. Store the above data on permanent records for 

post-test analysis. 

e. Prcvide a hard copy output for quick look of 

test results. 

11 
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The heart of the data recording system is a PUP 11/10 

minicomputer. Peripherals included with the PDP 1i.,j'10 z-e 

a Lab Peripheral System (LPSll), a printer terminal iLA36), . 

a mass storage disk (EKll), and a casset.';e tape uni.t ITAll). 

The PDP ll/lC operates under the RTll operating s;y;tem. 

All application programs have been written in 3ASTC. The 

other ma; or cornpon2nt of the system are the 24 FM Ciscrimi- 

nators. 
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III. West Virginia Experiment 

A. Introduction 

On August 3 and 4, 1976, Sandia participated in a 

M.H.F. experiment with Columbia Gas in West Virginia. The 

M.H.F. experiment was a jointly funded ERDA/industry 

project with the Morgantown Energy Research Center being 

the technical project office. Sandia's participation was 

directed at evaluating its fracture characterization geo- 

physical techniques in a variety of geological formations. 

Only the electrical potential technique was utilized 

on this hydraulic fracture mapping experiment as the 

seismic techniques are continuing to be evaluated. 

The surface array was installed and the new electrical 

potential system checked out during July With the experiment 

taking place in August. Future glans call for Columbia Gas 

to conduct two additional fractures in the same well at 

hfgher horizons. (Sandia participation to characterize these 

additional KHF tests wiil depend on no conflict in schedules and 

the availability of a down hole current probe to enhance 

the surface potential measurements). Electrical potential 

data was recorded, prior to, during and after the August 

fracture experiments. 

13 
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9. Experiment Configuration 

Fig-Jre 1 shows the layout of the fracture well (43,), 

and the current return well (5423) and the potential probes. 

The site is located approximately 40 miles south of 

HuntLngton, West Virginia, or four miles west of Ranger, 

West Virginia. Potential pro.ces were located at 500 and 

3000 feet from the frac well every 15 degrees. This ~2s 

our most tedious installation as can be seen frcm the 

topographic nap; the terrain was extremely hilly. 

Several roads had to be crossed ror the installation 

and the sit.e xzs occupied by several head of cattle; bzth 

caused prcblems with broken wires. Several potenti.al lines 

had to bz repaired during the experiment resulting in the 

loss of some of the data. 

The exact locations as given to us by Columbia Gas for 

each well of interest is given below. 

Well Number 

20401. 

20403 

5420 

Latitude -- Longitude -- 
38°cjv2~t~ 62°13'35" 

38'5'5$" 82'1.3'27" 

38O6'59" ‘82'12' 29” 

C. Fraztur'e Design 

The information presented in this section is intended 

to provide clnly a background description of the h:rdraulic 

fracturing Jrocess. Exact process details, data on the 

fracturirig experiments and/or interpretation of the results 

14 
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Scale 1 inch = 2000 feet 

Figure 1. Columbia MI-IF Experiment Layout. 
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should be obtained directly from Columbia Gas or Halliburton. 

A breakdown treatment was conducted prior to the rraln 

fracture using 1503 gallons of 15% HCI. Good ball action 

was reported and apparently all perforations accepted fluid. ' 

On August 3, the main fracture treatment was started. 

FQure 2 shows the volume vs, time curve for that dq. 

Fouteen perforations of 0.49 inches In diameter placed 

from 3788 to 3860 feet of depth had been shot in%o the 

biarcellus shale section. The c&sing was 5 l/2 inches 

with a total volume of 3800 gallons in the borebole. Two 

percent KC1 had been added to aI.1 the fluid to increase 

its conductivity. The addition of nitrogen to the fracture 

fluid evidently resulted in a screeno*Lt prior to completing 

the pumping of all the fluid. 

Ten additional perforations were shot from 3750 to 

3760 feet of depth on the morning of August 4 and pumping 

resumed. The volume vs. time for this additional pumping 

is shoxn in Figure 3. For both days a total of 506,000 

gal.lons acd 9>0,030 pounds of ;roppan: had been placed into 

the fracture wel.1. 
. 

r.' 0 Fracture Characterizat+on Results ----.G-- 

SLrface'electrical potentials collected during the 

fracture are continuing to be analyze3 and will be reported 

in complete detail in the data analysis report for the 

experiment. The potentials on all radials decreased d.Jring 

the entire I;un:ping perjod on August 3. This result is 

16 
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Figure 2. August 3 Fluid Volume 
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predicted by the theoretical model for a fr&cture that 

grows in tctal length. (1) A typical potential difference 

for one set of probes is plotted in Figure 4. The initial 

breakdown causes current to be diverted from the surface . 

to the down hole load, this reducing the surface potentials. 

This effect continues during the entire time of pumping. 

Close to the end of pumping (1515) a screenout occurred 

which caused all the potentials to increase. This can be 

accounted for by assuming that the sand filled frac 

increased the resistance into the fracture and unloaded 

the well casing. This caused the current at the surface 

to increase. This increase returned the potentials to . 
essentially the pre-frrc potentials which effectively 

gives us ;F before-to-after comparison. 

Plotted in Figure 5 is the potential change in percent- 

age from before-to-after the screenout. As can be seen, 

the potential changes are about four to five percent on 

all radials without a clear cut indication 'of possible 

fracture orientation. It might be coincidental that the 

maximum changes are also associated with the radials with 

the largest 

differences 

absolute potentials. However, if the small 

are caused by the fracture, then the orientation 

(1) L. C. Bartel, L. J. Keck, R. P. McCann, "Use of Potential 
Gradients in Massive Hydraulic Fracture Mapping and Characteri- 
zation," presented at 51st Annual Fall Technical Conference 
and Exhibition of the S,ociety of Petroleum Engineers of AIME, 
held in New Orleans, October 3-6, 1~76. 
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Figure 4. Potentials for Location A-3 on August 3 
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i 

would appear to be north-northwest to south-southeast 

with the longest direction being to the north-ncrthwest. 

The large amount of average reduction in ali the 

potentials does not seem consistent with the lack of 

definiti.le orientation information. Several unrelated 

events cculd have resulted in this happening. Fiadials 

separatisn was increased to 2500 f$et with the I,?ner stake 

at 500 feet w:?ich caused a much higher range of potenl,isl 

values. This certainly improved the signal-to-noise ratio 

but could have masked the frac signal. Also because of the 

shallow frac depth and casing size restrictions, a down 

hcle current probe was not utilized. If possible future 

testing should use the down hole current probe to reduce 

the surface potentials and enhance the signal caused by 

the frac f1ui.d. Another possrble conclusion co‘ild be that 

the fracture was not a long-line source but some ether 

geometry that would appear more like a point source from 

the surface. i 
1' 

IV. Wattenberg Seismic and Pressure Data AnaUsis 
/ 

A. Seismic Dat, - During tilis quarter,, significant ' -- i' 

effort was a.pplied to the Watten5erg seismic data. Tvre - / 
. 

seismic stations were selected for digitizing by 
/ data/ 

reducticns and were sampled at 250 Hz for the ten ho' /I 

op?-raticn. This data was then formated to allow C;!' 
! 

tic)nal work to be done in the 6600 computer. In!j 
? 

the data has been divided into sir, frequency ba/ / 

22 



Sandia Laboratories 
UGP. File #CO73/77Q4 
Aug. 1'276-Oct. 1976 

digitized band-pass filtering and then the cross correlations 

and time difference routines were used. The higher 

digitizing rate and the increased data has literally swamped 

the 6600 and some rewriting and stream lining of the routines 

are currently underway. Hopefully this effort will be 

completed soon and the surface seismic evaiuations can be 

completed. 

E. Pressure Data - The pressure data from the UPRR-22 

experiment has been completed and distributed to AMOCO. 

Hopefully this pressure data was going to reveal some 

interesting fluctuations that would enhance the seismic 

data reductions but apparently if they existed they weren't 

transmitted to the surface. This data was recorded on the 

surface in a string of tubing that contained the down hole 

current probe with a frequency response capabilIty of 0 to 

2003 Hertz and a range of 0 to 10,000 psi. As there was 

no flow through this tubing, this pressure plus a static 

head should accurately reflect the down hole pressure. 

Figures 6, 7 and 8 show the pressure build up, a typical 

plot during pumping and shut down. The entire press.ure 

record contains 155 pages and will not be distributed 

except to' AMOCO. 



UGR File iiCO73/77Q4 
Aug. 1376-Ott:, 1976 
Sandia Laboratories 

R. 6RO 

COG 

a 

! t 
i -----?----“--- L 

! --/---- . . . . 

i 

-----i--- 
I 
i 

t 
I 
I 
i 

i I --.-.--~-.....~~“.. 
i 
I 

i : 
! i I 

.I . . ...“. . . . . . *. 

I”.._..... .“.-. 

I-“-“” 

.*a- SW 

.-A--. 

---w..-. 

. ..“W” 

.-..--_ 

i 

i -.;..-. ..j..." 

j 

-- 

. ..-.-._e 

-.-.-..... 

-.-.--- 

.-m”...^...-“. 

--..--...- 

-...-- 

%%q% 

-I--, 

! 

I 

-.cy..... 

. ..-.“....I . . . . . . . -- “_.._.__ 

! 
I 

I-. 

1 

! 
i 

i 
.--.-.--f I...-,...... - . ..-.. 

j 

i"" 

I 

I 
i 

I 
i I 

. ..-...- . .._"" .".....- -i . . ..-_-__.. 
+ 

-..........“” -._. j  

t 

j  

I 

. ..“-.....____..._. 

20 

i 9 -.. 

24 



UG7 File #CO73/7744 
Aug. 1976-Oct. 19'6 
Sandia Laboratories 

PLGRD 

COO) 

?SO 

AMOCO FEESSLJRE OE.3000 01277E 

I_-- 

..“.-,.-. 

-- 

“.-.....-....- 
I 
. . . ...-..-“““. 

I 
w‘..-m.“-.j”“.” . . ..*s. 

I 

: 
m.“mw..~&......~.-..~ 

i  
1  

! 

i m--w b..““.--... 

! --.......--- 
I 

. f 1 ..--..+ 
I 
1 -.-...--j.w-.--., 
1 I i 
i I 

I . ..--W”W.WL-..-.em. 

-.--.--.-~----- 
! 
I 
f -- . . . ..- )--.-- 
i . i 

I .-.-...---+ --..... 

j . . . . . . . ..*.-..“--...A.-. 

. . ...-..“..“._ 

---.a... 

---. 

--.-... 

I-- 

w-- 

$.#&$# 

-.-- 

--. 

e---.-e 

-.-.---.. 

7lblE IN MI~J'JTES FRO11 66.33,OO.O ON 01;-3;7-76 

?igure 7 

-.-.. .-..- r”.- _......._..” 

1 

i 

i 

- -...... . . . . ...).” . . . . . . . ..-. - 

i 
* 

j 

-....--.-.. +-.... . . . . . ..-. 

: 
! 

f 
2 

- . . ..-..... . . ...” . ..-....... -. 

_.......,..-...... $  . .._......_. -.__ 

t 

i  

. . . ..-...-...... i  . . . . . ..w......._.... 

i  

j  

-................. i . . . . . . . . . . . . . . . __. 

.o 



UGR File ifCU73/77(74 
Aug. 19?6-Oct. 19’6 
Sandia Laboratories 

~000”” . . . . . . -.-.-‘-“” . . . . . . “..” . . . . . . . “..“.._” . . . . . . “^ . . . . . . 
i 
L I I 1 

! I 
1 i 

, I 

bOO( 

,oot 

3POC 

100 

5 

---..C.--..-...---;...- . . ..-. -...i . . . 

! i 
I f I” .-.....-- “+.“.““~“.” . 

I 
. . . . . ~“..--.“.-“. f 

i 1 
I ..--.--y.-..- .-.. - ..t ---. “_. 
I 

; ! I .I j --a- ,&--” -.....__. f....-“.-.” . . . . 
I f i 
I j ” 
i 

““-..-“...f”..-- _... “_. ] 
I I 
f ] . . . . . . . . . ..-... --...-..L.-L”...“.. 
i 1. I 
I 

I f --..+-.-“.--.‘-.“- 
I f 

i$w$jqjb v...... . ..-..+...“.“..“.” . . . . . . . . +.- . . . . . ““” * 
I 

i i 
I I --..-.&--.-...+--“- 
i i 
/ 1 ,-... “-“.l-:“.-.““-“.-L”-.-..“-. 
1 . i 
f j ! --“--“~---.-.-“.i.-.” -.-.. 8 i i .f 
J i 
I I t I t ._._..--.-. - . . ...” . . . . . . . . - . ..“. “...““..“.a” 

i 
I 
i 

-i- 

i 
I 
i 

.o 

. . . . . . . . . “..” . . . . . 

-. .....-I--..I 

,--.- 

. ..-- .- 

..-......“.“_ 

--...- -. 

..--. “.S.“S 

we-..-. 

w-.-M- 

- 

I 
._".." _..... ""~..."---"- 

I 

i “-“.-...- -“-- 

i 
“---.--.. . . . . e-..““.“” 

I 
I “.” . . . . - -.:. ---.s- 

----..- 
-I 
. ..-..“.-- 

I I -..-- ..-..-. i. Y”._ I 
I i 
i ,---y-w....--. 
I 
/ “...“-.--.I-- 
I i 
i .-.- “._.... -we-- 
! I I i . ..” .--. ..-..“a”” i 

*w&3 
I -.........-.... -...: .-... . ..“..“...... 

612.5 

. . ..“...._.W 

.e...--.. 

,.-.....--, 

-.- 

-.....-- 

-- 

.-- 

---- 

I.......“- 

-.- 

.“-- 

I_-- 

%wp 

__....-“e-. 
.o 

Figure 8 



UGR File #CO73/7744 
Aug. 1976-Oct. 1976 
Sandia Laboratories 

. 

v. Joint AMOCO/ERDA Experiments 

A small scale, shallow hydrofrac experiment with 

AMOCO was planned during October at a meeting attended by 

Sandia, USGS, ERDA and AMOCO. Plans call for Sandia to 

install the electrical potential system, USES to install 

the tfltmeter array and Sandia will collect their data 

with the PDP-11 and AMOCO will use their down hole 

television and televiewer for evaluating the fracture. 

Primary goal of the experiment is to allow the various 

electrical and displacement models to be calibrated and 

compared with each other. AMOCO plans to drill an offset 

hole to intercept the fracture and confirm its orientation. 

Preliminary discussions were also held regarding 

a test series for the Wattenberg area. The Sussex formation 

is going to be in-drilled and the opportunity to monitor 

several M.H.F. experiments is available. The formation is 

4000 feet deep and would be completed with open holes to 

facilitate both down hole current probes and viewing of 
. 

the fracture. Planning should be completed during the 

ensuing quarter. 
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ENCHANCED GAS RECOVERY PROGRAM 

MONTHLY INFORMATION LETTER - March, 1980 

I. EGR Instrumentation and Diagnostic Program 

A. Hydraulic Fracture Characterization 

The data obtained in conjunction with the Shell Oil 
Company's experiment in their Big Mineral Creek field is 
continuing to be analyzed. The analysis has been complicated 
by the shortness of the fracture and the large seismic back- 
ground levels. The pressure and flow data has been analyzed 
for comparisons with both the tiltmeter and electrical 
potential data. 

The main fracture pump began at 11:13 a.m. and continued 
through 12:36. Flow rates ranged from 11 to 16 barrels 
per minute through 12:09 p.m. At 12:09, the average pumping 
pressure of approximately 3,600 psi began to increase to a 
maximum value of 4,150 psi while flow rates decreased to a 
value averaging 4 barrels per minute. The pump was terminated 
at 12:37 p.m. when the sand had apparently begun to ccver the 
casing perferation. Sandia's current injection probe required 
several hundred pounds of extra force to break free from the 
sand even though it was located approximately 100 ft above 
the perferation. 

The seismic signals that occurred during the breakdown 
pumping from Well 343 have been given a preliminary scan. 
A large number of seismic signals were recorded and a much 
closer examination of this data is necessary to gain a confi- 
dent conclusion as to the fracture orientation. 

All seismic signals from the test have been digitized but 
examination of these signals has not been possible due to 
equipment malfunction and hardware preparation for a future test. 

The next planned mapping test is a breakdown test on Amoco's 

Patricia Pope Whaley Gas Unit #l in the Cotton Valley area 
nearmrshal, 
1980. 

Texas and is scheduled to take place on April 19, 
Further reduction in data will resume after this test. 

B. Borehole Resistivity System 

The numerical solution to the forward layered one-dimensional 
borehole resistivity problem was programmed and compared with 
the continuous solution. The figure shows a comparison of the 
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continuous solution with three-layered approximations. The 
continuous profile is presumed to represent a 3-in-diameter 
probe emersed in a fluid filled 6-in-diameter wellbore, 
surrounded by an invaded zone with a hyperbolic tangent type 
transition to the virgin formation. The apparent resistivity 
as a function of position along the surface of the probe is 
given. The two-layer and continuous solutions agree closely 
but the one- and zero-layer approximations show visually 
recognizable discrepancies (note that optimization of layer 
locations has not been attempted). This comparison gives 
an indication of the resolution obtaining the location of 
invasion front with typical field measurement accuracies. 

C. Electromagnetic Impedance Sonde DE-AT19-79BC10026 

(1) Dielectric Modeling 

In our previous monthly report we mentioned that our 
current directions were toward determining water saturations 
from dielectric measurements. This month computer programs 
have been developed that augment this task. 

At higher frequencies (lo6 - log Hz) the dielectric response 
of rocks is particularly sensitive to the water saturation, 
s ; the location of the water if SW ~100%; and the pore geometry. 
Tg define all of these parameters requires good fits between 
our model responses and the experimental data for both the real 
and imaginary components of the current. Past fitting techniques 
were unsatisfactory since the form of the distribution function, 
A(k), did not allow for rapid changes in the dielectric 
response with frequency. The new fitting technique eliminates 
this problem. 

Presently distribution functions based on the data of 
Poley, et al -- are being used to generate responses for SW ~100%. 
Next month's effort will be to understand the significance of 
these responses. 

(2) Laboratory Work 

A thorough study of the dielectric properties of rocks 
must determine the relationship, if present, between rock 
characteristics such as porosity, permeability, and pore 
geometry and these properties. The work of Poley, Nooteboom, 
and de Waal (The Log Analyst, May-June, 1978, p. 8) measured 
the dielectric properties of "nearly clay-free" sandstones 
as a function of rock porosity and saturating water salinity. 
This and other studies are complicated by the unknown effect 
of impurities such as clays. Therefore, we are investigating 
the use of a known matrix of materials to simulate the pore 
geometry of rocks. 
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For this purpose a useful arrangement would be that of 
packed glass spheres. A selection of spheres in the diameter 
range from 38 microns to 1.4 mm has been ordered. Once these 
are received a program will be initiated with the Sandia 
ceramics laboratory to prepare sintered samples of different 
porosities and permeabilities. The possibility of reproducibly 
producing a sample of given characteristics will be investigated. 

(3) Finite-Difference Modeling 

A computer code is under development to mathematically 
model the response of a horizontally and vertically layered 
earth to a magnetic induction logging tool. Horizontal layers 

are formed by the geologic structure. Vertical layers are 
formed by the borehole fluid and by its invasion into the 
surrounding structure. Understanding the response of the 
layered earth is expected to aid in determining the permeability 
of tight-gas-sand reservoirs of natural gas. 

The source is assumed to be a point magnetic dipole 
radiating at constant frequency (or at a set of frequencies) 
in an azimuthally symmetric, layered earth. The differential 
equation describing the complex-valued electric field intensity 
is a second-order equation of the elliptic type. A unique 
solution exists in a bounded region of space if boundary 
conditions are available at the edges of the space. These 
boundary conditions provide the major difficulty in finding a 
general finite-difference solution to the equation. Once the 
electric field intensity is found, the magnetic fields can be 
calculated by differentiation. With all the electromagnetic 
fields available, receiver response can be obtained. 
Sensitivity studies are then possible to determine response 
variation with conductivity and dielectric constant of the 
various layers of earth. 

In a cylindrical (r,z) coordinate system centered on a 
dipole in a uniform medium the electric field intensity 

3 2 depends,on the factor f/(z fr ). In order to allow larger 
spatial step sizes (AZ and Ar), we transform to the variable 
S Z E(z2+r2)/r t o remove a portion of the rapid variation 
near the source. Along the r = 0 axis of symmetry, the Neumann 
boundary condition as/ar = o is convenient to apply. In the 
immediate vicinity of the source S is assumed to be identical 
tothat for the same source in a uniform medium. This assumes 
the outer boundaries and the layering cause only minor pertur- 
bations on the electric field intensity very close to the 
source. At the z = z Z =z. and r = r boundaries, 
realistic boundary co%Z;ions ayinAot readilym2?ailable. This. 
is the dominant difficulty encountered. Boundary conditions 
are necessary to assure uniqueness of the solution inside. 
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It is expected that Neumann boundary conditions (where normal 
derivatives are specified) vi.11 be easier to apply than 
Dirichlet conditions (where the electric field is specified) 
at the outer bcundaries. 

In an infinite space the fields are zero at infinite 
distance. The far-boundary conditions are then trivial. 
Computer memories are not sufficiently large to handle finite- 
difference solutions out to very large distances from the 
source. If the medium were uniform, the direction of the waves 
would be clear at boundary points and outgoing wave equations 
would be an appropriate analytical form at these boundaries. 
When layering occurs, reflections form a series of virtual 
sources greatly complicating the form of any outgoing wave 
representation. Further experimentation is required to treat 
the outer boundaries in a reasonable manner. If analytical 
solutions are available for separate problems of horizontal 
and vertical layering, perhaps these solutions can be used to 
approximate the partial derivatives of S at the outer boundary. 

Attempts are in progress to solve the differential equation 
using successive overrelaxation methods. These approaches 
use a relaxation parameter (between 0 and 2) to regulate the 
size of the steps taken to lead the solution to convergence. 
Theory indicates that the converged result is not affected 
by choice of this parameter. Numerical experiments with 
a uniform medium (where an analytic result is available), 
with correct values of S at the boundaries, and with an 
initial guess of (0,O) for the real and imaginary parts of S 
everywhere in the mesh indicate the solution converges to the 
correct result for relaxation parameters in the range 1 to 1.5. 
It is also encouraging that an initial guess of the correct 
value was recognized as correct; successive iterations did not 
wander from the solution. The spatial mesh size chosen was 
Ar = AZ = 0.01 m. Spatial mesh sizes Or = AZ = 0.06 m never 
produced convergence. In addition, relaxation parameters 1.75 
and larger appear to never lead to convergence. 

There are methods for choosing the optimum relaxation 
parameter, as discussed by E. L. Flachspress in Iterative 
Solution of Elliptic Systems, Prentice-Hall, Inc., 1966. 
There may also be ways of isolating the outer boundary condi- 
tions from the solution inside (perhaps by a series of artifi- 
cial layers of earth with gradually increasing conductivity). 
These approaches are now being investigated. 

(4) Probe and Formation Modeling 

The effectiveness of electromagnetic (EM) logging is 
enhanced by the availability of ancillary relations that 
accurately express EM parameters in terms of formation parameters. 
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One pair of such relations has been empirically formulated 
for 20 to 80 MHz logging based on the published data by 
Poley, et al. Sandstones of various porosity saturated by 
water of different salinity are characterized as parametric 
equations to determine the sensitivity range of EM probe. AS 
it stands, the parametric charts for borehole-coil couplings 
are able to delineate specific respcnse regions for gas/oil 
saturated sandstones or limestones. With partial saturations, 
no ancillary relations are available. However, the loci of 
sandstones with various porosity and saturating water of 
various salinity have now become available on the refractive- 
index charts specifically constructed for coil responses. 

Borehole effects due to changes in borehole size, shape, 
and fluid have a large number of combinational possibilities. 
Systematic studies have been started from the worst-case 
scenario: i.e., the borehole is assumed to be flooded by fluid 
of salinity equal to that of sea water. Coils are first 
assumed to be emersed in this borehole fluid. Data on 20, 40, 
and 80 MHz operations have indicated clear trend of larger 
borehole effects toward higher logging frequencies. More 
realistic simulations on borehole effects are scheduled for 
next month. Both analytical and numerical evaluations become 
rapidly more complex as the number of borehole zones are 
increased. A three-zone borehole with variable parametric 
changes is anticipated as the optimal compromise between the 
desire to know and the ability to quesstimate realistic 
parameters. 

- 
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II. Stilumlation Research for Enhanced Gas Recovery 

A. Hydraulic Fracturing 

Sandia Laboratories is conducting both basic and applied 
research to aid in the development of massive hydraulic 
fracturing as a practical, economic technique for exploiting 
the resources of the tight gas sands and Devonian shales. 
Types of research being performed include in situ testing 
of hydraulic fracturing theory and technology, modeling of 
hydraulic fracturing behavior, and laboratory testing. The 
in situ testing is being performed at DOE's Nevada Test Site 
in a tunnel complex driven through volcanic ash-fall tuff under 
-1,400 ft of overburden. This site provides the facilities 
and equipment for mineback of created hydraulic fractures 
for direct observation, a capability of determining in situ 
stresses and obtaining rock samples for testing in regions 
of interest, and a direct knowledge of the "reservoir" 
parameters and structure (i.e., permeability, porosity, 
location of faults, fractures, etc.). Modeling efforts 
involve many aspects of fracturing, from details of the 
processes occurring at the fracture tip to numerical codes 
describing the fluid mechanics/rock mechanics of the entlre 
fracture. Laboratory testing includes the determination of 
rock properties and the conducting of small scale experiments. 

(1) Formation Interface Fracture Experiment 

The Formation Interface Fracture Experiment (Hole #6) 
is an experiment to determine the parameters that influence 
and control containment of hydraulic fractures. Grout filled 
fractures were propagated above and below a welded tuff/ash- 
fall tuff interface and subsequently mined back to examine 
the behavior of the fractures at the interface. It was found 
that the fracture that was initiated in the low modulus ash- 
fall tuff propagated through the interface into the high modulus . 
welded tuff. This suggests that present rock mechanics models, 
which predict that a bounding higher modulus material will 
contain a hydraulic fracture, are in error. 

An exploratory coring program is currently underway to 
determine the general shape of the fractures. This shape 
should reflect the influence of the interface and the in situ 
stresses on overall fracture propagation and behavior. A 
total of 31 coreholes have been completed including EV6-34, 
EV6-35, and EV6-36 in March. The locations of these holes 
are shown in Figure II-l. this completes the coring program, 
and we will attempt to use this data to plot fracture width 
contours. The final work to be performed on this experiment 
will be several minifracs in two or three of these coreholes 
in order to determine the in situ stresses in relation to 
crack growth. 
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(2) Interface Test Series 

Work on this activity has been completed. 

(3) Fluid Nechanics/Proppant Transport Experiments 

The process of hydraulic fracture is recognized to be a 
complex interaction between rock mechanics and fluid mechanics 
considerations. In general, however, the fluid mechanics 
aspects of fracturing are much less understood than the global 
rock mechanics considerations such as dilation of the crack 
under a pressure load. The important fluid mechanics processes 
associated with fracturing can be broadly divided into two 
categories. The first is basic phenomena, such as the pressure 
distribution and the width in a propagating fracture. Experi- 
ments to measure the pressure and width at various locations 
in a fracture during propagation are presently being planned. 
The second area is proppant transport and the resultant con- 
ductivity. An in-tunnel pump system is under construction 
which will pump high viscosity gels with sand concentrations 
up to 3 lb per gallon. A site for these experiments is 
presently being prepared, and these tests should begin this 
year. 

(4) In Situ Stress Ncasurement by Hydraulic Fracturing 
Through Performations 

Nineback Experiments have shown that the most important 
factor governing containment of hydraulic fractures is dif- 
ferences in the .minimum principal in situ stress. Material 
property differences and interface characteristics (friction) 
appear to be insignificant. In the Xulti-Well Experiment 
in the Piceance Basin, the distribution of minimum in situ 
stress will be measured through the Xesaverde Sequence. A 
large number of in situ stress measurements will be obtained 
by conducting minifracs through perforations. 

In order to be certain that performing these tests through 
perforations will yield accurate, reliable data, an experiment 
will be conducted in G-tunnel to compare fracturing through 
perforations and in an open hole. Approximately five zones 
in a cased, horizontal borehole will be fractured with a small 
volume (<lo gal) of dyed water through perforations oriented 
at different directions to the in situ stress and the important 
pressure data will be recorded. Afterwards, another hole will 
be drilled 6-a ft from and the cased hole, and five comparable 
zones will be fractured open hole. Differences in the instant- 

aneous shut in pressure (if any) will be compared with dis- 
similarities in fracture behavior observed during mineback. 
At present it is not expected that there will be any significant 
difference, however, the damaged zone due to perforating may 
result in anomalous fracture behavior near the wellbore and 
a higher observed closure stress or shut in pressure. 

---- 
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(5) Rock Xechanics 

(a) Finite element analyses were done to evaluate the 
stress distributions resulting from various laboratory cxperi- 
ments for hydraulic fracture propagation in layered media. 
Whenever an overburden pressure is applied to layered samples 
with differing strenghts, the horizontal stress state is quite 
variable with marked contrasts in stress occurring acres the 
boundaries. For example, if a "soft" rock (E = 4.5 x 10 2 
is sandwiched between "hard" rocks (E = 9 x lo6 psi), 

psi) 
the 

horizontal stress in the center of the sqft rock will be com- 
pressional (16% of overburden pressure) whereas a tensional 
horizontal stress (13% of overburden pressure) will occur 
in the hard rock. The stress across the interface will 
change by a total of 30% of the overburden pressure. If 
the applied stress is hydrostatic, the horizontal stress of 
the soft rock is compressional (84% of hydrostatic pressure) 
with even greater compression in the hard rock (110% of 
hydrostatic pressure). Since in situ stresses are important 
in controlling fracture 'propagation, the results from the 
apparently simple experiments described above may be difficult 
to interpret if the in situ stresses are not considered. 

lb) In situ stress measurements by an overcoring technique 
have been made in G tunnel, at NTS, to determine the influence 
of in situ and residual stresses on the containment of hydraulic 
fractures. Nine sites were instrumented with delta strain 
rosettes (three sites on three separate bedding horizons which 
were 0.28 meters apart) on the central portion of a tunnel wall 
within one meter of an exposed mined-back hydraulic fracture 
from the Interface Test Series. All of the sites were in a 
single bed of ash fall tuff. The lowest bedding horizon 
which was instrumented corresponded to the horizon in which 
the hydraulic fracture abruptly terminated. After overcoring, 
eight of the nine gages were still operational. 

Preliminary analysis of the data indicates a significant 
and consistent increase in the minimum principal strain, c3, 
from 80 PE tension at the upper horizon, to 140 DE compression 
at the middle horizon, to 980 DC compression at the lower horizc 
In all cases, ~~ was essentialy normal to the plane of the 
hydraulic fracture. The maximum principal strain showed no 
significant variation between the three horizons, with an 
average strain of 2650 PE: compression. Stress calculations 
from these measured strains will be made once the elastic pro- 
perties of each core are determined from laboratory compression 
tests. The results suggest a strong correlation between the 
large compressive increase in c3 and the termination of the 
hydraulic fracture. Additional work will involve residual 
stress measurements on each of the cores. 

(6) Fluid Mechanics 

31 7. 

No March results are reported for this activity. 
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B. Dynamic Wellbore Fracturing 

Dynamic stimulation techniques that produce multiple 
fracturing in a wellbore are being investigated for enhanced 
gas recovery. Multiple fracturing appears to be especially 
promising for stimulating naturally-fractured reservoirs, such 
as the Devonian shales, since this may be the most effective 
technique for connecting a wellbore to a pre-existing fracture 
network. The emphasis in this research study is on tailored- 
pulse loading techniques that minimize wellbore damage and 
maximize fracture growth by gas penetration. The focus in 
this program includes in situ testing at the Nevada Test 
Site and associated modeling and analysis. 

(1) Multi Frac Test Series 

All test holes were fished and cleaned out for post-test 
evaluations. Television logs, caliper logs, and permeability 
measurements were conducted on each hole. 

The post-test evaluations of in situ permeability were 
made in a manner similar to the pre-test measurements previously 
discussed. Each test zone was pressurized with dyed water 
to a constant pressure of 400 psi while recording the decay 
of flow with time. The pressure decay after shut-in is also 
recorded. When reduced and analyzed, these data provide two 
independent values for permeability. The average values, pre- 
test and post-test, are listed in Table II-1 along with quali- 
tative observations made from the TV logs. Of “courser the 
mineback will provide more direct evidence of fracture extent. 
A large permeability enhancement is seen for Experiment E which 
is a clear indication of extensive fracturing. Experiments 
B, C, and D display a moderate increase in permeability. 
Experiment A, however, produced a decrease in formation 
permeability. This is apparently due to the creation of a 
stress cage even though the explosive was "decoupled" from 
the formation by an 8 to 1 ratio of hole diameter to charge 
diameter. 

These observations are consisten t with the TV log observa- 
tions. The apparently enlarged borehole for Experiment A was 
confirmed by the caliper log which showed a 15-35 percent 
increase in borehole diameter. The other caliper logs showed 
little alteration of the boreholes except for Experiment E. 
The caliper record for this hole showed significant fluctuations 
caused by fractures and misoriented blocks, but overall the hole 
was not enlarged. 

An enlightening comparison can also be made among the 
three previous Gas Frac shots* and Experiment E. Pressure-time 
characteristics and observed fracture behavior are compared 

*N. R. Warpinski, et al., High Energy Gas Frac," SAND78-2342, 
December 1978. 

-- 
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in Table 1X-2. Note that a good correla tion between pressure 
rate and resulting behavior exists while no such correlation 
occurs with peak pressure. This indicates that pressure rate 
may be the governing parameter in determining whether resulting 
behavior is hydraulic fracturing, multiple fracturing, or 
explosive compaction. A closed-form analysis was performed 
that indicates the pressure rates in GF2 and Experiment E 
were low enough such that tangential stress at the borehole 
wall begins and remains tensile. On the other hand, the 
pressure rate of GF3 was sufficiently high to cause tangential 
compression initially. These initial compressions probably 
delay the tensile failure until after the compaction process 
has begun causing the bladder effect. This suggests a multiple 
fracture criterion that is based on a pressure rate being less 
than a value that would produce tangential compressive stress 
at the borehole wall. This criterion was previously suggested 
by Bligh as a means to avoid explosive compaction. 

Mineback was completed in iilarch through Experiments E, C, 
and D. Experiment E produced both radial and circumferential 
fractures around the borehole. Two of the raidal fractures 
extend more than 20 ft from the borehole. The maximum extent 
of the circumferential fractures was -1.5 ft from the center 
of the hole. Most of the radial fractures were propped with 
rock debris. 

Experiments C and D also initiated radial fractures at 
the borehole, however, these fractures were tight except near 
the hole. A few fractures in Experiment D were found propped 
as much as 0.5 in approximately 6 in from the hole. Most of 
the fractures in C and D extend l-3 feet from the borehole 
with one fracture extending a maximum of five feet from 
Experiment D. 

Additional observational evidence will be available 
next month. 

(2) Modeling and Analysis 

No March results are reported for this activity. 

C. Eastern Gas Shales Analysis 

The EGSP data have not yet been received from METC. 

D. Petrology and Geochemistry 

The petrographic examination of samples of the Mesaverde 
sandstone from the Pacific Creek Federal l-3 well (Sweetwater Co., 
Wyoming) is continuing. As was stated previously, thin sections 
Of these samples will not be available due to a limited amount 
of sample. The core descriptions (provided by CER) noted that 
several intervals were visibly outgassing on extrusion from 
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the core barrel, and these intervals have been the primary 
focus of the current scanning electron microscope study. 

The results obtained so far indicate that diagenetic 
effects (specifically, the formation of authigenic clays, 
feldspar, and quartz) are most evident in the "cleaner," 
coarser-grained sandstone. Conversely, only rarely were 
authigenic clays observed in the finer-grained silty/organic- 
rich layers. Although any interpretation is, at this point, 
highly speculative, this observation may relate directly to 
the question of in situ methane formation. It is well 
established that methane formation can occur through the 
anaerobic decomposition of organic material (e.g., C6H1206- 
3co2 + 3CH4). The low-Eh environment in which this occurs 
is reflected in the mineralogy of the sediment by the presence 
of pyrite (FES2), siderite (FeC03), or other reduced-Fe 
species. The pH may vary depending on whether the environment 
is fresh, brackish, or seawater, and also on the composition 
(hence buffering capacity--for example, the presence or absence 
of carbonate) of the sediment. 

The observation of mineral authigenesis in organic-free 
sandstone versus its absence.in the organic-rich silty portion 
of the sand lenses examined so far suggest that possibly the 
stability fields of the commonly-observed authigenic minerals 
are not within the E*h-pH conditions under which methane forms. 

Thus, the processes of methane formation and mineral 
authigenesis appear to be mutually incompatible. The signi- 
ficance of this observation is not immediately obvious at the 
moment; however, by continuing with detailed petrographic 
studies, the relationship between the disribution of organic 
matter and authigenic mineral formation may become part of 
a regional geochemical pattern. 

E. Multi-Well Experiment 

This experiment's objectives are (1) to obtain a com- 
prehensive geologic characterization of a lenticular, low 
permeability reservoir in the Western United States and (2) 
to evaluate state-of-the-art and developing technology for 
the recovery of gas from these reservoirs. 

A meeting with the MWX Technical Review Panel was held in 
CER Corporation offices on March 25 and 26, 1980. Represen- 
tatives from DOE, BETC, METC, Sandia Laboratories, CER 
Corporation, and industry were present. 

The primary purpose of the meeting was to agree on a 
well site for the Nulti-Well Experiment and review the pre- 
liminary plans. CER had investigated a number of potential 
sites, but had narrowed the site selection to three locations: 
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Exxon Vega Site SAC 28, T9S, R93W, 
Mesa County, Colorado 

Union Oil Company In the Buzzard Creek Unit, 
2 miles north of Exxon site 

Northwest Exploration Set 20, T6S, R94W 
Company Garfield County, Colorado 

The latter site was recommended by CER based upon their studies. 

After a review of the geology and well control data, 
the Northwest Exploration Company site was confirmed as the 
most suitable, not only from a geologic standpoint but also 
from a year around operational basis. The Exxon Vega site 
was to be considered as a potential back up site in the case 
that the primary site was found to be unsuitable during the 
early phases of the MWX operation. CER is now meeting with 
Northwest Exploration to obtain the necessary legal agreement 
so that operations can start as soon as possible. No problems 
are anticipated in these negotiations. Upon agreement, various 
operating and drilling permits will be sought. It is believed 
that drilling of the first well can begin this summer. 

The well drilling plans, logging and formation evaluation 
plans were also reviewed by CER Corporation personnel. Some 
concern was expressed for the effects on the formation from 
the fluids which were to be used after the oil-based coring 
operation. Further consideration of this problem will be made. 

Sandia presented the MWX core plan and the stress testing 
plans for MWX 2. The review panel recommended implementation 
of the planned core gamma activity and felt that slabbing the 
core would be necessary for a high quality lithologic des- 
cription and photographic documentation. 

Dr. David Van Alstine of Sierra Geophysics made a presen- 
tation of paleomagnetics for possible use in making rough core 
orientations and determining geologic time of deposition. It 
was felt that a pilot study, perhaps with appropriate core from 
the USGS core library, would be useful for an initial display 
of this technique. 

In other MWX-related activities during March: 

1) The ?lWX program plan was distributed in early March. 
This plan is loose-leaf notebook format and will be 
continually updated as planning and progress permit. 

2) A. R. Sattler visited the Colorado Geological Survey on 
March 5, 1980, in which further details of their partici- 
pation on the PlWX program, chiefly for coal analyses, were 
discussed. They also described the coal beds which may 
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be expected at the i4WX site. Finally, additional relevant 
geologic data in the area of the site was obtained for 
CER and Sandia. 

A . R. Sattler visited Core Laboratories on March 11, 1980, 
in which equipment for slabbing of core was discussed, and 
their core gamma apparatus was inspected. 

A. R. Sattler made two short visits to the USGS on March 7 
and 20, 1980, to discuss composition and isotope anaysis 
of desorbed gases and mineralogical analyses of MWX core. 
Permission was given to obtain core from the USGS library 
for study of invasion problems and petrography relevant 
to MWX. 

A. R. Sattler made a visit to CER on March 17, 1980, to 
discuss pressure coring, invasion, and log-core correlations. 
A special field coring seminar was presented then to CER 
by Diamond Oil Well Drilling Co. personnel. Problems unique 
to coring in the Rocky Nountains were discussed. 

A. R. Sattler made a short visit to Intercomp March 20, 1980, 
The MWX core program, including revisions made during con- 
tinuing discussions with Core Laboratories personnel, was 
reviewed. 

Additional Sandia help was arranged in the following areas: 
(a) fielding help in the areas of pressure coring and 
desorption of gases, (b) mechanical design help for the 
downhole shut-off tool, and (c) construction of a field 
core gamma apparatus with s,pecial detectors and a core 
conveyor belt. 
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1) 

3) 

4) 

5) 

Tywo papers were prepared Ear the 19ao SPE/DoE Symposium 
on Unconventional Gas Recovery in Pittsburgh, PA: " In 
Situ Evaluation of Several Tailored-Pulse Well-Shooting 
Concepts," by R. A. Schmidt, N. R. Warpinski, and 
P. W. Cooper, and IIIn Situ Stresses: The Predominant 
Influence on Hydraulic Fracture Containment," by 
N. R. Warpinski, R. A. Schmidt, and D. A. Northrop. 

A paper was prepared for the 21st U. S. Symposium on 
Rock Mechanics, Rolla, MO, entitled "A Microcrack Model 
and Its Significance to Hydraulic Fracturing and Fracture 
Toughness Testing," by'R. A; Schmidt. 

H. M. Stoller, C. L. Schuster, and D. A. Northrop par- 
ticipated in a review of Sandia activities within DOE's 
Unconventional Gas Recovery Program for M. Adams, DOE/ 
Oil and Gas in Mo.rgantown, WV, March 11-12, 1980. A 
preview of the WGSP portion was held for H. C. Johnson, 
BETC, in Denver, CO, on March 5, 1980. 

D. A. Northrop presented aspects of Sandia's Unconventional 
Gas Recovery Program to Harry Perry (Resources for the 
Future) and Wade Watkins (Acting Associate Deputy Assistant 
Secretary for Oil and Gas Technology) in Albuquerque, NM, 
on :4arch 17, 1980. 
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A fracture orientaticn experiment was conducted with Shell in 
their Diatomite formation west of Baksrsfield, CA. 

klineback of the experiment and access drifts have been 
completed and the region determined to be satisfactory for 
the future fracture mechanics in situ experiments. 

Three studies have been initiated: (a) laboratcry determin- 
ation of th2 crack-tip process zone, (b) det ailed petro- 
graphic characterization of a >!esaverde tight gas sand 
lens and surrounding shale, and (2) dstermination Of Oil- 
based drilling mud invasion in support of the Multi-iv'ell 
Experiment. 

EGP, Instrumentation and Diagnostic Prsqram 

A. Hydraulic Fractur2 Characterization 

Between August 13, 1930 and Xuqust 31, 193J nine intervals 
i-kydral~licaliy fractured i.2 a w2l.l in ths South Bslrid~qz 

Field, Kern County, California for the Kernridge Oil Company. 
Sandia Nati onal Laboratories provided tha 3orehsie S2ismi.c 
System for monitoring seismic signals on five of the treatmsnts 
in an effort to determine quality of seismic signais q2nerated 
by fracturing diatomaceous earth and to determine fracture 
orientation if the signals were pr2sent. 

The Borehola Seismic System was implantid jnst belo:,:' the 
treatment inter-J,1 and then a set of ",:hr2e near surface explcsLV72 
#charges were detonated for orientation purposes. In Set:q2&r: 
each shot background noise level was recorded. The formation 
was then hydraulically fractured and shut in immediately after 
breakdown. Any seismic actilpity that nay 'nave occurred was recorced 
for ten to twenty minutes :qhile the well ~7~s shutin. This was 
followed by a pre-pad and a pad pum? each of which was folioVed 
by a quiet period in order to record seisr;ic actrvity qenerat2d 
by the induced fractur2. 

Table 1 shows the stages, zones and pumping data for :-~hicb 

,? the Bcre'noie Seismic System was ~526. During Stage .3. ther2 
‘6ere a number of lubricat ion lea!-:s and a BO? failure. '= :?I 2 

Borehole Seismic System leaJ<esz the first time it was doT:;n?iOi2. 
a *kac!<up unit was placed j-p-to service but a tonnector bra!-~2. 
This rasulted in the loss of the capability 0: recording all 
th?r2e qeophones _ The tr.j0 horizontai geophones r~ere record2d 

Which will Still pr'3yii<2 azh.lth in5ormation but any srerfical 
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ord2r to recover the 

During Stage D a marsh marine ccnnector i2a:;ed which r2sulted 
in the geoohone amplifiers being forced off center. This results 
in a loss of dynamic range but it is felt that reasonable signal 
analysis can be obtained. For the remaining stages (G, H, and I) 
the geo3hone amplifiers t;ere ac-coupled and no further problems 
:qere encountered. 

Table 2 summarizes the status of signal reception by the 
Borehole Seismic System as well, as indkating position. The 
high noise level for Stage A prevented any signal detection and 
is in all 141a7i.hood Aue to th2 leaking h:ydraulic packoff unit. A .cri 
The high noise level observe,?! during Stages D, H and ,art of I 
also nrevented signal detection 
The source of 

foll0~ii.n~ the pre-pad and ?ad. 
this noise is unknown; however, it is probable 

that th2 noise was produced by the bridig2 plug leaking. 

Data analysis has not begun and will require a long time 
period due to other scheduled tests. Hcwever, preliminary 
analysis on some 'of the data will be started very shortly in 
order to determine the quality of the signals generated in this 
type of formation. 

The data for the Big Xin2ral Creel; experiment with Shell 
has __j_ further analyze,d and is plotted 1n Fiqnre I-l. The ban7 
seismic signals received in the offs2t ~211 Unit 213 during the 
main fract1x e wer2 anaiyzed for height as well as ori2ntation 
and then projecttd onto a plane N37oE to S37OV. This oz'fset 
well was located 547 ft south and 105 ft west of the treatment 
well C'nit 343. Only the 10~2r solutions are plotted and even 
these indicate a Vertical cv iLactEre growth up:.Jar< of nor2 tkr, 
500 ft. Analysis of this Tossibility is continuing as this 
is a large deFartur2 from th2 planned fracture heiqhs. 

A mathematical analysis of the hydrophone system has been 
initiated in order to determine pulse rise time capability 
and, under various signal-to-noise ratios, determine the accuracy 
in measuring the difference in arrival time of two different 
hydro?hone signals. The electronics in the system basically 
consist of a pressure transduc2r, a high gain amplifier, which 
contaijs a low pass filter, and a frequency modulation (FIJI , 
transmission system used to transmit the information to the 

/ surfal=e recording equipment. The approach beinq taken ia to 
analyze the condition of the signal at the oilt?ut of th2 Aigh 
gain amplifier and then determine the 2ff2ct that th2 FZI system 
has on nassing the signal to the surface recording ii2vice. - 
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The ridge regression inversion algorit:xn was tested success- 
fully on several siqle nonlinear systems of equations. The 

'algorithm is now being integrased with the 1-D for:qard 
resistivity solution. 

C. Zlectromagnetic Impedance Sonde (DE-ATl9803ClO208.30lj 

(1) Labcratory Work 

Worlc is continuing on the di3itizatiO2 of pore ?ictur25 

(see last nont;?ly report). From these data it is hoped that 
parameters use511 in the modeling of the electromagnetic, the 
nuclear magnetic resop.ance and the fluid flow responses of 
reservoir materials can be obtained. For exa,lple, the orienta- 
tion of th? poras in a rock is not necessarily isotropic, and such 
an anisotropy cat influence the electromagnetic response as 
well as the fluid floes pemeability. 

In thin section ex?erimezts, a blue epoxy Is injected 
into the pore StrJJct'ure, ar.d thin section ?hotogrs?hs obr-ained 
by the USGS from CIGE-21 core specimens shows a variation in 
the depth of the blue coloring. Tki s color variation can be 
CalJsaA GL. by a depth effect, that is dseyer popes are a more 
dark shade of bl:?~, or by a dilution of the ~DOYJ by clay fi>qers 
protruSinq into the >ore from its walls. It is possible to 
iriclude this inforxakion in the digitization process. ?<*;~.'be r s 
are given to a pore based on the depth of the bll~e color in the 
pore ; for instance, xilmbers would corres2or.d to light blue, 
medium biue, and dark blue. The-se ncmbers the2 allow sores of 
di fferent colors to be excluded from the calculations to note 
the %ffect. Fcr example, for one sam?lt, if all khe ?ores are 
included tile calculated porosity, which is based on a st?tiSti- 
c2.l model, is more than one and a half time.& too large. If 
pores of the lig htest blue are not counted, however, the porosit\ 

approaches that of the measured value. _ 970 ?-I< is continuing on the 
pore pictures to detemine what othsr useful parpmeters may be 
measurer?!. 

(2) Sonde Nodeling 

/ This month pAas successfully im?lemenkecl the fast-con- 

vergence integrations for the generaliz X-Zone solukicn of 

coaxial-coil loggi;?g. After having introduced additional 
contribctiocs to t:?? previously incomplete solutiZ?., Fre- 
liminary results on ty:o spot-c~~eeks have ini!icated a consistent 
reduction to both the !loi~o~eneous and txo-zone solT:tions. 
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Sandia Laboratories is cond~cti7.q both basi-c and.a.l;gli2d 
;2s;earch to aid in t:he develo~mert of ma.s.siv2 hyA!raciic frscrurinrj 
as a practical, economic tec:?r,ipe 50~ ex~loitinq the rescurces 
Oi the tic;‘nt q-35 sands and Devon-an shales. Types or researc'+ LI 
being performed Fncludt in situ t2stin; of hydraulic fracturing 
theory and technology, modeling of hydraulic fracturing; b2havior, 
and laboratory testing. The in situ testing is baing perfOrm2d 
at DOE's Nevada T2st Site in a tcn3el complex driven through 
volcanic ash-fall tuff under - 1,400 ft of overburcen. This site 
provides the facilit ies and equipment for mineback of created 
hydraulic fractures for direct observation, a capability of 
determining in situ stresses and obtainins rock sam-,les for 
testing in regions of interest, and in direct knowledq2 of the 
"reservoir" parameters and structure (i.e., permeability, porosity, 
loca tion of faults, fractures, 2tc.). P!odeling efforts involve 
many aspects of fracturing, from details of the Frocesses occurr- 
ing at the fractlxe ti? to numerical codes descrlbincj the fluid 
mechani es/rock mechanics of the entire fracture. L2bO ra,t3yr 
testing includes the determination of rock properties and the 
conducting of small scale eqeriments. 

(1) Formation Interface Zractnre Eqqeriment 

bleasurement of the vertical stress distribution, ,dhich is the 
final work associated with this experiment, has been d21a:;ed until 
September for equipment modificaticns. 

(2) Fluid Xechanics/Proppant Transport Experim2nts 

Hydrzuiic fractxrinq is recognized. to be a con~izx int2raction 
between rock xeci?anics and fluid xechanics consiZoraticzs. In 
q2n2ra1, however, the fluid mechanics aspects of fracturing are 
much less understood than the global rock mechanics considerations 
such zs dilation cf the crack under a pressure load. The imsortanr 
fluid mechanics processes associated with fracturing can be - 
broadlv divided into Y;;O catesorios. T:?e first is basic phenomena, 
sue;? as the pr2ss::re distributi cn and tile :gidth in a propagating 
frac,ture. Experim2nts to m2asure the pressure and width zt various 
locations in a fracture during pVm iU;?agation are pres2ntly being 
planned. The second area is prop?ant transport and t'ne resultant 
conductivity. 

Mineback of the experhent and access drifts r&ere coa?l.eted 
in .Augu Sf . The orientation of the in situ stresses in this region 
Were - 20” different than e:cpecte< but still suitah for the 
e??eriment. Work on the Freliminary fluid mechanics eqeriaent 
will begin in September or Cctober. 
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ylr-~j~m:- :.Tn-\-L>7L .b,. exp2riz-.22’s i-L,--;0 s:?c-.v-r. t:?az ti=e r.ost ‘-..y-L -<.:- 
factor 5o~:ern;2q cor.tz~~,~ ._ “TayAr, 05 +lraG;lic fract,Jr=s is cjiz=2r2peces 

in the miil~lmum ?rinciFal in situ stress. )!a+"" a' --b^-* ~zc~erey 
differences - . a.n,c Interface charac<eristics (friction) a?;ear to 
be insignificant. In the I?ulti-:jell ex?erimect in the Plceance 
Qasin, .I the cistribution of mj.nixi?;m in situ stress Will Se T.ZZ.SUr2d 
through the Mesaverde Sequence. A large n*umber of in situ stress 
measurements will be obtained by conducting mlnifracs through 
perforations. In order to be certain that performing these tests 
through perforations will yield accurate, reliable data, an 
experiment c<ili be conducted in G-tunnel to compare fracturing 
through perforations and in an open hole. 

Five zones in a second cased hole have been serforated !~ith 
four perforations in the farthest zone and t'.<o perforations in 
each of the other four zones. Crientations Or the perforations 
are _i staccered horizontally and vertically. Fract.Jrincj 02 tkese 
five zones -was attempted in Augilst. The zon2 wizh four perforat:ons , i 
(60' in hole) broke do~~n at 1915 psi, considera.bly nigher tl.an 
exp2cte.Z (stress cage ?) with a fractlrring pressure of about 
1200 3si and a shut-in of 930 s,si. This shut-in ?ress'ure as 
slightly higher than e:cpected (800 psi), but the value of the 
nininum ?rinci.?al in situ stress will not be known for sure until 
several minifracs are conducted open-hole in a nearby (j-3 ft) 
wellbore. A variable flow rate test showed that the PZ~SSJJZ~ 

drop thr.ough the perfs was insignificant. The second zone 
(53' in hole) had two Terforations and required 2100 ?si to break- 
down and the fracturing pressure remained near 2402 psi. This 
was clearly due to inadequate perforating and no clear shut-in 
pressure was seen. 

This, of ccJurse, shows t'nat good .serforating is t1he foremost 
requirement if useful, accurate stress datx is to be obtained. 
No *further zon25 were fraced and an atteqt will be -made to 
reperforate 
doing this 

the other three zones and develop a technig;~r~;;atoYs 
rol;ti.nely and adequately at the test site. - I . 

which were su-,Xised to penetrate 7.5 iilCh2s into the formayton 
with a 0.5 inch diameter hole, apparently barely ru?turea xi2 

casing. This +iill be further investigated. 

(4) Rock Eechanics - A 

A model of stress distribution surrounding the crack ti" 02 

a finite internally pressurized crack approaching a material 
interface has been extended to include a realistic i~-;-~ -ioynal 
pressure distribution. The realistic distribution causes a-Signi- 
fr'icant decrease in the stress intensity factsr rahen com.?ares to 

the uniformly pressurized case (Fig. II-l). 
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“l-as Stress iy+:-s i -7: _ -A': factor ia cus:omaril;- iused as a fracti?rS 

crit3,ria in homogeneous materials. X~-.v'2~i-- it is -- I 20t c-I-';- 7 r T-F LL,me&LL 
t;-..is criteria , c 7 n >e a;>J.i2.d I-- a <ract,r2 a-sr3acp.in5 ;-3 irL=-- -a+--- 
face. 3.17 alternatiT:e crit2ria is 572 aversgi- szress over a 
fi;.:t,5 dis:a:lce j2ygzd t->&e cyac!c pi; _ ' ' TX-S ne;q triter--ia gi-;es t?-3 
s arr.2 results as the stress intensity factor for homog2neo'Ls 
materials, but it may be a-& 3cli2d to craclzs approaching an interface 
as 7; e 11 . For several averaging dist,ances, Fig. ii-2 si?Oe.\iS the 
variation in the average stress as a crack approaches an interface. 
Comparison of the average stress t0 the stress intensity factor 
WI: indicates that tk-2 strzss averaging criteria does net inhibit 

crack; growth as seT,;erely as the stress intensity factor for dis- 
tances very close t0 an interface. 

(5) Reek Jlechanics - a 

The mezhanisn: of crack Jrowth determines the extent Of the 
near crack surface damage that is produc25 a3 the crac1q prOpagates. 
T:?e extent 32 this process tone damage 1s one of the factors 
that determines the permeability of the fractilre sur?Eice ad, 
t'l. 7 - iL.3, has a direct bearing on the sizing of a hydrofract,ure to 
achieve the desired production rate. In addition, th2 extis T-ence 
of a process zone provides a mechanism by which cracks can propa- 
gate across discrete in terfaces between t:Jo dissimilar materials. 
In a joint study witfi the University of blaryland (D. Barker) , 
we have begun to examine the process 2One and to d2termir.e its 
size and shape under simple loading conditions. 

In this study, the crack-tip region is exaimined under load 
using a surf ace re?licatliq technique. -3, t ;-ario-ds staq2s of tke 
loadins history, an acetate fikm replica is made of the polish& 
surface of the fracture s732cirnen in t>2 r?s,-ion xh2r2 the crac:< 
intersects the sIxface. T%e re;=licas are then e;.;am.lr.ed ;?s ins 
the scanning electr.on micrc,scope (SEX) t0 de-ermine the 

2 
size and 

shape of the crack-tip process zone. To dz.ze, bcth monotonic 
loading and cyclic fatigue loading histories hate been examined . 
Preliminary r2su:its from the 3Zlz! 5qorl; indicate that the process 
zone 1s visible ahead of the crack tip, but apparentiy not 
connected to it. This is most li!<ely due to the fact that the 
crack front is not uniform through the th~.ckness of the specimen 
and, thus, the measur2nents made on the surface do not reflect 
the true three-dimensional character Of the problem. 

In the next *month, measurements cf proc2ss zone size ax? skap2 
will be mad!a for the t:%;o loading histories. Once this is corn~ist2d, 
the effect .Of hydrostatic pressure on t?.:e prOc2ss 23ne size will 
be consid2red. 
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tort donated by Xountzin 7u$i S~s?ly ,Ccx-,zzy. T?.ese samples :h;er2 
se lec<t;-,A - ,, ;rom ,"czt~o;ls oz ,i-Le CD ze tht= cor,tai:a< a sazd.s<c~e- 
s?!als co,?tacx. It is t?,oug;h= -,:--at oT:er g2ologic the these 
shales within ax? adjacent to sanl! lenses may act as gemeability 
barriers to upward-diffusing interstitial v;zt?rs. if L' 4i.s is so, 
then we inight expect to see gzeatez evi<er,ce or' 
sandstone-shal2 interfaces. In fact, * : 

tl s 

case. Carbonate cementation is much mo;z pery,-asive in these 
zones ai‘d calcite replacement of detrital grains (frqcently, 
pla,gioclase feldspars) is much mor2 cczmon. OI'?-an ----, these carbonate, 
replaced grains are surrounded by calcite overgrswths axi i2SS 

freguencly, quartz overgrowths are observed. Although ti-ii s s tccly 
has only just begun, these preliminary observations suggest that 
diag2netlc alteration in the sar.d lenses ma;- be analcgcus to tke 
silicons "hard ba~:~s" iE the XTS bc7-rz- :',i;cussed in t3Le jlJiy:,?e:.;ls- id&-a 
letter. 

B. Dvnamic Fracturinc: 

Dynamic stimulation techniques that produce ixltlpie fractur- 
ing in a wellbore ar2 b2lng inv2atigated for enhanced gas recovery. 
;:ultiple fracturing appears to be 2specially pr0misir.g for 
stimulating naturally-fractured reservoirs, such as the Devonian 
shales, since this may 5e the most 'effective technig,Lo for connect- 
ing a trellbora to a pre-existing fracture netr,;or!<. The emphasis 
'7 this research AI. study is on tailored-pulse loadir,g techniques 
that minimize wellbore damage and maximiz2 fracture grcs;lth by 
gas penetration. The focus in this, program includes in situ 
testing at STS an2 the associa.zed med2iin5 an2 araly.sis. 

A revised proposal for the t:.;o-year development of 32 high 
energy gas fracturing ccnc2pt bias prepar2d and sent to John C. 
Sharer , Gas Research Institut2. 

c. ,,i )I,1 4. -K211 Sx3eriment 

(1) Generai 

The Xulti-Xell Experiments objectives are: 1) to o'btain 
a comprehensive characterization of a tentacular, iow-permeability 
reservoir in the L&astern Znited States and 2) to apply and 
avaluate sta' ~2-of-the-art and d2VeiOpiiLg technology for the 
r2covery of gas from this reservcir. 

30 decision has yet 'been ,made 51' Superior Oil Companq concerning 
t>e proposed agreement for the use of Superior's lease (S2cticn 34, 
W;y;hiEc;;;;Ae .Wla;2aa;~:;.X.~ ~~:(S~~~~~.~eSl~zerior has indicated 
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(3) The importance of <etermining any deriiatio- from the net 
stress hy-;3othesis in tight gas sands; 

(5) the approach to water saturation measurements in tight 
gas sands by IGT through the generation of a capiilary 
pressure curve; and 

(c) the prelininaq- xork 5~ IGT in consideration of direc- 
tional pe rmeabilities. 

5!2visions or' cl2 core gaxTa appaASVL rai.7~ ha-;e been made based 
Up02 sey*ayal x -- izccts. some ad,<itional dssigr. details $;ill be made 
ak! it \~lili be reatiy for fabrication. 

The first TUT: of the formation and core drillin mud invasion 2 
study was made this month. D-7 Tennessee sandstone core was 
subjected to oil base mud, lSC^3 F, no additives, for four hours 
at mud pressure of 250 psi. Invasion of slightly over one inch 
was observed, and the invasion zone in turn was divided into 
three nearly equal hands, only the middle one fluoresced. A 
preliminary inter>rctation is that the intermost zone (greatest 

invasion) is xater, the middle band is oil, and the cuter band 
Of the rOCli (least iz7vasi.02) ~2~7.; plx,-qed xizl2 scxe rr.atzrial, 
asphaltines or paraffin-like material. T>&e oil-based mud '.?:?ich 
is being used is similar to k;tia~ riill be use;! on Xl;:< and it has 
10% water dispersed throughout. J-10 r e ana I 'i s e s will be nade 02 
these zor.es. Additicnal runs will be made-to 3CG"JC " -,n e problem. 

(33 R2se n-0 1 r AT,alyais 

T?ie lengths of tize needed to ;erEorm the well f 10-d apd 
cressure I. tests desired in the :.ILllti-Well Zx?eriment have 'been 
exaaized. For very 107: Fermeabili?y formations, these times Amay 
become excessive. 

For each promising sand lens, a sequence of four t;qes of 
pressure tests is to be run: 1) drawdown and pressure bu:ild-up 
02 the inLFvLdca1 Wells; 2) a well-to-well test: 3) a fraeture- 
to-well test, combined with a fracture drawdown; 4) a pressure 
build-c? test in the fractured well. 
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The testirAq time is 2omG yz'z,d b,; f-3.2 -. u i-d T,.je11-=g--,j211 test;, ;i 
7.nltipulse, or -,resscrt signatura t;.$e 02 :,;e11-to-:.q;ell bL2S - -, 
15 O?.l;J zeasibie for :li;?..er ~eA~.2gJ~lie;2j !3,31 3 or xczej . A c 
1 C :je r sermeabilities, ' LZ _ srra:qn,,or:;trc: l;lt2'-"-=-- - _ Z,_ ,..te tes tF2f; is 
recormended to- red>uce testing time. 3elow 3 microdarcies, the 
well-to-well testing time is too long to be Fracticai. (20 -..1977er , 
it may be feasible to use a well-to-well tracer technique ?jl;ich 
would provide data in the interwell region of the gas porcsity 
tkmes the formation height. This Fossibility will be explored 
further at a later time). 

The sand lenses hit in the ;4ulti-Pi-11 Experiment are liltely 
to have a range of serneabilities. If most of the lens are in 
the 10 to 30 microdarcy range, an average testing time of l:j 
months per lens is likely. Then eight lenses could be tested in 
one year. However, if the permeability range is loaner, say 3 to 
10 microdarcies, the average testing time could stretch to three 
or four months per lens. Ther, eight lenses xould need 2 ';J‘ 24 
vears for testing, a& e‘ren this 
Ehe quality of the data for 

would invoive some sacrifice of 
well- to-well tests. The possibility 

of lone_; test times will haTie to be :<ept in - in our prr,ram ml. r,", 
2lannin.g. 

An engineering- economic 
from tight 

systems analysis of gas ~roducz~ )n 
sand lenses has been initiated. It xi11 combine 

geologic model, stimulaticn model and economic model to e:caz::.:e 
the secsitivit; of gas prcduction to various parameters and 5 
identify important factors requirir,g an-alysis. 

As Fart of this effort, a nuilber of cornstiter Si.:3--~l't...-.2s '___ 
of reservoir behaLrior have been :jritten and debugged; tk-'.r 
purpose is to c-1 I-Lculate gas production rates ever tLme =-.- three I', L 
situations: I) production 
(PIiF ) 

from a massive hydraillic frac:.Are 
well in a 

ler.gt:? of the 
sand lens with the fracture running dorzn ~--:a 

le;?s and contained within the 1 ,=Fc* 2) r‘,3..,,1 ._ A-*.+, ;3&"- A" --.,.i 
from an XHF well with the fracture running perpendicular xi Z:'S 
lens axis breaking out 
boring sand lenses; 3) 

of the lens and l~r~al-ring back k&V into :I-: :.:,;I- 

radial 
production from a gas-fraced mul-i-‘= 

fractures well in a sand lens. 
"y-u 

The first calculation uses a Fourier series solution fc- the 
time-dependent dis- 
the lens. 

Lribution of the real gas pseudo-pressure z~cross 
The second calculation uses 

linear flow to a fracture. 
the standard eq*.2atio.-. for 

-The 
of image wells 

third calculation uses a ~:~st~rn 

*q: 1 
to simulate the sand lens boTJnda.ry conditions. 

-a of these calculations neglect flo-;i resistence in -:., z-.-l~:~~rt. ina - - _.u 
I 
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(1) D. A. Northra?, N. R. Warpinski, J. A. Clark, R. A. Sc~hrnidt, 
L. >i. Teufel and W. E. Warren attended the SZ'E Forum Series, 
"Earth Stresses: Their Relation to Petroleum Production" at 
Colorado Nountain Ccllege, Glenwood Springs, Colorado, August 3-E, 
198r,- Much of Sar<!ia's enhanced gas recovery activities and 
results were presented d!?lrinci this topical ;iieeting. Sandia 
activi -ties disclussed included: NTS mineback experiments demon- 
strating that stress is the dominant parameter governing fracture 
groT,<th, finite element modeling of earth stresses, analysis of 
packer-induced stresses, the Multi-Nell Exzeriment and its emphasis 
us0i-i stress, ncvel stress measurement techicues, and stress measure- 
x14 n lx by hydrauliz frzct.Jring. 

(2) 0. A. Nor;' iinro2 conducted a tour of G-t-Jnnel and t:?e 
in situ fracturing experiments on August 12th for the following 
individuals: John L. Gid.ley, Exxon Company USA; Alex B. Cra-ilay, 
U.S. DOE; and Adnan G.~,us z.s and Selcuk Guqinar of t'ne Tur:<c-sh 
Petroleum Corporation. 

(3) Henry's Law calculations of methane solubilities at 
depth in Amarine sediments :4ere made in response to a request by 
the USGS, Woods Hole, Xarylard.. 




