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ELECTRICAL METHODS FRACTURE DETECTION VIA 4D TECHNIQUES

FIELD OF THE INVENTION

[0001] This invention relates to a method for acquiring and evaluating the geometry of a

fracture.

BACKGROUND OF THE INVENTION

[0002] Retrieving hydrocarbons from subterrancan reservoirs 18 becoming more difficult,
as existing reserves are depleted and production becomes more expensive. It has been estimated
that mature fields account for up to 70% of the world's production or more. In order to increase
production, reservoirs are often hydraulically fractured to stimulate production of hydrocarbons
from the wellbore. Hydraulic fractures are created 1n subterrancan formations by hydraulically
injecting water or high viscosity fluid (also referred to as fracturing fluid) containing a proppant
at a high flow rate into a wellbore and forcing the fracturing fluid against the formation strata by
pressure. The formation strata or rock 1s forced to crack, creating or enlarging one or more
fractures. The proppant subsequently prevents the fracture from closing completely and thus
provides improved flow of recoverable fluid, 1.¢., o1l, gas or water.

[0003] Because aging wells often produce from multiple intervals, some very thin, the
ability to locate these stimulation treatments with pinpoint accuracy 1s a key to more effective
remediation and increased ultimate recovery. Also 1n more “non-conventional” plays like the
fractured shales, the quality and extent of the fracture job 1s paramount to the financial success of
the well and the play. However, few methods exist for visualizing fracture length, proppant
penetration, and estimated flow 1 the new fracture are required to accurately assess production
capabilities and the need for further remediation before production 1s initiated.

[0004] Numerous techniques exist for detecting the fracture geometry of a well using
various 1maging techniques. For example, Hocking ¢t al., U.S. Pat. No. 6,330,914 provides a
method to monitor reservoir fracture development providing the use of a minimum one well,
injection of conductive fracturing fluid under pressure allowing the fluid to create a fracture
around the well and penetrate into it and then, across the fracture surfaces--into the filtration
zone 1n the formation around the fracture; application of electrical voltage to the fracturing fluid,
subsequent measurement of induced electromagnetic field parameters used (in case of changes)

to judge about the fracture development and geometry. Further, McCarthy, et al.,
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WO02007013883, provides introducing a target proppant; transmitting electromagnetic radiation
from about 300 megahertz-100 gigahertz; and analyzing a reflected signal from the target
particle to determine fracture gecometry. Lastly, Nguyen et al., U.S. Pat. No. 7,073,581 describes
clectroconductive proppant compositions and related methods of obtaining data from a portion of
a subterrancan formation. These techniques focus on detecting data utilizing a series of
gcophones connect to conventional seismic survey equipment, which converts ground
movement, 1.€., displacement, into voltage.

[0005] Additionally, fractures can be monitored and approximately mapped three-
dimensionally during the fracturing process by a micro-seismic technique. The micro-seismic
technique detects sonic signatures from rocks cracking during the fracturing process. The setup
of this technique 1s prohibitively expensive to do routinely, and the data that 1s generated tends to
be relatively 1naccurate due to high background noise. Further, the process can only be
performed during the fracturing process and cannot be repeated thereafter.

[0006] Although these techniques yield useful information, its usefulness 1s Iimited to
fracture locations near the wellbore and yields little 1f any useful information relating to the
dimensions of the fracture as 1t extends into the formation. Therefore, a need exists for

monitoring and mapping fractures as they extend away from the o1l or gas well.

SUMMARY OF THE INVENTION

[0007] In an embodiment, a method for acquiring and evaluating the geometry of a well
includes: (a) deploying at least one grid of geophysical sensors, wherein the at least one grid of
the sensors 15 deployed 1n a 2D or 3D configuration; (b) acquiring an initial geophysical survey
of gcophysical parameters of the well, (¢) fracturing the well creating a fracture while
simultancously; (d) injecting an clectrically active proppant into the fracture, wherem the
clectrically active proppant 1s injected into the fracture during fracturing, after fracturing or
during and after fracturing; (¢) continuously acquiring a geophysical survey of geophysical
parameters of the well during the fracturing; and (f) acquiring a final geophysical survey of

gcophysical parameters of the fracture upon completion of the fracturing.
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DETAILED DESCRIPTION OF THE INVENTION

10008] Reference will now be made in detail to embodiments of the present invention,
one or more examples of which are illustrated in the accompanying drawings. Each example is
provided by way of explanation of the invention, not as a limitation of the invention. It will be
apparent to those skilled in the art that various modifications and variations can be made in the
present invention - For instance,

features illustrated or described as part of one embodiment can be used on another embodiment

to yield a still further embodiment. The scope of the claims should not be limited by the preferred
embodiments set forth in the examples, but should be given the broadest interpretation

consistent with the Description as a whole.

[0009] The present invention provides methods of acquiring and measuring geophysical
survey data, 1.e., resistivity, induced potential, electromagnetic properties, magnetic properties
and similar data, of a fracture. Specifically, the present invention accounts for acquiring
geophysical survey data prior to the fracturing process, during the fracturing process while a
proppant 1s 1njected into the fracture, and upon completion of the fracturing process.

{0010] As used herem a “proppant” 1s a composition of sized particles mixed with
fracturing fluid to open and/or hold fractures open during and after a hydraulic fracturing

treatment. In addition to naturally occurring sand grains, the sized proppant particles can be man-

made or specially engineered particles, such as resin-coated sand or high-strength ceramic
materials like sintered bauxite. Proppant particles are carefully sorted for size and sphericity to
provide an efficient conduit for hydrocarbon production to the wellbore.

[0011] Alternatively, an “electrically active proppant” may be utilized. As used herein an
“electnically active proppant” contains either electrically active sized proppant particles,
clectrically active fracture fluid or both electrically active particles and fluids. For example, U.S.
App. No. 12/621,789 demonstrates visualizing reservoir fractures using electrically active
proppants to carry ¢lectrical signals throughout the fracture and detecting the electrical signals at
the surface. The electrically active proppant may include conductive particles, reactive particles,
resistive particles, magnetic particles, or carry an electrical charge.

[0012] An electrical signal transmutted into the fracture charges the electrically active

proppant. The electrical signal can also comprise, for example, an electrical signal, an

electromagnetic signal, a sonic signal, a microwave signal, or any other signal suitable for the
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mmtended purpose. Alternatively, an electrically active liquid can induce an electrical signal. The

electrically active liquid can include, for example, natural brine, drilling fluids, fresh water and

combinations thereof. The electrical signal is conducted along and reflected back from the
electrically active proppant and detected by at least a grid of sensors.

[0013] The grid of sensors can measure, for example, acoustics, conductivity, self
potential, induced potential, resistivity, gravity, and clectromagnetic and magnetic gcophysical
properties used for geophysical surveys. The types of sensors utilized can include geophones,
hydrophones, accelerometers, electrodynamic receivers, conductivity or resistivity probes, and
any combinations thereof. The grid of sensors can either be externally disposed, i.e., surface
based, or internally disposed, i.e., within the wellbore. The grid of sensors does not actually have
to be laid out 1n a grid per se. They can be distributed in a non-uniform manner by design or to
accommodate cultural or natural obstacles. For case of discussion, we will call them a “grid”
even though they may not be laid out that way. The grid of sensors may be arranged in 2D or 3D
grid configuration on the surface over the area around the wellbore or can be located at multiple
levels in the wellbore. The extent of the grid of sensors can be adjusted to suit the resolution and
read requirements of the individual well or the geographical and geophysical constraints of the
project. The grid of sensors is time stamped and synchronized to global positioning time (GPS),
so a baseline survey can be readily measured. When deployed on the surface, the sensors are
often referred to as a sensor package or a receiver package.

[0014] It may be necessary to convert the data provided by the grid of sensors into
voltage based signals compatible with conventional 24 bit seismic survey equipment, such as a
conventional seismic recorder. By converting the electrical methods data from the sensor into an
electrical signal that the seismic recorder can accurately measure, the seismic data node records
simultaneous measurements of the desired geophysical field in real time. In an embodiment, a
seismic interface box 1s utilized which understands the low voltages from field equipment and

converts the data into a voltage signal that can then be digitized by the seismic data equipment

and stored. For example, methods and appartuses have been previously demonstrated for
evaluating the geometry of a fracture, specifically relating to electric methods seismic interface

box and a method of using the apparatus to record electrical methods geophysical data.
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[0015] The converted data i1s then sent to the geophysical survey equipment as a
compatible voltage signal. In an embodiment, the geophysical survey equipment includes a
conventional wire based seismic recording system. The conventional wire based seismic data
recorder can telemetry the data at or near real time back to the seismic data recorder. In another
embodiment, the seismic data recorder can be a wireless or radio based recording system. These
systems bring the data either in real time or near real time or it can store it locally and just
control 1t from the recorder. In the preferred embodiment, the seismic survey equipment
includes an autonomous seismic node. The autonomous seismic node 1s a data collection unit
that works independently of other units and 18 not required to be controlled by radio telemetry or
similar techniques during the course of the seismic survey. The autonomous seismic node may
include a receiver, a field timer, a standard timer, a transmitter and a battery. In an embodiment,
data 1s stored 1n a temporary drive at the autonomous seismic node until 1t 1s transferred either
physically or wireless for data analysis. Autonomous or semi-autonomous sc¢ismic nodes may
also be utilized in the present invention.

[0016] Separation of the regional, 1.¢., the Earth’s natural field, drill rig noise ambient
power lines etc., from the residual field, i.e., the field caused by the fracture or the detection
problem, 1n 3D operations may be a cause for concern during magnetic methods applications.
Since the equipment 1s fully deployed many measurements can be made to develop a summed
and stacked average background prior to the start of the fracture. Thus, 1t may be beneficial to
measure the regional field prior to, during and after the fracturing process. By collecting and
stacking a block of data, the Earth’s magnetic variations could be minimized and the regional
ficld removed with the background sensors. While this approach 1s demonstrated with the
magnetic technique, the same summing and stacking of the prior, during and post fracture field
could be applied to any of the geophysical techniques being measured.

[0017] Additionally, during and after the fracture initiation, the seismic survey equipment
can be running continuously mapping the propagation of the fracture 1in 3D until 1t has stabilized.
At which time another series of measurements can be made to establish the post fracture field.
The post fracture ficld 1s a composite of the regional field and the fracture ficld. Thus the
difference between the pre- and the post-fracture measurements would be caused by the fracture
itself and therefore a 4D measurement would accurately describe the fracture and eliminate the

regional residual separation problem. By including the prior knowledge of the wellbore and
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fracture start point depth and direction, and given a constrain to the inversion of the residual 4D
field to a specific arca one could accurate locate and map the fracture body.

[0018] In the preferred embodiment, a 4D or time varying experiment 18 conducted. The
time varying experiment 1S conducted by first placing the sensor packages, seismic interface box
and preferably an autonomous seismic data node 1n a 3D configuration of sufficient size to detect
the anomalies expected, for example as a grid. The seismic recording system can also be
wireless or wire-based 1f real-time telemetry 1s needed. The station spacing, orientation, line
spacing or e¢ven grid spacing would be modeled and determined based upon prior modeling of
the expected fracture size and dimensions. The sensor packages and seismic interface box are
laid out and connected to the preferred autonomous seismic data nodes until the complete spread
1s deployed and tested. Next, a base line survey 1s run for each of the geophysical methods that
the recervers set up to measure, establish and ensure a good baseline survey was conducted prior
to starting the fracture to establish the “regional” field. The baseline survey may be repeated
many times and the results summed or “stacked” to additionally suppress the random
background noise of any individual sample. Next, the fracture job 1s 1itiated with minimal
disturbance of the surface equipment to keep the “residual” field as easily detectable as possible.
During this time the autonomous seismic data nodes, seismic interface boxes and receivers are
constantly recording the fractures progress. By continuously recording the data during the
fracture, segments of the data can be summed and then stacked to reduce the background noise
and make the fracture detection casier. Additionally 1n this way segments of the data sufficient
to be summed and then stacked to reduce background noise can be extracted at anytime during
the experiment to create a near time continuous movie. These segments can overlap to assure
sufficient data and a more time continuous sampling during the experiment. After the fracture
breaks, a serics of repeated surveys are conducted to establish the post fracture state of the
geophysical fields and again, this data may be summed or stacked as needed to establish the
appropriate signal to noise ratio needed for detection. This data set then constitutes a 4D data set
where the only change that occurred was caused by the fracture generation and the mjection of
the proppant material into the fracture. Because we have a priorit information of the fracture
injection depth and location and geophysical properties, the determination of the fracture

gecometry 18 reasonably precisely constrained and can be modeled or inverted for.
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[0019] In another embodiment, the procedure above can be modified to allow a proppant
with tuned geophysical properties that can take advantage of the particular geologic situation that
the fracture was being generated to maximize the resolution of the technique. For example 1n a
resistive shale, one can 1nject a highly conductive proppant and then apply a coded electrical
signal to form an antenna like transmitter in the shale that can be detected and modeled to
determine fracture size and extent.

[0020] To measure and evaluate the geometry of a fracture, for example 1n the case of
magnetic survey data, a grid of sensors may be deployed and properly oriented. If necessary, the
data received from the grid of sensors in the form of an clectrical signal may need to be
converted into a voltage signal compatible with seismic survey equipment. The Earth’s total and
oriented field (depending on the sensor) 1s measured prior to the fracturing process. During the
fracturing process, proppant containing magnetic particles 1n injected into the fracture and
magnetic survey data 1s continuously taken 1n order to track the propagation of the proppant into
the fracture. Finally, a complete magnetic survey 1s collected at the end of the fracturing process
in order to map the final extent of the proppant in the fractures.

[0021] As another example, a similar approach to the magnetic method can be applied 1f
measuring the gravitational field by injecting a heavy dense bismuth tungsten based proppant
instcad of more conventional materials. By making the proppant very dense, the local
gravitational field would be modified and then could be detected by 4D methods.

[0022] In determining induced polarization, for example, a coded time varying electrical
current 1s 1njected into the conductive proppant before and after the fracture 1s completed. A
probe 1s lowered to the fracture level and a time varying current 1s applied to the conductive
proppant material in the well and the fracture. These pulses can be sent every few seconds and
then the polarity shifts. On the surface, the sensor package, interface box and autonomous
seismic nodes measure the decay of the pulses and map the conductivity and 1nduced
polarization of the rock and the proppant material can be measured. In determining resistivity,
for example, grids of sensors are deployed on the surface over the area around the wellbore.
[0023] In determining resistivity, for example, the resistance between the electrical
probes a grid of sensors 1s deployed and properly oriented. Prior to the fracturing process
relevant geophysical data 1s collected. During the fracturing process, proppant containing

resistive material 18 1njected into the fracture, an external clectrical signal stimulates the
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proppant, and the relevant geophysical data 1s continuously acquired in order to track the
propagation of the proppant into the fracture. Finally, a complete geophysical survey is collected
at the end of the iracturing process in order to map the final extent of the proppant in the fracture.
If necessary, the data received from the grid of sensors prior to, during and after the fracturing
process 18 converted into a voltage signal compatible with the seismic survey equipment.

[0024] In determining sclf potential, for example, the voltage of the electrodes can be
periodically measured and mapped. The measurements are started prior to fracturing process.
Measurements continue during the fracturing process while the proppant containing a substance
when exposed to a activator creates a battery is introduced into the fracture. When exposed to an
activator such as natural brine, drilling fluids, fresh water or combinations thereof, the proppant
conducts electrons much like a weak battery. Measurements may be continued during and after
fracturing process. From this data the direction, magnitude and cxtent of the fracturc can be
determined.

[0025] In closing, the above examples are diagrammatic of the basic concept that artificially
and naturally occurring fractures can be detected via time varying (4D) survey methods and
electrical reactive geophysical techniques. It should also be noted that the discussion of any.
reference 1s not an admission that it 1s prior art to the present invention, especially any reference

that may have a publication date after the priority date of this application.

[0026] Although the systems and processes described herein have been described in detail, it

should be understood that various changes, substitutions, and alterations can be made. Those

skilled in the art may be able to study the preferred embodiments and identify other ways to

practice the invention that are not exactly as described herein. The scope of the claims should not
be limited by the preferred embodiments set forth in the examples, but should be given the

broadest interpretation consistent with the Description as a whole.
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I'he embodiments of the present invention for which an exclusive property or privilege is

claimed are defined as follows:
1. A method for acquiring and evaluating geometry of a well comprising:

a. deploying at least one grid of geophysical sensors, wherein the at least one orid

of the sensors is deployed in a 2D or 3D configuration;

b. acquiring a baseline geophysical survey of geophysical parameters of the well:
C. fracturing the well to create a fracture:
d. Injecting an electrically active proppant into the fracture, wherein the

electrically active proppant is characterized by self-potential upon contact with an activating

subterranean fluid;

€. introducing an activating subterranean fluid into the fracture to activate the

selfpotential of the electrically active proppant;

f. continuously acquiring a geophysical survey of the self-potential of the

electrically active proppant during the fracturing; and

g. acquiring a final geophysical survey of geophysical parameters of the fracture

upon completion of the fracturing.

2. The method according to claim 1, wherein the at least one grid of sensors is connected

to seismic survey equipment.

3. The method according to claim 2, wherein the seismic survey equipment includes a

seismic interface box and a seismic data recorder.

4. The method according to claim 1, wherein the electrically active proppant is a suitable

proppant for stimulating data desired to be collected.

5. The method according to claim 1, wherein the proppant material injected has particular
geophysical parameters to be measured that includes electric, electromagnetic properties,

resistivity, or gravitimetric magnetic properties.
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